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Department of Biostatistics

My doctoral research is oriented around causal inference, specifically causal mediation anal-
ysis. Roughly, it can be divided into two parts: (1) understanding and resolving conceptual
issues in causal problems, and (2) developing methodology for causal analysis. One goal of
my doctoral research is to provide a comprehensive guide to applied statisticians and epidemi-
ologists that can help them navigate the philosophical subtleties and abundant methodology
in causal inference. Another goal of my doctoral research is to develop methodology for
complex causal mediation structures, including mediation analysis with treatment-induced

confounding, and mediation analysis with multiple mediation pathways.

e Clarifying Identification Assumptions in Causal Mediation Analysis
One of my research projects is to clarify identification assumptions in causal mediation
analysis. This project provides a close examination of the definitions of the causal
parameters of interest, identification/bounding assumptions and their connections, and

widely used tools and statistical methods in mediation analysis.

e Causal Mediation Analysis with Treatment-Induced Confounding
Treatment—induced confounding is present when some prognostic factors induced by
the treatment occur before the mediator and have an effect on it. Sequential ignorabil-

ity assumptions that are typically used for the identification of the natural direct effect



exclude treatment-induced confounding. Treatment-induced confounding is regarded
as a difficult problem in mediaiton analysis. We provide new sets of identification
assumptions, including two no-additional-heterogeneity assumptions, to identify the
natural direct effect in the presence of treatment-induced confounding. Notably, the
identified expression of the natural direct effect is the same as that of the interven-
tional direct effect. We derive the semiparametric efficiency bound for the estimand and
propose a multiply robust estimator that remains consistent under four types of pos-
sible mis-specification. To ensure model compatibility, we factorize the (conditional)
joint distribution of the mediator and the treatment-induced confounder into marginal

distributions and a dependence structure using copula.

Causal Mediation Analysis with Multiple Mediators

We consider a decomposition of the total indirect effect through multiple mediators,
with an unspecified causal ordering, into individual components termed exit indirect
effects and a remainder interaction term. We provide a set of identification assumptions
for estimating all components. The identified expressions, which are closely related to
the interventional indirect effects, continue to have causal interpretations when some
identification assumptions are violated, as long as the total indirect effect is identified.
We provide four moment-type estimators for each decomposed effect based on different
parametrisations and derive the semiparametric efficiency bounds for the effects. The
efficient influence functions contain conditional densities that are variation dependent,
which is uncommon in existing problems, and we consider a reparameterization based
on copulas to avoid model incompatibility and proposed a quadruply robust estimator
for each of the decomposed effects that remains consistent and asymptotically normal

under four types of possible misspecification and is also locally semiparametric efficient.
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Chapter 1

INTRODUCTION

One of the fundamental goals of science is to understand how the world progresses by
establishing causation. Questions about causality can be found in numerous fields, including
biostatistics, epidemiology, and social science. What are the risk factors for human cancer?
Is a healthcare intervention effective in a certain population? Can a given drug help prevent
infectious disease?” Will a labor market program increase employment? The attempts to

answer these questions build up the study of causality, i.e., causal inference.

Although causal thinking is elementary in perceiving events, it is often difficult to reach
a consensus on the meaning of causation among people, for the concept is often self-taught
by experience. Therefore, the first question that needs to be answered is what causation
means. It is widely known that association does not imply causation. A natural question is
when an association suggests causation. Once a causal relationship is established, the next

question is how to evaluate its strength.

The definition of causation is well-established using the potential outcome framework for
causal inference (Neyman 1923, Rubin 1974, 1978). It conceptualizes causation by introduc-
ing the idea of potential outcomes that would have occurred had the upstream factors taken
certain values that are potentially different from their observed values. An intervention has a
causal effect on the outcome if the potential outcomes corresponding to different intervention
values are different. This definition captures a subset of causation in which the change in
outcome depends on the change in the causes. The potential outcome framework formal-
izes the definition of causal effects and consequently facilitates the translation of scientific

questions into well-defined statistical questions.

Each set of action/exposure values indexes a potential outcome, which forms a set of



potential outcomes corresponding to different actions/exposures. In reality, however, only
one potential outcome is observed: the one that corresponds to the actual action or ex-
posure. This potential outcome is the factual outcome, making other potential outcomes
“counterfactuals”. [[] The naturally embedded missingness of potential outcomes is called
the fundamental problem of causal inference. If we view different potential outcomes as
factual outcomes from different alternative realities (“worlds”) created by different values of
actions or exposures, the fundamental problem of causal inference is a result of our inability
to travel back in time and experience a different reality. Consequently, causal effects are not
directly targetable like usual estimands that are defined using observable data. In this paper,
we call estimands defined by functions of potential outcomes causal estimands, distinct from
usual estimands that are directly targetable.

One causal estimand that is often of interest is the average causal/treatment effect. It
depicts the total effect of an intervention/exposure on the outcome. Consider a generic
setting in which we are interested in the causal effect of a binary treatment on an outcome.
Denote the treatment as A, the outcome as Y, and the potential outcome as Y (a), which
is the value the outcome would have taken had the treatment been set to a. The average
causal effect is defined as E[Y (1)—Y (0)], the mean difference between the potential outcomes
under treatment and control. The observed outcome for units in the treatment group is Y (1),
and the observed outcome for units in the control group is Y (0). Table 1 demonstrates the
relationship between the potential outcomes and the observable outcome for each unit. Table
2 demonstrates the fundamental problem of causal inference: observable outcome Y does not

recover the joint distribution of (Y (0),Y(1)).

Now that the average causal effect is well-defined, the question remains: How to associate
this causal estimand to a directly targetable estimand that depends on observable data? One

option is through randomized controlled trials. Since the treatment is randomized, there is

'We use potential outcomes and counterfactuals interchangeably in this paper.



Unit  A; Yi(0) Yi(1) Unit  4; Yi(0) Yi(1) Y
1 1 0 1 1 1 1 ? 1 1
2 0 1 0 1 2 0 1 ? 1
n 0 0 1 0 n 0 0 ? 0
(a) Potential and Observed Outcomes (b) Fundamental Problem of Causal Inference

no confounding between the treatment and the outcome. The absence of confounders implies
the independence between the treatment A and the potential outcome Y (a). As illustrated
in Figure [1.1] since no other pathways are connecting A and Y, A cannot affect Y (a) with

treatment set to a in the potential outcome. With the independence
AL Y(a), (1.1)

we can rewrite F[Y (a)] as E[Y (a)|A = al, which is the mean factual outcome in the treatment
group a: E[Y|A = a]. Therefore, the causal estimand average causal effect E[Y (1) — Y (0)]
is translated into a directly targetable estimand E[Y|A = 1] — E[Y|A = 0].

O—O

Figure 1.1: DAG for Randomized Controlled Trials

Randomized controlled trials are the gold standard in establishing causal relationships
in health-related research. In practice, however, randomization is not always feasible due
to practical, logistical, and ethical reasons. Therefore, we need to conduct causal inference
using observational data. For example, the U.S. Food & Drug Administration recently
started advocating the use of real-world evidence, including electronic health records, disease

registries, and health tracking data on mobile devices in regulatory decision-making other



Figure 1.2: DAG with Confounding between Treatment and Outcome

than traditional clinical trials. Without the protection of randomization, confounding cannot
be prevented in observational data. Denote the confounder between the treatment A and the
outcome Y as X. As illustrated in Figure after setting the treatment in Y'(a) to value
a, A and Y are still connected by X, so A and Y'(a) are no longer independent. Suppose
X includes all confounders for the relationship between the treatment and the outcome.
Conditioning on X, connections between the treatment and the outcome, other than the
direct pathway from A to Y, are blocked. In this case, A is independent of Y (a) with

treatment set to value a. With this conditional independence
AL Y(a)lX, (1.2)
we can rewrite E[Y (a)] as:
E{E[Y (a)|X]} = E{E[Y (a)|A = a, X]} = E{E[Y|A = a, X]}.

Therefore, the causal estimand average causal effect E[Y (1) — Y(0)] is translated into an
estimable target E{E[Y|A =1,X]|— E[Y|A=0,X]}.

The process of associating a causal estimand to an estimable target is called identifica-
tion. The condition [I.1| needed to identify the average causal effect is satisfied by the study
design. In observational studies, condition [1.1| no longer holds. We instead assume the con-
ditional independence [1.2] which prohibits unmeasured confounding, for the identification
of the average causal effect. Assumptions needed to identify a causal estimand are called

identification assumptions, such as and [[.2l The equivalence of the causal estimand



and the identified targetable estimand relies on the validity of identification assumptions.
In other words, whether a targetable estimand, derived from observable data, has a causal
interpretation is determined by whether the identification assumptions are satisfied.
Identification is answering the question: what conclusions can be drawn from infinite
data? Infinite data can recover the true distribution of observable data. In practice, however,
we do not have an infinite amount of data. Although the identified targetable estimand does
not depend on unobservable potential outcomes, statistical methods are needed for their esti-
mation and inference. In randomized controlled trials, the target E[Y|A = 1]—E[Y|A = 0] of
the average causal effect can be estimated by a difference-in-mean estimator. In observational
studies with no unmeasured confounding (assumption holds), the targetable estimand
E{E[Y|A=1,X] - E[Y|A=0,X]} can be estimated by a regression-based estimator.
More generally speaking, we can roughly divide causal inference into the following three

steps as illustrated by Figure [I.3}

e Determine a casual estimand based on the scientific question of interest and formalize

it into a function of potential outcomes.

e Link the causal estimand to observable data using identification schemes. If reasonable
identification assumptions are not enough for point identification, bounds on the causal

estimand can be derived instead.

e Use statistical methods to estimate the identified targetable estimand.

The average causal effect depicts the total effect of an intervention/exposure on the out-
come. It answers two questions: Does the intervention have a causal effect on the outcome?
What is the magnitude of the effect?” On many occasions, we are also interested in how
the intervention/exposure affects the outcome. When intermediate variables are measured,
causal mechanisms can be investigated through the study of direct and indirect effects. The
direct effect is the part of the causal effect of an intervention/exposure that does not act

through some intermediate variables, known as mediators. Conversely, the part of the causal



Causal Estimand

Identification Assumptions

v

Directly Targetable Estimand

Statistical Assumptions

~

Estimates

Figure 1.3: The General Steps for Causal Inference

effect that acts through the mediators is called the indirect effect. As illutrated in Figure
[1.4] A is the treatment, M is a mediator through which A affects the outcome Y. Mediation
analysis often includes the definition, identification, and estimation of a direct effect of an

exposure and its indirect effect that goes through some known mediators.

Figure 1.4: DAG for Mediation

Intuitively, to evaluate a direct effect, the mediators need to be somehow fixed. Depend-
ing on the scientific question of interest, a variety of direct effects can be defined through
different ways of fixing the mediators. Frequently used definitions of direct effects include
the controlled direct effect, the pure (natural) direct effect, and the principal stratum direct
effect. In the settings with a binary treatment, the controlled direct effect compares the

potential outcomes under treatment and control with the mediator fixed at a certain level.



The natural direct effect compares the potential outcomes under treatment and control with
mediators fixed to the value they would have taken had there not been any treatment. The
principal stratum direct effect compares the potential outcomes with and without treatment
in the subgroup where the mediator remains constant under treatment and control. The

formal definitions of these direct effects are given in chapter 2.

Each of the direct effect has unique properties in terms of definition, identification, and
interpretation. We examine these aspects of different direct effects closely in chapter 2 to
facilitate the application of causal mediation analysis methods in practice. Specifically, we
provide a comparison of the prerequisites for each direct effect to be well-defined. We also
compare the strength of multiple sets of identification assumptions for each direct effect.
We provide intuitions to their definitions and identification assumptions and explain their
different interpretations. We give a brief summary of the methodological developments in

mediation analysis.

In chapter 3, we focus on the pure (natural) direct effect. As will be explained in chapter
2, the pure direct effect is most relevant in studying treatment effect mechanisms. The iden-
tification assumptions for the pure direct effect usually prohibit treatment-induced confound-
ing between the mediator and the outcome. A mediator-outcome confounder is treatment-
induced if it is affected by the treatment, and subsequently affects the mediator and the
outcome, as illustrated by C' in Figure [I.5] In practice, however, this assumption is often

violated.

Figure 1.5: Treatment-induced Confounding



To address this fundamental limitation, we provide a set of assumptions that identify the
natural direct effect in the presence of treatment-induced confounding, where the identified
expression is equivalent to a recently studied interventional direct effect defined for a random-
ized mediator. We derive the semiparametric efficiency bound for the estimand, which unlike
usual expressions, contains conditional densities that are variation dependent. We consider
a reparameterization using copula and propose a quadruply robust estimator that remains
consistent under four types of possible misspecification and is also locally semiparametric
efficient. We use simulation studies to demonstrate the quadruple robustness and apply our
method to the 2017 Natality data (CDC| (2017))) to investigate the effect of prenatal care
on preterm birth mediated by preeclampsia with smoking status during pregnancy being a
potential treatment-induced confounder.

In previous chapters, only one mediator is known or of interest and measured. When
multiple mediators are measured, the total indirect effect, which is the difference between
the average causal effect and the natural direct effect, contains a joint effect of multiple me-
diators. Apart from the joint effects, the estimation of effects that go through each mediator
is also of interest. In chapter 4, we decompose the total indirect effect through multiple me-
diators, with an unspecified causal ordering, into individual components termed exit indirect
effects and a remainder interaction term. We provide a set of identification assumptions for
all components. The identified expressions, which are closely related to the interventional in-
direct effects, continue to have causal interpretations when some identification assumptions
are violated, as long as the total indirect effect is identified. We provide four moment-
type estimators for each decomposed effect based on different parametrizations and derive
the semiparametric efficiency bounds for the effects. The efficient influence functions con-
tain conditional densities that are variation dependent, so we consider a reparameterization
based on copulas to avoid model incompatibility. We propose a quadruply robust estimator
for each of the decomposed effects that remains consistent and asymptotically normal under

four types of possible misspecification and is also locally semiparametric efficient.



Chapter 2

CLARIFYING IDENTIFICATION ASSUMPTIONS IN
CAUSAL MEDIATION ANALYSIS

2.1 Introduction

Under the counterfactual framework (Neyman, 1923; Rubin| (1974),Rubin (1978), Rubin
(1990);), causal contrasts are defined using potential outcomes. Potential outcomes are gen-
erally only partially available for an individual in the sense that only the potential outcomes
corresponding to the actual treatment assignments can be observed. Consequently, assump-
tions are needed to derive corresponding effect estimates for the causal contrasts using the
empirical data.

Mediators are intermediate variables through which an intervention/exposure affects the
outcome. The total effect of an intervention/exposure can be divided into two parts: the
part that acts through the mediators, i.e., the indirect effect, and the part that does not,
i.e., the direct effect. Intuitively, to get the direct effect of an intervention, the mediators
in its causal pathways need to be “fixed”. There are several strategies to define the direct
and indirect effects using the potential outcome framework depending on different ways the
mediator is “fixed”. In this paper, we focus on three frequently used definitions for direct
effects, including the controlled direct effect (CDE), the pure direct effect]l] (PDE), and the
principal stratum direct effect (PSDE) (Robins| [1986; |Robins and Greenland, 1992; [Pearl,
2001; Frangakis and Rubin, 2002; Rubin, |2004). Different direct effects depend on different
potential outcomes that come with different implicit assumptions. These differences are
subtle and often not discussed in methodological literature. However, they are essential

for the clarification of each direct effect’s range of application and interpretation. We make

!The pure direct effect is also called the natural direct effect (NDE)
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explicit and compare the defining assumptions, and clarify the interpretation and application
of the controlled direct effect, the pure direct effect, and the principal stratum direct effect.

Besides the formalization of different direct effects using the potential outcome framework,

various sets of identification assumptions are considered by Robins and Greenland (1992),
Pearl (2001), Petersen et al| (2006), Hafeman and VanderWeele (2011), Richardson and|
Robins| (2013)), Robins and Richardson| (2010) , Imai et al.| (2010) for the controlled direct

effect and the pure direct effect. Apart from the point identification of the pure direct effect,

bounds are given by Robins and Richardson| (2010)), [Tchetgen and Phiri (2014)), Miles et al.|

. Similarly, point identification and bounds on the principal stratum direct effect are
considered by Zhang and Rubin| (2003), (Cheng and Small (2006), Frangakis et al.| (2007),
. A discussion of the relationship between the principal stratum direct effect and
the other two direct effects is given by [VanderWeele, (2008)).

Currently, there is a lack of literature comparing identification assumptions for direct
effects. We examine the connections between the popular sets of assumptions, including
assumptions that arise from Non-parametric Structural Equation Models with Independent
Errors (NPSEM-IE) considered in (2009)), sequential ignorability assumptions given by
Imai et al| (2010)), identification assumptions given by |[Pearl (2001), [Petersen et al. (2006),

and Hafeman and VanderWeele| (2011, the assumptions encoded in Single World Intervention
Graphs (SWIG) developed by [Richardson and Robing (2013)), and the assumptions of the
Minimal Counterfactual Model (MCM) considered by |[Robins and Richardson| (2010)). Some

extra sets of identification assumptions that are directly inspired by them are also included
for the purpose of comparison. We prove the relationships between these assumptions and
summarize them in Figure [2.1

After an appropriate direct effect is chosen and identified, we resort to statistical methods
for its estimation. These methods are not unique for causal mediation analysis. Nonetheless,
we dedicate a section that reviews the methodological developments in the estimation of
mediation effects. In particular, we describe the much used parametric structural equation

models, the regression-based outcome/mediator models, the inverse probability weighting
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methods, and a triply-robust estimator that has desirable theoretical properties. We also
discuss the relationship between these methods. In particular, traditional approaches such as
the linear structural equation models (LSEM), which includes the famous Baron and Kenny
methods, can be formalized by the potential outcome framework in terms of their underlying
assumptions and the causal interpretations of the estimators. The triply-robust estimator
is a combination of the outcome/mediator models and the inverse probability weighting
methods.

For simplicity, we consider the point-treatment case in our paper. However, the investi-
gation of mediation effects extends to more complicated settings and thus so do the defini-
tions, identification assumptions, and methods. In the discussion section, we briefly discuss
mediation analysis in longitudinal cases with time-varying confounding: why confounding
adjustment fails, and what are the alternative methods. We also include a discussion on
the important idea of the extended DAG (Robins and Richardson, 2010) that reconciles the
controversy of the pure direct effect being non-manipulable.

This paper is organized as follows. In section 2, we introduce the point-treatment setting
we consider and relevant notations. In section 3, we examine the definitions of the direct
effects, the assumptions that come with their definitions, and their implications. In section 4,
we review the identification assumptions for the direct effects and explore their relationships.
In section 5, we introduce the statistical methods used for mediation analysis. In section 6,

we discuss some other developments in causal mediation analysis.

2.2 Setting and Notation

Let A be a binary treatment, M be a mediator, Y be an outcome, and X be baseline
covariates that potentially confound the relationship between A and M, the relationship

between M and Y, and the relationship between A and Y. The causal DAG is displayed in
Figure



| NPSEM-1E

assumptions

PSDE, PDE, and CDE are identified

+Enhanced assumptions built on Pearl’s: Version 1 }

assumptions |<

| Pearl’s assumptions M Imai et al.’s

| Enhanced assumptions built on Pearl’s: Version 2 }

IHafeman & VanderWeele'’s assumptions|

N

PDE and CDE are identified

‘I Petersen et al.’s assumptions |

Only CDE is identified

I SWIG assumptions |—>| relaxed SWIG assumptions|

> MCM assumptions |—>| relaxed MCM assumptions |

12

Figure 2.1: Relationship Between Assumptions. Under NPSEM-IE, all three direct

effects are identified. Under assumptions of Imai et al., Pearl(Pearl, 2001)), Petersen et al.,

and Hafeman & VanderWeele, both the NDE (PDE) and the CDE are identified. Under

the SWIG and MCM assumptions, the CDE is identified. The assumptions of Petersen et

al. and Hafeman & VanderWeele are different since they are scale-dependent no-interaction

assumptions, while the others are (conditional) independence assumptions.

A

> Y

Figure 2.2: Causal DAG for the Point-treatment case with a Mediator
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The outcome Y depends on the value of both the treatment A and the mediator M.
The potential outcome, denoted as Y (a,m), is the value Y would have taken had A been
a and M been m. Each combination of a and m creates an alternative world in which the
treatment takes value a and the mediator takes value m, and Y (a, m) would be the observed
outcome Y. Similarly, the mediator M depends on the value of the treatment A, and M (a)
is the value M would have taken had A been a.

2.3 Direct Effects and Defining Assumptions

The controlled direct effect, the pure direct effect, and the principal stratum direct effect are
defined below using the counterfactual framework for a binary treatment in the difference
scale. Direct effects can be similarly defined in other scales corresponding to risk ratios or

odds ratios.
Definition 2.3.1 Controlled direct effect
CDE(m) = E[Y (1,m) =Y (0,m)],
Definition 2.3.2 Pure direct effect
PDE =E[Y(1,M(0)) — Y (0, M(0))],
Definition 2.3.3 Principle stratum direct effect
PSDE(m)=E[Y(1,m) — Y (0,m)|M(0) = M(1) = m].

The controlled direct effect compares the effect of the combined treatment of A and M on
Y between two groups with different levels of A while fixing M at the same level. The
pure direct effect compares the effect of the treatment A on Y between the treatment group
and the control group while fixing M at the level it would have taken had there not been
any treatment. The principal stratum direct effect compares the treatment effect on ¥ in a

subgroup where the mediator remains unchanged with or without treatment.
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Throughout our discussion we will assume the suitable unit treatment value assumption
(SUTVA). SUTVA allows only one version of the treatment, and it precludes interference
between units. A few more technical conditions are needed for the counterfactuals used
in mediation analysis to be defined (VanderWeele and Vansteelandt, 2009), specifically, the
consistency assumption and the composition assumption. The consistency assumption, which
is subsumed by SUTVA, states that when the treatment takes a certain value the observed
outcome for each variable equals their corresponding potential outcome with the treatment
set to that value. In our case, it implies Y (a) =Y, M(a) = M when A = a, and Y(a,m) =Y
when A = a, and M(a) = m. The composition assumption, which is conceptually less
challenging than SUTVA or the consistency assumption, can be illustrated by an example:
Y(a,M(a)) = Y(a). It implies that the potential outcome with the treatment set to a and
the mediator set to the value it would have taken under the same treatment equals the
potential outcome with the treatment set to a.

Before choosing one of these direct effects as the causal estimand of interest, we need to

examine the assumptions and properties of their definitions:

¢ Reliance on a conceivable intervention For all three direct effects, the intervention
on the treatment A needs to be possible, or at least conceivable. For the controlled
direct effect and the pure direct effect, the intervention on the mediator M also needs
to be possible or conceivable. For the principal stratum direct effect, a plausible inter-

vention on the mediator is not needed.

We explain this concept through an example. Suppose A is the race of a candidate
17, and Y is the result of a job application, it is difficult to envision candidate ¢’s job
application outcome had they been a different race, because by changing the race,
candidate ¢ is essentially a different person. One can argue that in this case, the
potential outcomes are not well-defined and hence the causal contrast is no longer
defined. To avoid this conceptual problem, a different question can be asked: what

is the effect of the race indicated in a résumé on the job application results? The
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potential outcome Y;(a) is then what the job application result would be had the race

information on a résumé been set to a.

The notion of defining counterfactuals based on conceivable interventions is generally
accepted in biostatistics and epidemiology studies, and causation can be established
without suggesting a mechanism. This notion is closely(Holland, [1986), which advo-
cates against using attributes as causes. The emphasis on manipulability may not
apply to other fields, where modeling the mechanism may be more of interest and

causes are depicted by the relations between variables.

Different contrast for each value of the mediator The controlled direct effect/the
principal stratum direct effect takes a different value when the mediator is set to a
different value of m. On the other hand, the pure direct effect does not require setting
the mediator to a specific value of m. Therefore it depicts an overall direct effect that

averages over the distribution of the potential mediator without treatment.

Inference on subgroup The principal stratum direct effect is defined on a subgroup
in which the potential mediator takes the same value with or without the treatment.
The principal stratum direct effect is more useful when the mediator is binary or
categorical. When the mediator M is continuous, the subgroup defined by M is trivial,
and the effect that does not act through a dichotomized version of M is not well-defined

(Robins et al., 2007).

“Cross-world” definitions and Manipulative effects Two counterfactuals are
from different “worlds” if their shared causes are set to different values. For example,
Y (1,m) and M(0) are from different “worlds” because in Y (1,m), the treatment is set

to 1, and in M (0), the treatment is set to 0.

Following this notion, we can see that both the pure direct effect and the principal

stratum direct effect are defined using counterfactuals from different “worlds”. As
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a result, they are not “manipulative” effects. An effect is manipulable if it can be
realized by a contrast between treatment regimes from an experiment on an identified
subgroup. For the principal stratum direct effect, it is impossible to identify the subset
of subjects whose mediators remain unchanged with or without treatment. For the pure
direct effect, it is impossible to conduct an experiment (consisting of an intervention on
the variables A, M) that simultaneously sets the treatment (A) to 1 for the outcome
(Y) and 0 for the mediator (M). On the contrary, the controlled direct effect is
manipulable: one can conduct an experiment in which both the treatment and the

mediator are randomized.

e Decompose the total effect The average causal effect (average treatment effect) is
defined as E[Y (1) — Y (0)]. It depicts the total effect of the treatment on the outcome,
and can be decomposed into the sum of the pure direct effect and the total indirect

effect:
E[Y(1) - Y(0)] = E[Y(1,M(0)) — Y (0,M(0))] + E[Y(1, M(1)) — Y(1, M(0))].

Since the controlled direct effect depends on the level the mediator is set to, it is
not straightforward to define a corresponding indirect effect. In some literature, the
indirect effect is defined precisely as the difference between the average treatment effect
and the controlled direct effect. Since the principal stratum direct effect is defined on a
subgroup in which the mediator remains unchanged, it does not have a corresponding

indirect effect.

Different definitions lead to different interpretations. The controlled direct effect can be
interpreted as the difference in outcome between two treatmentE] regimes of a randomized
experiment, one with A =1 and M = 1, the other with A =1 and M = 0. The difference is,
therefore, attributed to the change in M. The pure direct effect, on the other hand, answers

the question: how much would the treatment A affect the outcome if the effect of A on

2here treatment represent the combination of A and M.
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its mediator M is blocked? When the effect of treatment A on mediator M is blocked, M
remains the same (under treatment) as if there had been no treatment: M (0). The principal
stratum direct effect (at level m) can be rewritten as:

=E[Y'(1, M (1)) = Y(0, M(0))[M(0) = M(1) = m]

=E[Y (1) =Y (0)|M(0) = M(1) = m].
Under the composition assumption, the principal stratum direct effect can be interpreted as
the average causal effect in the subgroup where the mediator M does not change with the

treatment A. We include the properties of these three direct effect definitions in Table 1.

Properties set in italics can be favorable. [

Conceivable Separate contrast | Inference on | Manipulative | Indirect
intervention for each level identified effect effect
on A on M of m population defined
CDE | Necessary Necessary No Yes Yes No
PDE | Necessary Necessary Yes No No Yes
PSDE | Necessary | Unnecessary No No No No

Table 2.1: Properties of Direct Effect Definitions

2.4 Identification Assumptions

As described in the introduction section, the fundamental problem with causal inference is

that counterfactuals used to define causal contrasts cannot be observed simultaneously for

3The relevant counterfactuals are M (a) and Y (a, m).
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an individual. As a result, identification assumptions are needed to link the causal estimands
defined using counterfactuals to the observable data. Identification assumptions are usually
imposed on the relationship, such as conditional independence, between counterfactuals. The
causal interpretation of the identified effect relies on the validity of identification assumptions.
Therefore, it is essential to fathom the strength of identification assumptions and verify their
reasonableness before drawing any causal conclusions.

Before comparing different sets of identification assumptions for direct effects, we intro-
duce the concept of “Cross-world” assumptions. In the previous section, we explained how
counterfactuals could be from different worlds. The same notion extends to identification as-
sumptions. An identification assumption is “Cross-world” if it is imposed on counterfactuals
from different worlds. For example, a “Cross-world” assumption often used is on the inde-
pendence between the potential outcome Y (a,m) and the potential mediator M (a*) where
a and a* can take different values. “Cross-world” assumptions are non-refutable (without
further assumptions or additional interventions) because they cannot be tested by any ex-
periment. In contrast to “Cross-world” assumptions, there are “Single-world” assumptions
that only involve counterfactuals from the same world. “Single-world” assumptions can be
experimentally tested. Assumptions that cannot be tested by randomized experiments are
usually less favorable because their validity depends solely on scientific belief. Sensitivity

analyses may help us fathom the effect of assumption violations.

In this section, we examine identification assumptions for the direct effects for the simple
setting, as illustrated by Figure 2.2] Since definitions of direct effects have different proper-
ties, the strengths of assumptions needed for their identifications vary. In particular, the prin-
cipal stratum direct effect requires the strongest identification assumptions because it involves
the joint distribution of four counterfactuals from different worlds: (Y(1),Y(0), M (1), M(0)).
The pure direct effect is less restrictive, for it involves the joint distribution of three coun-
terfactuals from different worlds: (Y'(1,m),Y(0), M(0)). The assumptions needed for the
identification of the controlled direct effect is the least restrictive because it only involves

counterfactuals from a single world.
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As a result, different sets of identification assumptions can be divided into three sub-

groups:

e the sets that identify all three direct effects;

e the sets that identify the pure direct effect and the controlled direct effect, but not the

principal stratum direct effect;

e the sets that only identify the controlled direct effect.

Specifically, we start from the strongest set of assumptions under which all three direct
effects are identified: the NPSEM (Non-Parametric Structural Equation Models) with in-
dependent errors (sometimes called NPSEM-IE) assume mutual independence between sets
of counterfactuals associated with different variables. This Independent Error assumption
may not always be reasonable. We move on to the less restrictive sets of assumptions, un-
der which the pure direct effect and the controlled direct effect are identified, including the
widely-used sequential ignorability assumptions (Imai et al., 2010), and five other sets of as-
sumptions that are slightly weaker with a narrower range of application. These two groups of
assumptions still involve “Cross-world” assumptions that are non-refutable. We then move
on to the least restrictive sets of assumptions under which only the controlled direct effect
is identified, including the single world intervention graphs (SWIGs) assumptions that are
associated with causal graphs. The last group of assumptions only involve “Single-world”

assumptions. The shared focus of these assumptions are on three sources of confounding;:

e confounding between the treatment and the outcome;
e confounding between the treatment and the mediator;

e confounding between the mediator and the outcome.

Intuitively, the more control we have over the confounding factors, the closer the conditional

association is to causation.
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In this section, we assume that X includes the set of pre-treatment covariates, meaning
that the treatment induces no potential confounding. The identification of the pure direct
effect is usually not possible in the presence of treatment-induced confounding under the
sequential ignorability assumptions (Avin et al., |2005). We come back to this point at the

end of this section.

Assumption 2.4.1 The Non-Parametric Structural Equation Models independence assump-

tion. The following three sets of variables:

{X, A(x™) 1AM (1, 2), M(0,2*) },{Y (1, m, "), Y (0, m*, x**) } }

are mutually independent, where each set includes all the variables obtained by allowing x™*,

7, x*, and x; moand m* take different values.

To simplify this assumption, we omit the covariates X which we usually condition on. Denote

the domain of M as M and rewrite the assumption as:
A A{M(1),M(0)},{Y(1,m),Y(0,m*), m,m* € M} (2.1)

are mutually independent. It is clear to see that counterfactuals in the second and third sets
can be from different worlds: M (1) and Y (0, m*), M(0) and Y (1,m).

Equation includes three systems of variables in this setting: the treatment A, the
set of potential mediators indexed by different treatment values {M (1), M (0)}, and the set of
potential outcomes indexed by different treatment and mediator values {Y (1, m), Y (0, m*)}.
The NPSEM-IE assumes mutual independence between these three systems. NPSEM-IE
implies a list of conditional independences between potential outcomes, potential mediators,
and the treatment assignment. As a result, all three direct effects are identified under
NPSEM-IE.

To better connect NPSEM-IE to the rest of the assumptions, we present a sequential

ignorability implication of it:

Assumption 2.4.2 NPSEM-IE Assumption Implication
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1. {Y(a,m,z*), M(a*,2**)} 1L A(x)|X = 2**,
2. Y(a,m,z) L M(a* z*)|A = a™*, X = 2**.

The value of A and X in these conditions could be different from their set values in the
counterfactuals. The first assumption implies there is no (unmeasured) confounding between
the treatment and the downstream variables. The second assumption implies there is no
(unmeasured) confounding between the mediator and the outcome. The assumptions are on
the “ignorability” of treatment/mediator assignment. E|

A weaker set of sequential ignorability assumptions from [Imai et al.| (2010) requires in-
dependence only when the confounding variables X are consistently taking the same value
in the conditions and the set values of counterfactuals, restricting the space where the inde-
pendence holds to a smaller one where X is constant. Condition 2 in the Assumption [2.4.2
is further weakened by fixing the value of the treatment in the potential mediator to the

treatment value in the condition.
Assumption 2.4.3 Imai’s Assumptions
1. {Y(a,m), M(a*)} L A|X =z,
2. Y(a*,m) L M(a)|]A=a,X =x.

It is straight-forward to see by fixing X to x, condition 1 in Assumption [2.4.2] implies
condition 1 in Assumption [2.4.3] By equating a* and ¢** in condition 2 of Assumption [2.4.2]
we have condition 2 of Assumption [2.4.3]

Condition 1 states that the joint distribution of the potential outcome and the potential
mediator, possibly with different set treatment values, are independent of the actual treat-
ment given the baseline covariates. Condition 1 implies that covariates X sufficiently control

the confounding between the treatment and the downstream variables. In other words, there

” “

4“Tgnorability” is also referred to as “randomization”, “exchangeability”, and “endogeneity” in different
literatures.
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is no unmeasured confounding between the treatment and the mediator, and there is no
unmeasured confounding between the treatment and the outcome.

Condition 2 can be restated as Y (a*,m) L. M|A = a, X = x according to the consistency
assumption. Similar to condition 1, condition 2 implies there is no unmeasured confounding
between the mediator and the outcome. This is a “Cross-world” assumption because a and
a* can take different values. Consequently, when a # a*, M and Y (a*, m) are from different
worlds.

A similar but maybe less tangible assumption is to impose independence conditioning
only on X, as given by |Pearl (2001). In fact, Assumption implies Pearl’s assumption
(2.4.4]).

Assumption 2.4.4 Pearl’s Assumptions
There exists a set X of covariates, non-descendantd’| of neither A nor M, such that, for all

values m and a we have:
1. P(M(a*) = m|X = z) is identifiable,
2. P(Y(a,m) =y|X = x) is identifiable,
3. Y(a,m) L M(a*)|X.

Condition 3 is slightly different from condition 2 in Assumption [2.4.3] but the interpretation

is similar. It assumes no unmeasured confounding between the mediator and the outcome.
Condition 1 and 2 assume identifiability directly. For the purpose of ordering the strength

of assumptions, we give two slightly enhanced versions of Pearl’s Assumptions in which

M (a) and Y (a,m) are identified. Both of them include the key independence condition 3 in
Assumption 2.4.4]

Assumption 2.4.5 Enhanced Assumptions based on Pearl’s: Version 1

®No post-intervention (treatment-induced) confounding. Here mediator is also considered to be a sec-
ondary intervention.
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1. {Y(a,m), M(a*)} L A|X ==z,
2. Y(a,m) L M(a*)|X = .
Assumption 2.4.6 Enhanced Assumptions based on Pearl’s: Version 2
1. Y(a,m) L A|X ==z,
2. M(a) L A|X = =,
3. Y(a,m) L M|A, X =z,
4. Y(a,m) L M(a*)|X = x.

Condition 1 in Assumption [2.4.5] is the same as the condition 1 of Assumption [2.4.3]
which implies the independences 1. and 2. imposed by Assumption [2.4.6 Under condition
1 in Assumption [2.4.5] condition 2 in Assumption [2.4.5| implies condition 3 in Assumption

2.4.0]

Both Assumption [2.4.5| and Assumption [2.4.6| would hold in a situation where there is

e no unmeasured confounding between the treatment and the mediator; and
e no unmeasured confounding between the treatment and the outcome; and

e no unmeasured confounding between the mediator and the outcome,

which is similar to Assumption [2.4.3] The differences between these sets of assumptions are
technical in practice (Imai, [2008]).

Next, we examine two sets of identification assumptions that are weaker with a narrower
range of application compared with the previous mentioned sets.

A weakened version of condition Y (a,m) L M]|A, X is given by Hafeman and Vander-
Weele (2011), which is applicable when the mediator is binary,
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Assumption 2.4.7 Hafeman & VanderWeeles’s Assumption
When the mediator M is binary,

1. {Y(a,m), M(a*)} L A|X =z,
2. ElY(a,m=0)][A=a,M =1,z =E[Y(a,m =0)|A =a, M =0, x],

3. EY(a,m=1)—-Y(a,m=0)|A=a,M = 1,z] =E[Y(a,m =1) = Y(a,m = 0)|A =

Since Y (a,m) 1L A|X, the independence Y (a,m) L M|A, X = x implies condition 2
and 3 in Assumption It can also be shown that this set of assumptions is implied by
Assumption [2.4.5

Condition 1 in Assumption [2.4.7]is the common assumption that implies no unmeasured
confounding between the treatment and the mediator/outcome. Condition 2 implies that
the value of the observed mediator does not modify the expected potential outcome with m
fixed at 0. Condition 3 implies that the controlled effect of the mediator is the same across
treatment groups in the subgroup where the observed mediator takes the value 1. Condition
2 and condition 3 are weaker, scale-dependent, “Cross-world” assumptions that replace the
“Cross-world” independence between Y (a,m) and M (a*).

On the other hand, |Petersen et al.| (2006) came up with a slightly weaker set of assump-
tions (compared to Pearl’s assumption) in a different direction, replacing the joint conditional
independence between (Y (a,m), M(a*)) and the treatment in condition 1 of Assumption
[2.4.3 by two separate marginal independence assumptions, at a cost of an additional direct

effect assumption.
Assumption 2.4.8 Petersen, Sinisi and Van der Laan’s Assumptions
1. Y(a,m) L A|X =z,

2. M(a) L A|X =z,
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3. Y(a,m) L M|A, X =z,

4. (Direct effect assumption)
E[Y (a,m) —Y(0,m)|M(0) =m, X| = E[Y (a,m) — Y (0, m)|X].

The direct effect assumption implies that the realization of the potential mediator without
treatment M (a = 0) does not provide addition heterogeneity on the expected effect of the
treatment on the outcome at a controlled level of mediator m. It can be shown that Assump-
tion [2.4.6)implies Assumption [2.4.8] Condition 4 is a weaker, scale-dependent, “Cross-world”
assumption that replaces the “Cross-world” independence between Y (a,m) and M (a*).

Assumption [2.4.7 and [2.4.8| are fundamentally different from other assumptions because

they are imposed in a difference scale, so they are relevant when the direct effects are defined
in a difference scale.

The identification results can be summarized by the following theorem:

Theorem 2.4.1 Identification of the Pure Direct Effect
The average pure direct effect E{Y (1, M (0)) —Y (0, M(0))} is non-parametrically identifiable
under each of the sets of Assumptions|2.4.9,12.4.3,12.4.5,(2.4.5,12.4.0,(2.1.7, and|2.4.8 with

slight abuse of notation by the following formulcﬁ:
/ (E[Y|m,A=1,2] —E[Y|m,A = 0,z])p(M = m|A =0, z)p(x)dmdz. (2.2)
For Assumption the exact form of identification depends on the form of the identified

E[Y (a,m)|x] and p(M (a) = m|z).

Corollary 1 Identification under Pearl’s assumptions
The average pure direct effect is non-parametrically identifiable if Pearl’s set of assumptions

18 satisfied:
E{Y'(1, M(0)) — Y(0,M(0))}

— [ @Y 1m)ls] - EY Om)lad)p(M(0) = mla)p(a)dmds.

6For [2.4.7, the mediator is binary, thus the integral over m is replaced with a sum.
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It is straight-forward to derive the identification of the controlled direct effect based on the

assumptions that identify the pure direct effect.

Theorem 2.4.2 Identification of the Controlled Direct Eﬁecﬂ
The average controlled direct effect E{Y (1,m) — Y (0,m)} is non-parametrically identifiable
under each of the sets of Assumptions|2.4.9,12.4.3,12.4.5,(2.4.5,12.4.0, [(2.1.7, and|2.4.8 with

slight abuse of notation:

/(E[Y|m, A=1,2] —E[Y|m, A = 0,2])p(z)dz. (2.3)

xT

Assumption directly assumes identification of E[Y (a, m)|z], which gives the controlled
direct effect.

Up until now, we have restricted the confounder set to be pre-treatment covariates.
However, it is entirely possible that the ignorability assumption for the mediator-outcome
relationship only holds after conditioning on some treatment-induced variables, such as C'
in Figure . For example, in Imai’s set of assumptions, instead of assuming Y (a,m) L
MI|A, X, it may be more reasonable to assume Y (a,m) 1L M|A, X, C, where C' is the set of
treatment-induced confounders for the mediator-outcome relationship. Similar changes can
be made to all the previous sets of assumptions. However, the resulting sets are usually not
sufficient to identify the pure direct effect without further assumptions, even if C' is observed
(Avin et al., 2005E|, VanderWeele and Chibal 2014).

Without “Cross-world” assumptions or the assumption that precludes the treatment-
induced confounding, the controlled direct effect can still be identified under the Single
World Intervention Graphs assumptions and the Minimal Counterfactual Model Indepen-

dence Assumptions.

Assumption 2.4.9 Single World Intervention Graphs Independence Assumption

1. {Y(a,m),M(a)} L A|X = =,

"The identified expression for the PSDE is the same as that of CDE under the NPSEM-IE assumption.

8C forms a “recanting witness”.
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A > Y

Figure 2.3: Causal DAG with the Treatment-induced Confounding

2. Y(a,m) L M(a)|A=a,X =2,C =c,

Where X contains pre-treatment variables, and C' contains all treatment-induced variables

that occur before the mediator, and confounds the mediator-outcome relationship.

Different from Assumption[2.4.2] Assumption[2.4.3] Assumption[2.4.5 and Assumption[2.4.7]
Assumption requires a consistent treatment level for the potential outcome Y (a, m) and
the potential mediator M (a) in condition 1, and a consistent treatment level for the treatment
A in addition to Y (a,m) and M (a) in condition 2.

Additionally, Assumption condition 2 imposes independence between Y (a,m) and
M (a) given not only the treatment assignment and the baseline covariates, but also the
treatment-induced variables that are potential confounders for the relationship between the
mediator and the outcome.

An even weaker set of assumption is given as follows:
Assumption 2.4.10 Minimal Counterfactual Model Independence Assumptions
{Y(a,m), M(a)} L 1{A =a}|X =z,
Y(a,m) L 1{M(a) =m}|A=0a,X =2,C =c.

Minimal Counterfactual Model Independence Assumptions imply that given the past

where A = a and X = z, the event M (a) = m is independent of the counterfactual outcome
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Y (a,m), which is consistent with the past where M = m. Assumption [2.4.9| and [2.4.10| are

equivalent when the mediator is also binary.

Instead of assuming independence on the joint distribution of the potential outcome and

the potential mediators, assumption [2.4.9| and |2.4.10| can be relaxed as follows:

Assumption 2.4.11 Relaxed SWIG assumption

1. Y(a,m) L A|X =z,

2. Y(a,m) L M(a)|[A=a,X =2,C =c,

Assumption 2.4.12 Relaxed MCM Independence Assumptions

Y(a,m) L 1{A = a}|X =z,
Y(a,m) L 1{M(a) =m}|A=0a,X =2,C =c.

The relaxed assumptions implies that only two no unmeasured confounding assumptions

are needed for the identification of the controlled direct effect:

e no unmeasured confounding between the treatment and the outcome;

e no unmeasured confounding between the mediator and the outcome.

The controlled direct effect is identified under these four sets of assumptions despite
the fact that there is treatment-induced confounding and that the pure direct effect is not

identified.

Theorem 2.4.3 Identification of the Controlled Direct effect

The controlled direct effect is identified under assumption|2.4.9 and|2.4.10 as follows:

ExEciact xE[Y|M = m, A=1,X,C] — ExEcazoxE[Y|M =m, A =0,X,C].
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Remark 1 With Robins No-interaction assumptions (Robins, 2005): For each unit,
Y(1,m)—Y(0,m) = B,

where B is a random variable that is independent of the realization of the mediator m, the

average natural direct effect under binary treatment E[Y (1, M(0)) — Y (0,M(0))] is non-

parametrically identifiable under assumption|2.4.9 or|2.4.10 as follows:

IEX{/IE[Y|m,A =1,z,JP(C=c]A=1,2)— /E[Y|m,A =0,z,c]P(C =c|]A=0,2)}.

[

Since Y (1, m) — Y (0,m) is independent of m, the pure direct effect is the same for all levels

of m. This no-interaction assumption would not be plausible if the outcome is binary.
2.5 Statistical Methods for Mediation Analysis

In this section, we review some popular statistical models used in mediation analysis and
their connections.

We start from the linear structural equation models. Baron and Kenny (1986) proposed
an approach to estimating the direct and indirect effect in the point-treatment setting with

a system of linear modeld’}
LY, = ap + a1 Aj + a X + ey,
2. M; = By + BrAi + B2 Xi + €nriy
3. Y =0+ ndi + 72 M + 13X + ey
Baron and Kenny suggested that the following conditions need to hold for M to be a mediator:

1. The treatment must affect the outcome in the first equation, i.e. oy # 0;

2. The treatment must affect the mediator in the second equation, i.e. f; # 0;

9Covariates are not included in the original models.
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3. The mediator must affect the outcome in the third equation, i.e. 5 # 0.

Under these conditions, the product method use (172 as an estimator of the indirect effect,
and the difference method use a; — ; as an estimator of the indirect effect. The first
condition is not necessary because the overall effect of the treatment on the outcome can be
0 when the direct and indirect effects are in different directions.

There are two major issues with this method:

e the assumptions needed for the estimators to have a causal interpretation are vague:

the no unmeasured confounding assumptions are not made explicit.

e the estimators rely on the functional form of the statistical models: the estimators
are no longer valid when the outcome is nonlinear or when interaction between the

mediator and the treatment is present.

We then move on to direct and indirect effects defined using the counterfactual framework.
From the identification results given in the previous section, one approach is to estimate the

components in the identified expressions using regression:

e build a regression model for E[Y|M, A, X];

e build a regression model for E[M|A, X].

The controlled direct effect and the pure direct effect can then be estimated using the model
coefficients (VanderWeele, 2015)). The estimators from the LSEM approach can be viewed
as special cases. A similar approach can be applied to alternative representations of the
identified effects.

In general, we can estimate the (controlled and pure) direct and indirect effects if we

specify two out of the three models (VanderWeele, [2015)):

e an outcome model conditioning on the treatment, the mediator, and the covariates.
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Figure 2.4: Causal DAG for the Point-treatment case with a Mediator

e a model for the mediator conditioning on the treatment and the covariates.

e a propensity score model (treatment model) conditioning on the covariates.

In fact, the triply-robust estimator (Tchetgen Tchetgen and Shpitser, 2012) for the pure
direct effect is consistent and asymptotically normal when two out of the three models are
correctly specified, and it is locally efficient when all three models are correctly specified.
The statistical methods developed for the estimation of direct and indirect effects are
based on the identified expressions, so they are not unique to causal mediation analysis or

causal inference in general.

2.6 Discussion

2.6.1 Mediation in Longitudinal Settings

A complex causal relationship in the longitudinal setting is the presence of “treatment-
confounder feedback”, illustrated in Figure 2.4 In this example, Ly is a baseline confounder
(for all relationships in the system) and, therefore, can be adjusted for in the model. On the
other hand, L, is a confounder for the association between the current treatment A; and the
outcome Y. It is also a mediator of the past treatment Ay on the outcome. In this case, L,

cannot simply be adjusted for or ignored in the model. G-methods, such as the marginal
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structural models, should be used (VanderWeele, 2009; Lin et al. 2017; VanderWeele and
Tchetgen Tchetgen, 2017.).

2.6.2 FExtended DAG

The term E[Y (1, M(0))] in the pure direct effect is a composite (nested) counterfactual that
depends on the joint distribution of M(0) and Y'(1,m), where Y (1,m) fixes the treatment
A at level 1, and M (0) fixes the treatment at level 0. As mentioned in the previous section,
there is no randomized experiment with interventions on the X, A, M or Y can produce a
contrast between treatment regimen that corresponds to the pure direct effect. For this rea-
son, the pure direct effect is said to be non-refutable or non-manipulable. This unfavorable

property of the pure direct effect makes it difficult to interpret.

Robins and Richardson| (2010) provide a new perspective that explains the pure direct
effect through a hypothetical randomized experiment. By using the extended DAG, they
reconcile the apparent contradiction of the pure direct effect being both explainable through

randomized experiments (as given by Pearl) and being non-manipulable .

Take the DAG in Figure as an example (the baseline covariates X are ignored for
simplicity). Suppose that scientific knowledge indicates that the treatment A affects the
mediator M through A’ the outcome Y through A”, and that A’(a) = A”(a) = a with prob-
ability 1, then E[Y (1, M(0))] is E[Y (A" = 0, A” = 1)]. The contrast between E[Y (1, M (0))]
and E[Y (0)] corresponds to the contrast between the treatment regime in a randomized ex-
periment via interventions Pearl’s identification from the previous section, using only the
observed data from Figure

The extended DAG provides a connection between the pure direct effect and randomized
experiments, which not only helps interpretation of the pure direct effect, but also provides

insights on the assumptions needed for its identification.
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Figure 2.5: Causal DAG of the setting
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Chapter 3

CAUSAL MEDIATION ANALYSIS WITH
TREATMENT-INDUCED CONFOUNDING

3.1 Introduction

When a treatment has an aggregated effect on an outcome, its effect mechanism is often of
interest when variables on causal pathways are observed. The study of the treatment effect
mechanism involves the estimation of direct and indirect effects. An effect is called direct
when it does not act through some intermediate variables, known as mediators. Conversely,
the effect that acts through the mediators is called the indirect effect. Intuitively, to eval-
uate a direct effect, the mediators need to be somehow fixed. Depending on the scientific
question of interest, a variety of direct effects can be defined through different ways of fixing
the mediators. The natural (pure) effects are most relevant in studying treatment effect
mechanisms. The natural direct effect compares potential outcomes under treatment and
control with mediators fixed to the value they would have taken had there not been any
treatment. The natural indirect effect is thereby defined by subtracting the natural direct
effect from the total treatment effect.

The definition of the natural direct effect is formalized under the potential outcome frame-
work (Robins and Greenland, 1992; |Pearl, |2001). A considerable number of methods have
been developed for the identification and inference of the natural direct effect (Pearl, 2001}
Pearl| 2009; Petersen et al., [2006; Imai et al.l [2010; Hafeman and VanderWeele| 2011}; [T'ch-
etgen Tchetgen and Shpitser, 2012). Common identification assumptions, such as sequential
ignorability assumptions (Imai et al., [2010)), usually prohibit treatment-induced confounding

between the mediator and the outcome.

In practice, the assumption that rules out the treatment-induced confounding can often
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be violated, particularly when the mediators come much later than the treatment. In this
case, some immediate prognostic factors affected by the treatment can be related to both
the mediator and the outcome (Robins| |1999). One example that was given by Vanstee-
landt & VanderWeele (2012) considered the effect of adequate prenatal care on preterm
birth that mediates through preeclampsia. On one hand, smoking status during pregnancy
confounds the relationship between preeclampsia and preterm birth because it reduces the
risk of preeclampsia while increasing the likelihood of preterm birth. On the other hand,
adequate prenatal care may decrease or eliminate smoking. Therefore, smoking status during
pregnancy is a potential treatment-induced confounder between the mediator preeclampsia

and the outcome preterm birth.

There has been limited methodological development addressing such limitations. Robins
(2003) provides a no-interaction assumption between treatment and mediator at the indi-
vidual level to identify the natural direct effect, but [Petersen et al.| (2006]) suggest that this
assumption is unlikely to hold in practice. [Robins and Richardson| (2010) and Tchetgen Tch-
etgen and VanderWeele (2014)) each provide identification assumptions in the framework of
nonparametric structural equation models with independent errors, which as pointed out in
Robins and Richardson| (2010)), imposes many independence assumptions between counter-
factuals from different worlds. These “Cross-world” assumptions are strong in the sense that
they are experimentally untestable. Moreover, the natural direct effect is not identified in
the presence of treatment-induced confounding without additional “Cross-world” assump-
tions (beyond even those implied by NPSEM) in the framework. When these experimentally
untestable assumptions are violated, the identified expression is no longer the natural di-
rect effect, and may not even have a causal interpretation. When point identification is
impossible for a set of assumptions, bounds can often be developed. Bounds on the natural
direct effect for a binary mediator are given by Robins and Richardson! (2010) under Single
World Intervention Graphs (SWIG) independence assumptions, which are extended by |Tch-
etgen and Phiri (2014) in the presence of treatment-induced confounding, and are further

extended to the polytomous mediator by |Miles et al.| (2015). [Vansteelandt and Vander Weele
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(2012) consider a slightly different estimand, the natural direct effect on the treated, whose
identification relies on the knowledge of a selection-bias function.

Estimands different from the natural direct effect are also considered to quantify certain
direct and indirect effects in the presence of treatment-induced confounding. [VanderWeele
et al.| (2014) summarize three such approaches to decompose the effect of a treatment when
there exists treatment-induced confounding: joint effect of mediators and other treatment-
induced confounders, path-specific effects, and interventional effects. |Avin et al.| (2005)
and |Shpitser| (2013) provide identification conditions for path-specific effects. Miles et al.
(2017)) provide semiparametric inference of a path-specific effect that goes through a mediator
without going through its treatment-induced confounders. The interventional direct effect
is an analog of the natural direct effect that replaces the potential mediator with a random
draw, which is independent of the potential outcome, from the distribution of the mediator
among the non-treated. VanderWeele and Tchetgen Tchetgen| (2017) define interventional
effects for mediation analysis with time-varying exposures and mediators. The estimand is
also used in mediation analysis with multiple mediators (VanderWeele and Vansteelandt),
2014; Daniel et al., 2015)).

The estimation of the natural direct effect in the presence of treatment-induced con-
founding is fundamentally different from the usual settings, where all confounders are pre-
treatment. Although weighting methods for handling pre-treatment confounders are well
studied, none of them can be directly applied with treatment-induced confounders, since
they are in the usual pathway between the exposure and outcome of interest. Moreover, if
all treatment-induced confounders are observed, sequential ignorability assumptions are not
sufficient to identify the natural direct effect (Avin et al., |2005; [VanderWeele and Vanstee-
landt} 2009). Therefore, both the identification assumptions and estimation in the presence
of treatment-induced confounding will be substantially different from the usual case. In ad-
dition to proposing identification assumptions, we found that, unlike usual expressions, the
efficient influence function contains conditional densities that are not variation independent.

We consider a reparameterization based on copulas to address the problem of model incom-
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patibility. The corresponding estimator is quadruply robust, that is, consistent under four
types of misspecification of the nuisance models.

The rest of the paper is organized as follows. In Section 2, we introduce the proposed
identification assumptions and the expression of the identified natural direct effect. We ex-
plain the connection between our identification results and that of the interventional direct
effect. In Section 3, we propose four moment-type estimators and a quadruply robust esti-
mator. In the process, we derive the efficient influence function (hence the semiparametric
efficiency bound) of the identified natural direct effect, propose a variation independent pa-
rameterization, and prove the quadruple robustness of the estimator. In Section 4, we use
numerical simulations to demonstrate the theoretical results derived in Section 3 for both
continuous and binary mediators. In Section 5, we apply our method to the 2017 Natality
data to estimate the effect of prenatal care on preterm birth mediated by preeclampsia with
smoking status during pregnancy being a potential treatment-induced confounder. In Sec-
tion 6, we discuss some concluding remarks, including the estimation of the natural indirect

effect, and sensitivity analysis for identification assumption violations.
3.2 Assumptions and Identification

We denote the treatment as A, the outcome as Y, the mediator as M, the set of treatment-
induced confounders as (', and the set of pre-treatment or baseline covariates as X. All
variables may be multivariate. Figure demonstrates the causal diagram. The set of
covariates X is omitted for simplicity because it has arrows to all other variables in the
causal diagram.

When there are well-defined interventions for A, C', and M, the potential outcome Y.,
is the value the outcome would have taken had the treatment been a, the treatment-induced
confounder been ¢, and the mediator been m. We assume the composition (also called
recursive substitution) holds such that Y, = Yac,ar,, Yam = Yacum, and M, = M,c,. Other
conditions are needed as preliminaries of identification. The consistency assumption that

implies C, = C and M, = M when A = a; Yy = Y when A = a,C = ¢,M = m,
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Figure 3.1: The Causal Diagram with Treatment-induced Confounding

and the positivity assumption that implies f(m|A,C, X) > 0, f(c|A, X) > 0, f(a|X) >
0 with probability 1 for all m,c,a. Consistency assumption is axiomatic, for the definition
of potential outcomes relies on it. The positivity condition is techical, and could be violated
in practice.

When the treatment is binary, the average natural direct effect on a difference scale
is defined as E[Yin, — Yon,]- It depicts the expected effect of the treatment when the
mediator is fixed at the value it would have taken had there not been any treatment. A set
of assumptions sufficient to identify the natural direct effect in the presence of treatment-

induced confounders are given as follows:

Assumption 3.2.1 {Y,,,C,,M,} L A|X.

Assumption 3.2.2 Y,,, L M,|A=a,C,=c¢, X

Assumption 3.2.3 E[Yic,m — Yooym| Mo = m, X] = E[Yicym — Yoo,m|X]

Assumption 3.2.4 E[Yyc,m — Yocym| Mo = m, X] = E[Yocym — Yocym|X]

Assumptions|3.2.1]and [3.2.2] are ignorability assumptions that are implied by the assump-

tions of no unmeasured confounding between the treatment and post-treatment variables,

and between the mediator and the outcome respectively. Both of them are “single-world”
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assumptions (Richardson and Robins, 2013)) and are weaker than usual identification as-

sumptions for the natural direct effect, such as the sequential ignorability assumptions with

“cross-world” independence given by Imai et al.| (2010). Assumptions [3.2.3 and [3.2.4] imply

that there is no additional heterogeneity in a direct effect of A, or in a pure indirect effect

of A that goes through C' across levels of M,. These two assumptions are scale-specific.

Theorem 3.2.1 Under assumptions the natural direct effect E[Y1p, — Yo, s
identified as follows:

A = EX(EM:m|A:0,X{EC\A:LXE[Y’A = 1, C, M =m, X]—

Ecjazox E[Y[A=0,C,M =m, X|}). (3.1)

Our identification result gives the same empirical expression as the interventional effect

(VanderWeele et al., [2014; VanderWeele and Tchetgen Tchetgen) |2017). The interventional

direct effect is defined by replacing the potential mediator with a random draw from the
distribution of the potential mediator M, that is independent of the potential outcomes,
and requires only Assumptions [3.2.1] and [3.2.2] for identification. In fact, when Mj is being
replaced by a random draw Mg, Assumptions [3.2.3] and [3.2.4] are satisfied because M is
independent of {Y, ., Cu}.

When there is no treatment-induced confounder, C' becomes part of X, assumption (3.2.4

becomes redundant, and assumption reduces to that in [Petersen et al| (2006). The

identification of the natural direct effect becomes

EX[EM:m|A:O,X{E(Y|A =1L, M= m>X) - E<Y‘A =0,M =m, X)Hv

which is the same empirical expression as the natural direct effect identified by the sequential

ignorability assumptions (Pearl, 2001} Petersen et al., 2006} Imai et al., 2010)).
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3.3 Semiparametric Inference

3.3.1 Moment-type Estimators

Denote the identified expression of the natural direct effect in Theorem as A, which is
the estimand of interest for the remaining sections. The observed independent samples are
(X, Ai, Cy, M, ;)i =1, ..., n. With slight abuse of notation, the density (mass) functions
are denoted by f. The estimand A can be represented in four alternative ways, each leading

to a possible estimator.

Theorem 3.3.1 A =A; = Ay = A3 = Ay, where

2A—1 f(M|A=0,X
AlZEX,A,O,M,Y{ J(M ] )Y}:

fATX) F(M|AC X)

2A -1

Ay = Exac {WUC,X(A)} 7

8= Bxan { s om0 = mix0) |
8= Ex{rx() - mx(0) |,

where

nC,X(a):/E(Y|A:a,m,C,X)f(m|A:O,X)dm,
TX(a):/E(Y]A:a,m,c,X)f(m]A:(),X)f(c\A:a,X)dmdc,

(@) = /E(Y A=a,Me X)f(c| A=a X)dc.

Based on different representations of A, we consider four estimators Al, AQ, Ag, and A,
that replace conditional expectations or densities in Ay, Ay, A3z, and A4 with their estimates
and the outer expectation by the empirical average. When Y, M, and C are discrete and
low dimensional, f(Y | A, M,C,X), f(M | A,C,X), f(C | A, X), and f(A | X) can be
empirical probability mass functions, and E(Y|A, M, C, X) is the expectation under f(Y |

A, M,C, X). The integrals in the estimators become finite sums, and the four estimators
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are nonparametric. In practice, however, M and C are likely to be high-dimensional and
continuous, thus we use parametric models for the purpose of dimension reduction. The four
estimators are consistent when nuisance parameters for each part of them are consistently
estimated. In particular, with the rest of the models unrestricted, A, is consistent and
asymptotically normal when f(A | X)), f(M | A=0,X) and f(M | A,C, X) are correctly
specified, A, is consistent and asymptotically normal when f (A| X),E(Y | A, M,C,X), and
f(M | A=0,X) are correctly specified, Az is consistent and asymptotically normal when
fA| X), E(Y | A,M,C,X), and f(C | A, X) are correctly specified, and A is consistent
and asymptotically normal when E(Y | A, M, C, X), f(M | A=0,X), and f(C | A, X) are

correctly specified.

3.3.2  Efficient Influence Function and the Quadruply Robust Estimator

Next, we derive the efficient influence function of A under a nonparametric model M,,,,,

which does not impose constraints on the observed data.

Theorem 3.3.2 The efficient influence function of A in Mo, 18:

241 f(M|A=0,X)

Sy = AT Far Ay (¥ T B [AM.C XD+
24 — 1 24 —1 1—A
f(A ’ X)UC,X(A) - f(A—’AX')TX(A) + m{’ﬂmx(l) — 'VM,X(O)}
1—A
(1 i) @ - ) - A

T
Hence, the semiparametric efficiency bound for the estimation of A in Moy is E[Sgﬁsgﬁ ],
and the asymptotic variance of any reqular asymptotic linear estimator of A in M., must

be greater than or equal to the bound.

The efficient influence function is a function of f(A | X), f(C' | A, X), f(M | A,C, X) and
E(Y | A,M,C,X). While we may posit parametric working models for these functions, a
complication arises because f(C' | A, X), f(M | A, X), and f(M | A,C, X) are not variation

independent, and therefore model incompatibility may occur. [Richardson et al.| (2017)) point
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out that the multiple robustness property is relevant only when model incompatibility can
be avoided.

We consider reparameterizing the joint distribution f(M,C | A, X) into three parts: the
two margins conditioned on A and X: f(M | A, X), f(C | A, X) and their dependence
structure modeled using a copula condition on A and X.

A copula is a multivariate cumulative distribution function with uniformly distributed
margins on [0,1]. A more detailed discussion on copulas is given by |Joe (1997), |[Nelsen
(2007), and |Jaworski et al.| (2010). For notational simplicity, we consider univariate M and

C, and a bivariate conditional copula with support contained in [0, 1)*:
C(Fujax(m), Fojax(c) | A, X)=FM=m,C=cl| A X).

Sklar’s theorem (Sklar], [1959)) allows separate modeling of these three parts. In other words,
the joint distribution F(M,C | A, X) is uniquely determined by f(M | A, X), f(C | A, X),
and C(Fujax(m), Feax(c) | A, X) that can be modeled independently. For continuous

margins, when marginal and joint densities exist, Sklar’s theorem implies that
f(M,C | AaX) = C(FM|A,X(m)7FC|A,X(C) | A7X)f(M | AvX)f(C | AaX)a

where ¢(Faja,x(m), Fojax(c) | A, X) denotes the copula density as computed by taking the
derivative of the copula with respect to Fisja,x(m) and Feja x(c). For discrete margins, the

probability mass function f(M =m,C = c | A, X) is computed using:

C(Fujax(m), Fopax(c) | A, X) = C(Fajax(m), Fopax(c—1) | A, X)

= C(Fmjax(m —1), Fepax(c) | A, X) + C(Fyax(m — 1), Fepax(c — 1) [ A, X).
For example,

e when M and C' are continuous, we may use linear models for the margins, and a bivariate

Gaussian copula with correlation (A, X) for the dependence structure:

Cocax)(Fariax(m), Fopax(c)) = ®oax) (P (Farax(m)), @ (Fepax(c))),
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where ®~! is the inverse cumulative distribution function for a standard normal, and
®y4,x) is the joint cumulative distribution function of a bivariate normal distribution

with mean zero and covariance matrix

1 64, X)
oA, X) 1

e when M and C are binary, we may use logistic models for the margins, and a bivariate
Plackett copula Cpa,x)(Fara,x(m), Fojax(c)) with an odds ratio §(A, X) for the depen-
dence structure:

{1 + (G(A,X) — 1)(FM|A7x(m) + FC‘A’X(C))} — 81/2
2(0(A, X)—1)

Fara,x(m)Fejax(c), when 6 = 1.

, when 6 # 1

where

S=[{1+(0(A,X) = 1)(Faa,x(m) + Foiax ()} — 4Fyax(m)Fopax (c)0(A, X)(0(A, X) — 1)].

In multivariate cases, the vine pair copula construction (Panagiotelis et al., 2012) can be

used to construct the joint distribution.

Let p, be the empirical measure. With the variation independent parameterization, we

construct a locally efficient estimator based on the following estimating equation:

N

Pa(S8(Aquad) = 0.

ngf is evaluated where all components of the influence function are replaced by their para-
metric working model: f(a | X) is replaced by f*(a | X), f(c | A, X) is replaced by
fPr(e ] A, X)), f(m | A, X) is replaced by fP**(m | A, X), and E(Y | A, M,C, X) is replaced
by EP*(Y | A, M,C, X). In particular, f(m,c| A, X) is replaced by fP*(m,c | A, X), which
is modeled by the two marginal distributions fP*(m | A, X), fP*(c| A, X), and the copula
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CP*(Fujax(m), Fojax(c) | A, X). Therefore, Aquad takes the following form:

n

72[ 24; —1 [P (M; | Ai = 0,X:) P (Ci | A, Xi)

{Yi = EP(Y; | Ay, M;, Ci, Xi)

fpar (A; | X;) fear(M;, Ci | Ay, X;)
24, > 24; — 1 1— A
~par Az — i Apé,r Az ) Apa.r (1 ~par 0) 1+
fPaT(A ]X) CZ,X( ) 7fpar(Ai ‘ XZ»)TXZ (Ai) + fpar( 0| X)) 'YM“Xl( ) — 'VMZ,X( )}
1— A,
1- - (1) = 787(0) 3
(- o) PR 7 (0)}]

This estimator is quadruply robust in the sense that only one out of four sets of models

needs to be correctly specified for it to be consistent and asymptotically normal as given in

Theorem [3.3.3

Theorem 3.3.3 The estimator Aquad 15 consistent and asymptotically normal under some
mild reqularity conditions discussed in the supplementary material if one of the following

four conditions holds:

LMy s frr(A ] X), (O] AX), (M | AX), C(Fyyax(m), Foax (@) | A,X)

are correctly specified.
2. My : fP(A] X), fr"(M | A, X), EP"(Y | A, M,C, X) are correctly specified.
3. My fr(A] X), fr(C| A X), EP(Y | A, M,C, X) are correctly specified.

4. My: frr(M | A, X)), fr(C | A, X), EP(Y | A, M,C, X) are correctly specified.

It is locally semiparametric efficient in the sense that it achieves the semiparametric effi-

ciency bound at the intersection of the submodels where all four conditions hold, that s, at

Mintersection = Ml N MQ N Mg N ./\/l4.

Notice that the estimators proposed in section 3.1 are such that Al, whose estimation
can be conducted using the copula parameterization, is only consistent under My, A, is only
consistent under M, Ag is only consistent under M3, and A4 is only consistent under M.
In contrast, the quadruply robust estimator Aquad remains consistent under four types of
misspecification, which offers more modeling flexibility. In other words, Aquad is consistent

and asymptotically normal at the intersection submodel.
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3.4 Simulation study

We use numerical simulations to demonstrate the theoretical results derived in the previous
section. We compare the finite sample performance of the moment-based estimators given
in section 3.1 to the proposed quadruply robust estimator. We generate 1000 samples,
each with 1500 independent observations, for both continuous and binary treatment-induced
confounder and mediator. We consider the moment estimators Al, AQ, Ag, A, and the
quadruply robust estimator Aquad. Let expit denote the function expit(z) = exp(z)/(1 +
exp(x)). The data are generated as follows:

Continuous C and M:

X ~N(0,1); P(A=1|X) = expit(—0.4 + 0.6X);

C(Faa,x(m), Foax(c) | A, X) is a Gaussian Copula with correlation 0.2,

where Fyga,x(m) = (IJ(m — Mm),um =3+2A+4X,0,, =5,
Om
C— e
Fojax(e) = @(——) pe = 1 + 24+ 2X, 0. = 4,

Y ~1+2A+2M +3C +5X +4AC + 2AM + N(0,4%).
Binary C and M:

X ~N(0,1); P(A=1|X) = expit(—0.2 + 0.3X);
C(Fajax(m), Fojax(c) | A, X) is a Plackett Copula with Odds-Ratio exp(1 — 24 + 3X);
where Fysax(m) = pli(1 — ppu)' ™™, pm = expit(—0.3 — 0.24 + 0.5X),

Fopax(c) =pi(l —po)' =% p. = expit(—0.2 — 0.1A + 0.3X),

Y ~1+3A+6M +3C +6X +4AC + 2AM + N(0,4%).

We compare the five estimators under a series of model misspecifications by replacing the
baseline covariates X with an independent normally distributed continuous variable X5 with
mean 0 and variance 1. Table [3.I] shows that the simulation results are consistent with the

theoretical results derived in the previous sections: when the entire likelihood is correctly
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specified, all five estimators are consistent; when the conditional expectation of Y is mis-
specified, only Ay and A,.q are consistent; when the parametric model for f(C | A, X) is
mis-specified, only Ay and A,qq are consistent; when the parametric model for f(M | A, X)
is mis-specified, only Az and A4 are consistent; when the propensity score f(A =1 X)
is mis-specified, only A4 and Ay,.q are consistent. The loss in efficiency for the quadruply
robust estimator is relatively small compared to other estimators in all cases. Since A;
consists of a density ratio, it is more variable when the mediator M is continuous, which
makes it less preferred even when M, is correct. We only present one scenario here, but we

ran simulations under different settings and they all gave similar results.

Table 3.1: Simulation Results: 100x Bias (100xStandard Error)

Continuous C', M
Ay A, As Ay Aquad
All correct -5 (191) -3 (151) -4 (141) -3 (139) -4 (144)
M, is correct 10 (180) 87 (141) 89 (137) 88 (135) 2 (138)
My is correct 77 (176) 3 (149) 599 (141) 600 (140) 4 (144)
My is correct  -1390 (369) 189 (135) -6 (134)  -187 (133) -6 (135)
My is correct 1589 (220) 1587 (187) -359 (143) 4 (134) 4 (134)

Binary C, M
A, A, As A, Aguad
All correct 1 (154) -1 (26) -1 (26) -1 (26) 1 (49)
M, is correct -2 (115) 176 (40) 175 (40) 176 (40) 3 (115)
My is correct 44 (27) 1 (26) 12 (25) 12 (26)  1(26)
M3 is correct 22 (30) -4 (24) -1 (24) -4 (24) 25)

-1 (
My is correct 245 (44) 210 (46) -9 (27) 2(27) -2 (27)
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3.5 Data Example

We use the 2017 Natality data (https://wonder.cdc.gov/natality.html) for births occurring
within the United States to U.S. residents to illustrate our method. We focus our analysis on
the subset of participants that are ATAN (American Indians or Alaskan Native). Subjects
with missing data (< 9.5% of the sample) are excluded. The total number of observations

is 27,138.

As pointed out in the introduction, in the question of how much the effect of prenatal
care on preterm birth is mediated by preeclampsia, smoking status during pregnancy is a
potential treatment-induced confounder. We are interested in estimating the direct effect of
prenatal care (A) on preterm birth (Y) not through preeclampsia (M), in the presence of
smoking status during pregnancy (C') that is affected by prenatal care.

The adequacy of prenatal care is determined by the Adequacy of Prenatal Care Utilization
Index (Kotelchuck, 1994)), which depends on the month prenatal care began, the number
of prenatal visits, and the gestational age at the time of delivery. In the AIAN sample,
the level of prenatal care is either inadequate or intermediate. Preterm birth is defined
using the Obstetric Estimate (OE) (Martin et al., 2015) of the gestational age. The baseline
covariates (X)) that are potential confounders include maternal demographics: age, education
level, and marital status. Assumption 3.2.3 implies that the direct effect of prenatal care
on preterm birth (that goes through neither smoking nor preelampsia) is the same among
those who would get preelampsia without adequate prenatal care, and those who would
not. Similarly, Assumption 3.2.4 implies that the mediated effect of prenatal care through
smoking is the same among those who would get preelampsia without adequate prenatal
care, and those who would not. If these two assumptions are violated, meaning that the
potential preelampsia status without adequate prenatal care modifies either the direct effect
of prenatal care or its mediated effect through smoking, then the estimated effects can be

interpreted as interventional effects, as explained in section 3.2.

Since both the smoking status and the preeclampsia status are binary, we use the Plackett
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copula with a cross-ratio (odds ratio) specified using a log link. Logistic regression models
are used for the binary treatment and outcome, as well as the distributions of C' and M given
A and X. The parameters of the copula are estimated by the maximum likelihood method.
The bootstrap confidence intervals are computed for the purpose of inference.

The estimated direct effect of better prenatal care (intermediate care versus inadequate
care) not through preeclampsia decreases the risk of preterm birth by 2.5% (1.6%, 3.4%),
leaving a tiny indirect effect through preeclampsia that increases the risk of preterm birth
by 0.15% (0.07%, 0.23%). The moment-type estimators give similar results (Table .
This is consistent with [VanderWeele et al.| (2014]) who studied this problem on a different

population.

Table 3.2: Estimation of Direct Effect of Better Prenatal Care on Preterm Birth

Estimator Direct Effect Estimate Bootstrap 95% CI

Ay 0.026 (0.016, 0.036)
A, 0.028 (0.018, 0.037)
As 0.027 (0.018, 0.036)
A, 0.027 (0.018, 0.036)
A uad 0.025 (0.016, 0.034)

3.6 Discussion

In this paper, we identify the natural direct effect in the presence of treatment-induced
confounding, and derive semiparametric bounds and propose a quadruply robust estimator.
Our method can be applied to continuous, categorical, and multivariate outcomes, and to
mediators and treatment-induced confounders.

One favorable feature of the natural direct effect is that the average treatment effect,
defined as E[Y; — Yg], can be decomposed into the sum of the average natural direct effect

and the natural indirect effect: E[Yip, — Yiag]. While the natural indirect effect is not
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the focus of this paper, similar results can be applied to it since the average treatment
effect is identified under assumption |3.2.1. The natural indirect effect is then identified as
the difference between the identified average treatment effect and the natural direct effect
identified in Theorem |3.2.1} The semiparametric estimation theory can also be extended for
the natural indirect effect. Specifically, we can construct a quadruply robust estimator for
the natural indirect effect by the difference between the doubly robust estimator (augmented
inverse propensity weighted estimator) for the average treatment effect (Robins et al., [1994;
Robins, 2000, [Tsiatis, 2007)), and our proposed quadruply robust estimator. The augmented
inverse propensity weighted estimator is consistent if either the model for the propensity score
or the regression model for the mean outcome is correct. Notice that for each of My, My, M3
and My, the condition for the average treatment effect estimator being consistent is satisfied.
Therefore the quadruple robustness extends to the natural indirect effect. We should note,
however, that the identified natural indirect effect is different from the interventional indirect
effect. This is consistent with the fact that the interventional direct effect and indirect effect
do not sum up to be the average treatment effect (Vansteelandt and Daniel, |2017).

Although we studied the natural direct and indirect effect with it defined as the dif-
ference in expectation, it can also be defined on other scales, such as a ratio scale since
E[Yon,] = E[Yo] is identified. The semiparametric estimation theory can be applied, and
the asymptotic variance can be derived using the delta method. However, since the identifi-
cation assumptions are given on the difference scale, extra care is needed when interpreting
the natural direct and indirect effect defined on other scales.

Sensitivity analysis can be used to assess how vulnerable the estimator is under assump-
tion violations. Inspired by Vansteelandt and VanderWeele (2012)) and VanderWeele and

Chiba/ (2014)), we propose the following two sensitivity functions:

Qm(M07X> = E[lem - chlm | My = m,X] - E[lem - chlm | M(J,X],

lm(MOaX) = E[chlm - YE)C’om ’ MO = m7X] - E[}/lClm - YE)Clm ‘ MOaX]'

The former captures the heterogeneity in the direct effect of the treatment across differ-



20

ent mediator subgroups within the control group conditional on X, and the latter captures
the heterogeneity in the indirect effect of the treatment through the treatment-induced con-
founder across different mediator subgroups within the control group conditional on X. With

the knowledge of the sensitivity functions, the natural direct effect can be identified as:
At [ (Blan(M. X) + 1,4, X) | A= 0.X)F(M =m | A =0, X)dm.

As [Robins and Richardson| (2010) point out, different assumptions give different iden-
tifying expressions. It is sometimes not clear how scientists can choose an identification
assumption when it lacks scientific justification, because they are not refutable even by ex-
periments. Our identified expression has the advantage that even when the no additional
effect heterogeneity assumptions are inappropriate, it can still be interpreted as the inter-
ventional effect, to which the semiparametric theory and the quadruply robust estimator are

still applicable.
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Chapter 4

CAUSAL MEDIATION ANALYSIS WITH MULTIPLE
MEDIATORS

4.1 Introduction

The development of causal inference in the past decade promotes the study of mediation
by providing well-defined causal direct and indirect effects, by clarifying causal assumptions
needed for effect identification, and by cultivating methodology development for the effect
estimation. In particular, mediation analysis often includes the definition, identification, and
estimation of a direct effect of an exposure and its indirect effect that goes through some
known mediators (Robins and Greenland), [1992; Petersen et al., 2006; Imai et al., [2010; [Pearl,
2013).

The total effect of an exposure called the average treatment effect can be decomposed
into a particular indirect effect through a set of mediators called the total indirect effect and
a corresponding pure direct effect (Robins and Greenland, 1992; [VanderWeele), 2013). This
decomposition is widely used, and is of particular interest when causal mechanism discovery
is the primary goal. Most existing methods of mediation analysis focus on applications
when only one mediator is known or of interest and measured. When multiple mediators
are measured, the total indirect effect contains a joint effect of the multiple mediators, see
VanderWeele and Vansteelandt (2014) for a regression-based estimation of joint direct and
indirect effects of multiple mediators. Apart from the joint effects, the estimation of effects
that go through each mediator would be of interest. For example, the effect of ethnicity on
cardiovascular disease risk is mediated through diet and exercise, and how much of the effect
is mediated through diet and how much is through exercise may inform different interventions

or policies.
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Figure 4.1: The Causal DAG with Two Non-ordered Mediators

When the causal ordering of the mediators is known, decomposition of the total effect
and identification/estimation strategies for mediated effects through each mediator can be
developed analogous to scenarios with a single mediator (Daniel et al., 2015; Bellavia and
Valeri, 2018; |Steen et al., [2017)). However, the causal structure between the mediators is
often unknown in practice when the temporal order is unclear. In other words, it is not
always clear whether M) affects M or vice versa, as illustrated in Figure 1. Moreover,
there could be (unmeasured) confounding between the two mediators. Therefore, it is prefer-
able to estimate the mediated effect without having to know the causal structure. In this
paper, we focus on further decomposing the total indirect effect in the presence of multiple
mediators, without assuming a particular causal direction among mediators, and allowing

for confounding between the two mediators is not induced by the treatment.

Distinguishing the indirect effects through each mediator is complicated in general. One
mediator can serve as a treatment-induced confounder for another, which leads to difficul-
ties when isolating the mediated effect through each mediator. Specifically, the commonly
used sequential ignorability assumptions (Imai et al., 2010]), which are crucial to the identi-
fication of the total indirect effect, are often violated in the presence of treatment-induced

confounders. Even when the order of the mediators is known, strong identification assump-
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tions are often required for mediation analysis (Steen et al.; 2017, Daniel et al., 2015)). There
has been relatively little literature on mediation analysis for multiple mediators without the
knowledge of the causal structure between the mediators. In such a setting, [Vansteelandt
and Daniel (2017) proposed a new type of indirect effect called interventional effects that
capture the effect of an exposure on an outcome through specific pathways in the presence
of multiple mediators between which the causal structure is unknown. The interventional
effects do not arise from the decomposition of the total indirect effect, so it is not directly
applicable when the total indirect effect is used to capture the aggregated indirect effect of
mediators. On the other hand, Taguri et al.| (2018)) provide a decomposition of the total
indirect effect for cases with two or three non-ordered mediators. However, their identifi-
cation assumptions include a strong “extended cross-world independence assumption”, and

the interpretation of the estimands is unclear when such an assumption is violated.

In this paper, we provide a decomposition of the total indirect effect that does not
depend on the knowledge of the causal relationship between multiple mediators, along with
a set of identification assumptions that are weaker than the ones proposed in [Taguri et al.
(2018). In addition, we study semiparametric inference for the estimation problem. We
first discuss the properties of the decomposed effects and identification assumptions. We
show that the formulae identifying the effects may be interpreted as interventional effects
when some identification assumptions are violated, as long as the total indirect effect is
identified. Moreover, when the mediators are not causally associated with each other, i.e.,
when the mediators are not causes of one another, the decomposed effect that goes through a
mediator is consistent with the total indirect effect when it is the only mediator considered.
To facilitate inference, we derive the semiparametric bound for the effects. Unlike usual
expressions, the efficient influence functions for the mediated effects contain conditional
densities that are not variation independent. We consider a reparameterization based on
copulas to address the problem of model incompatibility. The corresponding estimator is
quadruply robust, that is, consistent under four types of misspecification of the nuisance

models.
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The rest of the paper is organized as follows. In Section 2, we provide decompositions for
the average treatment effect, the total indirect effect and define the indirect effects that exit
through each of the mediators. In Section 3, we discuss the identification assumptions needed
for the decomposed effects, and develop the semi-parametric theory for robust estimation
of the decomposed effects. In Section 3, we use simulation to demonstrate the quadruple
robustness of the estimators derived in the previous section. In Section 4, we apply the
method to a political framing data set that investigates the effect of media framing on

people’s attitudes towards immigration. Several concluding remarks are given in Section 6.

4.2 Effect Decomposition

4.2.1 Review of Decomposition of Average Treatment Effect

Let A denote the treatment, Y denote the outcome, M denote the mediators, and X denote
all the baseline confounders. Before we define the direct and indirect effects, we first introduce
the potential outcome framework. With well-defined interventions on A and M, the potential
outcome Y, is the value the outcome Y would have taken had the treatment been set to
a and the mediator been set to m. Similar definitions can be given to any variable with
some known causes. For example, the potential mediator M, is the value the mediator M
would have taken had the treatment been set to a. The potential outcomes are sometimes
called counterfactuals because we can only observe a single version of potential outcomes
for a subject, that is the potential outcome with causes set to the factual value they indeed
take.

Some technical assumptions are generally needed for the definition of direct and indirect
effects. We assume consistency holds, that is, an observed variable equals its corresponding
counterfactual with its causes set to the factual values. For example, consistency implies
Yom =Y when A = a and M = m. More generally, we also assume composition holds
such that when a downstream cause is not set to a level, it is equivalent to setting it to

its counterfactual value with its upstream causes set to the same level they are set to in
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the potential outcome, such as Y,—; = Yjp,. We also require the positivity assumptions

fla| X)>0and f(m|A,X) >0 to hold for all @ and m.

An overall effect of the exposure on the outcome, regardless of causal pathways, is cap-
tured by the average treatment effect, defined as F(Y,—1 — Y,—o), where Y, is the potential
outcome had the treatment A been a. The average treatment effect can be decomposed into
two parts: the pure (natural) direct effect of A (PDE) and the total (natural) indirect effect
of A that goes through M (TIE). They can be defined rigorously using the potential outcome
framework, where M, denotes the value the mediator would have taken had the treatment

been a:

PDE = E(Yin, — Yous);

TIE = E(Yias, — Ying)-

The pure direct effect is the part of treatment that does not go through the downstream
mediators, so the mediator is fixed at the control (a = 0) level. The total indirect effect is
the part of treatment that goes through the downstream mediators when the treatment is

presented.

Besides the direct effect of the treatment that does not go through any mediators, we are
often interested in the indirect (mediated) effect that goes through some known mediation
mechanisms. When there are multiple mediation pathways, further decomposition of the

total indirect effect is needed.

4.2.2  Further Decomposition of the Total Indirect Effect

To simplify the exposition, we focus on the scenario with two mediators, which is often of
scientific interest. Three or more mediators can be handled similarly, see Section 6. Let
M = (MM, M®), where M and M® denote two possibly multivariate mediators of

interest. Without assuming a causal structure between M) and M®, we consider the
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following decomposition:

TIE = EIE,0 + EIEye — INT, (4.1)
where
1. The exit indirect effect through MM: EIE, ;o) = E(YlMl(l)Ml(2> — YlMél)Ml(g)).
2. The exit indirect effect through M®): EIE, ;@ = E(YlMlu)Ml(g) — }/rlel)MSQ)).
3. An interaction effect between M) and M®):
INT = E(Y1M1(”M{2> + YlMé”MO@) - Y1M(§1)Ml(2> - Y1M1<”M(§2))'

I, \\
VM)
A ’

%

b: M@ Causes M®) c¢: M® Causes M@

a: Unknown Structure

Figure 4.2: Possible causal mechanisms

The exit indirect effect EIF, ;) picks up the indirect effect of the exposure that exits the
mediator set through M® and goes straight to the outcome. In other words, any indirect
effects of the exposure whose last stop is M) before going into the outcome, regardless of
the exact path, is captured by EIFE,;:. Dotted arrows in Figure represent the exit
indirect effects through M® and M®, which illustrates how the indirect effect enters each
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of the mediators is irrelevant for the definition of Exit Indirect Effect. Figure and
demonstrate two cases when the causal ordering is known. In Figure4.2b, M ® is the cause of
MW, EIE,;q) picks up the indirect effect that exits the mediator set ({M™®), M?)1) through
M® by pathways A - M® — MM Y and A - MY = Y, and EIE,,e picks up the
indirect effect that exit through the cause set through M® by pathway A — M® — Y.
Similarly, in Figure , M® is the cause of M®) | EIFE,;u) picks up the indirect effect that
exits the cause set through M by pathway A — MW — Y, and EIFE,» picks up the
indirect effects that exit through the mediator set through M® by pathways A — M@ —
M® Y and A— M® =Y.

This decomposition has the following properties:

Property 1 Ezit indirect effects through MY and M are symmetric in the sense that
they stay invariant when exchanging the labels of mediators. When the causal structure is
unknown between mediators, the labeling of the mediators is entirely arbitrary. Therefore, it
1s desirable to define and consequently interpret indirect effects in a manner that is invariant

to the labeling of mediators.

Property 2 When an intervention on M® does not change the potential values of M™

and vice versa, by composition assumption,

Y1M1(1)M(§2) - Y1M(§2)’ YlMé”Ml(Q) - YlMé”’ Y1M1(1)M1(2) - Y1M1(2) - Y1M1<”’

(4.2)
the exit indirect effects reduce to the well-studied total (natural) indirect effects:

o EIE, 0 = E(Y.

1M1(1) — YlMél)) = T]EM(1),
(] E[EM(2) = E(YlMl(Q) — YlMé2)) = TIEM(Q).

Property 3 When causal ordering between mediators is known, the exit indirect effect for
the mediator closest to the outcome in the causal chain is the total indirect effect for that

respective variable. Under the causal DAG in Figure b, EIE, ;o) =TIE ), and M® is a
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treatment-induced confounder for the relationship between MY and Y . In this case, EIFE,;0)
is the effect of A on'Y not through MY . Similarly, under the causal DAG in Figure @c,
EIE ;o =TIE, 2, and MO s a treatment-induced confounder for the relationship between
M® and Y. Such equivalences are favorable because when the causal ordering is known,
the interpretation and estimation of the total indirect effects reduces to previous works on

mediation analysis in the presence of treatment-induced confounding.

Property 4 The remainder term INT can be written as a difference between two differences

Y Y Y Y

IBVARD VA 017/ 0 VA R D VASRD VA S N D VAP VA

The former term can be seen as an indirect effect through MY with M@ fized at the level
1t would have taken had the treatment been 1, and the latter term can be seen as an indirect
effect through MY with M® fized at the level it would have taken had the treatment been
0. The difference between these two terms can be seen as the indirect effect through MM
modified by M® . Therefore INT depicts the effect of the interaction between MY and M®
on the mean outcome. When the effect of MM and M® on the mean outcome do not interact
with each other, meaning that MM do not modify the effect of M® on the mean outcome
and vice versa, the remainder term INT = 0. Under a linear structural equation model for
the potential outcome, this is reflected as the coefficient of the interaction term between MM

and M® being 0.
Remark 2 A decomposition advocated in|Taguri et al.| (2018) is similar to our proposal:
TIE = PSEy;0) + PSEy;2 + INT, (4.3)

where PSEM(1) = E(YlMl(l)Méz) - Y;Mél)Méz)) and PSEM(2> = E(leMél)Mlm - leMél)MéZ)

et al.| (2018) called PSE\;0) and PSE\2) path-specific effects but they are not the same as

). | Taguri

the conventional definition of path-specific effects in|Daniel et al.| (2015). When considering
the mediated effect that goes through each mediator, instead of setting the mediators to the

value they would have taken had the treatment been set to 1 as in our decomposition, | Taguri
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et al.| (2018) set the mediator that is not of interest to the value it would have taken had
the treatment been set to 0. However, the decomposition in does not enjoy Properties
2.2 and 2.3, so the interpretation remains rather complicated even when the causal structure
is known between MM and M® . Nonetheless, the identification and estimation results in

section 3 and 4 can be easily adapted to this decomposition.

4.3 Identification and Estimation of the Decomposed Effects

4.3.1 Identification

The decomposition of the total indirect effect is only reasonable when the average treatment
effect and the total indirect effect (hence also the pure direct effect) are identified. Conse-
quently, the set of identification assumptions needed for the average treatment effect and the
total indirect effect are first made and denoted as Set I. The additional set of assumptions
needed for the identification of the decomposed effects is denoted as Set II.

Set I. Identification Assumptions for the average treatment effect and the total indirect

effect:

L1 {Yam(l)m(Q)y Mcgl)a MG(,2)} 1A | )(7
1.2 Yam(1)m(2) A {M(gl)’ ]\/[(52)} ’ A= G,X,

13 Y, oo L{MY, MP)|X.
Set II: Additional Identification Assumptions for FIFE,;u), FIFE,@2), and INT:

L1 E(Y, e = Yo | MP =m® X) = E(Y y e = Yiagme | X);
I1.2 E(Ylm(l)Ml(Q) — Ylm(l)MSQ) | Ml(l) = m(l), X) = E(Ylm(1>M1(2) — Ylm(l)Méz) | X).

Set I is essentially the sequential ignorability assumptions of Imai et al| (2010). Assump-
tion I.1 is implied by the assumption that there is no unmeasured confounding between
the treatment and the downstream variables. Assumption 1.2 implies that there is no un-

measured confounding between the mediator and the outcome. Assumption 1.3 precludes
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any confounders between the mediator and the outcome that is affected by the treatment.
Note that confounders not affected by the treatment that are causes of both mediators are
allowed. Set II contains two assumptions that can be seen as that one mediator does not
induce additional effect heterogeneity of the treatment that is mediated through the other

mediator. Under Set I and Set II, we have the following identification results:

Theorem 4.3.1 Under assumption Set 1 and Set 11, the decomposed effects in (2) are
identified as

1. The Ezit Indirect Effect of M

(1)
AMY — EXEM(Q):m@)|A:1,XEM<1>:m(1>\A:l,XE(Y ‘ A=1, m(l), m(Q)’ X)

— EXEM(2):’VTL(2)|A:1,XEM(1):m<1>‘AZO,XE(Y ‘ A - 1, m(l), m(2), X),

2. The Exit Indirect Effect of M®:

(2)
AMP = EXEM(I):m(l)|A:1’XEM<2):m(2)‘A:LXE(Y | A=1, m(l), m(z)’ X)

— ExEp—mmactx Ey@—meacox EY | A=1,mM m® X).

3. Effect through interaction between M and M®:

AT = ExEp) o @ —m@am1 x E(Y]A = 1,mM, m® X)
—Ex Epf) ) pr@ =m@aox EY[A = 1,m™M m® X)
—2 X ExEpye) pm@ac1 x Earvmojaci x EY | A=1,mY m® X)
+Ex Erge | act,x By cojaco x BV | A= 1,m" m®, X)

+EXEM(1)=m(1)|A:1,XEM(2)=m(2)‘A:O,XE(Y | A = ].7 m(1)7 m(2), X)

Assumptions [.3, I1.1 and II.2 involve counterfactuals from different worlds, meaning that
some of their causes are set to different values. These assumptions are called “Cross-World”

assumptions. “Cross-World” assumptions are strong in the sense that they are not testable
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by experiments on the variables in the system without further assumptions, which makes
them impossible to be confirmed or disputed (Richardson & Robins, 2010). On the contrary,
Assumption I.1 and 1.2 in Set I are “Single-World” assumptions that can be tested by an
experiment that randomizes both the treatment and the mediators.

When only Assumption I.1 and 1.2 hold, the identified expression AY @ ot BT E)2) equals
the interventional indirect effect of exposure on outcome via M defined by [VanderWeele
and Tchetgen Tchetgen| (2017)), which extended the concept of interventional effects (Vander-
Weele et al. 2014) to the non-ordered multiple mediators setting. Therefore the identified
expression for FIFE);2 in Theorem 4.3.1 continues to have a causal interpretation as an
interventional effect even when all the strong “Cross-World” assumptions in Set II fail to
hold. The interventional indirect effects were not symmetrically defined for the two medi-
ators in Vansteelandt and Daniel (2017) so that the remainder term in a decomposition of
the combined interventional effect would have a simple form. Since EIFE,;u1) and EIFE,;q)
are defined symmetrically, the identifying formula A,;q) of EIFE,;q) is not exactly the same
as the interventional indirect effect of exposure on outcome via M. Another notable dif-
ference is that interventional effects are not defined for decomposing the total indirect effect.

In fact, they do not add up to the total indirect effect.

Remark 3 Under the identification assumptions 1 and 11, when MY is independent of M)
giwen A and X, the identifying expression for the total indirect effect E[YlMl(j) — YlMéj)]
coincides with that of E1E, ), when only mediator j is considered, where j = 1,2. The result
holds under different assumptions than Property 2, which requires a stronger assumption that

no effect of M on M® and vice versa at the individual level, as listed in equation ,

but not assumptions I and II.

Remark 4 In addition to Set 1, | Taguri et al.| (2018) makes the following “extended cross-

world independence assumptions”:

Y, e LMY M2y x, M1 m®?

a a a**

X,
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1) xRk

for all a,m® m® a* a**. This assumption is much stronger than Assumption Set I1. In
particular, we do not require the joint distribution of the “Cross-World” potential media-
tors to be independent of every potential outcome, nor do we require the mediators to be

conditionally independent of each other.

4.3.2  Moment-type Estimators

Denote the identified exit indirect effect through M@ as AMY where j = 1,2. The following

theorem gives four equivalent forms of AM <.7')’ 73 =1,2.

Theorem 4.3.2 AMY = AMY — AMY — AMD — AMD 5 — 1 9 yhere

MO A fMYA=1,X)— f(MU)|A=0,X)
s _E<%MX) FIMO | A=1,MB-D, X) Y

M) _ A , (3-4) . (3-4)
A2 E(f(A|X){n](1’M aX) T}](O,M aX)} 9

= —_— _~1 J
Az E(f(A‘X)n?) S, MY X)),

(7)
ANV = B (v(1,X) — (0, X)),
and

ny(a, MG, X /EywA_lmw MED, X]Fm | A = a, X)dm,

(a, X) // V]A=1mB D m X1f(mY | A=a,X)f(mC |1, X)dmDdmB=.

Theorem 3.2 presents four different representations of the target estimand AM Y Moment-
type estimators AMY | AMY CAMY and AMY can be derived from these representations
by replacing conditional densities or expectations with their estimates and the outer expec-
tation by the empirical average. To reduce the burden of the possible high-dimensionality
of MM and M@ we consider parametric models for the estimation of nuisance parame-
ters for the components of the moment-type estimators. Each estimator is consistent when
its components are consistently estimated. That is to say, the validity of AM Y relies on

correctly specified models for f(A | X), f(MU) | A, X), and f(MY | A =1, MG=9); the
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validity of A" relies on correctly specified models for f(A | X), E(Y | A, M@ MG X),
and f(MY | A X); the validity of A} Y relies on correctly specified models for f (A X),
E(Y | A, M9 MG X) and f(MB | A, X); and the validity of AM" relies on correctly
specified models for E(Y | A, MW, MG X), f(MY | A, X), and f(M©39) | A, X).

The estimators for A™T can be constructed by subtracting any estimator of the total

ATIE

indirect effect, denoted by under assumptions in Set I, by the moment-type estimators.

Possible choices of AT'¥ include moment-type estimators and the triply robust estimator

ATI E

i for the total indirect effect proposed in the seminal work of [Tchetgen Tchetgen and

Shpitser| (2012).

4.3.3  Robust Estimation

We derive the efficient influence function of AM"Y under a nonparametric model M,,,,, that

does not impose constraints on the observed data O.
Theorem 4.3.3 The efficient influence function in M, for EIEG) is

SM(J)(O’AM(J'))

A
fAIX)
24 —1 2A

() - . _ _# )  AMO)
+ FAx) (1, MY X))+ < f(A\X))VJ(l’X) (1 f(AX))VJ(O’X) AT,

RY) (Y = BY|A, MG~ M), X]) + (nj (1, M7, X) —n; (0, MP~7), X))

4
f(A1X)

RO _ FMOIA=1,X) - f(MD]A =0, X)} (MO DA =1, X)
MX = F(MO, MB-DA=1,X) ’

nj(a, M®= X /EY|A_1m<> MBD X f(mY) | A =a,X)dm,

(@) = [ [ BIY 1 4= 1m0, X) £ | 4 = 0, X)1n D | 1,X)dm0dm),
The efficient influence function in M, for the effect through mediator interaction INT is:

SINT((/)’AINT) STIE(O’ATIE) . Sé\gc“)((r)’AM(l)) SM<2 (O’AM@)),
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where Szﬁ{E((’), ATIE) s the efficient score function in Mo, of the total indirect effect pro-
posed in the seminal work of |Tchetgen Tchetgen and Shpitser (2012).

Hence, the semiparametric efficiency bounds for the estimation of AMY gnd AINT
M on are E(S’é‘gfj)S%fj)T) and E(SggTSc{gTT), and the asymptotic variance of any regular
and asymptotically linear estimator of AM D and AINT ip M on are greater than or equal to
these bounds. Here we allow MY to be multivariate and the superscript ™ denotes the vector

transpose.

Construction of an estimator for AMY based on the efficient influence function can be
implemented by the estimating equation:

pa(SMY (O, AMT)) = 0, (4.4)

quad

where S’é\gm is an estimated efficient influence function with components replaced by their
parametric working models, and p,, is the empirical measure. The expression of Sé\gf(j) includes

variation dependent components:
FMOIA, X), F(MCD]A, X), f(MEIN|A, MY, X), f(MV]A, MO X).

However, [Richardson et al.| (2017) pointed out that the multiple robustness property to be

M)

quad Canl be compatibly

defined precisely later is relevant only when the components of A
modeled, in other words, when the components are variation independent.
To address this issue, we reparameterize the joint distribution f(M©), MG~ | A, X) in

to three parts:
o [(MV]A X),
o f(MED|AX),

o C(FM(1)|A,X(M(1)>7FM(Z)\A,X<M(2)) | A7X) = F(M(l)aM(2) ’ A>X)
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The first two terms are marginal distributions of the mediators, and the third term is a
copula that captures the dependence structure between M and M. Here F denotes the

cumulative distribution function.

Sklar’s Theorem (Sklar, [1959) implies that the three components uniquely determine the
joint distribution, and that they can be modeled independently. Using the new parameteri-
zation, we can rewrite Sé‘f/f(j) by changing the form of Rl(\j)[)7  using the copula. For example,

for univariate M and M® | when both M™ and M® are continuous,

M.X f(M(j) | A= 17X)C(FM(1)|A:1,X(M(1))>FM(2)|A:1,X(M(2)) | A= 17X>7

where ¢(Fypaax(mM), Fypeax(m®) | A, X) is the copula density computed by taking
derivatives of the copula C with respect to its arguments and evaluated at Fy )4, < (mW)

and Fyye)4,x (m®). When both M® and M® are binary,

{f(MI]A=1,X)— f(MP) | A=0,X)}f(MED | A=1X)

(7)
R =
M C(FM(1>\A:1,X(M(1))7FM(2)|A:1,X(M(2)) | A= 1aX>

With the variation independent parameterization, we can construct a locally efficient

estimator Agﬁ;ﬁ of AM” ysing estimating equation (3). The components of Sé‘f/fm are re-

placed by their parametric working models that are denoted by fP* and EP?". In particular,
P (MO, MB-D|A =1, X) is modeled by fPa"(MW|A =1,X), fPar(MB)|A =1,X), and
CP* (Fywpax(mW), Fyeyax(m®) | A, X). Examples of copula models are given by |Joe

(1997)), [Nelsen| (2007)), and |Jaworski et al.| (2010]).

In summary, the estimator A%;ﬁ that takes the form:
amMe _ A a0

quad _fpar(A]X) M,’;}ar(y — EPYY A, MG M 0) X))

{7 (1, MBI X)) — P (0, MG X
fpar(A|X){77] ( ) =75 )}

-1 A 1
g 2 (1 22 (1 b e
frr(AlX) frr(AlX) frr(AlX)
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where
par _ AP MD]A = 1, X) = frr(MD|A = 0, X)}fror (MG DA = 1, X)
frar(MG), MG-D|A =1, X)

Apar( MBI X)) = /Epar[y | A=1,m0, MG Xm0 | A =a, X)dmU),

)

57 (g, X) / / EP Y | A= 1,m® ), @, X1 (m0) | A = a, X) P (m®) | 1, X)dm) dm @),

The estimator for AINT ig

AINT ATIE AM(U _ AM(Q)

quad — —tri

where ATIF s the triply robust estimator of the total indirect effect proposed by [Tchet-

gen Tchetgen and Shpitser| (2012)).

Theorem 4.3.4 The estimators Aun;; and Aé]jaz:i are consistent and asymptotically normal
under some mild reqularity conditions discussed in the supplementary material if one of the
following four conditions holds. Here each line lists the set of models that are assumed to be

correctly specified.

My fP(A] X, (MW | A X, (M) | A XD, CP (Fyyonpax (m™), ey 4 x (m®) | A, X);

( (
My : fP7(A] X), frr (MY | A, X), EPTY | A, MY, M) X];
Msz: fP7(A y X), fPr(M® | A, X), EPY | A, MW M) X];

Mz fPr (MW | A, X), frr(MP) | A, X), CP (Fyyo 4 x (mW), Fryey 4 x (mP) | A, X),

EPlY | A, MM M®) X,

The estimators are locally semiparametric efficient in the sense that they achieve the semi-
parametric efficiency bounds at the intersection of the submodels M piersection = Mi N Ma N
Ms N My where all four conditions hold.

Compared with the moment-type estimators proposed in section 3.1, while the quadruply

robust estimator Aé‘ﬁ; is consistent and asymptotically normal under any of the four con-

ditions My, My, M3, and M,, the moment-based estimator A{” Y is only consistent under

A MG . . A MG . . A MG .
My, AMY" is only consistent under My, A" is only consistent under M3, and A} is

only consistent under M,. Therefore, AMY)

quad 18 more robust against model misspecification.
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4.4 Simulation Studies

We use numerical simulations to demonstrate the performance of the proposed estimators
and the theoretical results derived in the previous section. We compare the finite sample

. AMGD  AMD  AMOD  AMG . . .
performance of the moment-based estimators AM™" A - AMY 5 AMY oiven in section

M)

3.2 to the proposed quadruply robust estimator Aquad.

We generate 1000 samples, each
with 500 independent observations, for binary mediators. Let expit denote the function

expit(x) = exp(z)/(1 + exp(x)). The data are generated as follows:

X ~N(0,1);P(A=1]| X) = expit(—0.6 + 1.2X);

C(FM(1)|A’X(m(1)), FM(2)|A’X(m(2)) | A, X) is a Plackett Copula with Odds-Ratio exp(1 — 24 4+ 5X);

(D

where Fy 4 x (mV) = pi” (1 - p) =" py = eapit(—0.2 — 0.34 + 1.5X),

m®)

FM(2)|A,X(m(2)) =Dy (1 — p2)1—m(2)’p2 = 6.’L’p2t(—01 — 04A + 12X),

Yo~ 1+ 24+ 2MD 4+ aM® 43X + 4AM®P 4+ 24AM® + 4D @) 4+ N(0,3%).

We compare the five estimators under a series of model misspecification by replacing the
baseline covariates X with an independent normally distributed continuous variable X, with
mean 0 and variance 1. Table[4.Iland Table[4.2show that the simulation results are consistent
with the theoretical results derived in the previous sections: when the entire likelihood is

correctly specified, all five estimators are consistent; when the conditional expectation of

AM(j)

. . . A M)
Y is misspecified, only A" and A .

are consistent; when the parametric model for

F(MB=D | A, X) is misspecified, only AM” and Aunf;; are consistent; when the parametric

model for f(MY) | A, X) is misspecified, only AMY and A%SZI are consistent; when the

AMU)

quad ar€ consistent. The

propensity score f(A = 1 | X) is misspecified, only Aﬁ/f Y and
loss in efficiency for the quadruply robust estimator is relatively small compared to the other
consistent estimators in all cases. Due to a limitation in space, we do not present results

from other simulation settings, as they all gave similar quantitative conclusions.
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Table 4.1: Simulation Results for EIFE,;q): 100xBias (100xStandard Error)

Binary MM, M)

A, A, As Ay Aguad

All correct 0 (50) 1(24) 3 (53) 2 (24) 1(27)
M is correct 0 (33) 931 -9(4)  -9(31) -1(29)
My is correct 12 (28) -1(23) -2(51) -3(24) -1(24)
Mj is correct 217 (145) 144 (20) 1 (52) 144 (29) 1 (39

1 (39)
My is correct -7 (40) -3 (26) 646 (65) 0 (23) 0 (24)

Table 4.2: Simulation Results for EIFE,;: 100xBias (100xStandard Error)

Binary M), M(2)
Ay A, As A, Aquad
All correct  4(53)  1(42)  2(63)  2(42) 1 (44
M, is correct 5 (47) -6 (47) -6 (66) -6 (47) 2 (
My is correct  77(135) 2(42) -3 (65) -3 (44) 2(
Ms is correct 204 (52) 213 (45) 2 (67) 213 (45) 0 (47
My is correct -4 (49) -7 (45) 648 (72) 0 (41) O

Table 4.3: Simulation Results for AINT: 100xBias (100x Standard Error)

Binary MM, M)

A Ag As Ay A guad

All correct -1 (70) 0 (19) -2 (97) 0(19  0(12)
M, is correct -3 (59)  17(30) 16 (95)  17(30) 1 (17)
M, is correct  -201 (272) 0 (43)  -139 (46)  -139 (30) -1 (56)
M is correct  -217 (58)  -211 (51) -1 (41) -210 (33) 1 (13)
My is correct 12 (32) 10 (14)  -1294 (126) 1 (12) 1 (10)
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4.5 Data Application

We demonstrate the use of our proposed estimators using data from a framing experiment
(Brader et al., 2008). The question of interest is to understand the mechanism that triggers
public opposition to immigration. The exposure is a racial group cue in a news article
about white or non-white immigrants, and the outcome is an individual action in response
to immigration information. The authors suggest different mechanisms that racial cues
may affect the response of individuals through emotional reactions and perceptions about
potential negative consequences.

A total of 265 individuals are randomized to receive different news stories about Euro-
pean and Latino immigrants. As in [Imai and Yamamoto| (2013), we define treatment A = 1
as a negative news story featuring Latino immigrants. The outcome Y is whether or not the
participant agreed to send a letter about immigration policy to their member of Congress.
The two mediators of interest are emotion M), which is based on a post-test questionnaire
asking how they feel about increased immigration, and perceived harm M®) | which is cal-
culated from participants’ self-reported views on immigration. The baseline covariates X
include gender, age, education, and income.

We pose similar parametric models on the components of proposed estimators as in

Tingley et al.| (2014), who studied different estimators in a single-mediator setting:

e A logistic regression f(A | X) for binary treatment A.

e Linear regressions f(MWY | A, X), f(M® | A, X), and a Gaussian copula for continu-
ous mediators M) and M®).

e A probit regression f(Y | A, MM, M® X) for the binary outcome Y.

We use the augmented inverse propensity weighted (AIPW) estimator (Robins et al., [1994)
to estimate the average treatment effect, and the triply robust estimator proposed by |T'ch-

etgen Tchetgen and Shpitser| (2012) to estimate the total indirect effect. Assumption Set 11
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requires that the effect of the negative news story mediated through emotion is not modified
by the level of perceived harm under treatment, and the effect of the negative news story
mediated through perceived harm is not modified by the level of emotion under treatment.
If either of the assumptions fails to hold, the estimated effects can be interpreted as inter-
ventional indirect effects. Using the proposed quadruply robust estimator, we show that a
negative news story featuring Latino immigrants increases the probability of a participant
agreeing to send a letter about immigration policy to his or her member of Congress by
0.097 (-0.027, 0.251) where the parenthesis indicates the 95% confidence interval, of which
0.077 (0.005, 0.158) is mediated through emotion or perceived harm. The part of indirect
effect on the probability of a participant agreed to send a letter about immigration policy to
his or her member of Congress that comes straight from the difference in emotion is 0.030
(-0.139, 0.118), and the part that comes straight from the difference in perceived harm is
0.053 (-0.066, 0.195). The effect of the interaction between emotion and perceived harm is
minimal: -0.006 (-0.115, 0.213).

4.6 Discussion

Compared with some other decompositions of the total indirect effect, our decomposed effects
are not “pure” or “path-specific” in the sense that they consist of more than the amount
of the exposure effect that only goes directly through one mediator, but all the effect that
eventually leaves the mediator to enter the outcome. Knowing the causal ordering makes
clear which pathways are included in the exit indirect effects. However, the identification
of each “path-specific” effect usually requires additional assumptions such as “Cross-World”
independence between the mediators.

We consider cases with two mediation pathways, but the idea can be applied to cases with
more mediators. For example, in the case with three mediators, denoted as (MM, M) M®)),
Y,
sum of exit indirect effects E[YlMl(l)Mf)Ml(S) —YlMéan@)Ml(g)
ElY, Y.

iMP P m T 1M{1)M1(2>M(§3>]’

|, which can be decomposed as the

|, E[Y. Y,

VAN Vel Vi 1M1<”M(§2)M1(3>]’

the total indirect effect is E[Y]

Ml(l)M1(2)M1(3) - M0(1>M(§2)M(g3)

and an interaction term that can be further written as the
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sum of two-way interactions minus a three-way interaction. The interpretation of the exit
indirect effects remain the same as when there are two mediators.

Given its close connection to the interventional effects, which are extended to longitudinal
settings in [VanderWeele and Tchetgen Tchetgen| (2017), a future direction of extension is
to longitudinal settings where the causal structures are more complicated than the point-
treatment settings. Another future direction is to investigate other variation independent

parameterizations that may not involve copulas.
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Appendix A
APPENDIX FOR CHAPTER 2

To make the proofs more compact, we use subscripts to denote the potential outcomes.

For example, Y (a,m) is denoted as Yy,.

Proof 1 Assumption|2.4.5 — [2.4.4)

P(My =m|X =) = P(M, =m|A =a*, X = x) by[2.4.3 assumption 1
=P(M =m|A =a*, X = z) by the consistency assumption.
Hence, P(M,» = m|X = x) is identifiable.
P(Yom =yl X =) = P(Yom = y|A = a, X = z) by[2.4.5 assumption 1
=PV, =ylM =m,A=a,X =2x) by assumption 2
=P(Y|A =a,M =m, X = x) by the consistency assumption.
Hence, P(Yom = y| X = x) is identifiable.
P(Yon|Mae, X) = P(Yon|Mar, A = a*, X) by[2.4.3 assumption 1
=P(Yom|A = a*, X) by[2.4.3 assumption 2
=P(Y,.|X) by assumption 1

Hence, Y, L M| X.
Proof 2 Assumption — Assumption

P(Yom|X) = P(You| M, = m, X) by assumption 2
=P(Yon| M, =m, A =a,X) by assumption 1

=P(Y|M =m, A =a,X) by the consistency assumption.



30

P(M,|X) = P(M,|A = a, X) by[2.4.5 assumption 1
=P(M|A = a, X) by the consistency assumption.

Hence both P(M, = m|X = x) and P(Y,, = y|X = x) are identified. The last assumption is

identical to assumption 3 in Assumption |2.4.4).

Proof 3 Assumption — Assumption

P(Yon|X) = P(Yam|A, X) by[2.4.0 assumption 1
=P(Yon|M, A, X) by[2.4.0 assumption 3

=P(Y|M =m, A =a,X) by the consistency assumption.

P(M,|X) = P(M,|A = a, X) by[2.4.0 assumption 2
=P(M|A = a, X) by the consistency assumption.

Hence both P(M, = m|X = z) and P(Y,,, = y|X = x) are identified. The last assumption
is identical to assumption 8 in Assumption|2.4.).

Proof 4 Condition 3 in — Condition 4 in

ED/mn - }/Om|M0 =m, X]
=E[Yom| Mo = m, X] — E[Yo,,| My = m, X]
=E[Yom|X] — E[Yo| X] = E[Yan — Yom|X]
Proof 5 Identification Under Pearl’s assumptions
]ED/;J,MG*] = E{E[}/;Ma* |X]} = E{]EMG* (E[Y;J,Ma* |Ma* =m, X] |X)}
=E{Eus,. (E[Yam|Mar = m, X]|X)}
=E{Eas, o =m (E[Yom | X]|X = 2)}

=S o E[Yam| 2| P(Me = m|z)P().
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The fifth equality comes from assumption 3.
Similarly, E[Yyenr,. ] = 2 E[Yoom| X = 2|P(Mye = m|X = z)P(z).
Hence E[Yon,, — Yorrr] = B a{ElYam|2] — E[Yoom|2]JP(Me = m|z)P(x).

Proof 6 Identification Under Vanderweele’s assumptions

E[YaMa* 7] = E[Ya1 Mar + Yao(1 — M) 2]
=E[(Ya1 —

=E[(Y,

(Yar = Yao) M) 2] + E[Yool]
( )

=E[(Ya1 — Yao)| Mo = 1, A = a*, 2]P(M,» = 1]z) + E[Vy0|A = a, 1]
( )
(Yar = Yao)

0 ‘Ma* =1 .I']IED(MCL* = 1|§L’) -+ E[Ya()’A = a,x]

=E[(Ya1 — Yoo)|M =1, A = a*, 2]P(My = 1|x) + E[Yy| A = a, 7]

=E[(YV, — M =1,A=a,z|P(My = 1|z) + E[Yy|A = a, z].

The third equation used assumption 1, the fifth equation used assumption 3. By assumption

2, EYy—04lA=0a,M =12 =E[Y,,—0uA=0a, M =0,z],

E[Yuola, x] = E[Yaola, M = 1, z|P(M = 1|a,z) + E[Yyo|a, M = 0, 2|P(M = 0|a, z)

=E[Yaola, M = 1,z] = E[Y,g|la, M = 0, x].
Hence,

EYan,.

7]
=E[(Yar = Yoo) M =1, A = a, 2]P(M,» = 1|z)+

E[Yoola, M = 1, 2|P(My+ = 1|z) + E[Yy0|a, M = 0, z|P(M,« = 0|x)
=E[Y:1|M =1, A= a,z|P(My = 1|z) + E[Yyla, M = 0, z|P(M,+ = 0|z)
=E[Y|M =1,A = a,z]P(My = 1|a*,x) + E[Y|a, M = 0, z|P(M,+« = 0]a*, z)

=E[Y|M =1,A = a,z|P(M = 1|a*,z) + E[Y]a, M = 0,z]P(M = 0|a*, x).
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The third equation used assumption 1.
E[YQ*ME* |Q§']

:E[Ya*lMa* + }/a*O(]- - Ma*)|l‘]

:E[Ya*llMa* = 1,I]P(Ma* = 1|I) +E{Ya*0

Ma* = 0,.T]P(Ma* == O‘I')
:]E[Ya*llMa* = 1, a*$]P(Ma* = 1‘61*, x) + ]E[Ya*0|Ma* = O, Cl*, x]P(Ma* = 0|a*, l')

=E[Y|M =1,a",2]P(M = 1|a*,x) + E[Y|M = 0,a*, 2]P(M = 0|a*, ).

The third equation used assumption 1.

Hence,

ElYar,. — Yonr,] = Za[E[Yan,. |2] — E[Yorns,. |2]]P(2)
=Y, [E[Y|M =1,a,z|P(M = 1]|a*,z) + E[Y|a, M = 0, 2]P(M = 0|a*, x)—

ElY|M = 1,a", z|P(M = 1|a*,z) — E[Y|M = 0,a", z]P(M = 0]a*, z)]|P(x).
Proof 7 Identification Under Petersen, Sinisi and Van der Laan’s assumptions

E[Yar 2] = E[Yor 2] = Entg=m[E[(Yam — Yom)[Mo = m, z]|2]
=Bty [E[(Yam — Yom)|z]|2]
=YamB[(Yam = Yom)|2[P(Mo = m|z)P(z)
=X mE[Yam|2]P(Mo = m|z)P(x) — 5y nE[Yom|2]P(Mo = m|z)P(z)
=5 mE[Yam|a, 2]P(My = mla, 2)P(x) — Sy mE[Yom| A = 0, 2]P(My = m|A = 0,2)P(z)
=3 mE[Yam|m, a, 2]P(My = mla, 2)P(x) — Sy mE[Yom|m, A = 0,2]P(My = m|A = 0,2)P(x)

=Y, mElY|m, a,z]P(M = m|a, 2)P(z) — 3, ,,E[Y|m, A =0,z]P(M = m|A =0,z)P(z)

The second equation used assumption 4. The fourth equation used assumption 1 and 2. The

fifth equation used assumption 3.
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Proof 8 Identification Under Robins’ No-interaction assumptions

E[}/lMo - YE)M():I = ]EX,CE[}/:[MO - K)M0|X7 C]
ZEX,CEMO|X,CE[Y1MO - Y0M0|Mo =m,X, O]
:EX,C]EMO|X,CE[Y1m - Y(Jm|M0 =m,X, C]

:EX,C]EMMX,CE[B‘MO =m, X, C]

Since B is a random variable that is independent of the realization of the mediator m, the

expression becomes

ExcE[B|X,C]
=ExE[Yin — Youm|X]
=ExE[Yi,|A =1, X] — ExE[Yy,|A =0, X]
=Y AExE[Yim|A=1,2,c]P(C =c|lA =1,2) — ExE[You|A = 0,2,c]P(C = c|]A=0,2)}
=Y AExE[Yin|m, A=1,2,]P(C =c|A =1,2) — ExE[Yom|m, A =0,z,]P(C =c|A =0,2)}
=Y AExE[Y|m, A= 1,2,c]P(C =c|]A=1,2) —ExE[Y|m,A=0,z,c]P(C = c|]A=0,2)}.

The second equation used assumption 1 and the fourth equation used assumption 2. The proof
under MCM is similar for the first part, the second part (identification of Ex ¢E[B|X,C]) is

given in proof 9.
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Proof 9 Identification of CDE under MCM assumptions

E[Y (1,m) — Y(0,m)]
=ExE[Y (1,m) =Y (0,m)|X]
=ExE[Y(1,m)|A =1, X] — ExE[Y(0,m)|A = 0, X]
=ExEciazi xE[Y (1,m)|A =1, X, C] — ExEcjaco xE[Y(0,m)|A = 0, X,C]
=ExEciaz1x,cEY (1,m)|[M(1) = m, A =1, X] — ExE¢jaco xE[Y (0,m)|M(0) = m, A= 0, X, C]

:ExEc|A:17xE[Y|M =m, A= 1,X, O] - Ex]Ec|A:07xE[Y|M =1m, A= 0, )(7 C]



85

Appendix B
APPENDIX FOR CHAPTER 3

Proof for Theorem|3.2.1
E(Yin, — Yo, | X) = ENicimy — Yocoms | X) = Eng=mix E(Yicrm — Yocem | Mo = m, X)
=EMo=m|x E(Yicim — Yocim | Mo = m, X) + Eng=mix E(Yoc,m — Yocom | Mo = m, X).
Under Assumption the first term can be written as
EMO:m\XE(Yiclm — Yoorm | X) = EMO:m\XECFcl\X{E(chlm ’ Cl,X) — Yoerm | C1,X)}
and under Assumption [3.2.4] the second term can be written as:

Entg=mix E(Yoc,m — Yocom | X) =

EMO:m|XE01:c1|XE(Y0c1m | C1, X) - EMO:m\XECO:co\XE(YoCOm ’ Co,X)-
Hence, the sum of (1) and (2) can be written as:
Entg=mix Eci=e) x E(Yieym | C1 = ¢1, X) — Epgy—m|x Eco=co|x E(Yocom | Co = co, X),
which can be identified as follows under Assumption and Assumption [3.2.2}

Ery=mja=0.x Ecy=c1ja=1,x EYieym | C1 = c1, A=1, My =m, X)
- EM0:m|A:0,XECO:CO|A:O,XE<YE)COm ’ CO = Cop, A= 07 MO =m, X)
=Eremja=0xBc=cja=1xE(Y | C =c1,A=1,M =m, X)

— Eyemja—o,x BEc—cola—ox E(Y | C = cy, A= 0,M =m, X).
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Proof for Theorem 3.2

The parameter of interest is: A = d; — dp, where

51 E///E(Y | A: 1;M:m,Czch)fM\A,X<m ’ AIO,X)fc‘A7x(C|A: 1,X)dm dC dI,

8o = ///E(Y | A=0,M =m,C=c,X)fujax(m|A=0,X)fcjax(c| A=0,X)dm dc dz.

For simplicity, §; and 9y are abbreviated to:

515///E(Y|1,m,c,X)f(m|O,X)f(c|1,X)dm dc dz,
50;///13(3/ 10,m, ¢, X) f(m | 0, X) f(c | 0, X)dm de da.

Denote the likelihood of Z = (Y, A, M,C,X) as f(Y,A,M,C,X), and consider the one-

dimensional parametric submodel

fi(A,C, MY, X)
:ft(Y ’ A, M, C, X)ft<M | A,C, X)ft(c | A?‘X)ft(A | X)ft<X)7

where fy = f. To simplify notation, we only show the results for continuous C' and M with
a density. By the definition of the copula density, the likelihood can be factorized differently

as follows:

ft(Aa Ca Ma}/aX)
=LY [ A, M, C, X)e(Fuax, Fiojax) fi(M | A, X) fi(C] A, X) fu(A ] X) fi(X).

Denote its score function as S;(A, C, M, Y, X), which can be written as a sum of scores with
respect to conditional densities. First we look at d;. The influence function ¢(Z) of any

regular asymptotically linear (RAL) estimator of §; satisfies:

Bo(2)5o(2)] = 20,
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Take derivatives with respect to ¢t at t = 0:

96, (t)
ot

L :/// VioBi(Y | Lim,c.2)f(m | 0,2)f(c | 1,a)f(x)dmdede  (B.1)
+/// E(Y | 1,m, e, 2)Viofi(m | 0,2)f(c | 1, 2) f(x)dmdeds (B.2)
+/// E(Y | Lm,e,2)f(m ] 0,2)Vieofu(c | L,a)f(x)dmdede  (B.3)
+ / / / E(Y | Lme,a)f(m | 0,2)f(c | L,a)Veeofi(x)dmdedz.  (B.4)

where (BCI)

:// VieoEt(Y | 1L,m,c,x)f(m ] 0,z)f(c]| 1, z)f(z)dmdedx

= m.c, x f(m |0, 2) m,c x) f(x)dmdedx

=[] DB Veme0) g e T e | ) et

- A FOM | 0,X)

=ElSo(Y [ AM. O X) 5 X T [ A, X e ax ), Forax (O) [ ALX) )

) 4 J(M | 0,X) )

=ElS=o(Y A M, O X) o R FT T 4, X)elFaax (), Foax (@ A, x) 0~ B 14 M,C. X))
A F(M|A=0,X)

(Y —E[Y | A, M,C, X])].

=ElSi=o Y. A M, O X) 5 T I T A, X el Faryax D), Forax (C) | AL X)

The second to last equation results from the property of the score function of the condi-
tional density for Y. The last equation results from S;—(A, M,C, X) being a function of
(A, M,C,X), and E[g(A,M,C,X){Y — E(Y | A,M,C,X)}] = 0 for any function g. By

similar arguments, we have

:/// EY |1,m,c,x)Vieof(m | 0,2)f(c|1,x)f(x)dmdecdz

1—A
—E{S_o(M | A,X)m/E(Y 11, M, ¢, X)f(c] 1, X)de)
—E[Sio(A, MY, X) 2 ((1) — (1)),

fATX)



38

:/// EY |1,m,c,x)f(m]|0,2)Vizofi(c| 1,2)f(z)dmdedz
A

=E{Si=o(C | AaX)m

A

—E[Si_o(A, C, MY, X)m{/ E(Y | A,m, C, X)f(m | 0, X)dm — rx (1)},

—/// E(Y | 1,m,c,z)f(m|0,2)f(c|1,2)Vizofi(x)dmdedx

=F[Si—0(X)7x(1)] = E[Si=0o(X)(7x(1) — 1)]

/E(Y A m, C, X) f(m | 0, X)dm}

—E[S,—o(A, C, M,Y, X)(rx(1) — &1)].

We therefore find and influence function for ;:

4 FOM | A = 0,X) )
NE) = TR T A Dl Farax (), Fopax (@) [ A, %)~ Y [AAMLCXD+
1—-A
m{’m,x(l) — 7x(1)}+
A
e B A, €0 10 X~ ()4

(Tx(1) = 61).

An influence function ¢y(Z) for § can be constructed similarly and the derivation is omitted.
Their difference ¢1(Z) — ¢o(Z) is then an influence function for A. It is the only influence
function (therefore efficient) in M., of a RAL estimator of A. It takes the following form:

2A—1  fauacox(M|A=0,X) ) 241
Fox(ATX) fumex L ACx) O~ EOTAMCX) =500

SeAﬂ = Tx(A)+

1-4 1A
fax(A=0]X) T x (1) = mrx (0)} + {1 T ax(A=0]X) } {rx(1) = 7x(0)}+
2A -1
Fa(A]X) " =8

B.1 Proof for Theorem 3.1 and 3.3

We prove Theorem 3.3, and Theorem 3.1 will follow from similar arguments. Again, for

notational simplicity, we consider continuous M and C' for which the joint density exists.
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The proof for the general case is similar. We denote the incorrectly specified components
with a superscript *.

First we prove that E{S{(Af,.4)} = 0 under four misspecification conditions: M, M,
Ms, and M.

e My i f(A | X), f(C | AX), F(M | AX), e(Fypax(m), Foax(e) | A X)
are correctly specified, and E(Y | M, A,C,X) is mis-specified by a parametric model
EP Y | A, M, C, X]:

E{SSE(faix, foax, fuax, earciax)}

TR T A X Py P @~ E 140X+
]?(j“x) W) = T A+ e )~ )
= S ) = 0 - 4
=E4 fQ(ji \_)1') FOM A X)(]\{FL/Iiz((;\j)()FCMX(C))Y}_E{ 2& ) e (i
o 2(qu) A} - Bl TR + Bl A\;l() V(1) — 2 (0)})
+B{(1 = ) (0 = O} - A o
for B (A)) = B (1) = 7 0)
and B{—A— 1 S| A=0,X) Y}=A

fATX) f(M | A, X)e(Fajax (M), Foax(C))

o My : f(A] X), f(M | AX), E(Y | A,M,C,X) are correctly specified, and f(C |
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A, X) and ¢(Fua,x(m), Fojax(c) | A, X) are mis-specified by f**(C' | A, X) and ¢**":

E{S(fax, craxs faax, € (Faujax(m), Foax(e) | A, X), Eviaacx)}

o 2A-1 f(M|A=0,X) -
=P X) FOTT A, X)em (Faax (), P 1 4,3) 0~ P T AM G XD
2A—1 2A—-1 0 1—A war 1y epar
FATx e @ = TRy @ o (i (D)~ 0)
1- A *par o T*par . _
+ (U= IO - - A} =0,
for E{%ﬁc,x(z‘l)} = A.

e My : f(A] X), f(C| A X), E(Y | A,M,C,X) are correctly specified, and f(M |
A, X)and c(Fujax(m), Fojax(c) | A, X) are mis-specified by f***(M | A, X) and ¢

E{SSE(farx, forax, Fatiax € (Fajax(m), Feax(e) | A, X), Eviaacx)}

=B ST T T A X{:fjgfé\f?;}|£x:(”23fflgclA,x(C> A x A IAMC XD
T ) — A+ g e () = (0)
(= S () = (0} = A} =
for B (e (1) = x O} = &

e My : f(M | A=0X), f(C]| AX), E(Y | A, M,C,X) are correctly specified,
f(A| X) and e(Faa,x(m), Fopax(c) | A, X) are mis-specified by f**(A | X) and ¢

E{SR(fAY forax, fujax, € (Faax(m), Folax(e) | A, X))}

B 24— 1 F(M|A=0,X)
= {f*par(A | X) F(M | A, X)e (Fyax (m), Forax(c) | A,X)}(Y —E[Y | A, M, C, X))+
A— A— —A
PRIy~ Fa A e ()~ )
1-A

+(1- m){ﬁf(l) —7x(0)} — A} =0,

for E{7x(1) — 7x(0)} = A by definition.
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Under suitable regularity conditions (Manski, |1988) hold for ST and the score of the pa-
rameters in the nuisance models. By a Taylor expansion we have (denoting the probability

limits of the nuisance parameters as 6*, and its score as Sp(#)):

~

1 . intersection *
\/E(Aquad_A> = E;SAt ’ (017A79 ) +Op(1)7
where O, represents the data pertaining to the i*" subject, and

int ti
SZI ersec IOH(A’ 0*)

—siia,0) - BRSO o P50, ),

The asymptotic normality of the estimator can be proven directly using the Central Limit

Theorem (and Slutsky’s Theorem).
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Appendix C
APPENDIX FOR CHAPTER 4

C.1 Proof for Theorem 3.1

We prove the identification for E1FE,;u), and the proof is similar for ETFE ;).

E(YlMlu)Ml(z) - Y1M51)M1(2> )

=ExB(Y) 3,000 = Y 00 [ X)

-Y

=ExEpe) _mejam, x E(Y, M 2

1P m@) )| ME = m®, x)

:EXEM(2):m(2>|A:1,XE(Y1Ml(1)m(2> Y ) | X)

lMél)m<2
=Ex By —m@)a=1, x B 0,0 | X) = BExEye)omeja=1, x Y 0,0 | X)

1
=Ex Epe)—m@)a=1,x By x EVimome | MY =m, x)

1
_ EXEM(2):m(2)\A:LXEMSU:m(l)/\XE<Y1m(1)’m(2) | MO( ) — m(l)/’X)
=ExEp@) - ac1 x By cmjacy x EY | A =1, MY =m0, M@ = m@®, X)
— ExEp) @ a1 x By —mraco x E(Y | A= 1L, MO =, (@ =@ x)

The third equality is implied by assumption Set II, and the rest are implied by assumption

Set I and iterative expectation.

C.2 Proof for Theorem 3.2

By Theorem 3.1, AMY = AMY \oreover,
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o) )
o AMY =AMV

A{\/[(j)
-B A (M) |Af1 X) — f(MW) |A_O’X)Y
AIX) f(M |A_1M(3 N, X)

m(J) A—lz m) | A=0,z ' B _

- (//{f(mm 1.X) = f<m(” 10, X)}f(mP= | 1, X)E(Y | 1,mY),m®=9), X)dm") dm@—j))

- M)
_A4 .
MG A M),
AMT = AP,

Ay {1y (1M X) — (0, M), X>})

(A
fA]X)
:/// ﬁ{nj(l,m(3_j)7x) —0;(0,mB9) )} f(a,mB z)da dm 3D dx

a|xr
:// {77j(17m(3—j)7;1;) — 77j(07m(3—j)7x)}f(m(3—j) | A= 1,33)da dmB=9) dyp — Aiwm-

MG A M),
AM = AN

i 2A—1 )
AMO _p (28 (L, MO, X
3 < (A|X)773 (1, ,X)

/// 2a—1 773 J(L,m @, 2)f(a,mP, z)da dm dx
~ /[ 2a- 1>n37j<1, ), X)F(MO | a,)da dm®) da

://ngfj(l,m(j),x)f(M(j) | A= 1,x)dm(j) dx — //nsfj(l,m(j),w)f(M(j) | A= O,JJ)dm(j)dx _ Ai/[(j)-
Hence AM(J') _ Ajl\/[(j) _ Aé\/[(j) _ Aé/[(j) _ Aiw(j).
C.3 Proof for Theorem 3.3

We prove Theorem 3.3 for continuous mediators. The proofs for other cases are simi-
lar. Denote [v;(a)f(z)dx as 6, then AMY = g% — 69 Denote the observed data
(Y, A, MWD M@ X) as 0. An influence function ¢,;(O) of a regular and asymptotically
linear (RAL) estimator of 0% satisfies:

905 (t) |
at t=0>

E [?bj(O)St:o(O)] =
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where S;—¢(O) is the score function of the likelihood for a one-dimensional parametric sub-

model f;(O), which satisfies fo = f, with the parameter ¢ set to 0.

The right hand side of the equation can be written as:

// VieoB (Y | A= 1,m(3_j),m(j),X)|t:0f(m(j) | A= a,X)f(m(?’_j) | A= 1,X)f(X)dm(j) dmG=9 dz

(C.1)

+/// E(Y |A= 1,m(3_j),m(j),X)Vt:Oft(m(j) | A=a, X)|t:0f(m(3_j) | A= l,X)f(X)dm(j) dmG—9) dx
(C.2)

+/// E(Y|A= 1,m(3*j),m(j),X)f(m(j) | A= a,X)Vtzoft(m(:S*j) | A= 1,X)|t=0f(X)dm(j) dmB=9) dz
(C.3)

+/// EY |A=1,m® ) m) X)fm9 | A=aX)f(mP )| A=1,X)Vi—ofi(X)|i—odm? dmB=7) da.
(C.4)

We utilize the following facts about scores in the proof:
1. Elg(X)(Y — E[Y | X])] =0 for all g,
2. E[S(Y | X)g(X)] =0 for all g,
3. (Y, X)=S(Y | X) + S(X).

Define the following term to simplify the notation:

: , , W | A=a,X)
RO (@ G x) = fmP ]| A=a, , .
@ (Lm0 = O A= 1, ) e 4t x (MO, Fns mams (MO 9) [ A= 1, X)
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We look at each term of the expression of oY)

D= [[[ TimaBiy | 4= 1D, X) g R ), 505,30 F ) | A= 1,20 £l i
= E[Si—o(Y | A, M@= M) X)WRU)(M(J) M@= X)Y]
= E[Si=o(Y, A, M@ MY, X)mRéWMU% MCD X)(Y - ElY [ A=1,MC), MY, X])],
2) = BlSia(M9) | 4,3) s 2 [ B0 A= 1m0, X)) | 4= 1))
() 1A=a) 1 40
[St O(M |A X)f( |X)773—J(17M 7X)]
= E[Si—o(MY) | A,X)M(ngj(l, MW X)) — /n3,j(1, MY X)f(mY) | A=a, X)dmP)]
l(A =a)

= E[St:O(M(j)vAa X) (773—j(17M(j)7X) - yj(a,X))]
(A—a)
f(A=a]X)

(3) = E[/ E(Y |A=1,mB 9 ml) X)f(mY) | A=a, X)dn

fl(A=a|X)
E[Si—o(Y, MG~ MWD A X) (m3—5(1, MP X) — y;(a, X))],

A

FaTx)Som [ A=1.X)]

= E[StZO(M(Sij) | A,X) nj(avM(gij)vX)}

f(A]X)
(3-4) A o G0 xy [ —j i) A— —
= E[Si=o(M®7 | 4, X) A e M 379, X) / ny(a, ME) X) f(m) | A =1, X)dm®~9)]
_ (3-4) A (o0 G XY
_E[StZO(Mg |A7X)f(A|X)(77](a’7M3 7X) 'VJ(GWX))]
A

fFA]X)

= E[StZO(M(3_j)7 A7 X) (77j(a7 M(3_j)’ X) - (a’ X))]

= E[St:()(}/? M(j)?M(S_j)vAa X) (nj(aa M(g_j)7X> - Vj(a?X»]

A
f(A]X)
(4) = /%‘(mX)Vt:oft(Xﬂt:odx

= E[Si=0(X)v;(a, X)]

= E[Si=o(Y, M®) MW A, X)(v;(a, X) = 69)]

Hence an influence function of a RAL of ng ) is

M@ A Dear) arGi) PR
Setta (O) = oyt M MO X)(Y - EBlY | 1,ME9, MY, X])
1(A= ,
g (M) 5, (0,X))
A j .
+m(nj(a’M(g_j)’X)—V.j(a,X))%-%(a,X)—@fﬁ).

Under Mon, é‘g(;) (O) is the efficient influence function. Hence the efficient influence func-
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tion for A is the difference between the EIF for §; and 6, which is Sé‘é(f)((’)) - é‘é}é)((’)).

C.4 Proof of Theorem 3.4

We prove Theorem 3.4 for continuous mediators. The proofs for other cases are similar.
First we prove the unbiasedness of the quadruple robust estimator Aéju)ad under My, Mo,
Ms, and M,. The limits of the incorrect components are indexed by an asterisk sign.
Since the robustness conditions of the triply robust estimator for the total indirect effect
given in Tchetgen Tchetgen and Shpitser| (2012)) are implied from our quadruple robustness

conditions, the estimator similarly constructed for AINT is also quadruply robust.
C.4.1 Under My, when E*[Y | A, MY MG~ X] is incorrectly specified

E[A(j) ]

quad
A FMOD) |1, X) — f(MY) |0, X) : iy
=F _ ! ! Y —E*Y | 1,MY MG X
FATR) FOIO | LX) eFrroonx (D). Py x (@) [ L1 ~ E 1Y N
A , » 24 —1 ‘
+E[———— (1, MG X)) — (0, M) X))} + (1, MY X

*E[(l - f(j?X)> (LX) - (1 - 7@ X)) %5 (0. X)]
A (MO | 1,X)~ f(9) |0, X)
FATR) T MO | 1,369, X)

(¥ - B[y | 1, MO, MG, X])]

2A—-1

A ) . )
B[y (1L, M3 X)) — 5 (0, MB~D X))} + ns_;(1, MY, X)]

fA1X) Y FA] X)
24 x I TS S P
*E[(l‘f<A|X>>”“’X) (1 f<A|X>>”J(°’X”
—AMY (C.5)

where
ny(a, MBI X) = /E*[Y | A=1,mW MG X|f(mY) | A=a,X)dm,

vi(a, X) = E[n}(a, M®), X) | A= 1,X].
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Hence

5 E A f(MWD1,X)— f(MD |0, X)
®) = [f(A | X)  f(MG |1, MBI X)

Y] = ERj(1,X) —~;(0, X)]

2A—-1

A, . . .
+E[7{77j(17M(3 )7X)777j(07M(3 )’X)}]+E[f(A|X)

fA]1X)
+E(1_f@?:o)7ﬂLX)—(1—f&ﬁjﬂ>ﬁﬂlXﬂ—AMm
A f(MD | 1,X)— F(MD) |0, X) . .
=Pl FOMO) | 1, MG, X) Y] = E[yj (1) =5 (0)]
+ Bl (1, X) = 50, X)] + Ely} (1, X) =77 (0, X)] + E[~7; (1, X) +~;(0, X)] - AM”

) )
= AMY _AMT =,

ns_; (1, MY X))

C.4.2  Under My, when f(MY | A, X) and ¢(Fyoax(MW), Frpeax(M®) | A, X) are

incorrectly specified

E[AD, ]
A (MO | 1,X) = (M) |0, X) , .
=EK . : ’ Y —E[Y |1,MY MG X
FATX) 70 1, X6 Fyroor e (D), Py x (@) 11,370 P 2
A . . 24 -1 .
+E[————{ny (1, MC=D X)) — (0, MBI X))+ ————ms_ (1, MD X

24 x B TR R W
+E[<l‘f<AX))'““’X) (1 f<A|X>>”(O’X”
b A PO 1,X) - 10 [0,X)

AT Qo | 1,69, X)

Y - E[Y |1,MPD MG~ X])]

A * i * - 24-1 j
+E[m{ﬁj(1vM(3 ),X) =m0, MB, X)) + FA] X)U3—J(17M( ), X)]
2A . 7 _ # x
#8700 - (1 g ) X
_AMY (C.6)
where

i (a, MBI X) = /E[Y | A=1,mW MG X|f*(mY) | A=a,X)dm,

v} (@) = Enj(a, M®~9, X) | 1, X].
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Hence
(6) =0+ Elj(1,X) —~5(0,X)] + E[fQ(i r;)ng_ju, MY, X)] + E[—7;(1, X) + 750, X)] — AM"
24 —1 ) )
_ , ) _AM
_E[f(A|X)773_](1,M7,X)] A

_AMD _AMY g

C.4.3 Under Ms, when f(M®) | A, X) and e(Fyoax: Faeonax | A X) are incorrectly

specified
G
:E[f(AA| X) F(MO | 1, X)g*(z\;;:wl;jl(_l\;((%%ﬁil(M<2>) T E I MO, (B, X])]
Bl (1 MO X) = 050, MO ), X0} + (1 MO, X)

24 . 1 .
+E[<1 @l X)) (LX) - (1 @) X)) 75 (0. X))
A MO [1,X)— f(M9) [0, X)
FATX) T PO 1,ME, X)

- (v = E[Y | 1,0, M6, X))

A —-J —j 2A—-1 ;
By (1 MO, =y (0,69, X0} + i (0, M, X))
24 . 1L
+E[<1_ f(A|X)>”J’(1’X) (1 f(Ax))% (0.0
7AM(.7')7 (C7)
where

ny(a, MB9) X) = /E[Y | A=1,m9, MG X]f*(mP | A=a, X)dm"),
7j(a, X) = //E[Y | A=1,m9 mB=D X]f*mB | A=a,X)f(mP | A=a,X)dm?D dmB=.
Hence

(1) =0+ E]|

A X)
+ E[_'V;(LX) +'Y;(O,X)] . AM(J’)

E
FATX)
_ A]\/[(J') . AM(J') -0

{nj(lvM(?)_j)’X) - nj(O’M(?)_j)vX)}] + Eh;(l’X) - ’Y;(OaX)]

(1, MG X) = ;(0, M@=, X)}] — AMY
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C.4.4 Under My, when f(A | X) is incorrectly specified

EIAY))
A FMG | 1,X) — f(MY |0, X) , »
=E . : ’ Y —E[Y | 1,MD MG X
AT PO 1, X) el x (10), Fyyerx 01@) 11,30~ P l
A : : 24 -1 ‘
+E[————{n:(1, MG X)) — (0, MG X4 =~ _p. (1, MY X

24 . 1 .
+2(1- i) 500~ (1 ey ) 00
g A fM9) | 1,X) - yY) |0,x)
“Flrarn T e Lo, )

A
f*(A] X)

(v - By | 1, MO, MG, x])]

24 —1
(A X)

24 I S R O _AM©
+Bl(1- = ) 030 - (1= S ) w0301 - 2% ©3)

+E[ {n; (1, MB= X)) —n;(0,MB~) X)} + 13— (1, MY, X)]
where

n;(a, ME) X) = / BlY |A=1,mD M) X]|f(mY) | A=a,X)dm",

v(a, X) = //E[Y | A=1,mY mB=9) X]f(mB | A=a,X)f(mP | A=a,X)dm9 dm=,

Hence
_ f( 1|X) , e f( 1|X) _fA —OIX)
_2f( —HX) fAlX , o _AMW

_ A1\/1(9') _AM(J) 0.

Under suitable regularity conditions (Manski, 1988) for S} (J)(O) and the score of the pa-

rameters in the nuisance models, by Taylor expansion we have:
(]) intersection (7) *
V(AL — A ZSA;” ton (03, AMY ) + 0,(1),
where 7 denotes the nuisance parameters, with 7 being its probability limit, and S, being

its score, and

OF [Sé‘é(;)(@,AMQ),T*)]EA[GST(OZ-J*)
orT orT

intersection M@ *\ M@ M@ *
SAM(J) (OMA ) T ) _Scff,a (O%A y T ) -

15:(0;, 7).

Then the asymptotic normality of the quadruply robust estimator can be proven using Slut-

sky’s Theorem and the Central Limit Theorem.
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