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Marginal Structural Models with
Counterfactual Effect Modifiers

Wenjing Zheng, Zhehui Luo, and Mark J. van der Laan

Abstract

In health and social sciences, research questions often involve systematic assess-
ment of the modification of treatment causal effect by patient characteristics, in
longitudinal settings with time-varying or post-intervention effect modifiers of
interest. In this work, we investigate the robust and efficient estimation of the so-
called Counterfactual-History-Adjusted Marginal Structural Model (van der Laan
and Petersen (2007)), which models the conditional intervention-specific mean
outcome given modifier history in an ideal experiment where, possible contrary
to fact, the subject was assigned the intervention of interest, including the treat-
ment sequence in the conditioning history. We establish the semiparametric effi-
ciency theory for these models, and present a substitution-based, semiparametric
efficient and doubly robust estimator using the targeted maximum likelihood esti-
mation methodology (TMLE, e.g. van der Laan and Rubin (2006), van der Laan
and Rose (2011)). To facilitate implementation in applications where the effect
modifier is high dimensional, our third contribution is a projected influence curve
(and the corresponding TMLE estimator), which retains most of the robustness of
its efficient peer and can be easily implemented in applications where the use of
the efficient influence curve becomes taxing. In addition to these two robust es-
timators, we also present an Inverse-Probability-Weighted (IPW) estimator (e.g.
Robins (1997a), Hernan, Brumback, and Robins (2000)), and a non-targeted G-
computation estimator (Robins (1986)). The comparative performance of these
estimators are assessed in a simulation study. The use of the TMLE estimator
(based on the projected influence curve) is illustrated in a secondary data analysis
for the Sequenced Treatment Alternatives to Relieve Depression (STAR*D) trial.



1 Introduction

In social and health sciences, research questions often involve systematic compar-
ison of the effectiveness of different longitudinal exposures or treatment strategies
on an outcome of interest. Specifically, consider a study where subjects are fol-
lowed over time. In addition to their baseline covariates, we record their time-
varying treatment of interest, time-varying covariates, and the outcomes of interest.
Time-varying confounding is ubiquituous in these situations: the treatment of inter-
est depends on past covariates and in turn affects future covariates; right censoring
is often present, in response to past covariates and treatment. It has been widely
recognized that in these cases, conventional analytic methods, such as multiple re-
gression, often fail to properly account for the time-varying confounding of the
treatment effect (e.g. Robins, Hernan, and Brumback| (2000)). Marginal Structural
Models (MSMs), introduced by Robins| (1997a)), are well-established and widely
used tools to address this problem of time-varying confounding; these models spec-
ify the marginal expectation of an intervention-specific counterfactual outcome (i.e.
the mean outcome of a subject in an ideal experiment where he/she was assigned to
followed a given intervention).

To assess effect modification, MSMs are traditionally used to model the
conditional counterfactual mean outcome given an observed history. Yet, in many
settings one may wish to model the conditional counterfactual mean outcome given
a counterfactual history. Consider the simple case of effect modification by base-
line covariates. A traditional observed baseline MSM conditions on the observed
baseline modifiers (Robins et al.| (2000)) and allows one to assess how the treat-
ment effect changes as a function of the observed covariate values. (Observed)
History-Adjusted MSMs (HA-MSMs), introduced in \van der Laan, Petersen, and
Jotfe| (2005) and Petersen, Deeks, Martin, and van der Laan| (2007a)), generalize the
observed baseline MSMs by modeling the counterfactual mean outcome given the
observed history of treatment and modifiers of interest up till a time point. How-
ever, since the modifiers of interest may be affected by their preceding treatment
assignments, which may in turn depend on past modifiers and other covariates, the
counterfactual mean within each strata of this history will also be affected by the
observed treatment mechanism (i.e. the way treatment assignments based on past
covariates were made in the observed data. e.g. randomized assignment vs assign-
ment based on specific determinants of outcome). In this case, the parameters of
the HA-MSM would not be generalizable to an equivalent population with different
treatment mechanism (Petersen, Deeks, and van der Laan| (2007b))). Instead, the
the true outcome that one wishes to model is in fact the the conditional mean out-
come given modifier history in an ideal experiment where subject were assigned a
given intervention on interest, including the treatment sequence in the conditioning
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history (i.e. the conditional counterfactual mean outcome given a counterfactual
history of the time-varying modifiers of interest up to a given time point).

To model these conditional counterfactual mean outcome given a counter-
factual history, we can use the so-called Counterfactual-History-Adjusted MSMs
(CHA-MSM), introduced by van der Laan and Petersen (2007)). Inverse Probabil-
ity of Treatment Weighted (IPTW) estimators for CHA-MSM were proposed in
van der Laan and Petersen| (2007)). These estimators are very intuitive, can be easily
implemented using standard software, and offers influence-function based standard
error estimates. However, their consistency rely on consistent estimation of all the
treatment weights. Doubly Robust IPTW (DR-IPTW) estimators for CHA-MSM
were also described in van der Laan and Petersen (2007); they were based esti-
mating equations derived by orthogonalizing the IPTW estimating function with
respect to the treatment mechanism. Contrary to IPTW, these DR-IPTW estimators
are consistent if the treatment weights or the conditional covariate and outcome
densities are consistently estimated. Moreover, they are solutions to the estimat-
ing equation defined by the efficient influence function, and thus are asymptotically
semi-parametric efficient.

Despite these advances, there are still many gaps in the efficiency theory and
robust estimation of CHA-MSMs. Firstly, even with the efficient influence func-
tion being a key actor in semi-parametric estimation, there still lacks an explicit
representation of it as an orthogonal decomposition of the nuisance parameters cor-
responding to the time-varying covariates. Compared to the IPTW-orthogonalized
representation in [van der Laan and Petersen (2007), such an explicit representation
would provide a comprehensive picture of the efficiency theory for CHA-MSM.
In particular, by shining a light on the role of the nuisance parameters in the ef-
ficient influence function, such an explicit representation can inform the study of
semi-parametric estimation for these models, advise on the trade-offs in estimating
different nuisances parameters, and provide insights on the challenges and solu-
tions to handling high-dimensional covariates. Secondly, as estimating equation
based estimators, both the IPTW and the DR-IPTW may be unstable in the pres-
ence of near positivity violations (Petersen, Porter, S.Gruber, Wang, and van der
Laan| (2010)), resulting in biased point and standard error estimates in these set-
tings. In applications with dynamic treatment regimes, this instability is especially
difficult to circumvent due to the limitations of effective weight stabilization. By
contrast, a substitution-based estimator for these models can provide a way to max-
imize finite sampler performance by preserving global information about the model
and the parameters.

This paper aims to fill these gaps in the literature by establishing the effi-
ciency theory for CHA-MSM and providing semi-parametric, substitution-based,
efficient and robust estimators. Firstly, we describe the identification of the con-
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ditional counterfactual intervention-specific mean outcome given a counterfactual
history up to a given time point, and the identification of the corresponding MSM
parameters of interest. Secondly, we determine the efficient influence function for
these statistical parameters as an orthogonal decomposition of the nuisance param-
eters. This efficient influence function is used to construct a substitution-based,
semi-parametric efficient and doubly robust estimator using the targeted maximum
likelihood estimation methodology (TMLE, e.g. van der Laan and Rubin (2006),
van der Laan and Rose| (2011))). However, as we shall see, due to the form of the
efficient influence function, the computations in this estimator may prove arduous
in applications where the effect modifier is high dimensional. To address this prob-
lem, our third contribution is a projected influence function (and the corresponding
TMLE estimator), which retains most of the robustness of its efficient peer and can
be used in applications where the use of the efficient influence function becomes
taxing. In addition to these two robust estimators, we also present a non-targeted
substitution estimator (Robins| (1986))) which is also applicable in high-dimensional
data.

1.1 Illustrative example

Throughout this paper, we will illustrate our presentation using an example from
mental health research. The STAR*D (Sequenced Treatment Alternatives to Re-
lieve Depression) trial — a multi-level, longitudinal pragmatic trial of treatment
strategies for major depression (http://www.edc.gsph.pitt.edu/stard/). Af-
ter an initial screening, patients are enrolled into level 1 of the study, where every-
one is assigned citalopram. At the start of each subsequent level, if a patient still
remains in the study, then he is randomized to an option within one of his cho-
sen treatment strategies. At level 2, the patient can choose between augmenting
the citalopram with multiple options or switching to a new regimen with multi-
ple options, or both. We are interested in the comparative effect of augmenting vs
switching medication; because these two strategies are not randomized, this anal-
ysis is analogous to an observational study. Suppose we wish to assess the effect
modification of 2nd level’s treatment strategy (augmenting vs switching) by the
depression symptoms measured prior to entering level 2 (either measured at enroll-
ment or level 1 exit, for our purpose, they are both considered baseline modifiers).
These symptom measures are obtained at clinical visits and level exit surveys; it is
reasonable to believe that the more depressed patients and those less satisfied with
their level 1 treatment may be less inclined to follow up with the surveys and visits
or to report these symptom measures. In this case, a simple complete-case analy-
sis of effect modification may only provide results applicable to patients with less
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severe symptoms or more satisfied with their level 1 treatment. If we assume that
this missingness, while associated with outcome, can be predicted using covariate
history collected up to level 1 exit, then we can regain some of this generalizabil-
ity. Indeed, we cast these symptom measures as counterfactual variables under an
intervention on their missingness indicator. This way, the target parameter is for-
mulated in terms of an ideal experiment where the report of the symptom measures
was always ensured.

1.2 Organization of this article

This paper is organized as follows. In section[2] we use a nonparametric structural
equations framework (Pearl| (2009)) to formulate the causal inference problem and
determine the identifiability of the desired causal parameters from the observed
data distribution. In section [3| we present the efficient influence function for the
parameter of interest under a saturated semiparametric model, as well as a projected
influence function. The robustness conditions for the efficient and the projected
influence functions are also established. In section ] we present the construction
of two TMLE estimators, one using the projected influence function (we call it
the projected TMLE) and one using the efficient influence function (we call it the
full TMLE), and a non-targeted substitution estimator. In section E], a simulation
study demonstrates robustness properties of the projected TMLE. In section [6] we
use STAR*D to illustrate the application of projected TMLE. A final discussion
concludes this article.

2 Data Structure and Parameters of Interest

For the simplicity of exposition, we consider the case where one wish to assess the
conditional intervention-specific mean outcome given the counterfactual history up
to the first time point.

Specifically, consider a longitudinal data structure

0= (W7A07V7L07A17L17'--uAK7LK) NP07

where W encodes baseline covariates, A; is the variable measured at time ¢ that
encodes the exposures of interest and censoring indicators, V' encodes the time-
varying history (between treatment Ay and A;) that one wishes to condition on, L;
encodes covariates (including time-varying confounders) measured between A; and
A;41, including the outcome process of interest Y;. Yk is the final outcome of inter-
est. For the sake of discussion, assume that Y; is either a binary or a bounded con-
tinuous variable (without losing generality, we may assume it’s bounded in (0,1)).
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We illustrate this notation with the data example introduced in section 1.1
Our goal in this example is to assess the effect modification of 2nd level’s treatment
strategy (augmenting vs switching, measured at start of level 2) by the depression
symptoms measured prior to entering level 2; yet many of these baseline effect
modifiers were missing at random. By study protocol, all subjects will have either
entered remission (treatment success), moved onto the next level (treatment fail-
ure), or dropped out (right censoring), by the end of 23 weeks. For our study goal,
the variables that we would enforce/randomize in an ideal experiment are the miss-
ingness status of the baseline effect modifier, the treatment assignment at start of
level 2, and the censoring status at each week of the level. To this end, let V be the
baseline effect modifier of interest. Let Ay be the indicator for measurement of the
baseline effect modifier of interest, A; = A" be the treatment strategy received by
a patient at level 2 (A; = 0 for augmenting medication and A; = 1 for switching
medication). We use W to encode the baseline covariates that may affect the mea-
surement status Ag, and Lg to encode other baseline covariates (beside the modifier
of interest) measured prior to treatment assignment A|. Hence, under this indexing,
K = 24 and the first week of level 2 starts att = 2. Fort > 2, A, = Atc is a counting
process which drops to 0 if patient was censored by time 7, and L; are time-varying
covariates such as visit statistics (duration in level thus far, visit frequency, etc),
side-effect burden and symptom measures at time ¢t > 2. The variable L; also con-
tains two counting processes: the outcome process Y;, which is a binary indicator
for entering remission by time ¢, and an exit process E; that jumps to 1 if a patient
is moved to the next level, in which case the remission status will be zero for this
level and the patient is considered non-censored (since the outcome was observed
to be unsuccessful). Our final outcome of interest is ¥ — the remission status by
end of 23 weeks.

For later convenience, we introduce here some useful vector notations. For
an time-varying variable X;, let X; = (X1,...,X;) and X, = (Xj,...,Xk); we will
also use the shorthand X = Xg. The equivalent notations in lower case will apply
to the realizations of the corresponding variable. Finally, variables with degenerate
indices, such as t = —1, are empty sets.

2.1 Causal Model and Parameter of Interest

The time-ordering assumptions can be captured by a nonparametric structural equa-
tions model (NPSEM, Pearl (2009)):

W= fw(Uw); Ao=fa,(W,Us,); V=fy(WAUy); Lo= fr,(W,A0,V,Uyr,);
Al:fA; (W7A07V7A1717Lt717UA,); Lt :fL, <W7A07V7AZ7L1‘717UL,)’ (1)

Hosted by The Berkeley Electronic Press



This framework assumes that each variable X in the observed data structure is
an unknown deterministic function of observed variables and some unmeasured
exogenous random factors U. From here on, we will refer to the observed variables
in the input of fx as the parents of X and denote this set as Pa(X). This causal
model defines a random variable with distribution Pp ¢y on a unit.

To assess the effect of the interventions, we can study the intervention-
specific counterfactual mean outcomes as a function of the interventions. These
counterfactual mean outcomes can be obtained from an ideal experiment where one
intervenes to assign A = a, and measures the resulting covariates (including effect
modifiers are interest) and the outcome of interest. In our example, an ideal experi-
ment would set Ag = a6 (always measure baseline modifier), A = a; (switching or
augmenting), and A;>> = 1 (always prevent drop outs). This data-generating pro-
cess can be formalized using () by setting A; = a, in the equations for A; and in the
parents of the non-intervention variables V, L, and Y. We denote these resulting,
possibly counterfactual, covariates as V (a;),L;(a,) and Y (a).

Now, we wish to assess effect modification of such treatment effect by the
changing values of V. That is, we want ask "how does the differential effect of
(ap,a}) vs (ap,a;), or of (agj,a)) vs (ap,a)), differ as a function of V, which is
affected by the treatment assignment Ap?’. To answer this question, our parame-
ters of interests are the so-called Counterfactual-History-Adjusted mean outcomes
(van der Laan and Petersen| (2007)))

Pal a0 (Pou) = E (Y (ap,ay) | V(ag) =v), )

and our goal is to study how these mean outcomes change as a function of aj,, a; and
v. As discussed in section|[l], (2) differs from the traditional History-Adjusted mean
outcomes (van der Laan et al.| (2005)) E (Y (Ag,a;) | V =v,Ag = aj) in that these
traditional parameters condition on the observed treatment values, hence within
each such strata, the conditional mean outcome may still depend on the observed
treatment mechanism (thus affected by potential selection bias). In our example,
the conditional mean outcomes we wish to study are E(Y(1,a;) | V(1) =v), with
{gl = (al,azz e =AdAR = 1) . aj :0,1}.

A challenge to study of (2)) is that the curse of dimensionality of arises in
applications with more than two time points and/or with categorical or continuous
V. To address this issue, it is useful to summarize using a working marginal
structural model, my (aj,a,,v), which is parametrized by a finite dimensional y €
S c R?. We refer to this model as the Counterfactual-History-Adjusted Marginal
Structural Model (CHA-MSM). Since our Y is binary (or bounded within the unit
interval), for concreteness sake, we consider a logistic MSM

mll/(aé)’glav) :exPit(W'(P(aé)?g]’V))a (3)
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where ¢ (ag,a;,v) is the vector of linear predictors in the generalized linear model.
We emphasize that the methods presented here are easily modified to other forms
of MSM.

Given a CHA-MSM for the conditional mean outcomes (2), the true
MSM parameter ¥ can be interpreted as the best summary measure of the condi-
tional mean outcomes Pd, ,gl,v(PO,U) as a function of a, @] and v. Formally, let ./
and .7’ denote the set of interventions of interest and ¥ denote the set of modifier
values of interest. For a given kernel weight function i(ag,a;,v), the true MSM
parameter Y in (3)) is defined as

IP(PO,U) = argmin{ - Z P(V(Cl6> = v)h(a(),gl,v)
yes / /
(ag,a,v)ed' x I XV

% {Puy s (Po.0 ) 10gmy (ah,a1,) + (1 gy v(Pou) ) Tog (1 —mw(aé),al,v))}} o

In words, W(Pp,) yields the best weighted approximation of the counterfactual
conditional dose-response curve Pd) a, v(Po,u), according to the quasi-loglikelihood
loss, kernel weights and working model my (ag,a;,v).

The rest of this paper is devoted to the identification and inference of
from the observed data.

2.2 Statistical Estimand

To identify from the data generating distribution Py, we make a Positivity As-
sumption (PA) and the Sequential Randomization Assumption (SRA, derived by
Robins (1997b)). Specifically, under the PA, there exists ¢ > 0 such that o <
Py(A; = a; | Pa(A;)), for all ¢t and a € o7, almost everywhere. The SRA assumes
that A, L (W,V(ap),{L(a) :t}), given parents of A;. Under these conditions, the
joint distribution (W,V (ao),{L,(a) : ¢}) is identifiable from the observed data dis-
tribution Py. In our STAR*D example, the plausibility of the SRA can be fortified
by measuring enough confounders of the modifier’s missingness, the treatment se-
lection, and the censoring mechanism.

By straightforward calculations, the SRA allows us to identify P(V (a;) =v)
as

Yayv(Po) = Ep, {Po(V =v| Ao = ap, W)}, Q)

and the counterfactual mean outcome pyy o, ,(Po,v) as

Po(V=v|Ag=ay,W)
Ep {P(V =v|Ag=ay,W)

p067§1=V(P0) = EPO { } X Q;/ggl (PO)(V = V7W>} ) (6)
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where, forr =0,...,K,

, K
M (P)(Li—1, VW) =Y vk (Hfb(lj |Aj=a;,L_ 1,4 1,V,Ag = ag,W)> 0))

bk Jj=t
It is also useful to rewrite (6] as

pa6,gl,v(P0)
_E, 1/Py(Ao = ap | W) dpa
"\ En (1/Po(Ag=a) | W) |V =v,Ag=d})) "~

(Po)(Lo,V =v,W)

V= V,Ao = a6} .
®)

1/Py(Ag=ay|W)
Ep, (1/Py(Ao=ay|W)|V=v.Ag=a})
duced by treatment assignmentAy = a;,. Indeed, if Ay does not depend on W (in
our STAR*D example, this means missingness is completely at random), then this
weight equals 1, in which case and @ are equivalent to the estimands in an
analysis which simply stratifies by Ag.

Combining (5)) and (6), the causal MSM parameter W(Pp ) in () identifies

The weight adjusts for potential selection bias intro-

to
W =¥Y(R) = argmin{ - Z %G,V(Po)h(aé)@p")
yes (aly,ay v)ed XA XV
X {Pag,gl,v(PO)10gmv/(a67217") + (1 - Pag),g,,v(PO)) log (1 - m.,,(a{),gl,v)) }}
)
At this juncture, for a more concrete discussion we consider the following
MSM

my (ap,a,,v) = expit (Y- ¢(ag,a;,v)) (10)

where ¢ (aj,a,,v) is the vector of linear predictors in the generalized linear model.
We emphasize that the methods in the next sections are easily modified to other
MSM.

In the forthcoming sections, we study the statistical inference of W(F).

2.3 Notations

Before we proceed, let us introduce some useful definitions and notations. Let .#
be a saturated semiparametric model containing our data generating distribution £.
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The parameter of interest in @) is the map P — P(P), from . to R?, evaluated at
P.

Suppose we observe n i.i.d. copies of O ~ Fy. Let P, denote the empirical
distribution of this sample. For a function f of O, we will write P, f = % + 1 f,and
for a distribution P, we will write Pf = Epf(O).

We generalize the definitions in (7) to any P € .4, fort < K. Att =K+1,

we write Q?{Ofll (P)(O) = Yk. Bang and Robins|(2005)) noted the following recursive
property when dealing with longitudinal intervention-specific mean outcomes:

N (P) Ly, VW) = Ep [0 (P) (L, V. W)| A = Lyt ViAo = ap, W], (1)

r+1
fort =0,...,K. This will prove useful in our upcoming endeavor. We also adopt
the notations Q" (P) for the marginal distribution of W, Q¥ (P) for the conditional

/
a07g]

distributionP(V|W,A0),andQ(P)E(QW(P),QV(P), ; (P):t:O,...K).We

write g for the treatment allocation probabilities P(A; | A;_1,L;_1,V,W), and g0
for the one pertaining to Ag. When referring to a generic P € .# , we may sometimes
write Q and g in place of Q(P) and g(P), similarly for their respective components;
when referring to the functionals at the data-generating distribution Py, we may
sometimes write Q¢ and g, in place of Q(Py) and g(F).

3 A Tale of Two Influence functions

The first leg of our journey is determining the so-called Efficient influence function
(EIC) for our parameter of interest. From a fundamental result in Bickel, Klaassen,
Ritov, and Wellner (1997), under standard regularity conditions, the variance of the
canonical gradient of W at P provides a generalized Cramer-Rao lower bound for
any regular and asymptotically linear estimators of W(P,). Therefore, this canoni-
cal gradient is a vital ingredient in building asymptotically linear and efficient es-
timators; fittingly, it is also commonly known as the EIC. For parameters in causal
inference and missing data applications (such as those in our examples), the EIC
also provides insights into the potential robustness against model misspecifications.
In section we determine the EIC of W under ..

However, as we shall see, in spite their theoretical prowess, estimators which
use the EIC will be difficult to implement in practice when the dimension of V' is
high. To solve this problem, in section [3.2] we present a projection of the EIC onto
a model where g4 is known; we refer to it as the projected Influence Function
(projected-IC). This projected-IC retains most of the robustness properties of its
efficient peer while altogether avoiding estimation of the components relating to
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V, hence making a compelling case for trading full efficiency for practically more
attainable estimators in the case of high-dimensional V.

Recall that W(P) optimizes a function of }%N(P) and py 5 ,(P) (see
n. P
ap.ag,v

, Where
Yab v (P)

and (H} for definitions). Note also that pai)QW( P)=

na67g]7V(P) =Ep {QV(V =V ’AO = aO? ) X an al( - V7W)} ’
We will make use of the following useful characterizations for ¥(P):

Remark 1. For my/(aj,a;,v) = expit (y - ¢(aj,a,,v)) and ¥(P) defined as in @)
we have

nag,gl,v(P)

0=U(¥(P),P) = )y h(aé,anvw(aé,al,v)%/o,v(P){ Yoo (P)

(ag,a,,v)ed" < XV

- m‘{’(P) (a6aal ) V) }

EP{ Z ;l(aé)aglav)QV(V:v‘AO:aOa ){Quo al( 7W)m‘P(P)(a6aalav)}}
(ap.a;,v)

a V)EA XA XY

1(Ag = d., -, ) a, ,
Ep{g(AO(()lW(/))) Z h(aoaglav){Q (V W) My (p )(aO’ahv)}}’

(ap.ay,v)ed' x o/ XV
where h(a),a,,v) = h(ap,a,,v)¢(ap,a,,v). The computations are straightforward,
and we left them in the Appendix for reference.
3.1 Efficient Influence Function

From the first equality in remark[I] we can obtain the EIC for W(P) via implicit dif-
ferentiation. We formally state the result here and leave the proof in the Appendix.

Lemma 1 (Efficient Influence Function).
Consider ¥ : # — R¢ as defined in (@) Suppose that the following k X k
normalizing matrix is invertible at (y,P) = (¥(P),P):

d
M(‘ljv &7 Z Yag,v(P)h(aéhal7v>¢(aé)vglvv) {paé,gl,v(P) _mll/(aé)aalav)}
V (@ av) e xa xv
A =
AOOI aO h(a’ ,V)¢(a6,gl,V)¢(a6,g1,V)me(a{),gl,V) [1 *mll/(az)aglavﬂ .
| ap,a €' x o

(12)
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The efficient influence function of ¥ at P € ./ is given by

M (¥(P),P)”' D*(Q,8,¥(P)),

where
K
D*(Q.8.v) =) Di(Q.8)+Dy(Q.8, )+ Dy (Q,v), (13)
t=0
with
I(AO — 616) 700 a ap,a ap,a
D; = h V)G o (L, VW) —Q,° " (L,_1,V,W
t(Q?g) gAO(l‘W) a{)ge'p{,xﬂ (a07§17 ) t { +1 ( tyV ) t ( t—1,V, )}7
1(Ao = a;) =~ a).a /
Dy (0, g, h(ay,a,V) Q25" (V,W) —my(ay,a,,V
v( ) gho(1| W) e (ag,a, )[ =0 (V, W) —my(ap,a, )}
_EP (il(a6vglvv) |:Q;lg§l (VvW) _mllf(aé)’alvv)} ‘A07W> })
D@ y)= X Ep{ hlap.ar,V) [Q05 (V. W)~ my (ap,a;, V)] |40 = ap, W }
acy
where CM = IA=a) fort=1,....K, and C* =1
L e84 (Aj=ajlAj1=a;-1 Lj1 V. Ag=ap, W)’ o !
fort=0.
Moreover; if Q = Qg or g = go, then PhD*(Q, g) = 0 implies ¥(Q) = ¥ (Qo).
Proof. The proof is given in the Appendix. [

Note that in the first robustness condition of lemma Q" = QV(Ry) can be
relaxed to

Ep { Rah.a,.V) [ Q55 (VW) =y (ah1.V)| [ 40 = ap, W} }

= Ep, { (a2, V) [Q105" (V.W) = my (a2, V)] [ 40 = ap, W } .

Remark 2. Dimensionality of V and Implementation: WhenV is high-dimensional
(or continuous), a regression-based estimator (parametric or data-adaptive) can
be used to directly estimate the conditional expectations with respect to QV that
appear in Dy, and in Dj,. However, for final evaluation of the target parameter
Y, we must solve the estimating equation Dy, in the variable y. One way to im-
plement th/is is using standard generalized linear modeling software package to
regress Q25" (v, W) onto the model my, with weights 1(Ay = ab)h(a),a;,V)0" (v |
Ao = ay, W), for a pooled data with every value in the outcome space of V. When
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V' is high-dimensional, this may be difficult to accomplish. Instead, using the given
representation of Dy,, one may employ numerical tools to solve for y in the corre-
sponding estimating equation.

This dilemma motivates us to consider trading the fully efficient D* for an
influence function that retains most of the robustness properties while altogether
avoiding estimating of the components relating to V. We consider this option next.

3.2 Projected Influence Function

As motivated by remark [2, when V is high-dimensional, we may instead consider a
projected influence function which still retains most of the robustness of D*.

Lemma 2 (Projected Influence Function).

Consider the setup in lemmall| Up to a normalizing matrix M (¥(P),P)”",
the following function is a gradient for ¥ at P under the model .#,,, in which gl
is known:

K
DY (0,8, %) =Y D;(Q,8)+ Dy (2,8, ¥),
t=1

where
0 I(AO = a6)
W g1 W)

Z il(aé)?al?‘/) [Q?ilgl (L07V7W) _mW(a61317V):| . (14)
ay,a €9 x.of

In particular, it is a valid estimating function for ¥ : M — R,

Moreover; if ' = g"(Py) and either Q?i)’gl = ?67@1 (Py) or g = g*(Ry),
then PyD*(Q, g) = 0 implies ¥(Q) = ¥(Qy).

Proof. The proof is given in the Appendix. [

At its face value, the proposed DA° may seem less robust than D*, as it al-
ways relies on consistent estimation of g% (Py). However, as we noted in remark
when V is high-dimensional, there are more standard machine learning algorithms
available for estimation of gAO. Moreover, the estimators that utilizes D¢ are also
easier to implement, since standard software packages can be used to solve for y in
the corresponding estimating equation of Da}’.
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4 Statistical Inference

With the two influence curves D* and DA° under our belt, in section we will
build two robust, substitution-based, asymptotically linear estimators via the tar-
geted maximum likelihood estimation (TMLE) methodology. In section we
describe an inverse-probability-weighted (IPW) estimator that is most commonly
used in the literature for estimating coefficients in an MSM. It is easier to implement
and may be more intuitive than the robust estimators; however, its consistency relies
solely on the correct estimation of g, and may suffer stability problems when the
weights are extreme. Under standard regularity and empirical process conditions
(detailed in e.g. Bickel et al.| (1997)), both the TMLE and IPW are asymptotically
linear, hence allowing influence curve-based estimators for the standard errors. In
section 4.3] we describe a non-targeted substitution estimator which utilizes a non-

/!
targeted MLE estimate of Q (or of Qfo’a' (Py) and g9 (Ry)). This estimator is biased
if these non-targeted MLE are not consistent.
For most of the estimators below, we first need to procure estimators g, =

<g;‘°, gA> of go. The marginal distribution of W will always be estimated by the
empirical distribution. For a given estimator y;, of yp, we will use

I(Ao = ay)

A
g (1| W) €' x of

M(y,) =P, h(aéaﬂlavm(%@laV)¢(a6a§1aV)men(af)v§1vV) [1 — My, (aéaﬁlav)]

to estimate the normalizing matrix.

4.1 Targeted Maximum Likelihood Estimator

In a traditional non-targeted MLE (like those in section , relevant parts of the
likelihood are estimated either by stratification (nonparametric MLE), by fitting a
parametric statistical model, or by using a machine-learning algorithm. These like-
lihood estimates are then used to evaluate the parameter of interest. As the number
of potential confounders increases, these methods may break down due to the curse
of dimensionality, or yield a bias—variance trade off that is not the most optimal for
the parameter of interest (which is a lower-dimensional object than the likelihood
components). A targeted MLE adds an updating (targeting) step to the likelihood
estimation process that aims to target the fit towards the parameter of interest, and
provide potential robustness and semiparametric efficiency gains. As a result of
this targeting step, the final likelihood estimate (coupled with the substitution-based
parameter estimate) satisfies a user-chosen score equation, hence also allowing in-
ference based on the Central Limit Theorem. We refer to lvan der Laan and Rubin

Hosted by The Berkeley Electronic Press



(2006) and jvan der Laan and Rose (2011) for the general methodology. Here, we
construct two targeted estimators using D40 and D*, respectively.

Both targeted estimators involve sequentially updating initial estimates of
the Q components by finding a best fluctuation along a submodel through a given
initial estimate We gather the following two ingredients before proceeding. Re-

garding Q,
quasi loglikelihood loss function for Q, -

0 a;

as a conditional expectation of M as given in ll we use the

t+1 >

, ot g
L( ?0731) :—I(A,:a,) 10g< ao7al> +1 +log (1_ aO,al)< 1 > . (15)

For a given (Q,g), and each r = 0,...,K, consider the d-dimensional working
submodel {0’ (¢€) : €}, with

ap,a . . ~apa =~y I(AO = Clé)) a

0-21 — I 0-2 B a ) 1

t (8) expit < Ogtht +E€ (a07glvv) gAO(l | W) Ct ( 6)
This submodel satisfies (£ Y, L ( a(”al( )> le=0) D (Dj(0Q,g)), where (x) repre-
sents the linear span of a vector x.

4.1.1 projected TMLE using projected-IC D0

1. Start atr = K: regress Ygx on (Lg_ ,AK,LO,V,W) and then evaluate at Ay =
/
apand A| = a, to obtain an initial estimator Qta , of Qa°7 (Py). The optimal
fluctuation amount around this initial estimate is given by

!
ap,a;

Ekp = argmeinza:P,,L( [:’I}ﬁ(e)) )

This can be implemented by creating one row for each individual and each

(ap,a;) € &' x o/, and ﬁtting a weighted logistic regression of Yx on the

¢( ()7al V)C (
20 (1W)

1(Ag=ap)I(A| = al)h(ao,al,V) and offset in}%{n(LK_l,V,W). Update the

multivariate covariate gn) on these observations with weights

initial estimator using Q"¢ "’al = Qfo’;ln(slg n)-

2. At each subsequent step t = K —1,...,1, we have thus far obtained an up-
dated estimator Qt’ 01 for each individual with (Ap)i=1and each a € &7

7071

Regress O, /77, on (L,,I,A,,LO,W,V) among observations with Ay = aj,

/
and evaluate at A; = a, to get an initial estimator QZ of an’al( Py). The
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optimal fluctuation amount around this initial estimator is given by &, =
argming Y, P, L < ao’al (8)> , and can be obtained in an analogous manner to

step 1. The updated estimator is Q, a0 _ an’al (&)

3. After sequentially performlng step (2) in order of decreasing ¢, we now have

a targeted estimator Q;’ W of an *(Py). Obtain an estimator y’ """ of

t=1,n
(V,W) on ¢(ap,a,,V),
. We call this estimator the projected TMLE.

a()7al

Y by fitting a weighted logistic regression of Qt I

I(Ap= ao)

with weights h(ap,a,,V)— 70 11w)’
8n

. *,d(,a TMLE TMLE .
By construction, P, D0 ( n g, wh ) 0. From lemma vy is an

unbiased estimator of yy if either (1) gno and Qd,ﬂ Hforr=1,... ,K are consis-
tent, or (2) g, is consistent. Compared to the full TMLE using D* in the next sec-
tion, this estimator is particularly appealing when V is high-dimensional, and still
provides more robustness protection than the estimators in sections and
. . o pTMLE
Moreover, under standard regularity and empirical process conditions, Y is
asymptotically linear with influence function M (¥(Ry))~ ' DA (P,). The asymptotic
covariance of \/n(y}; TMLE — Yp) can be estimated by the sample covariance matrix

Z};;TMLE fM(w’fTMLE) IDAO( *ao,al’ n’w}fTMLE>

4.1.2 Full TMLE using EIC D*

Motivated by remark 2] we rewrite D}, and Dy, in as

(Ao ap)

R, {taar,v) (O (V = v, W) — my (a2 v)

(ap.ay,v)ed' x o/ XV
X (I(V =v) = 0" (v Ao, W) }
ap,a;

Da’(Qa II/) = Z E(a()vglvV)QV(V|A0:a6vw){Qt:76 (V:V’W)_mW(a67§17v)}’

(ag.ay,v)ed x o/ XV

D;(Qaga II/) =

To use D*, we also consider the loss function L(QV) log QY (V|Ay=
apy, W), and a d-dimensional fluctuation model through a given Q" at € = 0 given
by

QV (V ’ Ao = 06,W> €Xp [8 i B<Q7 W) (W7 V)]
Zv QV(V | Ao = a(,)7W) eXp [8 B(Qvgv W)(Wv V)] 7

where B(Q, w)(W,V) =Y fz(a(),al,V){QaO’a‘(VW) mw(ag,gl,V)}. It is easy

to verify that (£ (AOH;() L(QV(€))]e=0) D (D} (Q,8,v)). The targeted estimator

0"(e)(V | Ay =ay,W) =
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which uses D* will do so via estimators for QV, instead of via estimators for a con-
ditional mean with respect to QV as discussed in remark This way, the estimates
for Yy can be easily obtained by fitting a weighted regression.

1. Perform steps (1) and (2) overr =K, ...,0 in section4.1.T]to obtain a targeted
estimator Qt’ G
2. Let QY be an estimator of Q" (Ry). For each a € &/, v € ¥ and individual i,
create a row of data consisting of Q:’:a&’f‘ (V=wW), h(ay,a,v), ¢(ap,a;,v)
and QY (v | Ag = aj,W). Obtain a first-iteration estimator y;! of yp by fit-
) “g;j‘l (V=v,W) on ¢(d,a,,v), with
weights h(ap,a;,v) x Q) (v | Ag = apy, W), on this pooled data.
3. Given y! obtained in previous step, we update the estimator for Q¥ (Ry) as

ting a weighted logistic regression of Q

follows. Using previously obtained Qt’ g’n , &n, and l//,}, the optimal fluctua-

tion amount around the initial Q¥ is given by &/ = argmin, P, I AAO(’”‘V"(/’ (0)(¢))-

This can be obtained by solving for € in the equation

B Y, Byi(Wii,v)OV (v | Ag = ap, Wi ;) exp [€ - B, (Wi ;,v)]
Y, 0V (v| Ao =ah,Wi)exp [e-B,(Wy;,v)]

where B, = B ((ijé)f' :
0y (&7). |
4. Having obtained an updated density Q,‘l/’ at the j-th iteration, repeat step (2)
and (3) to obtain a targeted estimate of l[//lJrl and Q{',j;l, until S,Y converges
to 0. In practice, this convergence can be achieved (E:lose to 0) after a few
iterations. We denote the final updates as l//,f TMLE and QZ’V. We call this

estimator the full TMLE.

a), w,l) The updated density is given by Qy,, =

* “o7al> where QY is the empirical distribution of

* TMLE

Let 0; = (V. 0:" .10,

W. By design, P,D*(Q%, gn, Wi’ TMLE) 0. From lemmal we know that y,’

is unbiased if either Q) = Qg or g, = go. Under standard regularity and empir-

ical process conditions, ;,’ W TMLE 5o asymptotically linear with influence function
M(¥(Ry))~'D*(Py). The asymptotic covariance of v/n(y;" M — yp) can be esti-

mated by the sample covariance matrix X5 M55 of {M (g TMEEN =1 p <Qn, gn, W' TMLE) }
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In particular, since M(W¥(Py))~'D*(Py) is the canonical gradient of ¥ at P, the es-
timator y;, IMLE asymptotically efficient if all relevant components in D* are
consistently estimated.

4.2 Inverse Probability Weighted estimator
From remark[I] another valid estimating function for W is given by

DIPW(& w) = 1(Ag = af))

=iiTw) , L, MapanVICR [Ye—my(apa, V)] (7)

ay,a €9 x.of

Up to a normalizing matrix M (¥(P),P)™", as defined in , D'"W (g, y) is a
gradient for ¥ under a model .#, where g is known. This is an unbiased esti-
mating function for yy if g(P) = go. To implement the IPW estimator, for each

ay,a; and each individual i withAg = a;, and A| = a,, we create a row of data
consisting of Yk, ¢(ay,a;,Vi), h(aj,a;,Vi), Cl%{i, g1 | Wii). The estimator
w!P¥ can be obtained by fitting a weighted regression of Yx on ¢(ap,a;,V), with
weights m}z(ag,gl,V)C%. This w!PW satisfies P,D'™V (g,, V) =0, and
it’s unbiased if g, consistently estimates gg. Under standard regularity and em-
pirical process conditions, w! is asymptotically linear with influence function
M(¥(Py)) 'D'"¥ (go). The asymptotic covariance of \/n(yw!"" — yp) can be esti-

mated by the sample covariance matrix XV of {M(yPV)~1DIPW (g, yiPW) 1.

4.3 Non-Targeted Substitution Estimator

This is commonly referred to as the G-computation estimator; it utilizes non-targeted
MLE estimators for the components of the data generating distribution that are rel-
evant in the definition of ¥. From (9) and remark [I] we can express ¥(P) as

¥ (Q?i’g "(Py),Q" (P0)> or ¥ (Q?i’og "(Ry), gé‘”) , the latter option opening the door
for G-computation estimator in applications with high-dimensional V. Unlike the

other estimators discussed so far, there is no theory ensuring a central limit theorem
based inference for the G-computation estimator.

° R a6,gl . .
To obtain an estimator Q %" (Fy), we can use a sequential regression ap-
proach by performing steps (1) and (2) of section4.1.1] starting at = K and ending
!

610./@]

e n instead of

at t = 0, but without the targeting procedure, i.e. always use Q

/ /
Q::lﬁ’f "atz. At the end of K + 1 steps, we have an estimator Q?i’ilrl.
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We first consider the representation W <Q?i’§‘ (Py),0" (Po)). Let QY be an
estimators of QY (Py). For each observation i, each ap,a, and each v € ¥, we

/
create a row of data consisting of Q/°5! (V = v,W), ¢ (ab,a;,v), h(d),a;,v),0) (v |

Ao = ajy,W). The estimator yy %" can be obtained by a weighted regression
/
0,20, (V =v,W) on ¢(a),a,,v), with weights h(af,a;,v)QY (v | Ag = afy, ). This
/
yyC°"P is unbiased if both "5 and Q) are consistent.

/
Consider now the alternative representation W (Qj‘g(%l (Py), gg()), from the
equalities in remark |1} For each observation i and each ap,a, create a row of data

Do (V. W), ¢(ah,a,,V), h(ap,a,,V), ¢.°(1| W). The estimator

t=0,n

¥, OO can be obtained by a weighted regression Q05" (V,W) on ¢ (dj,a;,V),

t=0,n

consisting of Q

. . h(d)aV . . . . '
with weights % This y; " ““”" is unbiased if both 0/ and g,° are con-
&n ’

sistent.

5 Simulation Study

In this section, we examine the relative performance of the projected TMLE es-
timator (section {.1.1), the IPW estimator (section 4.2), and the G-computation
estimator (section [4.3)) for the parameters of an MSM model.

5.1 Data Generating Process and Target Parameter
We consider a survival type example with data structure O = (W, Ao, V, Lo, (As,L;) :

t =1,...K) with K = 3, where A is the treatment assignment, A, for t > 1 is the
indicator of remaining in the study by time . Time varying covariate L; consist of
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L, L,z, and the death indicator Y;. The data generating process is as follows:
(W', W?) ~ (Bern(0.3),Bern(0.7)) ;
Ag ~ Bern (expit(1 +ow! + 0.1W2)) ;
Ve{0,1,2) ~ {z(v — 1) ~ Bern (expit(—2+1.2W"' +0.7W?)) ,
{1(V=2)|V #1} ~ Bern (expit(—0.7 + 12w! —|—W2)) };
LY ~ Bern (expit(—0.2+2W' +0.5W2 +0.21(V = 1) +0.4/(V =2))),
L§ ~ Bern (expit(—0.8+ W' + W* —0.3I(V = 1) = 0.11(V =2)));
Bern (expit(—l FW A 13W2 0.1V = 1) +0.11(V =2) +1.2LY + L2 — 0.7W' x L2
—0.5W2 x L(l))), forr =1,
A~ Bern (expit(Z FW W2 401V = 1)+ 0.11(V = 2) +0.6L} + 1.2L2 — 0.54 — 0.1¢
+0.8L} —0.3L2+0.1L} | —0.2L2 | —03A X L3 +02A x W! —0.34 x L2
~024xLL,)) fors > 1.

L' ~ Bern (expit(—l FWH0.AW2 —05I(V = 1) — 0.71(V = 2) + L} + 0312 + 1.54 + 0.41
L —08AXI(V=1)—024xI(V =2)—0.3Ax W1)>;

L? ~ Bern (expit(—Z +0. W +0.1W2 +0.51(V = 1) +0.51(V =2) +0.7Ly +0.2L5 — A +0.2¢
FI2 —02A%I(V =1)—04A x [(V =2) —0.34 x L(%));

Y; ~ Bern (expit(—1.4—|— 1LSWE W2 —0.71(V =1)—0.81(V =2) + L+ Lj+A— L} —0.1L?
—L 0302 +AXI(V=1)+084AxI(V=2)—034xL]
—04A XL, —03AxL3—02Ax W1)>.

Once either the censoring jumps to 0 or death process jump to 1, then all subsequent

variables are encoded by carrying forward their last observation.

Our interventions of interest are Ao = a, and &/ = {(0,1,1),(1,
der the above distribution, 0.1 < go(A; =11-) <0.95, and go(A; =1 |

allt > 2.
We model the dose response {p,; 4, , : a,v} by the MSM

1,1)}. Un-
-) > 0.5 for

my(ag,a;,v) = expit(Y + Yoa + Y31+ Yava + Ysarvi + Yeav2) = expit(y- ¢ (ag,a;,v)),

where ¢(ay,a;,v) = (1,a1,v1,v2,a1v1,a1v2), with kernel weights h(ap,a,,v) =
Py(a | v,Ag = ap). Note that in this case, the kernel weights are assumed to be
known. The target parameter defined in @[) takes value yp = (0.825,0.105,0.249, —0.046, 1.474,0.960).
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5.2 Estimators

The Ag mechanism g is estimated using Super Learner (van der Laan, Polley,
and Hubbard (2007)) with candidate fitting algorithms glm and nnet, adjusting
for W! and W2. Using sample splitting, Super Learner selects a convex combi-
nation of the candidate algorithms which yields an estimator with minimal cross
validated risk. Theoretical results from [van der Vaart, Dudoit, and van der Laan
(2006) and van der Laan, Dudoit, and Keleg|(2004) showed that this estimator con-
verges to an oracle estimator. We use two estimators for g*: a correctly specified
logistic model (shorthand *gc’), and a misspecified logistic model (’gm’) that omits
W1 W2 L}, 13,L}. The denominator for each C" is truncated below by 0.025. We

use two estimators for Q?wl (Py): both use Super Learner with candidate fitting
algorithms glm and nnet, the correctly specified estimator ("Qc’) adjusts for all
baseline variables and all time-varying covariates up to one time lag, the misspeci-
fied estimator (’Qm’) only adjusts for V| and V; at each time ¢.

. . . . ah.a
We consider 3 cases of model misspecification on Q,°' and g*: all cor-
/
ag>a1

rect ("Qc, gc’); correct Q?6’ and misspecified gA (’Qc,gm’); misspecified Q;
and correct g¢* ("Qm, gc’). For all three cases we always use the same correctly
specified g4°. We implement the second version of the G-comp estimator in
where the weights are given by g40. The G-computation estimator changes only
under specifications *Qc, gc’ and *’Qm, gc’. The IPW estimator changes only under
specifications "Qc, gc’ and "Qc, gm’.

aj

5.3 Results

The bias, variance, and coverage probability (for the influence-function-based con-
fidence intervals) are appraised using 500 repetitions.
In table I} we see that when g# is misspecified, projected TMLE using a

an,a
correct Q, %!

Qfg”a' is misspecified, projected TMLE using the correct g reduces bias over the
misspecified G-computation estimator. When comparing the correct vs misspec-
ified G-computation estimators, and the correct vs misspecified IPW, coefficients
involving the adjusted covariates (V1,V,) were still estimated very well by the mis-
specified estimator. Under *Qc, gc’, the correct G-computation estimator converges
much slower than the IPW and the projected TMLE estimators. We posit that this
may be due to its sole reliance on the nonparametric likelihood estimates. As ex-
pected, G-computation has the smallest sample variance, and IPW has the largest
sample variance despite the truncated estimators for g. Under certain regularity

reduces bias over the misspecified IPW estimator. Similarly, when
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conditions, the IPW and projected TMLE estimators are asymptotically linear —
table |2| tabulates the coverage probability of their Influence-Function based con-
fidence intervals. At the correct models (Qc,gc), IPW and projected TMLE are
asymptotically linear with influence function D'*" and D0, respectively. We used

\/varDIPW /p and \/varD}° /n to estimate their respective standard errors. As sam-
ple size grows, the actual coverage probability is quite close to the nominal cover-
age probability, with IPW having a better coverage. When one of the components is
misspecified, the projected TMLE still provides very good coverage, even though
theoretically DA is only part of its influence curve; we postulate that this is be-
cause the influence function based standard error estimates are large relative to the
finite sample bias. The misspecified IPW has very good coverage for the covari-
ates that were adjusted for in the misspecified model, but very bad coverage for the
confounded coefficients (A and the intercept).

6 Data Analysis Example

To illustrate the application of the projected TMLE, we revisit our earlier example:
the Sequenced Treatment Alternatives to Relieve Depression (STAR*D). After an
initial screening process, patients are enrolled into level 1 of the treatment, where
everyone was treated with citalopram. At the start of each subsequent level, if a
patient still remains in the study, then he is randomized to an option (i.e. a par-
ticular mediation) within one of his accepted treatment strategies (augmenting vs
switching). Regular follow-up visits are conducted throughout each level. At each
follow-up visit, covariates are collected, and the patient is subject to dropout, enter-
ing remission, or moving onto next level.

In the field of depression research, there is very few literature concerning
individual baseline characteristics that may differentially modify the effect of the
treatment strategies. For this data analysis example, suppose at level 2 we wish
to identify potential modifiers of the effect of switching medication vs augmenting
medication on the chances of entering remission by the end of level 2. Because
the strategies themselves are not randomized, this analysis is de facto equivalent
to that of an observational study, and our estimators will correspondingly account
for baseline and time-varying confounding. All candidate modifiers are a priori
selected through a literature review of previous START*D publications. These co-
variates are measured prior to the assignment of level 2 treatment, either at study
screening, clinical visits or exit surveys at the end of level 1. Many of these can-
didate modifiers are subject to missingness, often times due to missing visits and
surveys, therein lies the need for the tools developed here. Our study population is
the set of 1395 patients at level 2 who found medication strategies acceptable. Note
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that because switching medication and augmenting medication are general treat-
ment strategies that encompasses various treatment options (specific medications),
for most patients these strategies are self-selected. Table [3] tabulates the events in
level 2 by strategy received. Note that there are three strategies received, but we are
only comparing switching medication vs augmenting medication. The data struc-
ture was described in detail in section |2| as part of our running example.

We consider here two types of potential effect modifiers: some are mea-
sured at screening and some are measured at exit of level 1. Table 4] summarizes
percent of missingness, range, and scale of each effect modifier. Of all the candidate
modifiers proposed by literature review, we exclude from our analysis the history
of amphetamine use at baseline and history of drug abuse, since these two variables
are missing for more than 70% of the patients. The multivariate nature of most of
the effect modifiers underscores the need for projected TMLE. If V is screening
covariate, W includes all demographic variables and medical and psychiatric his-
tory prior to enrollment; if V is level 1 exit covariate, then we add to W variables
summarizing number of visits, adherence to study protocol, and time spent in level
1.

The MSM is a generalized linear model with logit link. The linear predictor
¢(a6,§1,v) = (l,al,vl, ey Vi, Ay XV, ..,ap X vk) and y = (l[/l, Vo, Y31, s Y3k, Yal,. .-, 1[147]{) €
R?K+2 for the categorical V with k+ 1 categories, and ¢ (ap,a;,v) = (1 .ap,v,v2,a) X v,a; X vz)
and ¥ = (Y1, V2, V3.1, Y32, Y4 1, l[/472) € RO for the semi-continuous V. The kernel
weights are h(ap,a,,V) = Py(A; =a; | V), to be estimated using Super Learner with
fitting algorithms glm, knnreg, nnet and bayesglm. The Super Learner will
use 10-fold cross validation to select the best weighted combination of these fitting

algorithms to estimate h(aj,a,,V). The initial estimators of g and Qf{)’al adjust for
all baseline covariates and time-varying covariates with up to 2 time lag (each co-
variate is coupled with its missingness indicator). We used Super Learner with the
fitting algorithms glm, knnreg, nnet and bayesglm; each fitting algorithm
is coupled with each of the following screening algorithms: Spearman correlation
tests at significance levels 0.01, 0.05, 0.1, 0.2; ranking p-values from the correlation
tests and take the top k variables, where k ranges from 10 variables up to 30% of the
total number of variables being considered, in increments of 20. The Super Learner
selects the best linear combination of all screening-fitting couples.

The goal of the analysis is to identify potential effect modifiers from a pool
of candidate pre-treatment covariates. Our strategy is to measure the treatment
heterogeneity for each of these covariates using an MSM, and then apply multiple
hypothesis testing methods to identify those for which the treatment heterogeneity
is significant. A common way to assess treatment heterogeneity across strata of V
is to test whether the coefficients of the interaction terms Wy = (W4 1,... Wax) are
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different from 0. We perform the corresponding Wald test in table [5| with the null
hypothesis Yy = 0 and test statistics 7, = l//47nTZ,j 11//47,, ~ )(,f, where Yy, is the
Ao — TMLE estimator, X, = Con(D’s,?‘) /n, and k is the number of interaction terms.
The false discovery rate (FDR) of the simultaneous comparisons are controlled at
0.05 with the Benjamini-Hochberg procedure.

Since these candidate covariates differ in their type (semi-continuous vs bi-
nary vs multiple categories), the corresponding MSM parameters are of different
dimensions, we also consider the measure of treatment heterogeneity

B(y) = maxlog(v; y) —min Lor(v; y),

where

Lor(v;y) =log mlviv) o0 mOny) Yo + Wy 1vi + -+ Wy kv, for categorical V,
1=m(1.v;y) 1=m(0.v;y) Vs + Wy 1v+ Yy V2, for semi-continuous V.

This measure quantifies the most change in log odds ratio between any two val-
ues of V. Consider the null hypothesis Hy : B(yp) = 0. Using projected TMLE,
we obtain an estimator 8, = B (v} TMLE) of By for each V. An application of the
functional delta Method, with the covariance matrix ,, of the estimated influence
function D}, yields a standard error estimate SE,, for 3,. We use the test statistics
T, = Bu/SE, ~ N(0,1). The results of the analysis are summarized in table 6| In-
terestingly, the two approaches yield almost all the same potential effect modifiers.

Using our methods, we identified six factors, two at screening and four
at level 1 exit, that modified the comparative treatment effect of augmenting vs
switching medication. These effect modifiers are: prior suicide attempts, atypical
depression, level 1 side-effect frequencies and burden (impairment), SF-36 phys-
ical functionality, and quality of life at level 1 exit. In general, the heterogeneity
of the treatment effects are most pronounced for the level 1 exit modifiers than for
those from screening, indicating opportunities for close monitoring and medication
management.

There has only been one publication that addressed the heterogeneous treat-
ment effects between switching and augmenting in level 2 treatment in STAR*D
(Ellis, Dusetzina, Hansen, Gaynes, Farley, and Stumer (2013)). The authors em-
ployed propensity score and weighting methods to examine heterogeneity of the
treatment effect among the treated (medication augmentation) through stratifica-
tion by propensity score decile. This approach does not explicitly identify factors
contributing to heterogeneity. Missing data is less problematic in this case, and is
handled by multiple imputation.
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!
Table 1: Results: Bias, Variance, MSE for estimators of Y. Qc = correct Q,ao’g‘,
d-a

Qm= misspecified Q,°"', gc=correct g4, gm=misspecified g*.

174 Intercept A Vi %) A XV, AXVy

n 500 2000 [ 500 2000 [ 500 2000 [ 500 2000 [ 500 2000 [ 500 2000
Bias

Qc, gc

Gcomp 0.334  0.364 | 0.606 0.603 | 0.82 0.818 | 0.560 0.552 | 1.377 1.390 | 0.906 0.904
IPW 0.016 0.017 | 0.056 0.063 | 0.169 0.131 | 0.070 0.073 | 0.402 0.117 | 0.083 0.099
projected TMLE | 0.036  0.001 | 0.021 0.002 | 0.078 0.054 | 0.014 0.008 | 0.519 0.018 | 0.002 0.006
Qc, gm

IPW 0.492 0512 | 0.831 0.836 | 0.094 0.131 | 0.075 0.072 | 0.638 0.160 | 0.026 0.004
projected TMLE | 0.022  0.033 | 0.029 0.028 | 0.069 0.029 | 0.02 0.006 | 0.499 0.015 | 0.008 0.008
Qm, gc

Gcomp 0.751 0.773 | 1.383 1.353 | 0.66 0.640 | 0.431 0414 | 1.089 1.069 | 0.752 0.727

projected TMLE | 0.01 0.024 | 0.04 0.064 | 0.123  0.124 | 0.048 0.062 | 0.462 0.103 | 0.041 0.081
Variance

Qc, ge

Gcomp 0.082 0.019 | 0.112 0.023 | 0.137 0.033 | 0.084 0.017 | 0.038 0.008 | 0.022  0.005
IPW 0.134  0.035 | 0226 0.051 | 0.939 0.118 | 0.353 0.068 | 9.605 0.235 | 0.555  0.112
projected TMLE | 0.113  0.029 | 0.187 0.041 | 0.734 0.091 | 0279 0.053 | 9.149 0.169 | 0.398  0.092
Qc, gm

IPW 0.114 0.030 | 0.196 0.045 | 0.897 0.093 | 0259 0.056 | 9.298 0.184 | 0.418  0.094
projected TMLE | 0.097 0.026 | 0.16  0.036 | 0.718 0.078 | 0.21 0.048 | 9.062 0.141 | 0319  0.078
Qm, gc

Gcomp 0.095 0.024 | 0.146 0.035 | 0.147 0.045 | 0.091 0.024 | 0.191 0.057 | 0.071 0.025

projected TMLE | 0.123  0.031 | 0.201  0.044 | 0.839 0.105 | 0.316 0.057 | 9.424  0.207 | 0.464 0.096
MSE

Qe, ge

Gcomp 0.195 0.151 | 0479 0387 | 0.809 0.701 | 0397 0.322 | 1.934 1941 | 0.842 0.822
IPW 0.134 0.035 | 0.229 0.054 | 0967 0.135 | 0358 0.073 | 9.767 0.248 | 0.562 0.122
projected TMLE | 0.115 0.029 | 0.187 0.041 | 0.740 0.094 | 0.279 0.053 | 9419 0.17 0.398 0.092
Qc, gm

IPW 0.357 0292 | 0.887 0.744 | 0906 0.111 | 0.264 0.062 | 9.704 0.21 0.419 0.094
projected TMLE | 0.097 0.027 | 0.16 0.036 | 0.723 0.079 | 0.210 0.048 | 9.311 0.141 | 0.319 0.078
Qm, gc

Gcomp 0.66 0.621 | 2.059 1.865 | 0.583 0455 | 0.277 0.195 | 1.377 1.2 0.6378  0.554

projected TMLE | 0.123 ~ 0.031 | 0.203 0.048 | 0.854 0.12 0.318 0.061 | 9.637 0.218 | 0.466 0.103
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Table 2: Coverage Probability for the Asymptotically Linear Estimators, using
Influence-Function based Confidence Interval. Qc = correct Q?O’a'

fied Q?O’gl , gc=correct g, gm=misspecified g*.

, Qm= misspeci-

Intercept A Vi %3 A XV A XV

n 500 2000 500 2000 500 2000 500 2000 500 2000 500 2000
Qc, g

IPW 0.948 0946 | 0944 0.940 | 0.966 0930 | 0.940 0952 | 0912 0.950 | 0.956 0.960
projected TMLE | 0934  0.932 | 0934 0942 | 0936 0.924 | 0918 0.946 | 0.906 0942 | 0.942 0.938
Qc, gm

IPW 0.698 0.146 | 0.556 0.022 | 0.956 0928 | 0.958 0.958 | 0928 0.942 | 0.958 0.964
projected TMLE | 0.964 0.956 | 0.954 0956 | 0.984 0984 | 0972 0986 | 0.932 0954 | 0.966 0.964
Qm, gc

projected TMLE | 0.942 0930 | 0942 0.948 | 0956 0930 | 0.936 0954 | 0.896 0.942 | 0954 0.958

Table 3: Level 2 events by acceptable strategy received

Med-Sw | Med-Aug any CT

Received 727 565 103
Success | 257 (35%) | 287 (51%) | 53 (51%)
No Success | 227 (32%) | 132 (23%) | 22 (21%)
Dropout | 243 (33%) | 146 (26%) | 28 (27%)

Hosted by The Berkeley Electronic Press



Table 4: Candidate effect modifiers of interest for level 2. Candidates with more
than 50% missing in the study population will be discarded from the analysis.

% missing type (# of categories, or range of
semi-continuous variable)
At screening
race 0 Categorical (3)
years of schooling completed 0  Semi-continuous (0,27)
employment status 0 Categorical (3)
education level 0 Categorical (3)
attempted suicide 0 Categorical (2)
duration of current major depression episode (in units of 1 Semi-continuous (0,111)

6 months)
AxI: Amphetamine
history of drug abuse

73 (will not use)
76 (will not use)

Categorical (2)
Categorical (2)

# of Cumulative Illness Rating (CIRS) categories 0  Semi-continuous (0,12)
CIRS severity score 0 Semi-continuous (0,4)
Have AxI Obsessive-Compulsive Disorder 1 Categorical (2)

Have AxI Panic Disorder 1 Categorical (2)

Have AxI Post Traumatic Stress Disorder 2 Categorical (2)

Have AxI Agoraphobia 1 Categorical (2)

Have AxI Social Anxiety Disorder 2 Categorical (2)

Have AxI Generalized Anxiety Disorder 2 Categorical (2)
Anxious Depression at screening 6 Categorical (2)
Atypical Depression at screening 5 Categorical (2)
Melancholic Depression at screening 5 Categorical (2)

At level 1 exit

Maximum Side Effects 1 Categorical (7)

SF-36 Physical Health (in units of 5) 23 Semi-continuous (0,12)
SF-36 Mental Health (in units of 5) 23 Semi-continuous ((0,12)
Quality of Life 23 Semi-continuous (0,98)
Side effect burden 1 Categorical (7)

Quick Inventory of Depressive Symptom (QIDS) total 1 Semi-continuous (0,27)
score (self-reported)

Hamilton rating scale for depression (17-time) score 12 Semi-continuous (0,43)
IDS (30-item) score 13 Semi-continuous (0,74)
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Table 5: Data Analysis Results: Multivariate Wald Test. yy = (W4 1,... Yay) are
the coefficients of the interaction terms in the MSM; if V is semi-continuous, in-
teraction terms are Wy - (v,v?), if V is categorical with k + 1 categories, interaction
terms are Wy - (vi,...,v¢). Hy: yg=0. T, = l//4,nTZ;1 Vi~ x,f, where v, is given
by projected TMLE, and X, is the corresponding covariance estimator based on
the covariance matrix of the projected-IC. Control false discovery rate at 0.05 with

Benjamini-Hochberg procedure

P-value reject Yy SE(yy)

At screening

race 497e-01 F (-1.68e-01, -4.62e-01) (2.62¢-01, 4.27e-01)

years of schooling completed 2.89-01 F (2.50e-01, -1.10e-02) (1.71e-01, 7.07e-03)

employment status 1.50e-01 F (3.92e-01, -3.94¢-01) (2.30e-01, 5.89e-01)

education level 1.13e-01 F (4.89¢-01, -5.69¢-03) (3.13e-01, 3.80e-01)

attempted suicide 1.80e-05 T (-1.10e+00) (2.56e-01)

duration of current major depres- 4.44e-02 F (1.92e-02, -9.41e-04) (2.78e-02, 5.59¢-04)

sion episode (in units of 6 months)

# of Cumulative Illness Rating 2.05e-02 F (3.40e-01, -4.51e-02) (1.42e-01, 1.65e-02)

(CIRS) categories

CIRS severity score 8.09e-02 F (-6.21e-01, 3.65e-01) (4.41e-01, 1.85e-01)

Have AxI Obsessive-Compulsive 5.20e-01 F (-1.86e-01) (2.89¢-01)

Disorder

Have AxI Panic Disorder 1.17e-01 F (5.53e-01) (3.53e-01)

Have AxI Post-Traumatic Stress 8.78e-01 F (3.86e-02) (2.51e-01)

Disorder

Have AxI Agoraphobia Disorder 9.73e-01 F (1.04e-02) (3.12e-01)

Have AxI Social Anxiety Disorder  5.15e-01 F (1.81e-01) (2.78e-01)

Have AxI Generalized Anxiety Dis- 1.90e-01 F (3.68e-01) (2.81e-01)

order

Anxious Depression at screening 6.8%9¢-01 F (-9.17e-02) (2.3e-01)

Atypical Depression at screening 4.15¢-04 T (9.79¢-01) (2.77e-01)

Melancholic Depression at screen- 1.58e-01 F (-3.48e-01) (2.46¢-01)

ing

Atlevel 1 exit

Maximum side effects 6.46e-09 T ( 5.53e-01, 8.10e-02, (5.27e-01, 5.25e-01, 4.59¢-
1.85e+00, -2.62e-01, 01, 5.02e-01, 5.20e-01,
1.39e+00, 5.88e-01) 5.65e-01)

SF-36 Physical Health (in units of 6.83e-09 T (2.55e+00, -1.74e-01) (4.17e-01, 2.91e-02)

5)

SF-36 Mental Health (in units of 5)  1.36e-01 F (5.55e-01, -5.48e-02) (2.78e-01, 2.86e-02)

Quality of Life 4.84e-04 T (-7.53e-02, 5.35e-04) (3.12e-02, 3.46e-04)

Side effect burden 0.00e+00 T (2.91e-01, 5.18e-01, -6.26e-  (2.00e-03, 2.41e-03, 2.60e-
02, 1.29e+00, 2.73e+00, - 03, 2.50e-03, 1.96e-03,
5.85e-01) 1.21e-03)

Quick Inventory of Depressive 7.61e-02 F (2.82e-01, -1.03¢-02) (1.24e-01, 4.62¢-03)

Symptom (QIDS) to- tal score

(self-reported)

Hamilton rating scale for depres- 4.83e-02 F (1.16e-01, -1.88e-03) (8.45e-02, 2.17e-03)

sion (17-item) score

IDS (30 item) score 1.27¢e-01 F (5.06e-02, -4.75¢-04) (4.47e-02, 6.72e-04)
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Table 6: Data Analysis Results: By = max,lor(v; Wo) —min,lor(v; Wo), Hy : Bo =0.
T, = B./SE, ~ N(0, 1), where y, given by projected TMLE. The standard error es-
timate SE(,) is computed using on the variance of the projected-IC and the func-
tional delta method. Control false discovery rate at 0.05 with Benjamini-Hochberg
procedure

P reject B, SE(B,) argmin, lor(v; o) argmax,for(v; W)
At screening
race 2.8¢-01 F 4.6e-01 4.3e-01  3.0e+00 2.0e+00
years of schooling com- 1.2e-01 F 2.7e+00 1.7e+00 2.7e+01 1.1e+01
pleted
employment status 1.9e-01 F 7.9e-01  6.0e-01  3.0e+00 2.0e+00
education level 9.2e-02 F 4.9e-01 2.9e-01  3.0e+00 2.0e+00
attempted suicide 1.8e-05 T 1.1e+00 2.6e-01  1.0e+00 0.0e+00
duration of current majorde- 3.3e-02 F 9.6e+00 4.5e+00 1.1e+02 1.0e+01
pression episode (in units of
6 months)
# of Cumulative Illness Rat- 5.9e-03 T 3.1e+00 1.1e+00 1.2e+01 3.8e+00
ing (CIRS) categories
CIRS severity score 2.7e-02 F 3.6e+00 1.6e+00 8.5e-01 4.0e+00
Have  AxI  Obsessive- 5.2e-01 F 1.9e-01  2.9e-01  1.0e+00 0.0e+00
Compulsive Disorder
Have AxI Panic Disorder 1.2e-01 F 5.5e-01 3.5e-01  0.0e+00 1.0e+00
Have AxI Post-Traumatic 8.8e-01 F 39e-02 2.5e-01  0.0e+00 1.0e+00
Stress Disorder
Have AxI Agoraphobia Dis- 9.7e-01 F 1.0e-02  3.1e-01  0.0e+00 1.0e+00
order
Have AxI Social Anxiety 5.2e-01 F 1.8e-01  2.8e-01  0.0e+00 1.0e+00
Disorder
Have AxI Generalized Anx- 1.9e-01 F 3.7e-01 2.8e-01  0.0e+00 1.0e+00
iety Disorder
Anxious Depression at 6.9e-01 F 9.2e-02 23e-01 1.0e+00 0.0e+00
screening
Atypical Depression at 4.2e-04 T 9.8e-01 2.8e-01  0.0e+00 1.0e+00
screening
Melancholic Depression at 1.6e-01 F 3.5e-01 2.5e-01 1.0e+00 0.0e+00
screening
Atlevel 1 exit
Maximum side effects 8.1e-09 T 2.1e+00 3.7e-01  4.0e+00 3.0e+00
SF-36 Physical Health (in 9.0e-10 T 9.3e+00 1.5e+00 0.0e+00 7.3e+00
units of 5)
SF-36 Mental Health (in 1.0e-01 F 2.6e+00 1.6e+00 1.2e+01 5.1e+00
units of 5)
Quality of Life l4e-04 T 2.6e+00 7.0e-01  7.0e+01 0.0e+00
Side effect burden 0.0e+00 T 33e+00 2.3e-03  6.0e+00 5.0e+00
Quick Inventory of Depres- 2.7e-02 F 1.9e+00 8.7e-01  0.0e+00 1.4e+01
sive Symptom (QIDS) to- tal
score (self-reported)
Hamilton rating scale forde- 2.0e-02 F 1.8e+00 7.6e-01  0.0e+00 3.1e+01
pression (17-item) score
IDS (30 item) score 5.1e-02 F 1.3e+00 6.9e-01  0.0e+00 5.3e+01
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7 Summary

In this work, we studied causal effect modification by a counterfactual modifier.
The tools developed here are applicable in situations where the effect modifier of
interest may be better cast as counterfactual variables. Examples of such situations
include the study of time-varying effect modification, or the study of baseline ef-
fect modification with modifiers that are missing at random. We established the
efficient influence function (EIC) for the corresponding marginal structural model
parameters which provides the semiparametric efficiency bound for all the asymp-
totically linear estimators. This efficient influence function is also doubly robust
in that it remains an unbiased estimating function if either 1) the outcome expecta-
tions and the modifier density, or 2) the treatment and censoring mechanisms, are
consistently estimated. However, in applications with high-dimensional V, we saw
that it may be difficult to fully utilize the EIC without potentially compromising
consistency. To solve this problem, we presented a projected influence function
(projected IC), which equals the EIC in a model where the missingness mechanism
(or more generally, pre-modifier intervention, Ag) is known. Though not fully ef-
ficient under the larger model, this projected IC is robust against misspecification
of the outcome models or the treatment mechanisms, whenever the missingness
mechanism is consistently estimated. We presented two TMLE estimators using
the EIC and the projected IC which also inherit the corresponding robustness prop-
erties. We also described an IPW estimator that is unbiased if the intervention
probabilities are consistently estimated, and a non-targeted G-computation estima-
tor that is unbiased if the outcome expectations and either the modifier density or
the missingness mechanism are consistently estimated. Under standard regularity
and empirical process conditions, the two TMLE estimators and the IPW estimators
are asymptotically linear, thereby allowing Central Limit Theorem based standard
error estimates. Moreover, the full TMLE estimator using the EIC will be semipara-
metric efficient if all the components of the likelihood are consistently estimated.
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9 Appendix

9.1 Proof of remark 1]

The first equality in the remark follows from definition of ¥(P) and choice of
my(ag,a;,v), the third equality is trivial. We only show the second one.

Na,, 7V(P)
Z h(aé)’gl’v)q)(aé)?glav)')/aﬁ-,v(})) {Oalp
(a{)?glyv)ELQ{/XJyX/V ,}/aé)’v( )

:_EP Z h(a67§17v)¢<a67glvv>{Qv(v‘AO:aé)vW)Q:lg(?l(vaw)_na6,gl,v(P)}
(a.a;,v)ed <o XV

— My(p) (aéhal ) V) }

+Ep Y h(ag,a;,v)9(ap,a;,v)Q" (v |A0206>W){Q?g§' (v,W)—mw(P)(af),al,V)}
(‘167317V)€J<{’><J4{><’7/

The first-line in the right-hand-side of the above equation is zero by definition of
naé,gl,v(P)'

9.2 Proof of lemma [I}: Efficient influence function for ¥(P) un-
der ./

In this appendix, we derive the efficient influence function at P of the map ¥ : .# —
R9. For each P € .#, let 7 denote the Hilbert space of 1-dimensional mean zero
measurable functions of O with finite variance, endowed with the covariance inner
product. For an r € ¢p, define a 1-dimensional parametric submodel {P, () : |a| <
1/]|r||}, through P at o = 0, given by di;l([,a) = 1+ ar(0). Since we are working
under a saturated model .#, this submodel is indeed contained in .#. We shall
consider the the class of all such 1-dimensional submodels indexed by 5.

For a given D € s, we define the vector inner product Ep (D x r) as the
vector of the component-wise inner products (Ep (D i X r) cj=1.. .d). We wish
to how that D* satisfies

d¥(P,(a))
da

=M (¥(P),P) "Ep(D* xr).

a=0

From definition of the maps ‘P, Ve v and Nl a, v and our choice of working
model my (ag,a;,v), we know that at each P,(o)

naé,gl ,V(Pf(a))

—m ap,a’,v
},%N(Pr(a)) ¥(P () ( 0 )

(18)

0= Z 'Yag),v(Pr(a))h(aé)vglN)‘P(“éa&a") [

(ap.ay,v)ed' <o XV
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We perform an implicit differentiation with respect to o on the above equation, at
o = 0, to obtain the equality

¥ (P.(a))
i | (19)

Z '}’067\,([’)]’!(&6,@] ) V)(p(aé)»ﬂl >V)m‘P(P) (aé),ﬂl 7V) [1 — My(p) (46&1 ) V)] (P(aé)ag] 7V)T

(a,ay,v)ed' x I XV
/
) ny(p) (ao,al,V)} :
a=0

(20)

/ ’ dn“f)sﬂl v Prla
= ) h(ag,ay,v)¢(dp,a;,v) { d(i())

(ag,ay,v)e' < XV

do

_ ( d’}/aé),v(Pr<a))
oa=0

dy ,(Pi())

dn ~ (Pr(a))
Next, we proceed to express —*—-—— “ofl”

and — da
a=0 o=

as Ep(Dy, x
O ao.v
r) and Ep(Dpa6 apw r), respectively, for some functions D’% , and Dna6 ar belong-

ing to the Hilbert space .7p.

For convenience of indexing, for a given vector /x, we shall use the short
/
a() 7@171} .

hand 20" = (Ag=al,V =v,Li_1 =t;_1,A,=a,), fort=1,...,K, and b0 =
(Ao = ap,V =v) for t = 0. From definition of P,(a), it follows that

P(a)(W) = P(W) (1+ aEp(r|W)),

1+ aEp(r|V =v,Ag=ay,W)
1+ aEp(r| Ao =aj,W)

P(a)(v| Ao = dp,W) = P(v | Ag = ap, W)

i

06@1 vV
l+aEP r|lt,Ht

/ /
a07§1 s a()agl vV
a/o.gl RAY
1+ aEp| r|H;

and Po(a0) (I, | W, H'*"™) = P(l, | W, H'O*™)

.o : dyy (Pr(a))
Proposition 1. Fora givenv eV, ——-— =Ep(Dy, 10 X r), where

a=0

I(AO = Cl6)

Dy, ,(P) = (W) (I(v =)= 0" (v|Ag=ap,W)) + Q" (v | Ag = ap, W) — ¥y . (P)-

2D
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Proof.

dYaé),v(Pr(a))
do

1
= lim — PWYP(v|Ag =dh,W
a—0 o a0 W{ (W)P(v] A0 = o, W)

a=0
Ep(r|v,Ao = ay,W) —Ep(r| Ao = ay, W)+ Ep(r | W)+ aEp(r | W)Ep(r | v,Ag = ay, W)
1+ aEp(r | Ao = W)

- / P(W)P(vmidAg = ay, W) { Ep(rI(V = v) | Ay = d,W) — Ep(r | Ao = aly, W) + Ep(r | W)}
—Ep M (I(V =v) =P(V |Ag = ay,W)) + Q" (v| Ag = ap, W) | x (O)
gh(1[W) ’ ’
= Ep (Dy,(P) x r(0)).
In obtaining the last equality, we note that centering the left factor of the integrand by

Ya, »(P) does not change the expression because Ep (¥, ,(P)r(0)) = Yy ,(P)Ep(r(0)) =0
by definition of r. It is straightforward to check that indeed EpDj,, (P) = 0. Moreover,
LIO,V

under our saturated model D}, (P) is in fact in the tangent space. Therefore, it is indeed
ayv

the efficient influence curve. This concludes the proof of proposition O

ose . d’”la/ ,glyv(Pr(a))
Proposition 2. Fora givenac o/, ve ¥, — e =Ep (Dn/ . X r), where
(x:O aOa WV
Dy, (P)
(AO = 616) a a).a ah.a
=0 =)y, cfl{ 0/ (L, W W) — QOB W}
gAO(l ’W) ( V);:Zl t Qt+1 ( 15V ) ( 1—15Vs )
I(A0:a6> aj,a ap,a
+*1<v=v>{g° Y (Lo, W) = 005 (v W) |
gh(1|W)
I(A():a{)) ao 31 V /
(W) {I(V (v|Ap = ay,W)
+0" (v | Ao = ap, W) Q8 (W) — 111 a0, o (P). (22)
I1(A,=a,)

where with C*' =

Hljzl gA (alej,] =a;_| ,Lj,] ,V.,A():af),W
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Proof.

dnab,g] ,v(Pr(a)) na(),g] ,v(Pr(a)) - na{),g, ,v(P)

= li
do oclgz) o
a=0
= lim 1 / ykP(W)P(vmidAg = a; W)ﬁP(l- | wi, %) o
o—=0 O Jwy Iy lx 0 =0 ! B

5 YX O Ep(r|lL,wi, h“oa“)+Ep(ryv,Aozag,W)+Ep(r|W)
1—{—OCM1/3(W1,I(),EK)

— Y 0 Ep(r|wi,hy R ) —Ep(r| Ao = ap, W) + aMp(wy,ly, (k)
1+OCM1/D(W1,Z(),€K)

K
= / yxP(w1)P(vmidAg = ag,w) HP(lj | wi, %)
wi,lo,lk =0 /

K /! K !
X {ZEP(F | lt,Wl,h?O’ghv) - ZEP(}" | W],h?()@l"}) —|—Ep(l" | V,Ao = a6,W1)
=0 =0

—Ep(r ’AO :af),wl)—l—Ep(r ’ Wl)}

_EP{gAO(l\W Z

il | (R (¢ \ parents(a,))
< (O (6w ) = O (6o, vwn) | r(O)}
+Ep{ L OV =) 1V =)= 0" 0 |40 = g, W) x0) }
+Ep{ Q" (v Ao = ap, W)Q (V = v, W) x 1(0) |

:EP(D X I")

na6 apy

In the first equality, Mp and M}, are shorthand for the remaining terms in the expansion of
the products. This concludes the proof of proposition O

Now, we derive the efficient influence function for ¥ at P € .# . From proposition
[[]and 2] after some simplifications, we conclude that the right-hand-side of (20) can be
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written as

dYy v (Pr(a))
Z /’1(06,21,\/)(])(@6,@1,\/) { - <Od(x m‘P(P)(a67§17v)
(ap.ay,v)ed' x o/ XV =0 =0

= Z ]’l(6167§17\})¢(a67§1;\/) {EP(Dna,AaN(P) X}")—EP(D%(P) X”)m\y(p)(af),gl,v)}
(ay.a; V)EX XA XYV /a

dna{),gl,v(Pr(a))
da

— Ep Y h(dp,a,,v) [D,,u/ o () =Dy (Pymap) (df, ghv)] « 1(0)
(067317V)€J47'><J/><7/

=Ep {D*(Q7g7\P(P)) X I"},
where

* 1(Ag _aO 7 ‘10731 a2,
D (Qvgall/) gAO 1|W Zh aOaala Z { I+1 Ll‘7V7W)_ (LI 17VW)}

a =

I(A —d ) . . i
+ W;h(ﬂlm@],‘/) {Qt:1 (LO7 ) Q ( )}

I(A = a’ ) = b, )

ng(()l | u?) {h(ClOaala ) {Q (W) — mW(aOaglaV)]

( V)EA XA XY
x (z(v =)~ 0"(v] Ao =af, W) }

+ Y h(apa V)" (] Ao =ap, W) {05 (W) —my(ahay.v) |
(ap,ay,v)ed x o XV

To emphasize the role of P, we shall write D*(Q, g, ¥(P)) as D*(P). To see that D*(P)
has zero expectation, we first note that all but the last line are expressed as an expression
times a centered function with respect to P, therefore they will have zero expectation under
P; secondly, from remark [1] the last line also has zero expectation under P. Since we are
operating under a saturated model, each component of D*(P) is in the tangent space, hence
it is in fact the efficient influence curve.

To finish the proof of first part of lemma [I] it suffices to see from (20) that the
normalizing quantity is given by the inverse of

U(¥(P),P
élP(P)) — Ya67v(P>h(a67§17v)¢(a67§17v)m‘P(P) (06@17\/) [1 _m‘{’(P) (aé)aglav)] (])(a{),gl,v)T
( ) (ap.ay,v)ed' <o xV
/ ‘AO - ao,W)h(a6,gl,V>¢(a6,§1,V)ml{l(P) (a6,§1,V) [1 _m‘P(P) (GZ);@[;V)] ¢(06,§1,V)T

7 { Ao 1 | W Zh aO’alﬂ a07§17v)m‘P(P)(a67§17v) [1 _m‘{’(P)(a()aglav)] q)(a{),a],V)T}
=M (¥(P),P)
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To prove the robustness statement, we first consider the case Q(P) = Qp. All but
the last line in D*(Qo, g(P), W) are centered about a component of Qp, therefore they will
have expectation zero under Py. On the other hand, the last line in PyD*(Qo,g(P), W) is

~ Nyt o +(Q0) .
o OO0 B 1 Pl Ao =y ey ) {24202 g ) i
ao‘l'

equals zero by definition of .
Next, we consider the case g(P) = go. By telescoping the sums in and applying

definition of an o' (P), we obtain
PD*(Q(P), 80, ¥0)

=Ep, Z Py(V =v| (Ao = ap,W)h(ap,a,, )an’ (Py)(V =w,W)
(ap.ay,v)ed' x o/ XV

_EPO Z PO(VZV| (AO:067W)]Z(af)@p")m%(aé,@pv) y
(ap,ay,v)ed' < XV

which equals 0 by remark [1]

9.3 Proof of lemma 2
To see that DA is a score, up to a normalizing matrix, on the model where g4° is known, we
repeat the steps in section[9.2] but this time we only consider the the class of 1-dimensional
submodels indexed by
Rp={r=r"—Ep(r'|Ag,W)+Ep(r' |W)—Ep(r') : ¥ € Hp} C Hp.
It is straight forward to verify that Ep(r | Ag = ag,W) = 0 = Ep(r | W) for such r € Rp.
Therefore, D%.V( p) in this case becomes ;&?}ﬁz{}il (V=) = ¥y.,(P) and

_I(AOZ 6 S ch “031 o2y
Dnag,gl,v(P)—Wl tg, ' { i1 (L, W) =0 (L, v, W)}
I(AOZ ) a a q).a
i (v =) { 00 (Lo, W) — 0123 (W) }
gh(1|w)
I1(Ao = ay) o dba
Fenrw)V =0 W) " e

The rest is straightforward from equation (18]).
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To see that PD*(Q, g, ¥(P)) = 0, it suffices to show that PDAO(Q7g, Y(P))=0:

(Ap = aj) 7
{ (1 [w) 2NV "07317‘/)[ O (Lo, VW) = myp) (a2, }
(Ao = a( |
- { Ag 1”}[? Zh aOaalv 00,31, ){anal(Lo,V,W) aOa,
Ao—a6 da, /
+P AO 1 |W Zh aOvalv 6107317 ) |:Q ( ) (p)(a07§1,V):| .
a

The first term in the right hand side of the equality is zero by definition of Q""" ; the second

term is zero by remark There DA is a valid estimating function.
To see its robustness properties under g4 = g0 (Ry), first consider the case of

fo-a (P) = ao’al (Py) fort =1,...,K. Trivially, PyD;(Q,g) = 0 for each t > 1 by defi-

t
nition of Qfo 1. On the term D’;‘VO we have

d a /
{ Ao(po T Zh ag.a,,V { i (Po)(Lo,V,W) — m%(ao,al,V)]}
:PO{ZQV(PO)(V|A0:CIO, Z ay,a,,V [ a0 al(Po)(V:v,W)—my,O(aé,al,V)}} =0,

per definition of f/i’ogl and yp.
Next, we consider the case of g(P) = go. By telescoping the sums in and

applying definition of Q,” 0 , We again obtain

oV = v | (Ao = . W)h(aya,.v) Q08 (R) (V = v, W)
(ag.ay,v)ed x o/ XV

DY (0,80, W) = Py

P PO(V:V | (AO:aé)?W)iL(aE)vgl?V)mlllo(aé)aalvv) =0,
(ag,a,,v)ed X XV

This completes proof of lemma 2]
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