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Abstract

Causal inference methods for continuous exposures
by
Ivéan Leonardo Diaz Mufioz
Doctor of Philosophy in Biostatistics
University of California, Berkeley

Professor Mark van der Laan, Chair

This dissertation is concerned with the definition and optimal estimation of causal parameters
in semiparametric models, focusing on parameters that measure the causal effect of a continuous
exposure. It is divided in six self-contained chapters.

In chapter 1 we present a histogram-like estimator of a conditional density that uses super
learner cross-validation to estimate the histogram probabilities, as well as the optimal number and
position of the bins. The conditional density of the exposure given the confounders is the continu-
ous analogous of the propensity score for binary exposures, whose consistent estimation is critical
in causal inference problems. The proposed estimator is an alternative to kernel density estima-
tors when the dimension of the problem is large. We demonstrate its applicability to estimation of
Marginal Structural Model (MSM) parameters in which an initial estimator of the treatment mech-
anism is needed. MSM estimation based on the proposed density estimator results in less biased
estimates, when compared to estimates based on a misspecified parametric model.

Estimating the causal effect of an intervention on a population typically involves defining pa-
rameters in a nonparametric structural equation model in which the treatment or exposure is deter-
ministically assigned in a static or dynamic way. In chapters 2 and 3 we present two examples of
the methodology of stochastic interventions, in which we define new causal parameters that take
into account the fact that intervention policies can result in stochastically assigned exposures. In
chapter 2 we present a parameter that measures the effect of a population intervention in which
the exposure distribution is shifted. In chapter 3 we present a parameter measuring the effect of a
truncation in the exposure distribution. The statistical parameters that identify the causal param-
eters of interest are established. Inverse probability of treatment weighting (IPTW), augmented
IPTW (A-IPTW), and targeted maximum likelihood estimators (TMLE) are developed. Simula-
tion studies are performed to demonstrate the properties of these estimators, which include the
double robustness and efficiency of the A-IPTW and the TMLE, and application examples are
presented.

Chapter 4 deals with estimation of the causal dose-response curve. In a non parametric model,
if the treatment is continuous, the dose-response curve is not a pathwise differentiable parame-
ter, and no /n—consistent estimator is available. However, the risk of a candidate algorithm for



estimation of the dose-response curve is a pathwise differentiable parameter, whose consistent
and efficient estimation is possible. In this work, we review the cross-validated augmented inverse
probability of treatment weighted estimator (CV A-IPTW) of the risk, and present a cross validated
targeted minimum loss based estimator (CV-TMLE) counterpart. These estimators are proven con-
sistent an efficient under certain consistency and regularity conditions on the initial estimators of
the outcome and treatment mechanism. We also present a methodology that uses these estimated
risks to select among a library of candidate algorithms. These selectors are proven optimal in the
sense that they are asymptotically equivalent to the oracle selector under certain consistency con-
ditions on the estimators of the treatment and outcome mechanisms. Because the CV-TMLE is
a substitution estimator, it is more robust than the CV-AIPTW against empirical violations of the
positivity assumption. This and other small sample size differences between the CV-TMLE and
the CV-A-IPTW are explored in a simulation study.

Finally, In chapter 5 we present an application of some of the methods developed in this dis-
sertation, related to prediction and variable importance (VIM) methods for longitudinal data sets
containing both continuous and binary exposures subject to missingness. We demonstrate the use
of these methods for prognosis of medical outcomes of severe trauma patients, a field in which cur-
rent medical practice involves rules of thumb and scoring methods that only use a few variables and
ignore the dynamic and high-dimensional nature of trauma recovery. Well principled prediction
and VIM methods can thus provide a tool to make care decisions informed by the high-dimensional
patients physiological and clinical history. Our VIM parameters can be causally interpreted (under
causal and statistical assumptions) as the expected outcome under time-specific clinical interven-
tions. The results of the analysis show effects whose size and significance would have been not
been found using a naive parametric approach, as well as improvements of up to 0.07 in the AU-
ROC.
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Chapter 1

Conditional density estimation

Conditional probability estimation is one of the most important problems in statistics, as a param-
eter of interest itself, or as a nuisance parameter that must be estimated, for example in causal
inference and missing data problems. The conditional density of a continuous exposure given the
covariates is the equivalent of the propensity score for binary outcomes, which has historically
played a central role in the estimation of causal effects in observational studies (see e.g., Rosen-
baum and Rubin, 1983; R. Mansson, 2007). Therefore, it is not surprising that estimation of causal
parameters for continuous exposures requires the specification of an initial estimator of the expo-
sure mechanism. Two examples of causal parameters for continuous treatments that require the
specification of an initial estimator for the conditional density of the exposure given the covariates
are given by marginal structural models (Robins, Hernan, and Brumback, 2000; Neugebauer and
van der Laan, 2007) and causal parameters corresponding to stochastic interventions (Diaz and van
der Laan, 2011a). In this chapter we develop a machine learning estimator of a conditional density
that can be used to estimate the exposure mechanism, and demonstrate its use in the estimation
of MSM parameters. This estimator will be a critical input for most of the methods for causal
inference presented in the following chapters.

Analogously to the case of the propensity score for binary outcomes, the consistency of the
initial estimator of the exposure mechanism usually determines the consistency of the estimator of
the causal parameters of interest. Therefore, the development of tools that provide consistent esti-
mators of the exposure mechanism is of particular interest to the causal inference and biostatistics
research community.

Parametric models such as generalized linear models intend to estimate the conditional den-
sity of a variable given a set of predictors by assuming a functional form that is known up to a
finite-dimensional vector of real parameters. If the assumptions made about the functional form
of the conditional density reflect characteristics of the true data generating mechanism, maximum
likelihood methods usually yield consistent and efficient estimators of the parameters of the model
and consequently of the conditional density (van der Vaart, 1998). However, it is common to find
applications in fields such as epidemiology and social studies in which little information about
the true data generating mechanism is known, and the researcher does not have enough scientific
knowledge to assume a functional form for the conditional density. For such cases, non paramet-
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ric estimators such as kernel density estimators, which do not assume a pre-specified functional
form have been proposed. Kernel estimation was introduced by Rosenblatt (1969), and has been
extensively studied in the statistics literature since then. As a remarkable property, under certain
conditions on the true density, the univariate kernel density estimator has been proven to have mean
integrated square (MISE) error of order n—4/3, which is only n~1/3 times larger than the MISE of a
correctly specified MLE in a parametric parametric model (van der Vaart, 1998). A comprehensive
description of univariate and multivariate kernel density estimators and their statistical properties
can be found in Wand and Jones (1995) and Scott (1992). The multivariate kernel density estimator
can be used to find estimates of the joint densities involved in the definition of the conditional den-
sity and compute a plug-in estimator. Nevertheless, unless the number of covariates is very small
(Wand and Jones (1995) suggest less than 6) or the sample size is extremely large, these estimators
suffer from the curse of dimensionality, and the resulting estimates are highly biased. This is an
important issue in causal inference, since the number of confounders is often large.

Cross validation selection from a library of candidates of estimators has been proven to have
optimal properties in terms of the risk of the resulting estimator (van der Vaart, Dudoit, and van
der Laan, 2006). In particular, the super learner (van der Laan, Polley, and Hubbard, 2007) is a
machine learning technique that uses cross-validated risks to choose an optimal estimator among
a library defined by the convex hull of a user-supplied list of estimators. Simulations and analytic
results about the super learner can be found in van der Laan, Dudoit, and Keles (2004) and van
der Laan and Dudoit (2003). One of its most important theoretical properties is that its solution
converges to the oracle estimator (i.e., the candidate in the library that minimizes the loss function
with respect to the true probability distribution).

In section 1.1 we propose a conditional density estimator that starts with a list of histogram-like
density estimators indexed by the number of bins, their position, and the choice of an estimator
for the histogram probabilities, and then uses the super learner to find the optimal estimator in the
library given by the convex hull of this list of candidate estimators. We use the super learner itself
to estimate the histogram probabilities of each of the estimators in the initial list.

A review of marginal structural models as described by Neugebauer and van der Laan (2007) is
provided in section 1.2, as well as three MSM estimators that require an initial estimator of the ex-
posure mechanism. The performance of our method in the context of MSM estimation is assessed
through a simulation study in which the three estimators described in section 1.2 are computed un-
der three different estimators of the exposure mechanism: a correctly specified parametric model,
an incorrectly specified parametric model and our super learner based estimator. The results of
this simulation are presented in section 4.4, and section 1.4 includes an application example of
in which the causal effect of physical activity on all cause mortality is defined through an MSM.
Finally, section 3.5 provides some concluding remarks and directions of future research.

1.1 Density estimator

Let A be a random variable representing an exposure of interest, and let W be a random vector
containing a set of covariates confounding the causal relationship between A and an outcome Y. We
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are interested in finding an estimator of the exposure mechanism go(A|W) (i.e., the true conditional
density function of A given W). Such estimator will be used in the next sections to compute
different estimators of causal effects defined by marginal structural models.

As explained in the introduction, we will use the super learner to choose a convex combination
of estimators among a library of candidates consisting of histogram density estimators defined
by hazard functions. In the following subsections we will define the super learner, the candidate
estimators in the library, and present the cross validated estimator of the conditional density.

Super learner

Consider the usual setting in which we observe n identically distributed copies O;, i = 1,...,n of
the random variable O = (W,A,Y) ~ Py. Super learner deals with estimation of parameters y(O)
defined as the minimizer of a loss function L(O, y) over some parameter space P'. This is yp =
argminycy EoL(O, y). For example, regression (yp(0) = Eo(Y|A,W)) and conditional density
estimation (yo(O) = go(A|W)) problems can be formulated in this way by using loss functions
L(O,w) ={Y —y(A,W)}? and L(O, y) = —log{y(A, W)}, respectively.

An estimator ¥ of yp can be seen as a mapping that takes the empirical distribution P, and
maps it into an estimate. (P, is then the estimator based on the entire sample, and its risk can be
computed as

R(¥,Py) = / L{o,¥(P,)}dPy(0).

The true risk of an estimator depends on Fy, and is therefore an unknown quantity that needs to
be estimated. A first option is to use a plug-in estimator in which P, is used instead of Fy. If the
space W is very large, this plug-in estimator of the risk will favor estimators ¥ that over-fit the
data. Instead, super learner provides an algorithm that uses a v-fold cross validated risk estimate
to choose the best estimator of yy.

Lets € {1,...,S} index a random sample split into a validation sample V (s) C {1,...,n} and a
training sample 7'(s) = {V (s) }“. Here we note that the union of the validation samples equals the
total sample: US_,V(s) = {1,...,n}, and the validations samples are disjoint: V(s;) NV (s2) =0
for 51 # s2. Let Pr(y) be the empirical distribution of the training sample 5. The cross validated
estimator of the risk is given by the following expression, in which the parameter is estimated on a
training set and the risk is estimated in the corresponding validation set:

13 . 13 R
R Y R{¥(Prs), Priw} = 5 ; /L{O,‘P(Pr(s))}dpv(s)(o)- (1.1)

Assume that we have a list of candidate estimators ¥ j . J €J. The discrete super learner is defined
as the estimator in this list for which the cross validated risk in (1.1) is the smallest. Consider now
a library of candidate estimators given by all possible convex linear combinations of the candidates
V] j- It can be shown (van der Laan, Polley, and Hubbard, 2007) that the candidate in this library
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with the smallest cross validated risk is be given by

¥(P)(0) =Y B¥;(P.)(0),

jes
where

S
B=(Bi-.B) = argrrgné Z]ni Z()L{Oia Zﬁj‘i’j(Pm))} : (12)

=1"5iev(s jes
subject to Z B;j=1and B; > 0 for all j € J. Here n, denotes the size of the validation sample s.
jeJ

Candidates

Consider a sequence of values ), . .., 0 that span the range of A and define & bins. Every candidate
in our library of conditional density estimators of go(A|W) is given by the following expression:

Pry(A € oy_1,04)|W)
O — O

gna(Po)(alW) = ,foroy_1 <a< ay, (1.3)
where we note that the choice of the values o; (f = O0,...,k) implies defining the number and
position of the bins. Here Pr, denotes an estimator of the true probability Pr(A € [o4_1, 0 )|W)
obtained through a hazard specification and use of a model for binary variables in a pooled repeated
measures dataset, as explained below. Note that we consider the estimator in (1.3) as a mapping
that takes the empirical distribution P, and maps it into an estimate of the conditional density of
A given W, this notation will be helpful later in the section when we define the cross-validated
estimator. Note also that

Pr(A € [04_1,04)|W) =Pr(A € [04_1,04)|A > a,_1,W)Xx
i—1

H{l —Pr(Ac [OCj_l,OCjﬂA > Otj_l,W)}.
j=l

The likelihood for model (1.3) is now proportional to

n t

n —1
HPI’(A,’ € [06171,0(1‘)|W) = H H {1 —PF(A,' € [Oijl,OCj)|Ai > OC_];I,VV,-)} X
i=1 i=1 | j=1

Pr(A; € [o4_1,04)|Ai > 04_1,W;),

which corresponds to the likelihood of a binary variable in a repeated measures data set in which
the observation of subject i is repeated as many times as intervals [y, @) are before the interval
to which A; belongs, and the binary variables indicating A; € [@,_1,0;) are recorded. Possible
estimators for the probabilities

Pr(A € [(X,_17(X,)|A Z OC;_l,W) (14)
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include the following logistic model with only main terms:

k )4
logit{Pr(A € [oy—1,04)|[A > o1, W)} = ) Villay, ) (A) + Y ow, (1.5)
j=1 =1

where we assume the dimension of W is p, and /g | o) (A) denotes an indicator of A € [aj_1,%0).
Another candidate might be given by a logistic model including double interaction terms. In gen-
eral, any estimator that has the potential of providing an accurate representation of the underlying
true data generating mechanism can be postulated as a candidate for estimation of (1.4), including
a super learner algorithm that takes all available candidate estimators and finds an optimal convex
combination of them. Each candidate estimator in (1.3) is now indexed by choice of the values o
and choice of an algorithm for estimating (1.4).

The only detail missing in order to completely define a library of estimators is a clever way
to choose the most convenient locations for the bins (for fixed k), which will be determined by a
parameter ¢ defined below.

Denby and Mallows (2009) describe the histogram as a graphical descriptive tool in which the
location of the bins can be characterized by considering a set of parallel lines cutting the graph
of the empirical distribution function (ecdf). Specifically, given a number of bins k, the equal-
area histogram can be regarded as a tool in which the ecdf graph is cut by k+ 1 equally spaced
lines parallel to the x axis, whereas the usual equal-bin-width histogram corresponds to drawing
the same lines parallel to the y axis. In both cases, the location of the cutoff points for the bins
is defined by the x values of the points in which the lines cut the ecdf. As pointed out by the
authors, the equal-area histogram is able to discover spikes in the density, but it oversmooths in the
tails and is not able to show individual outliers. On the other hand, the equal-bin-width histogram
oversmooths in regions of high density and does not respond well to spikes in the data, but is a
very useful tool for identifying outliers and describing the tails of the density.

As an alternative to find a compromise between these two approaches, the authors propose
a new histogram in which the ecdf is cut by lines x+cy = bh, b =1,...,k+ 1; where ¢ and h
are parameters defining the slope and the distance between lines, respectively. The parameter A
identifies the number of bins k. The authors note that ¢ = 0 gives the usual histogram, whereas
¢ — oo corresponds to the equal-area histogram.

We now define our library of candidate estimators for the conditional density as a collection
of estimators in (1.1) by defining values of the vector & through different choices of ¢ and k,
and defining an estimator for the probabilities in (1.4). The use of this approach will result in
estimators that are able to identify regions of high density as well as provide a good description
of the tails and outliers of the density. For the sake of simplicity, we will only consider one
candidate for estimation of (1.4): the super learner itself with candidates that may include, for
example, the logistic model in (1.5). Since the choice of each a only depends on c¢ and k, the
candidate estimators g, ¢ in (1.3) will now be denoted by g, ;, where j € J is an index identifying
a combination of ¢ and k.
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Cross validation

Consider the cross validation scheme presented in section 1.1. We define our estimator of the
conditional density of A given W as

A’W Zﬁ]gn,] A|W>
JjeJ

where

ﬁ:(ﬁl,...,ﬁ)—argmglx Z Z logZﬁ]g,”PT )(Ai|W;), (1.6)

s=1 zeV( ) JjeJ

subject to Zﬁj =1land B; >O0forall jeJ.
=

van de{r Laan, Dudoit, and Keles (2004) proof that this likelihood based cross-validated esti-
mator is asymptotically optimal in the sense that it performs as well as the oracle selector as the
sample size increases. Our library of estimators includes all the estimators given by convex com-
binations of g, j(A|W) for j € J, and the oracle selector is given by the candidate estimator in
the library that minimizes the Kullback-Leibler divergence with respect to the true data-generating
distribution

The minimization in (1.6) is carried out by using the augmented Lagrange multiplier method
as implemented in the R function solnp () (Ghalanos and Theussl, 2010). Technical details about
the implementation of this method can be found in Yinyu (1987).

1.2 Marginal structural model estimation

In this section we provide a brief review of the MSM methodology and describe three of the MSM
estimators available in the literature. A complete review of MSM methodology can be found in
the works of Robins, Hernan, and Brumback (2000), Bryan, Yu, and van der Laan (2003) and
Neugebauer and van der Laan (2007).

The consistency of the MSM estimators presented in this section will be used in section 4.4 to
assess the performance of the density estimator proposed in section 1.1 when it is used to estimate
the exposure mechanism go.

Consider an experiment in which an exposure variable A, a continuous or binary outcome Y and
a set of covariates W are measured for n randomly sampled subjects. Let O = (W,A,Y) represent a
random variable with distribution Py, and Oy,..., O, represent n i.i.d. observations of O. Assume
that the following structural causal model (Pearl, 2000) holds:

W = fw(Uw)
A= fa(W,Uy) (1.7)
Y = fY(A7W7UY)7



CHAPTER 1. CONDITIONAL DENSITY ESTIMATION 7

where Uy, Uy and Uy are exogenous random variables such that U4 L Uy holds, and either Uy L
Uy or Uy L Uy holds (randomization assumption). The true distribution Fy of O can be factorized
as

Py(0) = Py(Y|A,W)Po(A[W )Py (W), (1.8)

where we denote go(A|W) = Py(A|W), Qo(A,W) = Eo(Y|A,W), Qwo(W) = Py(W), and Pf =
[ fdP for a function f of O. Causal inference parameters are usually defined in terms of the
distribution of the counterfactual outcome Y, that one would obtain in a controlled experiment in
which the equation corresponding to A in (3.1) is removed from the SCM and the treatment A is
set to be equal to some pre-specified value a deterministically.

Denote m(a) = EY,, the parameter of interest is:

=g min | Lim(a),myfa) (@) dua) (1.9)

where <7 is the support of A, h(a) is a stabilizing weight function, L is a loss function that describes
the loss obtained by approximating the true causal curve m(a) with my(a), and u is an appropriate
measure (i.e., the Lebesgue or the counting measure). If L{m(a),my(a)} is a convex function

of 7y, the parameter can also be defined as the value % = (}01,-..,%¢)’ that solves the system of
equations
d
—L{m(a),my(a)}h(a) du(a)=0; j=1,....d.
%ayj{()y()}()u() j
The most intuitive loss function to use is
L{m(a),my(a)} = {m(a) —my(a)}? (1.10)
d dmy(a)
—L{m(a),my(a)} = —2{m(a) —my(a ,
oy LAm(@)myfa)) = ~2{m(a) —my(a)) 5

since it defines the function my as the closest to m in an L, sense. Another option for binary
outcomes, or outcomes bounded between zero and one is

L{m(a),my(a)} = —m(a)log{my(a)} — {1 —m(a)}log{1 —my(a)}
J () mla)} — m(a) —my(a) Idmy(a)
Hmla)mla)t == T = m@} oy

In this paper we focus in the estimation of parameters defined in terms of (1.10), but similar calcu-
lations can be made for other parameters defined by different loss functions.

Since m(a) is identified as a function of the distribution of the observed data by E(Qy(a,W)),
the parameter of interest is identified as the value 7} that solves

8 ) .
/ﬂ oy, HE(Qola W), my(a) h(a) dpu(a) = 0; j=1,....d. (1.11)
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Estimators

In this section we describe three possible estimators for the parameter Y of a MSM defined in
the previous section. The first estimator is an Inverse Probability of Treatment Weighted (IPTW)
estimator which requires a consistent estimator of the exposure mechanism in order to be consis-
tent. The second estimator is an augmented IPTW that solves the efficient influence curve equation
and requires initial estimators of Qg and gy, it is consistent if either of them is consistent, and it
is efficient if both are consistent. The third estimator is a targeted maximum likelihood estimator
(TMLE) that has the same properties as the A-IPTW, plus additional advantages that include being
a substitution estimator and not having multiple solutions.

IPTW

The IPTW estimating function is defined as D;prw (0|g) = {Diprw ;(O|g) }?: |» where
h(A) dmy(A)
gAlW) dy;
and the IPTW estimator is defined as the vector 7, 1 that solves the IPTW estimating equations

Diprwj(Olg,y) ={Y —my(A)}

n
ZDIPTWj(OIg,Y) =0;j=1,...,d.

i=1
The IPTW is an asymptotically linear estimator with influence function D;prw ;, therefore the
variable \/n(¥,,1,j — ;) converges in distribution to a random variable distributed as

N{O,PoDipry (- 180,%0)}

whose variance can be estimated by PHD%PTW j( - | gg, Y2,1), Where P, denotes the empirical mea-
sure. van der Laan and Robins (2003) prove that this variance estimator is conservative. We will
use notation D;prw (O) or Diprw (O|g,v) depending on whether it is necessary to emphasize the
dependence on g and 7.

Augmented IPTW

The efficient influence curve D(O) of (1.9) in the non-parametric model can be found through the
IPTW estimating function D;prw (O) as

D(0) = Diprw (0) —II(Diprw (O)|Tcar),
where Diprw (0) = {Diprw j(O )}d 1> and II(Dzprw (O)|Tcar) is the projection of Dyprw (O) into
the space Teagr = {s(A,W) 1 E {s(A W)W} = 0}, defined component-wise. Formally,

II(Drprw j(0)|Tcar) =E{Diprw j(O)|A,W} — E{Dprw ;(O)|W}

(0 W) =)} i P

- [ {0(aw) ~ @)} 5 ita) du(a)
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Thus, the efficient influence curve is given by D(0|Q, g,7) = {D;(0|0,zg, ’y)}?:l, where

h(A) dmy(A)
(AW) 9y,

- dmy(a)
/M{Q(a,W)—my(a)} 5;1. h(a) du(a), (1.12)

and the augmented IPTW estimator is defined as the value ¥, that solves the augmented IPTW
estimating equations

n
Y D;j(0i0,8,7)=0; j=1,....d.
i=1

The A-IPTW is also asymptotically linear with influence curve D;(0|Qo,g0,%). The variable
V1(Yn2,j — Yj) converges in law to a random variable with distribution N {O,PoDﬁ(-|Q0, £0,70)},
0 gg, Yn2). van der Laan and Robins (2003) (sec-

n
tions 2.3.7 and 2.7.1) show that inference based on this variance estimator is valid only if g¥ is
consistent, providing exact inference when Q_S 1s consistent, and conservative inference when QQ
is inconsistent.
Note that the efficient influence curve can be decomposed into three components corresponding
to the orthogonal decomposition of the tangent space implied by the factorization (3.2) as:

whose variance can be estimated as PnDﬁ( 10

D;(0)=D;i(0)+Dj>(0)+Dj3(0),
where

Djl(O) = D]-(O) _E{DJ(O)‘A,W} = {y - Q(A,W)} h(A) amy(A)

gAw) ay;
D(0) = E{D;(0)|A,W} — E{D;(0)|W} =0, (1.13)
D(0) = E(D,(O)W) - EWD,(0)} = [ (0. ) - my@} 5 bia) du(a)

Targeted maximum likelihood estimator

In order to define a targeted maximum likelihood estimator for }p, we need first to define three
elements: (1) A loss function L(Q) for the relevant part of the likelihood required to evaluate 7,
which in this case is Q = (Q,Qw). This function must satisfy Qp = argming Ep,L(Q)(O), where
Qo denotes the true value of Q; (2) An initial estimator Qg of Qo; (3) A parametric fluctuation Q(¢)
through Q0 such that the linear span of %L{Q(e) }He=o contains all the components of the efficient
influence curve D(0O) defined in (2.5). These three elements are defined below:

Loss Function
As loss function for Q, we will consider L(Q) = Ly (Q) +Lw (Qw ), where Ly (Q) = Y log{ Q(A, W)} +
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(1—-Y)log{1—Q(A,W)} and Ly (Qw) = —log Qw (W). It can be easily verified that this function
satisfies Qo = argming Ep,L(Q)(0).

Parametric Fluctuation
Given an initial estimator Qg of Qp, with components (QQ, Q%, ). We define the fluctuation of Qg
as follows:

d
Qi (8)(W) = {1+ Y SJ-ZJ-(W>} Qiy.,0
j=1
d
logit Op(€)(A, W) = logit O(A, W) + ¥ &;H) (A, W),
j=1

where Z;(W) = Dj3(0), and

h(A) dmy(A)

Aw) dy

First of all, note that the MLE of 0 is zero. Standard logistic regression software can be used to find
the MLE ¢, of €, and the TMLE as defined by van der Laan and Rubin (2006) is found in the first it-
eration. From these definitions it follows that D ;(0) €< %L{Q(e, 0)}He=o0+ %L{Q(e, 0)}Hs—o >
j=1,...,d, where < - > denotes linear span.

Hi(A,W) =
iAW) =

Initial Estimators
The empirical distribution of W is used as initial estimator of Qyw .

Targeted Maximum Likelihood Estimator
The TMLE of 7y is now defined as the value ¥, 3 that solves the equations

J =1 il
/ﬂ 3y 0w, 04 (En) (@ W), myfa)}h(@) du(@) = 0: = 1,....d. (1.14)

n

The variance of ¥, 3 ; can be estimated by PnDi( 101, 8%, Y2,3), Which like the augmented IPTW

variance estimator is consistent only if both g% and Q! are consistent, is conservative if g0 is
consistent but Q,ll is not, and is inconsistent in any other case.

1.3 Simulation

Consider the following data generating process
W) ~ Unif{0,1}.
W, ~ Ber{0.7}.
A ~ Gamma{ (.3 +3log(W; + 1) +2.2exp(W;)W>) ' 1}.
Y ~ Ber{expit(—1+.05A — .02AW, + 2Atan(W) — .02W, W5 + . 1AW W5) }.
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We are interested in estimating the parameter defined in (1.9) with

1
 lI+exp(=Y—7la)’

and h(a) equal to the marginal density of A. Note that the efficient influence curve calculations
made in the previous sections remain valid in this case, and that estimators of gg and Qw o define an
estimator of 4. The true value of the parameter for this data generating distribution is }/8 = —1.0067
and y& = 0.1520. Figure 2.1 presents the true counterfactual expectation m(a) as well as the true

(1.15)

my(a)

™~ o |
© — m(a) -
- m_beta(a)
[oe]
© -
c =]
©
0 S 7
.
<
o
<
<)
N
N
e
e o
S
T T T T T T T T T T
0 5 10 15 0 1 2 3 4 5
(@ (b)

Figure 1.1: (a) True counterfactual expectation and true MSM curve. (b) Marginal density of A.

MSM curve my,(a). Since the definition of the MSM parameter involves weighting by the marginal
density of A, the approximation of my, to m is almost perfect in areas of high density, at the cost of
a poor approximation in the areas in which A has low density.

In order to explore the stability of the estimators described in the previous section when the
conditional density estimator of section 1.1 is used as initial estimator for the treatment mech-
anism, a simulation study was performed. Three different initial estimators were used for the
treatment mechanism: (a) correctly specified parametric model, (b) normal linear model with just
linear terms, and (c) histogram-like cross-validated estimator of section 1.1; and two different ini-
tial estimators were considered for the expectation of ¥ given A and W: (1) correctly specified
parametric model, and (2) logistic regression with only linear terms. The choice of the misspecifi-
cation of the models performed in (b) and (2) comes from usual practice in parametric modeling in
epidemiology, in which for the sake of ease of interpretation and calculation, linear models without
interactions are usually assumed.
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The prohibitive computational cost of the cross-validation procedure resulting in the proposed
conditional density estimator restrained us from using Monte Carlo simulation to asses the proper-
ties of the MSM estimator. Instead, we drew a sample of size 10.000 from the true data generating
mechanism, and computed the exposure mechanism estimate as well as the three estimates. Fig-
ure 1.2 shows the estimates and true value of the conditional densities for two given profiles,
obtained by using a list of candidates estimators in (1.3) defined by all combination of values
k=15,7,9,11,13 and ¢ = 800, 500,300, 100,50,10,0.5,0.01. From this graph we can see that this
estimator is very close to the true data exposure mechanism, which is a surprising fact given that it
does not use any knowledge about the true density or the true parametric model.

- True 1 ---- True
— Estimate ' — Estimate

Figure 1.2: (a) Estimated and true density for profile W; = 0.09, W2 = 1. (b) Estimated and true
density for profile W; = 0.99, W2 = 1.

Table 1.1 shows the three MSM estimates for model (1.15) along with their standard errors.
Given the large sample size, a direct comparison of the estimates with the true value of the param-
eters provides an approximation to their bias. It is known that (up to positivity assumptions) the
TMLE and the A-IPTW are double robust in the sense that they are unbiased if at least one of the
initial estimators is consistent. The IPTW requires consistency of the estimator for the treatment
mechanism in order to be unbiased.

Misspecification of the parametric model for the treatment mechanism caused a large amount
of finite sample bias in the IPTW and A-IPTW estimates, both when the model for Qy is correctly
and incorrectly specified. The TMLE, although also biased, remains closer to the true value of the
parameter in both cases. The estimates obtained using the histogram-like cross-validated density
estimator are as close to the true value of the parameter as the estimates obtained by using a
correctly specified model for gg, showing that this estimator is preferable to parametric models,
unless the true model is known to the researcher.
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(a)

(b)

(c)

,},O

,},1

i

’)/1

i

,},l

(1

IPTW

A-IPTW

TMLE

-1.0342
(0.0011)
-1.0194
(0.0012)
-1.0912
(0.0011)

0.1171
(0.0016)
0.1159
(0.0017)
0.1471
(0.0017)

-1.5406
(0.0015)
-0.7556
(0.0012)
-0.9814
(0.0015)

0.3634
(0.0049)
-0.2522
(0.0024)
0.0935
(0.0046)

-1.0076
(0.0010)
-1.0127
(0.0010)
-1.0073
(0.0010)

0.1055
(0.0014)
0.1210
(0.0014)
0.1076
(0.0014)

2)

IPTW

A-IPTW

TMLE

-1.0342
(0.0011)
-1.0165
(0.0012)
-1.0915
(0.0011)

0.1171
(0.0016)
0.1040
(0.0016)
0.1434
(0.0016)

-1.5406
(0.0015)
-0.7945
(0.0012)
-0.9764
(0.0014)

0.3634
(0.0049)
-0.2118
(0.0025)
0.0656
(0.0044)

-1.0076
(0.0010)
-1.0064
(0.0010)
-1.0141
(0.0010)

0.1055
(0.0014)
0.0979
(0.0014)
0.1142
(0.0014)

13

Table 1.1: Parameter estimates for different initial estimators. (a) correctly specified parametric
model for gg, (b) normal linear model for gy with only linear terms, (c) histogram-like cross-
validated estimator of gg; (1) correctly specified parametric model for Qy, (2) logistic regression
with just linear terms for Q. Standard errors in parentheses.

1.4 Application

With the objective of demonstrating the use of the exposure mechanism estimator provided in
section 1.1, we revisit the problem analyzed by Bembom and van der Laan (2007) and Diaz and
van der Laan (2011a) of assessing the extent to which physical activity in the elderly is associated
with reductions in cardiovascular morbidity and mortality, and improvement in, or prevention of
metabolic abnormalities. Tager, Hollenberg, and Satariano (1998) followed a group of people
over 55 years of age living around Sonoma, CA, over a time period of about ten years as part of a
longitudinal study of physical activity and fitness (Study of Physical Performance and Age Related
Changes in Sonomans - SPPARCS). The goal in analyzing the data that were collected as part of
this study is to examine the effect of baseline vigorous LTPA (Leisure Time Physical Activity) on
subsequent five-year all-cause mortality.

We use the same measure of LTPA used by Bembom and van der Laan (2007), which is a con-
tinuous score based on the number of hours that the participants were engaged in vigorous physical
activities such as jogging, swimming, bicycling on hills, or racquetball in the last seven days, and
the standard intensity values in metabolic equivalents (MET: Metabolic Equivalent of Task) of
such activities, where one MET is approximately equal to the oxygen consumption required for
sitting quietly. The primary confounding factors that we adjust for are described in Table 2.4. Age
and gender are natural confounders, and the rest of the variables intend to account for the subject’s
underlying level of general health. Of the 2092 subjects enrolled in the SPPARCS study, 40 were
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missing information in at least one of this variables; our analysis is based on the remaining 2052
subjects.

Variable  Description

Female
Gender Male
Age Age in years
Self-rated health status:
Health Ex'cellent
Fair
Poor
NRB Score of self-reported physical functioning rescaled between O
and 1
Card Previous occurrence of any of the following cardiac events:

Angina, myocardial infarction, congestive heart failure, coronary
by-pass surgery, and coronary angioplasty

Chron Presence of any of the following chronic health conditions:
stroke, cancer, liver disease, kidney disease, Parkinson’s disease,
and diabetes mellitus
Never smoked

Smoking Current smoker
Ex-smoker

Decline  Activity decline compared to 5 or 10 years earlier

Table 1.2: Confounders.

In the sequel of this section, the vector containing the confounders will be denoted by W,
the continuous MET score by A, and the indicator of five-year all-cause mortality by Y. We are
interested in summarizing the causal relationship between LTPA and all cause mortality based on
the MSM provided in (1.15) through estimation of the parameters involved.

Figure 2.1 shows two contrasting estimated densities g, (A|W) for different profiles W, in which
a subject with better general health status is more likely to have higher levels of physical activity.
As pointed out before, this methodology allows the detection of high density areas in the exposure
mechanism, like the one detected at zero in Figure 1.3 (a). This spike appears because this is a
“zero-inflated” exposure, in which a large proportion of the population do not practice any amount
of physical activity.

As initial estimator of Qy we also used the super learner (van der Laan, Polley, and Hubbard,
2007). Table 2.5 shows the candidates used, their cross-validated risks, and their coefficients in the
final super learner predictor. In order to get a consistent estimator of Q the library of candidate
estimators should be as large as possible. Since this is an illustrating example, we allow ourselves
to use this small library. Table 1.4 shows the three estimated values for each of the two param-
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Figure 1.3: Estimated conditional density of A given the profiles: (a) age = 77, gender = female,
health = fair, nrb = 0.9, card = no, smoke = ex-smoker, decline = yes, chron = yes; and (b) age
=71, gender = male, health = good, nrb = 0.88, card = no, smoke = never smoked, decline = no,
chron = no

Cross-validated Risk Coef.

GLM main effects 0.1079  0.0000
GLM main eff. and two way interactions 0.1143 0.0835
GAM degree 2 0.1073  0.0000
GAM degree 3 0.1071 0.9165
Bayes GLM main effects 0.1078 0.0000

Table 1.3: Super learner output for estimation of Q.

eters defined by the MSM in (1.15). Computation of these estimates required (as explained in
section 1.2) an initial estimator of the exposure mechanism. The simulation in section 4.4 showed
that misspecification of a parametric model for the exposure mechanism can lead to a substantial
amount of bias in the MSM estimates, and that the use of the density estimator presented in section
1.1 is preferred when the true exposure mechanism is unknown. Although the three estimators for
1 differ in magnitude, all of them agree that there is a small protective effect of physical activity
on all cause mortality, although that effect is not statistically significant, which does not mean that
it is not relevant.
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IPTW  A-IPTW TMLE
-1.7484  -1.6365 -1.5893
1 (0.4274) (0.2650) (0.1311)
0.0042  0.0026  0.0013
n (0.0022) (0.0015) (0.0011)

Table 1.4: Estimates of the MSM parameters (1.2) for the phisycal activity data.

1.5 Conclusion

In this chapter we develop a conditional density estimator based on a convex linear combination
of candidate histogram estimators indexed by the position and location of the bins, in which the
histogram probabilities are estimated by using the super learner. We develop and use this esti-
mator in the context of estimation of causal MSM parameters. An application in the context of
stochastic intervention parameters can be found in Diaz and van der Laan (2011a). Even though
these applications are both related to estimation of causal effects, the conditional density estima-
tion technique here described is of general applicability, and can also be used as a general machine
learning technique for estimation of conditional densities.

Since the estimator proposed is computationally very intense, exhaustive simulations studying
its statistical properties as a density estimator imply prohibitive simulation times. However, a small
simulation study was performed to show that MSM parameter estimation based on our estimator is
preferable to MSM estimation based on a misspecified parametric model. This implies that unless
the true exposure generation mechanism is known, the use of our estimator as initial estimator of
the exposure mechanism should be preferred.

Finally, the simulation study also showed that for a very large sample size the estimated ex-
posure mechanism is very close to the true exposure mechanism. Such feature of this particular
simulation suggests an interesting line of future research in which the analytic conditions under
which our estimator is consistent or equipped with an oracle inequality can be established.
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Chapter 2

Stochastic interventions: shifting the
exposure mechanism

Most causal inference problems are addressed by defining parameters of the distribution of the
counterfactual outcome that one would obtain in a controlled experiment in which an exposure
variable A is set to some pre-specified value a deterministically. A widely used example of this
framework is the causal effect for a binary treatment, in which the expectation of the outcome
in a hypothetical world in which everybody receives treatment is compared with its counterpart
in a world in which nobody does. Other common way of addressing causal problems consists
in considering parameters that reflect the difference between the distribution of a counterfactual
outcome in such hypothetical intervened world and the distribution of the actual outcome; these
parameters are often referred to as population intervention parameters (Hubbard and van der Laan,
2005).

In order to estimate such exposure-specific counterfactual parameters from observational data,
one has to assume that all subjects in the population have a positive probability of receiving the ex-
posure level a under consideration. This assumption is often referred to as experimental treatment
assignment (ETA), or positivity assumption and can be highly unrealistic in most cases. Addition-
ally, when the exposure of interest is not a variable that can be directly manipulated (e.g., social
or behavioral phenomena), any policy intervention targeting a change in the exposure distribution
will result in a population whose exposure is stochastic rather than deterministic, and the causal
effect as described in the previous paragraph loses its appeal as a measure of the gain obtained by
implementing such a policy.

An example that illustrates these ideas is presented in section 2.5. These data were collected
by Tager, Hollenberg, and Satariano (1998) and analyzed by Bembom and van der Laan (2007)
with the main goal of assessing the effect of vigorous physical activity on mortality in the elderly.
Firstly, as argued by Bembom and van der Laan (2007), ETA assumptions as needed to identify the
causal effect of a static treatment are quite unrealistic since health problems are expected to prevent
an important proportion of the population from high levels of physical activity. Secondly, it is clear
that it is not possible to put in practice a policy in which every subject is enforced to a physical
activity level dictated by a deterministic rule. Therefore, any intervention on the population that
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targets changes in physical activity level will induce a random post-intervention exposure. These
and other reasons why deterministic interventions are not always the best approach to estimate
causal effects are discussed in Korb et al. (2004) and Eberhardt and Scheines (2006). Korb et
al. (2004) define an intervention on a variable A in a causal model as an action that intends to
change the distribution of A. This general definition includes as special cases static and dynamic
deterministic interventions (through degenerate distributions), but it also allows the definition of
the causal effect in terms of a non degenerate distribution, as exploited in this article.

In our example, the question of whether higher levels of leisure-time physical activity (LTPA)
cause a reduction in mortality rates in the elderly can be better addressed by considering the effect
of a policy that aims to cause an increase in the mean of LTPA, possibly depending on covari-
ates such as health status or socioeconomic level. As we will see in section 2.1, this problem
corresponds to considering the effect of an intervention that shifts the location of the treatment
mechanism. We focus the discussion on the definition and estimation of the effect of this specific
type of interventions.

Despite the previous considerations, current developments and applications have almost exclu-
sively focused on deterministic interventions. Among the few works using stochastic interventions
figure Cain et al. (2010), who used a stochastic intervention in the context of comparing dynamic
treatment regimes with a grace period; and Taubman et al. (2009a), who considered an intervention
in the BMI defined by a truncation of the original exposure distribution.

Other type of stochastic interventions of interest arises in applications in which the interest
relies in estimating the effect of a policy that enforces the exposure level below a certain threshold.
Such policies can modify the distribution of the exposure in various ways. For example, if a
policy that constrains air pollution emissions below a cutoff point is put in place, it is reasonable
to think that the probability mass associated with values above that cutoff in the original exposure
mechanism will be relocated around the cutoff after the intervention. This is because under such a
policy, high-polluting companies will not have any incentive to go below the enforced cutoff point.

Alternative threshold-like interventions can lead to a truncated version of the original density,
relocating the mass above the threshold across all values of the exposure distribution below the
threshold (as opposed to relocating it in the cutoff point). In fact, as proven by Stitelman, Hubbard,
and Jewell (2010b), the intervention obtained by considering a dichotomous version of a contin-
uous treatment and defining a usual static intervention (e.g., the BMI intervention in Taubman
et al. (2009a)), corresponds to a stochastic intervention on the original continuous treatment that
truncates its density below the value defining the dichotomization.

Our major goal is to introduce stochastic intervention causal parameters as a way of measuring
the effect that certain policies have on the outcome of interest. As we will see, estimation of the
these parameters requires weaker assumptions than estimation of other causal parameters (e.g.,
MSM), relaxing assumptions about positivity and consistency of the initial estimators, and thus
providing a more flexible way of estimating causal effects. We will start in section 2.1 by defining
the parameter of interest, in section 2.2 we present its efficient influence curve, and discuss the
double robustness of estimators that solve the efficient influence curve equation. This section
also provides the tools for defining the targeted maximum likelihood estimators in section 3.3. In
section 2.4 we present a simulation study demonstrating consistency and efficiency properties of
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the estimators, and in section 2.5 we present an application example.

2.1 Data and parameter of interest

Consider an experiment in which an exposure variable A, a continuous or binary outcome Y and a
set of covariates W are measured for n randomly sampled subjects. Let O = (W,A,Y) represent a

random variable with distribution Py, and Oy,..., O, represent n i.i.d. observations of O. Assume
that the following NPSEM holds:
W = fw(Uw); A= fa(W,Ua); Y = fr(A,W,Uy), (2.1)

where Uy, Uy and Uy are exogenous random variables such that Uy LL Uy holds, and either
Uw LLUy or Uy 11Uy holds (randomization assumption). The true distribution Py of O can be
factorized as

Py(0) = Ry(Y[A,W)Ry(A[W)Py(W),

where we denote go(A|W) = Py(A|W), Qo(A,W) = Eo(Y|A,W), Qwo(W) = Py(W), and Pf =
[ fdP for a given function f.

Counterfactual outcomes under stochastic interventions are denoted by Yp,, and are defined
as the outcome of a causal model in which the equation in the NPSEM (3.1) corresponding to
A is removed, and A is set equal to a with probability Ps(go)(A = a|W). The latter is called the
intervention distribution, which we allow to depend on the true exposure mechanism go. Any
stochastic intervention of interest can be defined in this way, and in this chapter we focus the
discussion on the intervention distribution:

Ps(80)(A = alW) = go(a —8(W)|W), (2.2)

for a known function § (W). This is a shifted version of the current treatment mechanism, where the
shifting value is allowed to vary across strata defined by the covariates. As discussed in section 2.5,
one can be interested in the effect of a policy that encourages people to exercise more, leading to
a population where the distribution of physical activity is shifted according to certain health and
socioeconomic variables. As implicitly stated in (2.2), we will assume that the functional form of
the exposure mechanism induced by the intervention differs from the original exposure mechanism
only through its conditional expectation given the covariates.

Identification

Let Apg denote the exposure variable under the intervened system (i.e., Ap, is distributed according
to Ps(g)). We have that

P(Yp;=y)= Y, Y, P(Yp; =ylAp; =a,W =w)Ps(g)(A = alW = w)P(W = w),
acd weW

where &7 and # are the support of A and W respectively. From the NPSEM (3.1) we have that
P(Yp; =y|Ap, = a,W =w) = P(Y, = y|Ap; = a,W = w), where Y, is the counterfactual outcome
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when the exposure is set to level a with probability one. Note also that the usual randomization
assumption ALLY,|W implies Ap, LLY,|W, and therefore P(Y, = y|Ap; = a,W =w) = P(Y, =
y|W = w). Under the consistency assumption (A = a implies ¥, =Y) the latter quantity is identified
by P(Y = y|A = a,W = w). Our counterfactual distribution can be written as

POp =)= L X P =0 =a.W = wF(g) (A =alW =w)P(W =)

We define the parameter of interest as a mapping ¥ : .# — R that takes an element in a statis-
tical model .7 and maps it into a number in the reals. The true value of the parameter is given by
the mapping evaluated at the true distribution Py € .#, and is denoted by yy = ¥(F). Our causal
and statistical parameter of interest is then given by

E(Yp)=¥(P)= ) Y O(A,W)Ps(g)(AIW)Qw(W). (2.3)

AcadWew

Note that this parameter depends only on Q = (Q,g, Ow). Therefore, in an abuse of notation, we
will use the expressions ¥(Q) and W(P) interchangeably.

2.2 Efficient influence curve

In this section we derive the efficient influence curve for the parameter in (2.3) when Pgs(go) is
given by (2.2), which can be writen as

P(P)=) Y OAW)g(A-3W)W)0w(W)=Ep{QA+5(W),W)}. (24
AcdAadWeW

The last equality can be checked by changing the index in the summation to A — §(W). Equation
(2.4) corresponds exactly with computing the marginal mean of Y from the joint distribution of
(W,A,Y) with A replaced by A+ 6(W). Note also that if (W) = 0, equation (2.4) is equal to the
expectation of Y under P.

The efficient influence curve is a key element in semi-parametric efficient estimation, since
it defines the linear approximation of any efficient and regular asymptotically linear estimator,
and therefore provides an asymptotic bound for the variance of all regular asymptotically linear
estimators (Bickel et al., 1997).

Result 1. The efficient influence curve of (2.4) is

p(p)(0) = £ ST

{Y —Q(A W)} +O0(A+8(W),W) —¥(P). (2.5)

Since this influence curve as well as the parameter of interest depend only on Q, we will also
use the notations D(P)(0O) and D(Q)(O) interchangeably.
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Proof First of all, notice that the nonparametric estimator of yj is given by

li](Pn) = Z Z Z yPn(y|a7W)Pn(a_S(W)|W)Pn(w)

YEX acA weW

P fy.aw
- Z Z Z y fy” Pnfa—5(w)7wa (2.6)

yEX acAd weW Pnfa,w

1 v

where P, = Y| 6, is the empirical measure, fyuw =I(Y =y,A=a,W =w), fo,, =1(A =
a,W=w), fo_smww=1{A=a—5(w),W =w), and I(-) denotes the indicator function. Here Pf
denotes [ fdP.

Recall that the efficient influence curve in a non-parametric model corresponds with the influ-
ence curve of the non-parametric estimator. This is true because the influence curve of any regular
estimator is also a gradient, and a non-parametric model has only one gradient. Rose and van der
Laan (2011) show that if ¥(P,) is a substitution estimator such that yo = ¥(Py), and ¥(P,) can be
written as P* (P.f : f € %) for some class of functions .# and some mapping ¥*, the influence
curve of ¥(PB,) is equal to

AP (Py)
IC(R)(0) = Y, ————{f(0)=Rf}.
feF dPOf
Applying this result to (2.6) with 7 = {f, 4w, fa.w, fa—8(w),w} gives the desired result. O

This efficient influence curve can be decomposed in three parts corresponding to the orthogonal
decomposition of the tangent space implied by the factorization of the likelihood:

_g(A—s(W)[W) 5
D>(P)(0) = Q(A+6(W),W) — Ep{Q(A+6(W),W)[W} (2.7)

D3(P)(0) = Ep{Q(A+8(W),W)|W} —¥(P).

This decomposition of the score is going to be useful later on during the construction of a
targeted maximum likelihood estimator of yg. The following result provides the conditions under
which an estimator that solves the efficient influence curve equation is consistent.

Result 2. Let D(O|yy,Q,g) be the estimating function implied by the efficient influence curve
D(P)(0):

gA-s(W)[W)
g(A[W)

D(Olyo,0,8) = {Y —Q(A, W)} +0(A+6(W),W) — vo,

let w(g)(a,w) = g(a— 8(w)|w)/g(alw), and let sup, ,w(go)(a,W) < oo, — a.e. We have that

Ep,D(O|w,0,8) = 0 if either g is such that w(g) = w(go), or O = Qo
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Proof Conditioning first on (A, W) and then on W we get

y go(a|W)

EPOD(0|WO7Q7g> :EPO g(a|W)

gla—8(W)IW){Qo(a,W) — O(a, W)}]

acd
+Ep | Y go(a—8(W)W)O(a,W)| —Ep, | ) gola— 3(W)|W)Qo(a,W)] :
acd acd
which completes the proof. ]

As a consequence of result 2, under regularity conditions stated in theorem 1 of van der Laan
and Rubin (2006), a substitution estimator of W(P,) that solves the efficient influence curve equa-
tion P,D( - |, Q,g) will be consistent if either one of w(gp) and Qy is estimated consistently, and
it will be efficient if and only if both w(gp) and Qp are estimated consistently. We only rely on
consistent estimation of the weight function w(gg). This consistency can be easier to obtain than
consistent estimation of the density go, which is required for double robustness of parameters in
marginal structural models (Neugebauer and van der Laan, 2007). Since ¥(P) depends on both Q
and g, double robustness is a very unexpected result. Some intuition about it is provided by the
definition of the parameter in (2.4): if Qg is known, a consistent estimator can always be obtained
by computing the empirical mean of Qy(A + §(W),W); if the weight function w(gp) is known, a
consistent estimate of Yy would be given by a weighted average of ¥ with weights w(go)(A,W).

Positivity assumption

Alternatives to definition and estimation of causal effects in the context of continuous or categorical
multilevel treatments are given by marginal structural models (MSM) and parameters like the ones
presented in Petersen et al. (2010). One of the assumptions required to estimate those parameters
(the positivity assumption) is given by

h(a)
sup
acor 80(a|W)

for a user-specified weight function 4. The function i(a) = 1 is commonly used, since it implies
giving equal weights to all the possible treatment values.

From the formula of the efficient influence curve, the positivity assumption needed to identify
and estimate our parameter of interest is given by

go(a—8(W)[W)

acy  8o(alW)
Suppose inf,¢c ;s go(a|W) > € for some small €. Since the function J is user-given, we can try to
define it in a way so that it is useful to answer the causal question of interest, and yet it does not
produce unstable weights. As a result, the positivity assumption as needed to estimate our parame-

ter of interest is more easily achievable than the positivity assumption as required to estimate other
causal parameters for continuous exposures.

< oo, —q.e.,

< oo, —qa.e. (2.8)
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2.3 Estimators

In this section we present three possible estimators for the parameter of interest. The TMLE and
the A-IPTW estimators solve the efficient influence curve equation, and therefore, from result 2,
are consistent estimators if either one of Qy(A, W) and go(A|W) is estimated consistently. They are
efficient if and only if both of these quantities are estimated consistently. The IPTW is inefficient,
and will be consistent only if the estimator of go(A|W) is consistent. The TMLE is expected to
perform better than the A-IPTW if the positivity assumption is violated, which will be the case
if the causal question of interest requires the use of a function 6 that produces unstable weights
in (2.8). The TMLE is also a better alternative than the A-IPTW when the efficient estimating
equation has multiple solutions, or its solution goes out of the natural bounds for the parameter of
interest.

The estimators presented in this section require initial estimates of Qg(A,W) and go(A|W),
which can be obtained through machine learning techniques, parametric or semi-parametric mod-
els. The consistency of these initial estimators will determine the consistency and efficiency of the
estimators of Yy, as discussed previously. Parametric models are commonly used for the sole sake
of their nice analytical properties, but they encode assumptions about the distribution of the data
that are not legitimate knowledge about the phenomenon under study and usually cause a large
amount of bias in the estimated parameter. As an alternative, we recommend the use of machine
learning techniques such as the super learner (van der Laan, Polley, and Hubbard, 2007). Super
learner is a methodology that uses cross-validated risks to find an optimal estimator among a li-
brary defined by the convex hull of a user-supplied list of candidate estimators. One of its most
important theoretical properties is that its solution converges to the oracle estimator (i.e., the candi-
date in the library that minimizes the loss function with respect to the true probability distribution).
Proofs and simulations regarding these and other asymptotic properties of the super learner can be
found in van der Laan, Dudoit, and Keles (2004) and van der Laan and Dudoit (2003).

Influence curve based variance estimators are provided for these three estimators. Consistency
of the variance estimators also depends on the consistency of the initial estimates of Qg and g.
These dependency can be avoided at the cost of computational time and effort by using boot-
strapped estimates of the variance.

IPTW

Given an estimator g¥ of the exposure density, the IPTW estimator of yy is defined as

The IPTW is an asymptotically linear estimator with influence curve

g0(A—6(W)|W)
go(A[W)

Diprw (O|wo, 80) = Y —yp,
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therefore the variable v/n(, | — o) converges in distribution to N{0, P\D?pryy, (g0) }, whose vari-
ance can be estimated by P,,DIZPTW( W, gY). This variance estimator is conservative, as proved
in van der Laan and Robins (2003) and corroborated in the simulation section.

Augmented IPTW

The augmented IPTW is the value ;> that solves the equation Y7, D(0;|wp,0Y,8%) = 0, for
initial estimates Q0 and g¥ of Oy and go.

1y 8n(Ai — 8|W)) 50 50
Wn.,Z — ; ,Zl W{Yl Qn(Ala‘/Vl)} + Qn(Al + S(V‘/z)v“/l)
If the estimators Q0 and g¥ are consistent, the A-IPTW is an asymptotically linear estimator with
influence curve D(O|yy, Qo,go)- As in the case of the IPTW, the variable /n(y, 2 — W) converges
in law to a random variable with distribution N{0,PoD?(-|wy,Qo,g0)}, whose variance can be
estimated as P,D?( - |W,2,0%,¢%). van der Laan and Robins (2003) (sections 2.3.7 and 2.7.1)
show that inference based on this variance estimator is valid only if g¥ is consistent, providing
exact inference when QU is consistent, and conservative inference when QY is inconsistent.

Targeted maximum likelihood estimator

Targeted maximum likelihood estimation (van der Laan and Rubin, 2006) is a loss-based semi-
parametric estimation method that yields a substitution estimator of a target parameter of the prob-
ability distribution of the data that solves the efficient influence curve estimating equation, and
thereby yields a double robust locally efficient estimator of the parameter of interest, under regu-
larity conditions.

In order to define a targeted maximum likelihood estimator for Y, we need first to define three
elements: (1) A loss function L(Q) for the relevant part of the likelihood required to evaluate ¥ (P),
which in this case is Q = (Q, g, Ow). This function must satisfy Qp = argming Ep L(Q)(O), where
Qo denotes the true value of Q; (2) An initial estimator Qg of Qp; (3) A parametric fluctuation Q(€)
through QY such that the linear span of %L{ 0O(€)}|e=o contains the efficient influence curve D(P)
defined in (2.5). These elements are defined below:

Loss Function
As loss function for Q, we will use L(Q) = Ly(Q) + La(g) + Lw(Qw), where for continuous Y
we set Ly (Q) = {Y — O(A,W)}?, for binary ¥ we set Ly (Q) = Y log{Q(A,W)} + (1—Y)log{1 —

O(A, W)}, La(g) = —logg(A|W), and Ly (Qw) = —log Qw (W). It can be easily verified that this
function satisfies Qy = argming Ep,L(Q)(0).

Parametric Fluctuation
Given an estimator QX of Qp, with components (%, gk, Ql‘gv,n)’ we define the (k+ 1)th fluctuation
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of QX as follows:

O (€1)(A,W) = OK(A,W) + & HI (A,W)
exp{&1H5 (A, W)} gk (A|W)

Jorexp{elH5 (A, W)} gk (AIW)
exp{&H5 (W)} 0}, (W)

Sy exp{eHy(W)}0y, (W)’

where H (A, W) = g, (A — 8(W)|W) /g, (A|W), H5 (A, W) = Dy(P*)(0) and H3(W) = D3(P*)(0),
with D, and D3 defined as in (2.7). We define these fluctuations using a two-dimensional € with
two different parameters € and &. It is theoretically correct to define these fluctuations using any
dimension for €, as long as the condition D(P) €< dgL{Q( ) }He=o0 > is satisfied, where < - >

denotes linear span. The convenience of the particular choice made here will be clear once the
TMLE is defined.

g (en)(AW) =

O (&2)(W) =

Targeted Maximum Likelihood Estimator
The TMLE is defined by the following iterative process:

1. Initialize k = 0.

2. Estimate € as €X = argmin, P,L{Q%(¢)}.

3. Compute QX! = QK (eh).

4. Update k = k -+ 1 and iterate steps 2 through 4 until convergence (i.e., until £ = 0)

First of all, note that the value of & that minimizes the part of the loss function corresponding
to the marginal distribution of W in the first step (i.e., —F,log Q114/,n(82)) is &) = 0. Therefore, the
iterative estimation of € only involves the estimation of €. The kth step estimation of €; is obtained
by minimizing P,[Ly {Q*(¢1)} + La{gk(¢1)}], which implies solving the estimating equation

SH(en) = Y. [1i— (044 W) + 11500} HE(0) + Da(BE) (0) -
i=1
Y. D2(PY)(0:) exp{eiD2(PY)(0:)} gh(AilW;)
Aegd/ 2.9)
Y exp{eiDa2(P})(0:)} gh(AilW;)
Aco
where
Dy (PF)(0) = QKA +8(W), W) — Y Ok(A+8(W;),W;)gk(AIW).
Acod

The TMLE of yy is defined as y;, 3 = limy_co W(PX), assuming this limit exists. In practice, the
iteration process is carried out until convergence in the values of 8,’1‘ is achieved, and an estimator
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Q;; is obtained. The variance of ¥, 3 can be estimated by P,D?( - |y, 3,0}, &), which like the aug-
mented IPTW variance estimator is consistent only if both g, and Q;, are consistent, is conservative
if g5 is consistent but Q; is not, and is inconsistent in any other case.

2.4 Simulation study

In order to provide an example of the finite sample properties of the estimators discussed in section
2.3, a simulation study was performed. We focus on just one data generating distribution, which
provides a limited but useful situation to demonstrate our claims about consistency and efficiency.

Wi ~U{0,1}
W, ~ Ber{0.7}
A|Wy,W, ~ Poisson{exp(3+ .3log(W;) — .2exp(W;)W>)}
Y|A, Wi, Wy ~ N{1+ .54 — 24W; + 2Atan(W3) — 2W, W5 + AW, W5, 1}.

Assuming that we are interested in estimating the effect of a constant shift of 6(W;,W,) = 2, the
true parameter value for this data generating distribution is Y = 22.95, and the efficiency bound
equals {Varp D(P)(0)}'/> = 17.81.

For sample sizes n = 50, 100,200 and 500, we simulated 2000 samples from the previous data
generating distribution, and estimated Y using the three estimators proposed in the previous sec-
tion. As initial estimators of Qo(A,W) and go(A|W) we considered four cases: 1) correctly spec-
ified model for both Qg(A,W) and go(A|W), 2) incorrectly specified model for Qy(A, W) but cor-
rectly specified for go(A|W), 3) correctly specified model for Qg(A, W) but incorrectly specified
for go(A|W), and 4) incorrectly specified model for both Qy(A, W) and go(A|W); where misspeci-
fication of the models was performed by considering the correct distribution and link function but
only main terms in the linear predictor.

TML estimation of yy was performed using the R tmle.shift () function presented in ap-
pendix A.1. The average and variance of the estimates across the 2000 samples was computed as
an approximation to the expectation and variance of the estimator (Table 2.1), respectively.

The results in Table 2.1 confirm the double robustness of the TMLE and A-IPTW, which had
been proven analytically in result 2. The TMLE and A-IPTW are unbiased even for small sample
sizes, whereas the IPTW needs larger sample sizes to achieve unbiasedness.

Regarding the variance of the estimators, Table 2.2 shows that the IPTW estimator is inefficient,
and its influence-curve-based variance estimator is very conservative. The variances of the TMLE
and A-IPTW are approximately equal to the efficiency bound if the models for Qy and g are
correctly specified, although the same equality is observed if only Q¥ is misspecified. This is
because, as stated in result 2, we only need consistent estimation of the weights w(go)(A, W), which
can be obtained through a possibly misspecified estimator of gy. On the other hand, the variance
of these estimators is considerably affected by misspecification of the model for Qg (models 3 and
4), even if gg is correctly specified.
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n Model TMLE IPTW A-IPTW

I 2299 22,66 2299

50 2 2299 2249 2299
3 2288 2266 2291

4 2201 2249 2204

1 2295 2281 2295

100 2 2296 2261 22.95
3 2289 2281 22.92

4 2197 2261 22.00

I 2299 2289 2299

200 2 2299 2268 2299
3 2294 2289 2296

4 2199 2268 2202

1 2297 2293 2297

500 2 2297 2271 22.97
3 2293 2293 2296

4 2197 2271 22.00

Table 2.1: Expectation of the estimators for different sample sizes and model specifications. True
value is 22.95.

The fact that influence curve based variance estimators of the TMLE and A-IPTW are consis-
tent even for misspecified g0 can be taken to be a coincidence associated with this particular data
simulating scheme. As explained in section 2.3, this type of consistency does not hold in general.

Since all estimators considered are asymptotically linear, 95% normal-based confidence in-
tervals can be computed. Their coverage probabilities are presented in Table (2.3). The conser-
vativeness of the IPTW can also be appreciated here. The consistent TMLE and A-IPTW based
confidence intervals have perfect asymptotic coverage probability. Intervals associated to incon-
sistent estimators (model 4) have, as expected, confidence levels below the nominal value. In this
simulation we do not observe significant differences between the TMLE and the A-IPTW.

2.5 Application

With the objective of illustrating the procedure described in the previous sections, we revisit the
problem analyzed by Bembom and van der Laan (2007) of assessing the extent to which physi-
cal activity in the elderly is associated with reductions in cardiovascular morbidity and mortality,
and improvement in, or prevention of metabolic abnormalities. Tager, Hollenberg, and Satariano
(1998) followed a group of people over 55 years of age living around Sonoma, CA, over a time
period of about ten years as part of a longitudinal study of physical activity and fitness (Study of
Physical Performance and Age Related Changes in Sonomans - SPPARCS). The goal in analyzing
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n Model

TMLE

IPTW

A-IPTW

50

17.94 (17.66)
17.94 (17.67)
18.92 (17.81)
18.21 (18.07)

20.33 (26.80)
19.16 (25.03)
20.33 (26.80)
19.16 (25.03)

17.94 (17.66)
17.94 (17.66)
18.94 (18.08)
18.25 (17.77)

100

17.93 (17.74)
17.93 (17.75)
18.96 (18.14)
18.34 (18.37)

20.36 (27.63)
19.04 (25.72)
20.36 (27.63)
19.04 (25.72)

17.93 (17.74)
17.93 (17.75)
18.98 (18.45)
18.35 (18.06)

200

17.77 (17.77)
17.77 (17.78)
18.62 (18.35)
17.98 (18.57)

20.17 (28.00)
18.93 (25.97)
20.17 (28.00)
18.93 (25.97)

17.77 (17.77)
17.77 (17.77)
18.64 (18.68)
18.00 (18.24)

500

L= WO =R, WO =W =

17.38 (17.79)
17.38 (17.80)
18.50 (18.49)
17.74 (18.71)

20.40 (28.37)
18.94 (26.24)
20.40 (28.37)
18.94 (26.24)

17.39 (17.79)
17.39 (17.80)
18.52 (18.84)
17.76 (18.36)
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Table 2.2: Standard error of the estimator (times y/n). Expectation of the influence curve based
estimator of the variance (times /) in parentheses. Efficiency bound is 17.81

the data that were collected as part of this study is to examine the effect of baseline vigorous LTPA
(Leisure Time Physical Activity) on subsequent five-year all-cause mortality.

In this chapter, we use the same measure of LTPA used by Bembom and van der Laan (2007),
which is a continuous score based on the number of hours that the participants were engaged in
vigorous physical activities such as jogging, swimming, bicycling on hills, or racquetball in the last
seven days, and the standard intensity values in metabolic equivalents (MET: Metabolic Equivalent
of Task) of such activities, where one MET is approximately equal to the oxygen consumption
required for sitting quietly.

The primary confounding factors that we adjust for are described in Table 2.4. Age and gender
are natural confounders, and the rest of the variables intend to account for the subject’s underlying
level of general health. Of the 2092 subjects enrolled in the SPPARCS study, 40 were missing
information in at least one of this variables; our analysis is based on the remaining 2052 subjects.

In the sequel of this section, the vector containing the confounders will be denoted by W, the
continuous MET score by A, and the indicator of five-year all-cause mortality by Y. We are inter-
ested in estimating the effect of a policy that will produce an increase of 12 METs (corresponding,
for instance, to bicycling during three hours at less than 10mph per week) in the average of the
conditional distribution physical activity, given the covariates. Note that our intervention could
also be defined by using different values of MET in each strata defined by the covariates W.

Initial estimators of the conditional density go(A|W) and the conditional expectation Qg (A, W)
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n Model TMLE IPTW A-IPTW

I 093 0.97 0.93

50 2 093 0.96 0.93
3092 097 0.92

4 090 096 0.89

I 094 098 0.94

2 094 098 0.94

100 3 093 0.98 0.94
4 0.89 0.98 0.89

I 095 0.98 0.95

2 095 0.97 0.95

200 3094 098 0.95
4 0.87 0.97 0.87

I 095 0.99 0.95

2 095 0.98 0.95

500 3094 099 0.95
4 078 0.98 0.78

Table 2.3: Coverage probability of normal based confidence intervals.

are presented below.

Initial estimator of g,

For the estimation of the density go(A|W), we consider the estimator presented in chapter 1. We
now provide a summary of the rationale behind this estimator. Consider k+ 1 values o, &, ..., 0%
spanning the range of the data and defining k bins. Now, consider the following class of histogram-
like candidate estimators of the conditional density go(A|W)

Pry{A € [04y—1,0,) W}
Oy — Oly—1

gna(A=alW)= , for 0,1 <a < a1,

where the choice of the o values and the number of bins index the candidates in the class. The
probabilities in the numerator are estimated through the super learner. The final estimator of the
density consists of a convex combination of these estimators that minimizes the cross-validated
empirical risk.

As an example, Figure 2.1 shows two contrasting estimated densities g,(A|W) for different
profiles W, in which a subject with better general health status is more likely to have higher levels
of physical activity. As pointed out in chapter 1, this methodology allows the detection of high
density areas in the exposure mechanism, like the one detected at zero in Figure 2.1 (a). This spike
appears because this is a “zero-inflated” exposure, in which a large proportion of the population do
not practice any amount of physical activity.



CHAPTER 2. STOCHASTIC INTERVENTIONS: SHIFTING THE EXPOSURE

MECHANISM

Variable  Description
Female

Gender Male

Age Age in years
Self-rated health status:

Health Ex‘cellent
Fair
Poor

NRB Score of self-reported physical functioning rescaled between 0 and 1

Card Previous occurrence of any of the following cardiac events: Angina, myocar-
dial infarction, congestive heart failure, coronary by-pass surgery, and coro-
nary angioplasty

Chron Presence of any of the following chronic health conditions: stroke, cancer,

liver disease, kidney disease, Parkinson’s disease, and diabetes mellitus

Never smoked
Smoking Current smoker
Ex-smoker

Decline  Activity decline compared to 5 or 10 years earlier

Table 2.4: Confounders.

Initial estimator of O

30

For the initial estimator of Qg we used the super learner (van der Laan, Polley, and Hubbard,
2007). Table 2.5 shows the candidates used, their cross-validated risks, and their coefficients in the
final super learner predictor. In order to get a consistent estimator of Qy the library of candidate
estimators should be as large as possible. Since this is an illustrating example, we allow ourselves

to use this small library.

Cross-validated Risk  Coef.
GLM main effects 0.1079  0.0000
GLM main eff. and two way interactions 0.1143 0.0835
GAM degree 2 0.1073  0.0000
GAM degree 3 0.1071 0.9165
Bayes GLM main effects 0.1078 0.0000

Table 2.5: Super learner output for estimation of Qy.
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Figure 2.1: Estimated conditional density of A given the profiles: (a) age = 77, gender = female,
health = fair, nrb = 0.9, card = no, smoke = ex-smoker, decline = yes, chron = yes; and (b) age
=71, gender = male, health = good, nrb = 0.88, card = no, smoke = never smoked, decline = no,
chron = no

Estimators of y

Table 2.6 shows the three estimates of Yy with their standard errors, as described in section 2.3.
As an example, the TML estimated value of y;, 3 = 0.16 indicates that if a policy that increases the
average leisure time physical activity by the equivalent of 12 METs is implemented, the estimated
risk of death in the intervened population will be 16%.

If the objective is to perform a comparison with the current risk of death, we can define a
population intervention parameter l//é as

¥ = Wo—Ep,(Y).

This is a parameter that compares the expected risk of death in the intervened population with the
current risk of death, and therefore describes the gain obtained by carrying out the intervention
of interest. For a given estimator ¥, of Yy, an asymptotically linear estimator of l//(} is given by
v} =y, — Y. Its influence curve can be computed as D'(P)(0) = D(P)(0) — {Y — Ep(Y)}, and
its variance is estimated through the sample variance of D' (P)(0). Here D(P)(0O) is the influence
curve of each of the estimators defined in section 2.3. The estimates of l//(% and their standard
errors are presented in table 2.6. Confidence intervals and p-values for hypothesis testing can be
computed based on the normal approximations for asymptotically linear estimators described in
section 2.3. In light of the results from the simulation section and the theoretical properties of the
estimators, we rely on the TMLE and A-IPTW to measure the effect of the intervention of interest.
The estimated value of l//,} means that if a policy increasing the average time of physical activity by
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TMLE A-IPTW IPTW
wo  0.1600(0.0104)  0.1599(0.0105)  0.1454(0.0135)
wl —0.0179(0.0071) —0.0179(0.0071) —0.0324(0.0117)

Table 2.6: Estimates of yp.

the equivalent of 12 METs (corresponding, for instance, to bicycling during three hours per week
at less than 10mph) is put in place, the risk of all-cause mortality in the elderly would be reduced
by 1.79%. These results are consistent with the findings of Bembom and van der Laan (2007).

2.6 Discussion

In this chapter we define a new parameter measuring the causal effect of a population intervention
that (as opposed to most of the parameters presented in the literature) accounts for the fact that in
most cases the post-intervention exposure continues to be a random variable. We argue that this
parameter makes more intuitive sense when the objective is to assess the causal effect of policies
intending to modify an exposure variable that cannot be directly intervened upon. For example, as
argued in Bembom and van der Laan (2007), it makes little sense to assess the effect of a realistic
policy in terms of a static intervention in which every subject in a population of elderly people is
required to increase his level of physical activity to the maximum, or even to a level defined by
a deterministic function of the covariates. Such interventions are never possible due to particular
health conditions, physical functioning constraints, or simple inability to enforce every subject to
comply with the treatment level dictated by the intervention. Hence, deterministic interventions
do not provide an accurate tool to measure the causal effect of a realistic policy that renders a
stochastic exposure.

Another appealing feature of the framework presented in this chapter is that it provides a natural
way of defining and estimating causal effects for continuous variables, or discrete variables with
more than two levels, which are currently defined through the specification of a working MSM
(Neugebauer and van der Laan, 2007). The positivity assumption required to estimate our proposed
causal parameter can be made weaker than the positivity assumption required to estimate MSM
parameters.

Three estimators of the parameter were proposed, two of which are double robust to misspec-
ification of the models for the treatment mechanism gy and the conditional expectation Qp, even
when the parameter depends on these two quantities. This double robustness property is proven
analytically, and corroborated in a simulation study.
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Chapter 3

Stochastic interventions: truncating the
exposure mechanism

Current approaches to causal inference (Rubin, 1974; Rubin, 1978; Pearl, 2000; Pearl, 2009) de-
fine causal parameters as functions of the distribution of random variables generated by a system
in which the stochastic nature of a set of variables is intervened on, leading to changes in the
stochastic nature of the variables that depend causally on them. Such interventions may be defined
in various ways: static, dynamic or stochastic. A static intervention is one in which the treatment is
set to a given fixed value deterministically, while a dynamic intervention allows such value to de-
pend on variables that precede it causally. Static interventions have also been called deterministic
(Korb et al., 2004) or atomic (Pearl, 2000).

In spite of their wide use, deterministic interventions (whether static or dynamic) do not provide
an appropriate framework to answer causal questions about phenomena that are not subject to direct
intervention. Feasible interventions often interact with other factors (e.g., a medication has impact
in several organs), fail to put the exposure of interest into a deterministic state (e.g., it is unrealistic
to set an individuals’ exercising regime according to a deterministic function), or are the result of
implementing policies that target stochastic changes in the behavior of a population (e.g., the use
of mass media messages advertising condom use as a means of prevention of HIV infection is a
deterministic treatment at the community level that renders a stochastic one at the individual level,
because each individual will react stochastically to the intervention depending upon exogenous
observed or non observed factors (McAlister, 1991)).

In general (Korb et al., 2004), an intervention can be simply defined as an external manipulation
of a causal system, whether that manipulation is deterministic or stochastic. A static intervention
corresponds to an alteration of the causal system in which the density of the exposure is changed
to a degenerate one. One can also intervene in the exposure by changing its density in any arbitrary
way, which leads to a natural generalization of the counterfactual framework of Rubin (1978). This
general approach is perhaps of more interest from a policy making standpoint: if the counterfactual
distribution of the exposure reflects the expected changes induced by a hypothetical intervention
policy, the intervened model contains all the information about the causal effect of the intervention
in the distribution of the outcome.
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Stochastic interventions also provide a new, natural way of non-parametrically defining causal
parameters for any type of exposure (e.g., continuous ones), regardless of its support and dominat-
ing measure. Thus far this was only possible through the use of misspecified parametric models
or the use of marginal structural models (Neugebauer and van der Laan, 2007). Some advantages
of stochastic interventions with respect to marginal structural models include weakening the pos-
itivity assumption and robustness with respect to misspecification of the model for the treatment
mechanism.

Because stochastic interventions generalize static and dynamic interventions, and since sev-
eral intervention policies are not representable in terms of either static or dynamic interventions,
the development of methods for identification and estimation of parameters defined in terms of
stochastic interventions is of main interest to the causal inference research community.

Among the few works dealing with the mathematical formalization of stochastic interventions
figure Didelez, Dawid, and Geneletti (2006) and Dawid and Didelez (2010), who provide a sys-
tematic and comprehensive discussion of identification of parameters of stochastic, dynamic and
static interventions, studying them from a decision-theoretic viewpoint, exploiting representations
of causal systems in terms of regime indicators and influence diagrams, and presenting a paral-
lel between their theory and existing theory for dynamic, non-stochastic regimes. Tian (2008)
shows that the identification of sequential intervention, whether stochastic or not, can be reduced
to identification of a specific set of sequential static interventions, for which there are complete
identifications algorithms available in the literature. It is therefore no surprise that identification of
our parameter in section 3.1 requires no further assumptions than those required for identification
of a static intervention.

Stochastic interventions arise in applications either inspired by a deterministic intervention, or
because they are of interest in themselves. The most popular example of the former situation is
given by the definition of natural direct effects, in which the effect of A on Y is confounded by
W and mediated by a variable Z. If A and Z are binary, one can define the counterfactual Y; z,
(Robins and Greenland, 1992; Pearl, 2001; Zheng and van der Laan, 2011b; Hafeman and Van-
derWeele, 2011) as the outcome under a model in which A has been set to a = 1 with probability
one, and the distribution of Z has been changed to that of Zj, the latter being the counterfactual
of Z obtained when A is set to a = 0 with probability one. This setting provides an example in
which the intervention of interest is performed in two nodes, using a static intervention for A, and
a stochastic intervention for Z. Didelez, Dawid, and Geneletti (2006) and Robins and Richardson
(2010) discuss in detail the case in which several direct and indirect effects are defined and studied
in the context of stochastic interventions. Taubman et al. (2009b) considered an intervention in the
BMI defined by a truncation of the original exposure distribution, which, contrary to the truncation
that we will use in this chapter, relocates the mass originally located above the threshold across
all the values below the threshold. As explained by Stitelman, Hubbard, and Jewell (2010b), such
intervention is usually the result of dichotomizing a continous variable and considering a static
intervention in the dichotomous version of the treatment variable. This dichotomization represents
current common practice, in section 3.2 we will discuss the differences with the approach presented
in this chapter. Cain et al. (2010) briefly discuss a stochastic intervention in the context of com-
paring dynamic treatment regimes for HIV infected patients. The regimes they discuss are of the
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type “initiate treatment within m months after the recorded CD4 cell count first falls below x”, and
they are interested in an atomic intervention in the CD4 cell count X, and a discrete uniform {0,m}
post-intervention distribution for the number of months before treatment M. Such intervention is
discussed in more detail by Young et al. (2011).

Among the applications in which stochastic interventions arise as an interest in themselves, in
chapter 2 we considered the effect of an intervention in a population of people over 55 years of
age that aimed to change the distribution of the amount of energy spent in leisure time physical
activity on all cause mortality. In the present chapter we will analyze the effect of an intervention
that intends to reduce air pollution levels below a certain threshold, but allows a stochastic distri-
bution of air pollutants below such threshold. The claims about identifiability and properties of the
estimators presented in this chapter are valid only for this stochastic intervention, although they
can be generalized to a broader class of interventions.

Consistent and efficient estimation of statistical parameters in semi parametric models has been
studied by Bickel et al. (1997), van der Laan and Robins (2003), Rose and van der Laan (2011),
and Tsiatis (2006), among others. In particular, Rose and van der Laan (2011) provide a very
valuable link between efficient estimation theory in semiparametric models and causal inference,
empowering researchers with tools to define a causal parameter of interest, truthfully propose a
model for the distribution of the data, and compute an efficient, targeted estimate of the parameter
of interest under that model. By a truthful definition of the statistical model we mean that the start
point is a completely non parametric model, that can only be reduced in size if real knowledge
about the distribution of the data is obtained. Parametric and other assumptions often made for the
sake of computational convenience are not allowed: they do not represent knowledge about the
phenomena under study and therefore result in biased estimates.

In this chapter we will demonstrate the use of stochastic interventions to assess the effect of
a (hypothetical) law that enforces pollution levels below a certain cutoff point. For estimation of
causal effects we use efficiency theory in semiparametric models, and in particular the targeted
minimum loss based estimation road map as described by Rose and van der Laan (2011)

The chapter is organized as follows. In section 3.1 we define the observed and counterfactual
data, as well as the causal and statistical parameter and its efficient influence function. In sec-
tion 3.2 we discuss how this problem would be tackled with existing methods, and argue that the
conclussions of such methods are misleading. In section 3.3 we present three estimators of the
statistical parameter of interested: an inverse probability of treatment weighted estimator (IPTW),
an augmented IPTW that solves the efficient influence curve equation, and a targeted minimum
loss based estimator (TMLE). section 3.4 provides an extension to longitudinal data settings and
illustrates its use to measure the effect of NO, concentrations in the air on asthma symptoms in
children between 6 and 11 years of age. Finally, section 3.5 provides some concluding remarks
and directions of future research.
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3.1 Observed data, counterfactuals and parameter of interest

Causal and statistical models

Consider an experiment in which an exposure variable A, a continuous or binary outcome Y and a
set of covariates W are measured for n randomly sampled subjects, and the outcome is measured
subject to an indicator of missingness denoted by C. Let O = (W,A,C,CY) represent a random
variable with distribution Fy, and Oy, ..., O, represent n i.i.d. observations of O. Assume that the
following non parametric structural equation model Pearl, 2000, NPSEM holds:

W=fw(Uw); A=fa(W,Us); C=fc(A,W,Uc); CY =Cfy(A,W,Uy), (3.1

where Uy, Uy, Uc and Uy are exogenous random variables assumed to satisfy the randomization
assumption (Uc,Uy ) LLUy|W. The true distribution of O can be factorized as

Py(0) = Po(W)Py(A|W )Ry (C|A,W){Py(Y|A,W,C)}{I(CY = 0)} €, (32)

and we denote go(A|W) = Py(A|W), ¢o(A,W) = Py(C =1|A,W), and Qy(A,W,C) = Ey(Y|A,W,C).

In the next subsections we will use this data structure to define a causal and statistical parameter
of interest, find its efficient influence curve (Bickel et al., 1997; van der Laan and Robins, 2003),
and establish the asymptotic properties of estimators that solve the efficient curve equation.

Causal and statistical parameters

Assume that the interest of the researcher relies in estimating the effect of a policy that will cause a
truncation on the exposure, relocating the probability mass originally located above certain thresh-
old & in an interval (9;,6;), where ) = &, — € for some small €. Formally put within the causal
framework of Pearl (2000), such policy can be described by considering the modified system

W= fw(Uw); Apy =T(g){fa(W,Ux),W}; Cpy=1; Yps1= fr(Ap;,W,Uy), (3.3)

where g; denotes a user-given (but possibly unknown, e.g. one could set g7 = go) conditional
distribution of A given W,

G H{Go(A)} ifA < §

TenA,W) = Gl_l{GI<A|¥(L_)(GV€/()6I|W)+G1(51|W)‘W} ifA> 8,
1

and Gy denotes the distribution function corresponding to g;. The distribution of Ap; is given by

(3.4)

gr(alw) ifa< &
Ps(g1)(Aps = alW) = ¢ g1(alW)K(gr)(W) if 6 <a< o (3.5)

0 otherwise ,
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where
_1-G{&|w}

G{01,6,[W}’
and in an abuse of notation G{61,%|W} = [5 <5, &(a|W)dpi(a). This intervention has two con-
sequences on the distribution of the exposure: (1) it changes the distribution of values of A below
01 from gg to g7; and (2) it relocates the values of A above 0; between 0; and &, according to
distribution (3.5). As special case we will consider the case g; = go, which is of particular interest
when we weant to assess the effect of policies that enforce the value of certain exposure below a
pre-specified level. In such cases the distribution of the set of individuals that already comply with
the enforced cut-off is expected to remain unchanged, making consequence (1) void.

Under the randomization assumption, the expectation of the outcome Yp; ; is identified as a
function of the observed data generating mechanism Py as

K(g)(W)

‘P(PO) = E(YP&I) = Eg1.,QW {QO(A7W7 1) X M<gl)<A7W)} ) (36)

where M(g)(A,W) =I5 (A) +15, 5,(A) x K(g)(W), I5,(A) = I(A < ;) and I5, 5,(A) =1(6; <A<
0,). This identification result follows from the following argument. The usual consistency assump-
tion (A =a,C=1)=Y,1 =Y implies (Ap; = a,C = 1) = Yp; | =Y, 1, therefore P(Yp, | = y|Ap; =
a,C=1,W=w)=P(Y,1 =y|Ap; =a,C=1,W =w). Itis easy to verify that (Us,Uc) LLUy |W im-
plies (Ap;,C)LLY, |W for all a, c. Thus P(Y, 1 = y|Ap; =a,C=1,W =w) =P(Y,1 =y|W =w),
which from standard arguments for identification of static interventions (see for example Pearl
(2000)) can be shown to be identified by P(Y = y|A =a,C = 1,W = w). This result can also be de-
rived using the “G-recursion” formula, presented by Dawid and Didelez (2010), which generalizes
the G-computation formula for dynamic regimes of Robins (1986). It can also be shown that the
assumptions stated here are equivalent to the assumption of “simple stability” as defined by Dawid
and Didelez (2010), which generalizes the (sequential) randomization assumption to the case of
stochastic interventions.

The parameter in (3.6) is a weighted mean of Qy(A, W, 1) (with respect to the joint distribution
of A and W), in which values of Qg(A, W, 1) for which A < &; receive weight one, values for which
01 <A < &, receive weight K(g7)(W), and values for which A > 0, receive weight 0. This makes
intuitive sense; if the portion of the population whose exposure is originally above &, is relocated
in exposure levels in 31, &,], the expected outcome of individuals in [}, 6] should be reweighed
by K(gr)(W), and the portion above 0, should be reweighed by zero, given that no portion of the
population will fall in that region after the intervention.

As a consequence of the formal equivalence between the counterfactual and the non-parametric
structural equation model frameworks (Pearl, 2000, section 7.4.4.), all the results presented in this
chapter can be derived under either paradigm. Furthermore, parameter (3.6) is a purely statistical
parameter defined as the expectation of the outcome under a different distribution of A given W, and
can therefore be of interest in itself, without any underlying causal assumption or interpretation.
In the following subsections we deal with estimation of (3.6) under a non-parametric model.
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Efficient influence curve

The efficient influence curve is a key element in semi-parametric efficient estimation, since it de-
fines the linear approximation of any efficient and regular asymptotically linear estimator, and
therefore provides an asymptotic bound for the variance of all regular asymptotically linear esti-
mators (Bickel et al., 1997). We limit the discussion to efficient estimation of parameter (3.6) when
g1 = 8o; the case of a user given function gj is easier and can be studied using similar arguments.

Result 3. The efficient influence curve of parameter (3.6) when g; = g is given by

C ~
D(R)(0) :WM(gO)(A,W){Y —Qo(A,W,1)} (3.7)
40 (3.8)
ot {1 I s )
EPO{QO(AaW’ 1)151,52(A)|W} =
G0{51,52’W} _EPO{QO(AawvI)M(gO)(A>W)‘W} (3.9
JFEP(){QO(AanI)M(gO)(A7W)|W}7lP(PO>’ (310)

where the terms (3.7)-(3.10) are denoted by D\(Fy), D>(Py), D3(Py), and D4(Py); respectively,
and correspond to the orthogonal decomposition of the efficient influence curve implied by the
factorization of the likelihood in (3.2).

This decomposition of the score is going to be useful later on during the construction of a
targeted maximum likelihood estimator of yjp, to define the correct parametric fluctuations. The
following result provides the conditions under which an estimator that solves the efficient influence
curve equation is consistent.

Result 4. Let D(0|Q, g, ¢, W) be the estimating equation implied by the efficient influence function
of result 3:

D(0|0,8,9,v0) = M(g)(A,W){Y — O(A,W, 1)} +M(g)(A,W)x

EP{Q(A7Wﬂ 1)151782 (A)’W} } EP{Q_(A7W7 1)151,32(A)|W} .
G{81,8|W} G{é,8|W}

We have that Ep,D(0|Q,g,¢,w) = 0 if and only if K(g) = K(go) and either Q = Qo or ¢ = .

¢(A, W)

{Q_(A,Wyl) - (3.11)

As a consequence of result 4, a substitution estimator of W(Py) that solves the efficient influence
curve equation will be consistent if and only if K(go) and either Qg or ¢y are estimated consistently,
and it will be efficient if and only if all of the estimators for K(go), Qo and ¢ are consistent. The
robustness of this estimating equation is then tied to robustness of the estimator for K(gg). This
consistency condition on the initial estimator g, is weaker than the conditions needed for other
methods for continuous exposures (e.g., the marginal structural models of Neugebauer and van der
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Laan (2007)); we only need an estimator g, that is consistent in the sense that K(g,) — K(go),
which is much weaker than the condition of g, — go required for marginal structural models. This
is because K(go) only depends on the conditional probabilities G{0;|W } and G{6;, 8;|W }, which
can be consistently estimated by a misspecified estimator of the density.

An additional advantage with respect to marginal structural models and other methods for
continuous variables (Petersen et al., 2010) is given by the positivity assumption needed to identify
and estimate the parameter of interest. The positivity assumption required to estimate marginal
structural models is

h(a)
sup
acr 80(alW)

for a user-specified weight function 4. The function 4(a) = 1 is commonly used, since it implies
giving equal weights to all the possible treatment values. The positivity assumption needed to
identify and estimate our parameter of interest is given by

< oo, —a.e.,

Go{01,5|W} >0,— a.e.,

which is a condition that depends on the choice of the interval (8;,0;) and its probability under
Gy, and is thus more likely to be true than positivity of the density gq for all the values a € 7.

3.2 Common practice

An alternative formulation of the causal problem of assessing the effect of a truncation in the
exposure, which is the current standard in applications of causal inference methods (e.g., Brotman
et al., 2008; Bryan, Yu, and van der Laan, 2004; Joffe et al., 2004; Tager et al., 2004), is given by
the use of a dichotomous version A* = I(A < &;) of the continuous treatment variable. The effect
of a truncation of A is evaluated in terms of the static intervention A* = 1, and the parameter is
defined as E{E(Y|A* = 1,W)}, which corresponds (as proven by Stitelman, Hubbard, and Jewell,
2010b) with a stochastic intervention on A in which g is changed to

go(a|W)/G{&|W} ifa<

o (3.12)
0 otherwise ,

Ps(80)(Ap; = alW) = {

which is equal to (3.5) only if G{8§;|W} = 0. This means that E{E(Y|A* = 1,W)} measures
the effect of a policy that will cause a truncation in the exposure, but will relocate the mass of
the non-compliers (i.e., G{0,|W}) across all the values below 8. As a consequence, the two
parameters assess policies with different hypothetical effects on the density of the exposure; it is
the researcher’s responsibility to judge which option is a more likely post-intervention distribution
for the policy that is being evaluated.

For instance, in section 3.4 we estimate the effect of a policy that enforces pollutant levels
below a predefined threshold. Under such a policy, individuals polluting above the threshold will
only have an incentive to reduce their pollution levels to a value that is in accordance with the pol-
icy, having no further incentive to go below the enforced cut-off point once they have reached it.
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Therefore, the most likely post intervention distribution for this policy is one that locates the prob-
ability mass associated to the non-compliers around the cut-off point, i.e., intervention (3.5). The
use of intervention (3.12) in this example could lead to misleading conclusions. As an example,
consider the following data generating mechanism

W1 ~ U{O, 1}; Wz ~ Ber{0.7}; W3 ~ N{Wl,.25 exp(ZWl)}
A ~ Beta{S;(W),S,(W)}
Q(A,W) = expit{ 1 + W + 1.5A +2AW; + .5AW, — 2W W, + 2W W3 },

where we consider four different values for S; and Sp: (1) S1(W) = S, (W) =S(W), (2) $;(W) =
S(W) and S>(W) = expit{S(W)}, (3) S1(W) = expit{S(W)} and S, (W) = S(W); and (4) S;(W) =
expit{S(W)} and Sp(W) = expit{S(W)}; for S(W) = 2.5+ .6W; + 3WoWs — 2W W5 — .1(1 —
W,)Ws. This four scenarios provide four different shapes of the beta distribution: (1) symmet-
ric bell-shaped, (2) skewed to the left, (3) skewed to the right; and (4) symmetric U-shaped. For
these four scenarios, table 4.4 shows the parameter E(Yp; —Y') under interventions (3.5) and (3.12)
for (8;,6,) = (0.8,0.9), providing a situation in which the conclusions obtained from the two anal-

Intervention () ) 3) @
(3.5) -0.0001 -0.0001 -0.0019 -0.0009
(3.12) -0.0009 -0.0002 -0.0112 -0.0111

Table 3.1: Parameter values under different scenarios.

ysis are very different. In this example the two effects are fairly similar when G{&|W} ~ 1, i.e.,
models (1) and (2). The use of the standard practice of dichotomizing the exposure would lead to
misleading results, particularly for models (3) and (4).

3.3 Estimators

Initial estimators

In this section we present three estimators for the parameter defined in (3.6). The TMLE and the
A-IPTW estimators solve the efficient influence curve equation and inherit the properties derived
from result 4. The IPTW is inefficient, and will be consistent only if the estimator of ¢y is con-
sistent. The TMLE is expected to perform better than the A-IPTW if the positivity assumption
SUP,c .7 P0(A, W) > 0, — a.e. is violated.The finite sample properties of these estimators have been
studied elsewhere (e.g., Porter et al., 2011; Rose and van der Laan, 2011).

The estimators presented in this section require initial estimates of Qp, go and ¢, which can be
obtained through machine learning techniques, parametric or semi-parametric models. The con-
sistency of these initial estimators will determine the consistency and efficiency of the estimators
of Yy, as discussed previously. Parametric models are commonly used for the sole sake of their
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convenient analytical properties, but they encode assumptions on the distribution of the data that
are not legitimate knowledge about the phenomenon under study and usually cause a large amount
of bias in the estimated parameter. As an alternative, we recommend the use of machine learning
techniques such as the super learner (van der Laan, Polley, and Hubbard, 2007). Super learner is
a methodology that uses cross-validated risks to find an optimal estimator among a library defined
by the convex hull of a user-supplied list of candidate estimators. One of its most important the-
oretical properties is that its solution converges to the oracle estimator (i.e., the candidate in the
library that minimizes the loss function with respect to the true probability distribution). Proofs
and simulations regarding these and other asymptotic properties of the super learner can be found
in van der Laan, Dudoit, and Keles (2004) and van der Laan and Dudoit (2003). We will assume
that g is estimated consistently in the sense that K(g,) — K(go)-

Influence curve based variance estimators are provided for these three estimators. Consis-
tency of the variance estimators also depends on the consistency of the initial estimators of Qy,
and ¢y. These dependency can be avoided at the cost of computational time and effort by using
bootstrapped estimates of the variance.

IPTW

Given an estimator g" of the exposure density go, and an estimator ¢ of the missing mechanism,
the IPTW estimator of y is defined as

1 Ci
Vo =5 & gia )

i=1

M(g,)(Ai, W)Yi.
The IPTW is an asymptotically linear estimator with influence curve

Diprw (0|80, 0, Wo) = M(go)(A,W)Y — yp,

C
Po (Aa W)
therefore the variable /n(W, 1 — W) converges in distribution to N(0, PyD?pyy,(g0)), whose vari-
ance can be estimated as the empirical variance of D?pryy (0]g0, 00, W, 1). This is a conservative
estimator of the variance of the IPTW, as proven in van der Laan and Robins (2003).

Augmented IPTW

The augmented IPTW is the value , > that solves the equation } /', D(0:|0%,¢% 62, wy) = 0, for
initial estimates 99, g% and ¢! of Qy, go and ¢y.

1 & C; _
Yno = ZZ {WM(gg)(Ai»Wi) {Y;— 00 (AL Wi, 1)} + M(g)) (Ai, W;) x

i=1

(3.13)

{QS(Ai,Wi, - Eo{O0(A,W, )5 5,(A)|W;} } Epo{Q(A,W,1)I5 5,(A)|W;}

GO{81,5,|W;} Go{81, &|W;}
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If the initial estimators are consistent, the A-IPTW is an asymptotically linear estimator with influ-
ence curve D(0|Qo, g0, Po, Yo). As in the case of the IPTW, the variable /n(y, 2 — W) converges
in law to a random variable with distribution N{0, P0D2( 1100, &0, 90, Wo, )}, whose variance can
be estimated as the empirical variance of D*(0|0%, 8% 00, y,2). Rose and van der Laan (2011,
Appendix 18) show that inference based on this variance estimator is valid only if ¢,9 1s consistent,
providing exact inference when QU is consistent, and conservative inference when Q0 is inconsis-
tent.

Targeted maximum likelihood estimator

Targeted maximum likelihood estimation van der Laan and Rubin (2006) is a loss-based semipara-
metric estimation method that yields a substitution estimator of a target parameter of the probability
distribution of the data that solves the efficient influence curve estimating equation, and thereby
yields a double robust locally efficient estimator of the parameter of interest, under regularity con-
ditions.

In order to define a targeted maximum likelihood estimator for yg, we need first to define three
elements: (1) A loss function L(Q) for the relevant part of the likelihood required to evaluate ¥ (P),
which in this case is Q = (Q, g, Ow ). This function must satisfy Qp = argming Ep,L(Q)(O), where
Qo denotes the true value of Q; (2) An initial estimator Qg of Qo; (3) A parametric fluctuation Q(¢)
through QY such that the linear span of %L{Q(e)ﬂgzo contains the efficient influence curve D(P)
defined in result (3). These elements are defined below:

Loss Function
As loss function for Q, we will consider L(Q) = Ly(Q) + La(g) + Lw (Qw), where for continu-
ous Y we set Ly (Q) = {Y — Q(A,W,C)}?, for binary Y we set Ly (Q) = Y log{Q(A,W,C)} + (1 —
Y)log{1—Q(A,W,C)}, La(g) = —logg(A|W), and Ly (Qw) = —log Qw (W). It can be easily ver-
ified that this function satisfies Qo = argming Ep,L(Q)(O).

Parametric Fluctuation
Given an initial estimator Qk of Qp, with components (Qn7 gn7 Q{SV ,), and an initial estimator (]),9 of

o, we define the (k+ 1)th fluctuation of QF as follows:
m{ Q" (&1)(A, W)} = m{Q;(A, W)} + &1 Hf (A, W)
g (&1)(AIW) < exp{eiH3 (A, W) } g, (A|W)
Qi (£2) (W) o< exp{e2H{ (W)} Qly (W),
where

HY(A,W) = oM (g,) (A, W), H{(A,W) = D3(P")(0), and Hy(W) = D4(P*)(0),

97 (A, W)
with D3 and D4 defined as in result 3, and m is the identity or logit function depending on whether
the outcome is continuous or binary. Note that this fluctuation satisfies the condition D(P) €<
L 1{Q(€)}|e=0 >, which is a key element of targeted minimum loss based estimation.
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Targeted Maximum Likelihood Estimator
The TMLE is defined by the following iterative process:

1. Initialize k = 0.

2. Estimate € as € = argmin, P,L{Q%(¢)}.

3. Compute Q**! = Ok (k).

4. Update k = k -+ 1 and iterate steps 2 through 4 until convergence (i.e., until X = 0)

First of all, note that the value of & that minimizes the part of the loss function corresponding
to the marginal distribution of W in the first step (i.e., —P,log Q‘lV L(&2))1s 821 = 0. Therefore, the
iterative estimation of € only involves the estimation of £;. The kth’step estimation of €; is obtained
by numerically minimizing B,(Ly (QX (1)) + La(gk(£1))).

The TMLE of vy is defined as y,3 = limy_,., ¥(PF), assuming this limit exists. In prac-
tice, the iteration process is carried out until convergence in the values of & is achieved, and an
estimator @, is obtained. The variance of Y, 3 can be estimated by the empirical variance of
D*(0|Q%, 8%, 02, w,3), which is a consistent estimator only if both ¢? and O} are consistent, is
conservative if q),? 1s consistent but Q,*; is not, and is inconsistent in any other case.

3.4 Extension to longitudinal data and application

Longitudinal interventions

Assume now that the observed data structure is the same presented in section 3.1, but now we
have repeated measures in the sense that for each subject the observed variables were recorded
at time points t = 1,...,7. That is, the observed data in this case can be described as a vector
0=W,A,C,CYy:t=1,....,T)=(0;:t =1,...,T). We can now define a time specific coun-
terfactual outcome given by Y; p o, where the stochastic intervention of interest is performed by
changing each time-specific exposure mechanism g; o to F; 5, with P, 5 analogous to Pg in (3.5).
The parameter of interest can be defined now as a causal effect based on a marginal structural
model (MSM, Neugebauer and van der Laan, 2007) with only intercept:

T
Bo = argmin ;{Eo(Yr,E,S) —mg () }w(r),

where we set mg(t) = B, and w(t) is a weight function initially set to 1 /7. For this case (usually
called intercept only model), our parameter of interest reduces to

T

Bo =Y w(t)Eo(Y; py), (3.14)

t=1
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which is the weighted average of the time specific causal effects. This parameter provides a mea-
sure of the overall effect of a policy when applied repetitively at every time point. Parameters
given by more complex marginal structural models motivated by different research questions can
also be defined by an appropriate MSM, for example the expectation of the counterfactual outcome
at the last time point in the study, which will provide a measure of the final effect of implementing
a given policy during 7 units of time, or an MSM that takes measures the possible trend in the
expectation of the counterfactual outcome.

The efficient influence curve of parameter (3.14) is given by the weighted average of the time
point specific influence curves:

Dﬁ<0‘Q’g?¢’B0 ZW Ot|Qt,gt7¢t;Wt0) (3.15)

where D is defined in (3.11) and Oy, g;, ¢; and Y; o denote the conditional expectation of the out-
come, exposure mechanism, missingness mechanism and expectation of the counterfactual out-
come for each time specific data structure. Estimators that solve the efficient influence curve
equation

n T
ZZ (0it| Q1. 81,01, Wi0), (3.16)

inherit the consistency and efficiency properties of estimators mentioned in result 4, where the
consistency conditions are now replaced by consistency in the estimation of all the time specific
mechanisms Q,,o, g0 and ¢;o. To estimate each of these initial parameters we can choose to fit
different estimators for each time point, or we can also choose to do smoothing over ¢, by including
it as a covariate in each of the conditional expectations and probabilities involved.

Estimation of the parameter in (3.14) can now be performed by applying the estimators pre-
sented in section 3.3 to a pooled dataset in which time has been added as a covariate and each row
corresponds to a specific subject time point combination. The IPTW estimator, for example, would
now be given by
1 2 T Cit 0
lI/n,l — nT i:ZItZI ¢,97;<Aiz7Mt)M(gn7t)(Alt’ VVlt)Ytta
and the augmented IPTW by

1 X T
WnZ—ZZ[ (gn,)(Aqu {th an(AttaVV:ta }+Mgnt)(Attamt)
¢n(Al[7W/lf)

nT =45
Eg {00, (AW, 1)l5, 5,(A)|Wi}
G {15,,6,(A) Wi} }
Eg {O(A,W,1)I5, 5,(A)| Wi}
G {15,.5,(A) Wi}

{ngt(Aih‘/Vilvl> -

] . (3.17)
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which can be seen to solve equation (3.16). The TML estimator is defined analogous to the
definition given in the previous section, with Qﬁ, H{‘, (p,’f, H§, Q"},, and Hff replaced by their ¢-
specific counterparts. However, the same parameters € and & are used to fluctuate all these
t-specific estimates. Estimation of € in step 2 of the iterative process that defines the TMLE is
performed now with respect to the empirical distribution P,7 given by the pooled dataset, and the
estimating equation in result (4) is replaced by its counterpart summing also over ¢ and with ¢-
specific estimated values of Q_fl, H{‘, (]),f, Hé‘, Qk , and Hff. The estimators of the variance of these
estimators presented in the previous section can also be adapted to these longitudinal estimators.
Remarks about consistency of the variance estimators of section 3.3 carry on to these variance
estimators.

Application

In this section we present the results of applying the method for longitudinal data described in the
previous section to assess the effect of a program that constrains air pollution levels on wheezing
in children with asthma. These data were originally analyzed by Mann et al. (2010) as part of the
Fresno Asthmatic Childrens Environment Study (FACES). In the original chapter whose objective
was to evaluate whether exposure to ambient pollution is associated with increased respiratory
symptoms, wheeze was found to be associated with short-terms exposures to NO, with an odds
ratio of 1.10 (C.I. (1.02, 1.20)) for a 8.7 parts per billion increase. The data consisted of a sample
of 315 children between 6 and 11 years of age who have active asthma. Reports of morning wheeze
were collected for 14 days, up to three times a year, from December 2000 through March 2005,
which lead to approximately 12 data panels for each child. For a comprehensive description of the
study, the interested reader is referred to the original chapter.

We are interested in investigating the effect of NO; concentrations measured 24 hours before
each visit on the current presence of wheezing. The confounders we considered (i.e., W variables)
are: gender, age, race, height, low birth weight, born prematurely, atopy, presence of eczema,
rhinitis, mother smoked during pregnancy, whether child was ever breastfed, presence of asthma in
father and mother, no smoking policy in the house, anyone smokes in the house, relative humidity,
temperature, season of the year, whether the house is rented or owned and income.

We estimated the effect of a policy that enforces NO; levels below 28.15 ppb. We assume that
such intervention will produce a change in the population distribution of the exposure correspond-
ing to a relocation of the probability mass originally above 28.15 ppb between 26.05 and 28.15
ppb in the intervened population. The values 28.15 and 26.05 ppb correspond with the 85th and
80th percentile of the distribution of NO,, respectively.

If the objective is to perform a comparison of the prevalence of wheezing in the hypothetical
intervened population with the prevalence in the current population, we can define a population
intervention parameter l//(} as 1//6 = Yo — Mo, where iy = Ep (Y). This parameter compares the
expectation of the outcome under the policy of interest with its current expectation, and therefore
provides a measure of the gain obtained by implementing the policy.

Since we observed a coarsened version of Y, we cannot use the empirical mean as an estimator
of 1. Because estimation of this expectation is equivalent to estimation of the expectation of the
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outcome under the intervention C = 1, we suggest the use of the TMLE for static interventions as
described in Rose and van der Laan (2011, chapter 4). Such estimator also utilizes initial estimators
of ¢o(A,W) and Qy(A,W,C), and is double robust under misspecification of either model. For
further details about the properties and implementation the TMLE for p, the reader is referred to
the original sources.

For a given estimator v, of yp, and an asymptotically linear estimator (i, of Ep (Y) with
influence curve Dy (P), an asymptotically linear estimator of 1//6 is given by y! = vy, — . Its
influence curve can be computed as Dy, (P)(0) = Dy(P)(0) — Dy (P)(0), and its variance can
be estimated through the sample variance of D1 (P)(0). Here Dy (P)(O) represents the influence
curve of each of the estimators defined in section 3.3. The estimates of l//é and their standard
errors are presented in Table 3.2. Confidence intervals and p-values for hypothesis testing can be

Table 3.2: Estimates of l[/é and yy (in %).

TMLE A-IPTW IPTW
vl 050(0.40) 0.15(0.89) 0.9 (1.04)
wo 13.53(0.56) 13.17 (0.99) 14.63 (1.14)

computed based on the normal approximations for asymptotically linear estimators described in
section 3.3. In light of the theoretical properties of these estimators, we rely on the TMLE and A-
IPTW to measure the effect of the intervention of interest. The estimated value of W, means that
under a policy that enforces places with NO; levels above 28.15 to decrease their levels to some
value in the interval (26.05,28.15), the prevalence of wheezing in children with asthma between 6
and 11 years of age would be reduced by 0.50%. However, our estimated effect is not significant
at a 95% confidence level, which does not mean that the effect is inexistent or epidemiologically
irrelevant.

3.5 Conclusion

In this chapter we propose a specific type of causal parameter defined by a stochastic intervention
in terms of a truncation of the original distribution of the exposure. We present an application
example in which the effect of a potential policy enforcing pollution levels under certain threshold
is measured. Our approach allows the estimation of the effect of potential policies that result in
stochastic interventions (for example because they fail to put every subject in a predefined exposure
level). We argue that our parameter makes more sense from a policy— and decision—making point
of view as compared to current practice.

The stochastic interventions framework allowed us to naturally define an effect for a continuous
exposure, which is a topic that has received little attention in the causal inference literature. As-
sumptions like the positivity assumption and the consistency of an initial estimator for the exposure
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mechanism are weakened as compared to those required for estimating other causal parameters for
continuous or categorical exposures. Two consistent and efficient estimators for the parameter of
interest were proposed, and their use was illustrated with an example.
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Chapter 4

Data adaptive estimation of the causal dose
response curve

Estimating the causal effect of an exposure A on an outcome Y when the relation between them is
confounded by a set of covariates is a very common problem in causal inference, of high relevance
for applications in epidemiology, medical, and social research, among other fields.

Causal effects in this setting are defined as parameters of the distribution of the counterfactual
outcome (see, for example Rubin, 1974; Pearl, 2000) Y, that would have been observed if, possibly
contrary to the fact, the subject would have received level a of the exposure. Computation of causal
parameters involves expectations with respect to the distribution of the stochastic process that one
would have observed if, for each subject, all the counterfactual outcomes were observed. Since
the observed data contains only one of the counterfactuals, namely Y = Y4, additional untestable
assumptions are needed in order to identify parameters of the counterfactual process distribution
as parameters of the observed data distribution. These assumptions are usually described in terms
of the so-called no unmeasured confounders assumption, a particular case of the coarsening at
random assumption, which roughly states that the censoring or exposure processes cannot depend
on unobserved covariates that are also related to the outcome.

In spite of the large number of causal inference problems that are inherently defined in terms of
exposures of continuous nature, most of the attention in the field of causal inference has focused in
the definition and estimation of parameters for binary treatments, in which it is natural to compare
the counterfactual outcome under two possible exposure levels. Estimation of causal parameters
for binary exposures has been widely studied (e.g., Rubin, 1978; Rosenbaum and Rubin, 1983;
Robins, 1986; van der Laan and Robins, 2003; Rubin, 2006; R. Mansson, 2007; Rose and van der
Laan, 2011). The main reason why consistent and efficient estimators of the causal dose response
curve (CDRC) for continuous treatments in the nonparametric model have not yet been developed
is that it is not a pathwise differentiable parameter (see Bickel et al., 1997, chapter 3, 5), and
therefore cannot be estimated at a consistency rate of n1/2, Examples of pathwise differentiable
parameters that measure the causal effect of a continuous exposure on an outcome of interest are
given by the parameters defined in chapter 2 and 3. These approaches make use of stochastic
interventions (Korb et al., 2004; Didelez, Dawid, and Geneletti, 2006; Dawid and Didelez, 2010)
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as a means to define a counterfactual outcome in a post-intervened world, which compared to the
expectation of the actual outcome defines the causal effect of an intervention.

The most widely known method for estimation of the CDRC for continuous exposures is the
so called marginal structural model (MSM) framework, which was first proposed by Robins, Her-
nan, and Brumback (2000), and whose validity relies on the correct specification of a parametric
model for the CDRC. Neugebauer and van der Laan (2007) generalize this setting to avoid de-
pendence on the correct specification of a parametric model by defining the parameter of interest
as the projection of the true CDRC on the space of functions defined by the parameterization im-
plied by the MSM, providing robustness against misspecification of the parametric MSM. Their
work also includes identification results for this projection parameter, as well as IPTW, G-Comp
and augmented IPTW double robust estimators. Marginal structural models represent only a pro-
visional solution to the problem, because in many instances the interest relies on estimating the
actual CDRC and not its projection on some parametric space of functions.

An alternative and widely used method for estimating non pathwise differentiable parameters
is the selection of the best performing candidate among a list of algorithm estimators, where per-
formance is defined in terms of the cross-validated risk. Formal analytical asymptotic arguments
backing the use of cross-validation as an estimator selection tool were first given by van der Laan
and Dudoit (2003); van der Vaart (2003); van der Laan, Dudoit, and Keles (2004), among others.
The main result of these works is a finite sample size inequality that bounds the risk of the cross-
validation selector by the risk of the oracle selector (the selector based on the true distribution),
which is in turn used to establish, under certain conditions, the asymptotic equivalence between
the cross-validation and the oracle selectors. These results are later explored in specific contexts
by Dudoit and van der Laan (2005); van der Laan, Dudoit, and van der Vaart (2006), among oth-
ers. Of special interest is the work of van der Vaart, Dudoit, and van der Laan (2006), in which
the cross-validation oracle inequalities are extended to candidate libraries with a continuous index
set and unbounded loss functions. van der Laan, Dudoit, and van der Vaart (2006) demonstrates
that this oracle property for cross-validation combined with the right library of estimators results
in a minimal adaptive optimal estimator. van der Laan, Polley, and Hubbard (2007) use these
optimality results in order to define the super learner prediction algorithm, implemented in the
SuperLearner R library. van der Laan and Petersen (2012) describe a general methodology in
which the CV-A-IPTW estimators of the risk are replaced by CV-TMLE estimators.

For the particular case of the CDRC, van der Laan and Dudoit (2003, pag. 52) proof that under
convergence of the initial estimators, the candidate selector based on the cross validated A-IPTW
risk is asymptotically equivalent to the oracle selector. Since A-IPTW estimators are not substi-
tution estimators, they can fall outside the parameter space, and are very sensitive to violations of
the positivity assumption. Violations to the positivity assumption are very likely to occur when
working with continuous exposures, since the exposure mechanism is now a conditional density.

The main contribution of this chapter is to present a cross validated targeted minimum loss
based estimator of the risk of a CDRC candidate estimator that is endowed with an oracle inequality
analogue to that of the A-IPTW. The CV-TMLE we propose is more robust to empirical violations
of the positivity assumption, and it is a substitution estimator, which guarantees estimates that
are within the bounds of the parameter space. These two estimators have also been proven to be
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asymptotically linear with influence function equal to the efficient influence function, under certain
conditions, which implies that they are consistent and efficient estimators of the risk.

The chapter is organized as follows. In section 4.1 we formally describe the inference problem,
define the loss and risk functions, and present the efficient influence function of the parameter of
interest. In order to first introduce relevant concepts, in section 4.1 we present four estimators (G-
comp, IPTW, A-IPTW, TMLE) of the risk when the candidate estimators of the CDRC are assumed
fixed functions. In section 4.1 we generalize these estimators to the case when the candidates are
estimated from the sample, and present the corresponding cross-validated versions of the A-IPTW
and TMLE. In section 4.2 we present a theorem describing the conditions under which the CV-
TML estimator of the risk is an asymptotically linear estimator, the conditions under which it
is consistent and efficient, as well as a discussion on the estimation of its variance. section 4.3
presents the main contribution of this chapter; an oracle inequality for the selector based on the
CV-TML estimator of the risk, and the conditions under which it is asymptotically equivalent to the
oracle selector. Finally, in section 4.4 we use Monte Carlo simulation to compare the performance
of CV-TMLE and CV-A-IPTW selectors and estimators of the risk in finite sample sizes.

4.1 Definition and estimation of the risk of an estimator of the
CDRC

Consider an experiment in which an exposure variable A, a continuous or binary outcome Y and
a set of covariates W are measured for n randomly sampled subjects. Let O = (W,A,Y) represent
a random variable with distribution Py, and Oq,..., O, represent n i.i.d. observations of O. The
range of W, A and Y will be denoted by #/, &/ and %/, respectively. Assume that the following
non-parametric structural equation model (NPSEM) holds:

W=fw(Uw); A= fa(W,Us); Y = fr(A,W,Uy), 4.1)

where Uy, Uy and Uy are exogenous random variables such that Uy LL Uy holds, and either
Uw LLUy or Uy 11Uy holds (randomization assumption). The true distribution Py of O can be
factorized as

Py(0) = Ry(Y|A,W)Py(A|W)Py(W),

where we denote go(A|W) =Py (AIW), Q10(A,W) =Ey(Y|A,W), 020(A,W) =Ey(Y?|A,W), Owo(W)

Py(W), and Pf = [ fdP for a given function f. For a given value a € 7, the counterfactual of ¥
is defined as the value Y, = fy(a,W,Uy), the counterfactual process of Y is given by (¥, : a € &),
and the full data is denoted by X ={W,(Y,:a € &)} ~ F.

In this chapter we will discuss the estimation of the causal dose-response curve within strata of
the covariates Z C W, given by the expression

W/ (Fo)(a.2) = Er,(YalZ) = argminR! (y, Fy), (4.2)

where R/ (y, Fy) = Fol/ (), L' (w)(X) = [ ,{Ya— W(a,Z)}*h(a,Z)d(a), the superscript f stands
for full data, and A is a non-negative function such that [ hdu = 1. The second equality in (4.2) is
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true because Er,(Y,|Z) is the projection of Y, into the space of functions of Z, and FyL/ (y) is the
integral over <7 of the squared norm of ¥, — y(a,Z). The randomization assumption implies that
Y, LLA|W, which allows identification of the full data parameter (4.2) in terms of a function of the
observed data distribution as the mapping

¥(P)(a,Z) = Ep{Q(a,W)|Z}, (4.3)

where we denote yy = ¥(Fy). If A is continuous, W(P) is not a pathwise differentiable param-
eter in the non parametric model, and \/ﬁ—consistent estimation is not possible (Bickel et al.,
1997, chapter 3, 5). However, the risk of a given candidate value y, is a pathwise differentiable
parameter for which it is possible to find regular asymptotically linear estimators.

Following the ideas of Wang, Bembom, and van der Laan (2006), consider a list of candidates
values y; : k= 1,...,K, for I/Ig . Throughout the chapter we will make a distinction between
candidate values (denoted ;) and candidate estimators (denoted ‘i’k), where the difference is that
the former are given functions, whereas the latter are functions of (a,Z) estimated from the sample.

If the full data X were observed, a general selection procedure would involve computing
R/ (i, Fy) : k=1,...,K,, and estimating l[/g based on yy,, where kg = argming R/ (y, Fy). Of
course this optimization procedure cannot be carried out as described previously, because: 1) only
a coarsened version of X denoted by O is observed, 2) the distribution Py of O is unknown, and 3)
in most cases we have a list of candidate estimators ‘i’k, as opposed to a list of candidate values y,
which arises the issue of over-fitting.

In order to overcome these obstacles one needs to:

1. Find a mapping R(y,-) : .# — R that identifies R/, i.e., a mapping such that R(y, Py) equals
R/ (y,Fy), under certain assumptions. It is common that R(y,P) = PLrp)(+, y) for a loss
function Lrp) that is now indexed by a nuisance parameter I': .4 — Fy.

2. If Py is known, the value R(y, Py) suffices to find a selector among the K, candidate values.
However, since P, is unknown, we now need to estimate R(y, Fy). At this point it is worth to
note that even though W(P) is not a pathwise differentiable parameter, the mapping R(y, )
is pathwise differentiable, and can therefore be /n-consistently estimated under regularity
conditions.

3. If candidate values are not available it is necessary to estimate the risk of candidate estimators
W, that are trained in the sample, which makes necessary the use of cross-validated versions
of these estimators.

In the remaining of this section we will discuss the identification of R/. The risk of a candidate y
is given by R/ (y,F) = FL/(y), and is identified as a function of the observed data distribution by



CHAPTER 4. DATA ADAPTIVE ESTIMATION OF THE CAUSAL DOSE RESPONSE
CURVE 52

where

Lo(0.y) = | Er{(Y = y(a,2)*lA = a.W}h(a. Z)dp(a).

= [ {0:(aW)=201(@W)y(a.2)+ ly(@. D) h(a.Z)du(a), @3
given the randomization assumption and the positivity assumption
h(a,2)
sup ———~ < oo, 0—a.e. 4.6
e gola.w) <7 W0 o
Note that the loss function that defines the risk is not unique, since the loss functions
(Y_ W(sz))z
L,(0,y) = h(A,Z), 4.7)
h(A,Z - _
LQ,g<07 ll/) = (A W) [{Yz - QZ(A,W)} - 2W(A7Z){Y - Ql(Avw)}] +
g(A,W)
/Q{{Q_z(a, W) —29(a,2)01(a, W)+ v (a.2)th(a,Z)du(a)  (48)

lead to the same definition of the risk. Loss functions (4.5) and (4.7) come from more intuitive
definitions of the risk, whereas the loss function (4.8) comes from efficient estimation theory, and
is closely related to the efficient influence function of R(y,P). This fact is exploited by Wang,
Bembom, and van der Laan (2006) in order to define estimators of the risk as a cross-validated
average of estimators of these loss functions. We will work towards the definition of a CV-TMLE
analogue of those estimators, and present similar results to those obtained by van der Laan and
Dudoit (2003) in terms of an oracle inequality, as well as the conditions under which the estimator
of the risk is asymptotically linear.

The loss function (4.8), referred to as the double robust loss function, defines the efficient
influence function of parameter R(y) and plays a very important role in double robust and efficient
estimation of R(y), as explained in the next section.

Parameter (4.4) is a pathwise differentiable parameter, for which consistent asymptotically
linear estimators can be found. Note that R(y, P), as defined in (4.4), depends on P only through
Q = (Q,0w), where Q = (Q1,0;). In an abuse of notation, we will use R(y,P) and R(y,Q)
indistinctly, and the true value R(y, Qp) will be denoted by Ro(y). We will also use the notations
R(y,0Q) and R(y)(Q) indistinctly. In section 4.1 we will focus on the estimation of the risk
when the candidates are given values. Given candidate values constitute a situation that is not
very common in research problems, but provides an easy way to introduce the estimators that are
going to be developed in section 4.1, in which we will generalize these estimators to the case of a
candidate estimated from the sample. Cross validation will be used as a tool to avoid over-fitting,
and will lead to an oracle inequality presented in section 4.3.

The efficient influence function of the risk R(y, Q) is given by the expression

D(Q.8,¥)(0) =Lg (0, y) —R(y.0), (4.9)
with LQ-7 2 defined in (4.8).
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Estimators of the risk of a candidate parameter value

In this section we exploit the definitions of the risk in terms of loss functions given in the previous
section in order to define various estimators of the risk. As we will see, the definitions of the risk
through the different loss functions previously described lead to the definition of G-comp, IPTW
and A-IPTW estimators. We will also use the efficient influence function of R(y, P) in order to
define a targeted maximum likelihood estimator of Ry(y). The A-IPTW loss function is closely
related to the efficient influence curve of R(y, P), which results in the consistency and efficiency
of the A-IPTW and TMLE. Analytical properties of these estimators has been discussed elsewhere
(van der Laan and Robins, 2003; van der Laan and Rubin, 2006; Rose and van der Laan, 2011).

We will assume that y is a given function of a and Z in the sense that it is not estimated from the
sample. Such scenario is attainable, for example, in situations in which a pilot study is conducted
in order to postulate candidate estimators with the objective of assessing their performance with
data fronAl a poAsteriAor study.

Let O = (Q1,0>) and ¢ be initial estimators of Qy = (01.0,02,0) and g, respectively. These
estimators will be denoted é or é([P’), depending on whether it is necessary to emphazise their
dependence on the empirical distribution

1 n
P:;;TSOi

with &, denoting a Dirac delta with a point mass at x.

G-comp, IPTW and A-IPTW estimators

The equivalent definitions of the risk through G-comp, IPTW and A-IPTW loss functions allow
the straightforward definition of three estimators of the risk of a candidate value, given by:

n n
A

1 & N 1 N 1
RC(y) = p ZLQ(Oi, v), R(y)= p Y L;(0;,v), and RPR(y) = - ZLQg(Oi, V),
i1 i=1 i=1

which can be seen as solutions in R of the corresponding estimating equations PD/(-|g, w,R) = 0,
PDS(-|Q, w,R) = 0, and PDPR(-|Q, ¢, w,R) = 0, where

Dl(o‘g7 w;R) :Lg(07 ‘l’) —R
DY(0|0,y.R) =Ly(0,y) —R
DDR(0|Q7g7 W;R) :LQg<07 W) —R.
According to theorem 5.11 of van der Vaart (2002), if L; falls in a Glivenko-Cantelli class {Ly : g €

¢} with probability tending to one, and Py(Ls — Lg0)2 — 0, then the IPTW estimator is consistent
for Ry(y). Under an appropriate Donsker condition and consistency of g, the IPTW estimator is
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also asymptotically linear with influence function D/(0|go, W, Ry), as explained in theorem 6.18
of van der Vaart (2002) and the theorems of chapter 2 of van der Laan and Robins (2003). As
a consequence, it is an inefficient estimator of the risk Ro(y), and its variance can be estimated
with the empirical variance of D!(0|g, w,Ry). Equivalent statements are also true for the G-comp
estimator.

Following similar arguments, the A-IPTW estimator is double robust in the sense that it is
consistent if either of Q or ¢ is consistent. It is also efficient if both Q and ¢ are consistent. Even
though the A-IPTW represents an important improvement with respect to the G-comp or the IPTW,
it suffers from some of the drawbacks inherited from the estimating equation methodology. One
of the most important problems of such methodology is the possibility of solutions out of the
parameter space, or very unstable estimators if the positivity assumption is practically violated.
For this reason we prefer estimators that are substitution estimators, i.e., estimators that are the
result of applying the map R(y) to a certain estimated distribution P* € .Z. As we will see, the
TMLE is such a substitution estimator.

Targeted minimum loss based estimator

For a review on TMLE and its properties we refer the interested reader to Rose and van der Laan
(2011). TML estimation requires the specification of three components: a valid loss function for the
relevant part of the likelihood, a parametric submodel whose generalized score equals the efficient
influence function, and initial estimators of the relevant parts of the likelihood.

We will assume that Y is binary, or that P(Y € [a,b]) = 1 for known values a and b, in which
case we can work with Y* = (Y —a)/(b — a) and interpret the results accordingly. Consider the
loss functions —L;{(Q;)(0)} = Y/log Q;(A,W) + {1 —Y/}log{1 —Q](A W)} j=1,2, for Q;,
and the parametric fluctuations given by logitQ;(e;) = logitQ; + €;H;(y,g), where

_ h(a,Z)
Hi(y,8)(A,W) = _ZW(Aaz)Wa
_ h(a,Z)

Note that these loss functions are not related to those in (4.5), (4.7) or (4.8). The generalized scores
are equal to

w(A,Z)h(A,Z)

ddle{Ql(‘gl%OH&'l:O: -2 g(A,W) {Y_Q_I(A’W)}
digsz{Qz(sz),OHz-:z:O = g((::;)) {YZ 02(A,W)},

corresponding with the first two parts of the efficient influence curve presented in (4.9). The
marginal distribution of W is estimated with the empirical distribution Qw (PP) of Wy, ..., W,,. It can
be shown that Qw (P) solves Ly(y) — Eg,, Ly(y) (the third part of the efficient influence curve
equation) at any Q.
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For initial estimators é and g, the first step TMLE of Q is given by éj‘ = é (&), where
g :argrrgnPLj{éj(e)}. (4.10)

The TMLE of Ry(y) is now defined as the plug-in estimator R(¥;) = R(w)(0*), where Q" =
(Q1, 05, 0w (P)).

Under certain conditions explained in detail in Rose and van der Laan, 2011, Appendix A.18, if
Qo and g are consistently estimated, this TMLE of Ry(y) is asymptotically linear with influence

curve D(0|Qo,£0,Ro(¥)), which means that it is consistent and efficient. If g is consistent but Q*
is not, the TMLE is consistent but inefficient, and its variance can be conservatively estimated by
) 1 & o

67 = — Y ADP(OQ". 4. R(¥)Y.
i=1

If one uses data-adaptive estimators in é and g, it is often appropriate to replace the estimate of
the variance by a cross-validated estimator.

The conditions needed for asymptotic linearity of the TMLE (see Rose and van der Laan, 2011,
Appendix 18) include a Donsker condition on the class of functions that contains the estimated
efficient influence function D. Such Donsker conditions impose certain restrictions on the type
of algorithms that can be used for estimation of Qg and g, forcing the user to find a trade off
between obtaining the best possible prediction algorithms and not using algorithms that are too
data-adaptive, because data-adaptive algorithms might lead to estimators that do not belong to a
Donsker class (e.g., random forest).

The cross-validated TMLE, whose theoretical properties are discussed in Zheng and van der
Laan (2011a), provides a template for the joint use of cross-validation and TMLE methodology
that avoids Donsker conditions and therefore allows the use of very data-adaptive techniques in
order to find consistent estimators of Qg and go. An additional advantage of CV-TMLE in this
setting is that it allows us to have a valid estimator of the risk of an estimated CDRC, solving the
issue of over-fitting through the use of cross-validation.

Estimators of the risk of a candidate estimator

The previous section provided an algorithm to estimate the risk of a candidate value for the causal
dose-response curve, when the value is given and not estimated from the sample. That scenario
is very rare in real data applications, and it is very common that the CDRC candidates have to be
estimated from the sample as well. In such situations, if the algorithms ¥}, are trained in the whole
sample, the use of the estimators of the risk presented in the previous sections would lead to the
selection of the candidates that overfit the data.

van der Laan and Dudoit (2003), van der Vaart (2003); van der Laan, Dudoit, and Keles (2004),
among others, show that cross-validation is a powerful tool for estimating the risk of a candidate
estimator of a non pathwise differentiable parameter, and show that such cross-validation based
selection endows the selector with an oracle inequality that translates into asymptotic optimality.
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Assume now that ¥ is a mapping that maps elements in a non parametric statistical model into
a space of functions of a and Z (‘i’k s M — F). An estimate of Yy = W(Fy) is now seen as such
map evaluated in the empirical distribution of Oy, ..., 0,, i.e., ¥ (P).

Consider the following cross-validation scheme. Let a random variable S taking values in
{0,1}" index a random sample split into a validation sample Vg = {i € {1,...,n} : S; =1} and a
training sample Tg = {Vs}¢, where S has a uniform distribution over a given set {sy,..., sy} such
that}’;s; j > 1foralli=1,...,m. Here we note that the union of the validation samples equals the
total sample: UsVs = {1,...,n}, and the validations samples are disjoint: V5, NV, = 0 for 51 # 5.
Denote Pz, and Py, the empirical distributions of a training and validation sample, respectively.
For a function g{7s, Vs}, we denote Esg(T,V) = %Z?:l g{Ts;, Vs, }-

Since W, (PP) is now a value that depends on the sample, it does not make sense to talk about
a parameter R{‘i’k(IP’),QO}, because it does not agree with the formal definition of a parame-
ter. Nonetheless, in an abuse of language we will talk about “estimation” of the “parameter”
EsR{¥,(Pr), 0o}, which we call the conditional (on the sample) risk of ¥y.

Cross validated augmented IPTW

This estimator is also discussed by Wang, Bembom, and van der Laan (2006), and is given by the
solution of the cross-validated version of the A-IPTW estimating equation, given by

EsPyLgp,) opp)t Fe(Pr)}-

This estimator is asymptotically linear under the conditions presented in van der Laan and Dudoit
(2003). An oracle inequality for the selector based on the A-IPTW risk estimator is also proved in
the original paper.

Cross validated TMLE

The cross-validated targeted maximum likelihood estimator was introduced by Zheng and van der
Laan (2010) as an alternative to the TMLE that avoids the Donsker conditions on the efficient
influence curve (discussed in section 4.1). Donsker conditions on the class of functions generated
by the estimated efficient function D represent an important limitation to the kind of algorithms that
can be used in the initial estimators of Q and go: very data adaptive techniques will give as a result
functions that do not belong to a Donsker class. As discussed in section 4.1, the consistency and
efficiency of the risk estimator depend on the consistency of the initial estimator of Qg and gg. It
is common practice in statistics to assume parametric models in order to estimate these quantities.
Such parametric models are often chosen ad-hoc, based on arbitrary preferences of the researcher,
and do not encode legitimate knowledge about the data generating process. Thus, we avoid such
parametric assumptions, and prefer to use data-adaptive techniques to find the algorithm that best
approximates Qg and g.

As we will see in the next section, the use of cross-validation also equips the CV-TML selector
with an oracle inequality, meaning that such selector performs asymptotically as well as a selector
in which the risk is computed based on the true (unknown) probability distribution.
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Zheng and van der Laan (2010) present two types of CV-TML estimators: one for a general
parameter, and a specific CV-TMLE for the case in which Q can be partitioned as (Q1, Q) and the
mapping that defines the parameter is linear in Q. As discussed in section 4.1, the risk R(y, P) of
a given candidate depends on P only through Q(P) = {Q(P),Qw(P)}, and it can be easily verified
that R(y, Q) is linear in Qy .

The construction of a CV-TML estimator requires the specification of the same three compo-
nents discussed in section 4.1: a logistic loss function, a logistic parametric fluctuation, and an
initial estimator of Q. For each S, let

logitQ; x(Pry) (€ x) = logit Q;(Pry) + & kH { i (Pry ), £(Pr) },

where H;; j = 1,2 were defined in section 4.1. This is the same fluctuation considered before,
but defined only based on the training sample. With this modification, the CV-TMLE is defined
analogous to the regular TMLE. Let

&4 = argmin EsPyLi{Q;x(Pr)(e)}; j=1,2, 4.11)

and for each S define the updates

a

0% 4(Pry) = Qj(Pry) (8j4): j= 1.2, (4.12)

which results in the plug-in estimator of the oracle risk

R(¥) = EsR{¥,(Pr), 0} (P7), Ow (Py)} =

v X oy [ {Gnenem 201 e mnen ez

m SE{S1yemesSm s jcv,
[‘i’k(]P)TS)(a,Z,-)]z}h(aZ,-)du(a), (4.13)

where éZ(PTs> = {Qé”l‘ +(Pry), Qcé «(P1g)}, Ow (Py,) denotes the empirical distribution of W in the
validation sample S, and N denotes the size of Vs.

For a definition of the CV-TMLE for general parameters the interested reader is referred to
the original article. In the next sections we will present the asymptotic linearity of the previous
estimator, as well as an oracle inequality for the selector based on it.

4.2 Asymptotic linearity of CV-TML estimator of the risk

In this section we present a theorem establishing asymptotic linearity of the CV-TML estimator of
the risk. This theorem is analogue to the theorems presented in Zheng and van der Laan (2010),
and its proof uses the same ideas presented in that paper.

An analogue version of this theorem for the CV-A-IPTW is presented in van der Laan and
Dudoit (2003). The CV-TMLE is expected to perform better than the CV-A-IPTW in finite sample
sizes, in which practical positivity violations are often present and lead to CV-A-IPTW estimators
that are either very unstable or provide solutions out of the range of the parameter of interest.
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Theorem 1 (Asymptotic linearity). Define
Ro(¥4) = EsR{¥(Pr), 00} and R(¥y) = EsR{¥(Pr), 0} (Pr), Qw (Pv)}

0.5 =/ EsPof(Pr)?h.

with R{y, 0} = QwLp(y). Forafunction f(Pr) of O, define the norm || f(Pr)

Assume:

1. There exist constants 8, > 0 and &, > 0 such that P($(P)(A|W) > ;) = 1 and go(a|w) >
6 Va,w.

2. [1&(Pr) — gollg.s = or(1//n)

3. éT (IP’TS),Qci(IP’TS) and ‘i’k(IPTS) converge to some fixed Qcik (Po),Qci(Po) and Wi (Py) in the

sense that
§(Pr) — gollo,s||03(Pr) — 0
(Pr) — gollos||O7 (Pr) — O
~-¥

5(Po)llo,s = op(1/+/n)
g 1
18(Pr) — gollo.s| P (Pr)

(Po)llo,s = op(1/+/n)
k(Po)lo,s = op(1/v/n)

4. For some mean zero function IC4(PRy) € L§(Py), we have

—3(P - 2 5 )
Powh {020 - 03(Ro)} = 2hy0{ Q10— Q1(P)}| =

80
(P — Po)ICg(Ry) +o0p(1/+/n),

Then we have that
R(¥) —Ro(¥y) = (P-Ry) [D{é;(Po), Ow,0,80, Yo} +1C4(Py)] +0p(1/+/n),

for D{Q,0w,g, v} = Lp o(¥) — QwL the efficient influence function of R{y,Q(P)}.

The proof of this theorem is presented in appendix B.1. Next we will discuss the plausibility
and implications of the assumptions of theorem 1.
Discussion on the assumptions of theorem 1

1. This assumption is a natural assumption, equivalent to the positivity assumption for binary
treatments, and needed to identify and also needed to estimate the risk using IPTW or A-
IPTW estimators.
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2. This is a very important assumption stating that ¢ is a consistent estimator of gp. It is re-
quired that the rate of convergence is n~—1/4 or faster. This condition is automatically true in
randomized control trials (RCT), in which the treatment mechanism is known. It is also true
if g is known to belong to a parametric model, and in semi parametric models that assume
enough smoothness of gg. If gg is completely unknown, it is important to use aggressive data
adaptive estimation techniques such as the super learner (van der Laan, Polley, and Hubbard,
2007) to find an estimator g that is more likely to satisfy this assumption.

3. This assumption states that the updated estimator QQT converges to some unspecified limit at a
certain rate. It is worth to note that such limit is not assumed to be Q1 o, the only requirement
is convergence to some value at a certain rate that depends on the rate of convergence of g to
go. The desired rate of convergence can be achieved if, for example, g is \/n- con51stent (i.e.,

Vvnl||g(Pr) — = Op(1)) and Q* (Pry) converges to Q* (Py) at any rate (i.e., ||QF(Pr) —
Qi (Py)]lo.s = op(1 )) The same is true for Q2 and ;.

4. In an RCT, in which gg is known, one could set ¢(IP) = go and this condition would be triv-
ially satisfied. On the other hand, since cross—validatiop allows for the use of very aggressive
techniques for estimation of Q, we could have that O*(Py) = Qy, and the condition would
also be satisfied.

In other cases, this assumption seems to be conflicting with assumption 2. If the treatment
mechanism is completely unknown, it is necessary to use very aggressive data adaptive tech-
niques to find estimators that satisfy assumption 2. The use of such estimators will usually
lead to estimates of g¢ that do not provide the asymptotic linearity needed in 4. Likewise,
the use of an inconsistent estimator that satisfies this condition (e.g., a parametricAmodel)
will violate assumption 2. In that case, it is necessary to rely on the consistency of O*(PP) in

the sense that Q*(Py) = Qy, in which case assumption 4 will be trivially satisfied. This con-
dition seems to suggest that the initial estimator § must also be fluctuated to target a smooth
functional of g¢. This is a direction of future research, beyond the scope of this article.

As opposed to the regular TMLE or A-IPTW, in which the Donsker conditions on D limit
the use of very aggressive techniques for estimation of Qy, the use of cross—valiclation allows
us to implement any type of algorithm, which in turn makes consistency of Q*(P) a very
sensible assumption. We encourage the use of super learning for estimation of both QO and
go- Super learner is a methodology that uses cross-validated risks to find an optimal estimator
among a library defined by the convex hull of a user-supplied list of candidate estimators.
One of its most important theoretical properties is that its solution converges to the oracle
estimator (i.e., the candidate in the library that minimizes the loss function with respect to the
true probability distribution). Proofs and simulations regarding these and other asymptotic
properties of the super learner can be found in van der Laan, Dudoit, and Keles (2004) and
van der Laan and Dudoit (2003).
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4.3 Asymptotic optimality of the CDRC estimate selector
based on CV-TMLE risk

If the objective is to choose the best candidate among a list of candidate estimators ¥ k=
1,...,K,, it suffices to construct a ranking based on the pseudo-risk

R'(¥)(01.0w) = Eoy | W(a.2){w(a,2)~201(aW)}h(a.Z)du(a).

which has the advantage that Q> o does not need to be estimated, providing additional robustness
of the candidate selector. In an abuse of notation R" and Q; will also be denoted by R and Q
whenever the difference is clear from the context. Estimation of this pseudo-risk can be carried out
in a similar fashion to estimation of the full risk presented in the previous section, with efficient
influence function given by

h(A,Z)w(A,Z)
g(A,W)

/M v(a,Z){y(a,Z) —201(a,W)}h(a,Z)du(a) — R(¥)(Q1,0w), (4.14)

D'(Q.4,v)(0) = -2 {Y —01(A,W)}+

which results in a CV-TMLE defined as
R(¥;) = EsR{¥((Pr), 0" (Pr), Qw (Pv)}

with é* (Pr,) exactly as in (4.12). We will discuss now asymptotic optimality of the selector based
on the CV-TMLE. Assume that we have a list of candidate estimators for the CDRC given by
‘i‘k; k=1,...K,. Each of these algorithms is viewed as a map ‘i’k M — F, where Z is the
space of functions of @ and Z. Define the CV-TMLE selector as

k= in R(¥
arg, min (i),

and the oracle selector as

k = arg k_min Ro(¥y),

— Ly Bin

with Ro(¥x) = EsR{¥(Pr),Q0}. The following theorem proves that these two selectors are
asymptotically equivalent under certain consistency conditions of the initial estimator of gg.

Theorem 2 (Oracle inequality). For each k, define
& =arg min_EsPyL{Q(Pr)(e)}
eeBCR
where |B| = n® for finite c,

—L(0)(0) =Y 1og{Q(A,W)} + (1 —Y)log{1 — Q(A, W)},
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and

¥ (Pr)
g(]P)TS)

Let QA;:(IP’TS) = Q(PTS)(ék) be the CV-TMLE targeted towards estimation of the true conditional
risk

logit Ox (Pr ) (€) = logit Q(Pr,) — 2¢

Ro(¥1) = EsR{¥(Pr), 00}

Assume that h/g, h/go ¥, wo, Oo, and é have supremum norm smaller than a constant C < oo
with probability 1. Let My, be the total number of possible points for (k,¢&;) acrossk=1,...,K,, so
that M, < n°K,. Define R(¥, wo) = R(Px) — R(wy) and Ry(Py, wo) = Ro(Pr) — Ro(wp), where

R(¥,) = EsR{¥+(Pr), 0} (Pr), Ow (Py)}

is the TMLE of RO(‘i’k). The expression a, < b, means that a, < cb, for a constant c. For a

function f(Pry) of O, define the norm ||f(Pr)|lo.s = \/EsPof(Pr)*h. We have for each & > 0,

there exists a ¢(M, ) < o so that

1+logM,
n

VER(Ww0) =/ (14+28)ERo (7, w0) < \/ c(M,5)

R 1+ logM,
+\/ (14 )EI2(Br) ~ gollos— 2

8(Pr) — gollosEI| Q7 (Pr) — Oollo.s

where QAB is the CV-TMLE of Qg obtained when the target parameter is R(W), and k is either k
or k, whichever gives the worst bound.

A proof of this theorem is provided in appendix B.2. The use of a grid of size n® for constant
¢ when estimating & does not represent a limitation of the result of the theorem, since the result
without the grid will be similar up to a term Op(1/+/n) that does not affect the asymptotic behavior
of the CV-TMLE selector. However, a grid of size n¢ allows the proof presented in appendix B.2.

The following corollary provides the conditions under which the CV-TMLE selector is asymp-
totically equivalent to the oracle selector.
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Corollary 1 (Asymptotic optimality). In addition to the conditions of theorem 2, assume that
1 +logM, 1
n ERo (W7, wo)
1 +logM, E|[§(Pr) — go
NG ERy(¥7, wo)
E2|18(Pr) — sollosE? 105 (Pr) — Qo
ERy(¥;, vo)

E?||(8(Pr) - 80) (05(Pr) — 0o)

ERo (W7, yo)

— 0 as n— o

0,5
=~ =0 as n— oo

0,8
— 0 as n—oo

0,8
=~ =0 as n-—oo.

then

A

ERy(¥;. wo)

——Fr = =1 as n—> oo,
EROOP]E;WO)

Since
ERo(¥g.w0) = E [ [(4(Pr) — v dudQuo = EIl(¥i(Pr) ~ wo)/ V8o

the convergences assumed in corollary 1 are expected to hold, for example, if ¢ converges to gg at
a rate faster than W converges to .

In the following section we will show the results of a simulation study in which the finite
sample size properties of the CV-TMLE based selector of their risk are explored for a specific data
generation process.

2
0,5

4.4 Simulation

In order to explore some of the finite sample size properties of the risk estimators and the selectors
based on them, we performed a Monte Carlo simulation. We generated 500 samples of sizes 100,
500, and 1000 from the following data generating process:

Wy ~U{0,1}
W, ~ Ber{0.7}
W3 ~ N{W},0.25 x exp(2W) }
A ~ Beta{v(W)u(W),v(W)[1 —u(W)[}
Y ~ Ber{Qo(A,W)},
where
v(W) =exp{1+ 2W, expit(W3) }
w(W) =expit{.03 — .8log(1+ W) + .9exp(W; )W, — .4arctan(W3 + 2)W,W; }
Oo(A, W) =expit{ —2+ 1.5A 4 5A% — 2.5W| + .5AW, — log(A)W 1 Ws + .5A%*W W3 }.
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Under this parameterization E(A|W) = u(W). We considered four candidates algorithms given
by marginal structural models (MSM) of the form logitW¥,(a) = m,(a, B), where m,, is a polyno-
mial of degree p = 1,...,4 on a with coefficients 8; : j=0,...,p. The coefficients f3; were esti-
mated with IPTW estimators as presented by Robins, Hernan, and Brumback (2000) and Neuge-
bauer and van der Laan (2007). The true value of Wy(a) = E{Qo(a,W)} was computed from this
data generating distribution by drawing a sample of size 100.000 and, for each a, computing the
empirical mean of Qy(a,W). All the simulations were performed assuming the true parametric
model for the outcome and treatment mechanism were known. Figure 4.1 presents the true dose-
response curve, as well as the expectation of the candidate estimators across the 500 samples.
From this graph, we can see that among the candidates chosen, a polynomial of degree 2 seems
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Figure 4.1: True yy(a) and expectations of the four candidate estimators of degree p

to provide the closest approximation to the true dose-response curve without over-fitting the data.
Table 4.1 shows the expectation of the random variable R(¥,) — Ro(¥,), which from theorem 1
should approach zero as the sample size increases. As we can see, that is not the case for the
CV-A-IPTW estimator with sample size 100 due to the presence of empirical violations of the pos-
itivity assumption that cause very small treatment weights and therefore very unstable, non-regular
estimates. However, that problem seems to be fixed asymptotically, since for large sample sizes
empirical violations of the positivity assumption are less likely to occur.

Table 4.2 shows the proportion of estimates that fell outside the interval (—10,10) or fell out
of the parameter space. The interval (—10,10) was chosen arbitrarily, and represents inadmissi-



CHAPTER 4. DATA ADAPTIVE ESTIMATION OF THE CAUSAL DOSE RESPONSE

CURVE 64
Risk Candidate n

Estimator Degree 100 500 1000

1 -1.1436  0.0067 0.0048

2 -1.1716 -0.0061 0.0042

CV-AIPTW 5 10788 -0.0054  0.0043
4 -1.0194 -0.0053 0.0032

1 0.0063 0.0054 0.0046

2 0.0085 0.0054 0.0041

CV-TMLE 3 0.0091 0.0059 0.0043
4 0.0094 0.0058 0.0042

Table 4.1: Expectation of R(¥,,) — Ry(¥,,) across 500 simulated samples.

Outliers Out of bounds
Risk Candidate n
Estimator Degree 100 500 1000 100 500 1000
1 0.0098 0.0000 0.0000 0.0547 0.0020 0.0020

0.0078 0.0000 0.0000 0.0527 0.0020 0.0020
0.0098 0.0000 0.0000 0.0488 0.0020 0.0020
0.0098 0.0000 0.0000 0.0508 0.0020 0.0020

CV-A-IPTW

EENNVS TN 9}

Table 4.2: Proportion of estimates outliers (< —10 or > 10) and proportion of estimates out of
bounds (< 0 or > 1).

ble bounds for an estimator of a parameter that ranges in the interval (0,1). Since the TMLE is
a substitution estimator, it all the estimates fell within the parameter space, and are thus not pre-
sented. Due to practical violations of the positivity assumption previously mentioned, an important
proportion (around 5%) of the A-IPTW estimates fell outside the parameter space for sample size
100.

Table 4.3 contains the expected values of R(¥,,) — Ro(‘¥,) across 500 simulated samples once
the estimates that fell outside the interval (0,1) were removed. In this case, the expectation of
the A-IPTW based estimator of the risk is much closer to what is expected theoretically and had
already been achieved by the TML estimator.

Finally, table 4.4 shows the proportion of times that a given candidate is chosen according
to the A-IPTW, TMLE, and the oracle selector. As we can see, both the A-IPTW and the TMLE
based selectors perform similar to the oracle selector, particularly as the sample size increases, thus
showing no apparent advantage (at least for this particular data generating mechanism) of either
method when evaluated as a candidate selector procedure.
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Risk Candidate n
Estimator Degree 100 500 1000
1 0.0034 0.0064 0.0048
2 -0.0076 -0.0062 0.0042
CV-A-IPTW 3 -0.0083 -0.0054 0.0043
4 -0.0083 -0.0055 0.0032
1 0.0063  0.0054 0.0046
2 0.0085 0.0054 0.0041
CV-TMLE 3 0.0091 0.0059 0.0043
4 0.0094 0.0058 0.0042

Table 4.3: Expectation of Ié(‘Pl,) —Ry (W) across 500 simulated samples after removing estimates
out of bounds.

n
p 100 500 1000
TMLE A-IPTW Oracle TMLE A-IPTW Oracle TMLE A-IPTW Oracle
0.37 0.24 0.39 0.11 0.08 0.05 0.03 0.05 0.00
0.44 0.48 0.54 0.63 0.60 0.74 0.59 0.59 0.74
0.11 0.17 0.06 0.14 0.20 0.17 0.24 0.21 0.20
0.07 0.11 0.01 0.12 0.12 0.04 0.14 0.15 0.06

W =

Table 4.4: Proportion of times that a given candidate is chosen according to each risk estimator.
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Chapter 5

Application to prognosis and variable
importance in severe trauma patients

A primary goal in evidence-based medicine is to design prognosis tools that take into account a
possibly large set of measured characteristics in order to predict a patient’s most likely medical
outcome. An equally important goal is to establish which of those measured characteristics is de-
cisive in the development of the predicted outcome. In the statistics literature these two goals have
been called prediction and variable importance analysis, respectively. In addition to understand-
ing the underlying biological mechanisms related to positive medical outcomes, the joint use of
these tools can help doctors devise the optimal treatment plan according to the specific character-
istics of the subject, simultaneously taking into account hundreds of variables collected for each
patient. Despite the current ability to measure a patient’s clinical history in detail, medical practice
still involves care decisions based on physician’s experience and rules of thumb that use only a few
variables and therefore fail to take into consideration the possible intricate relations between all the
measured underlying factors that determine a patient’s health status. In the last years researchers
in the fields of biostatistics and bioinformatics have become increasingly more interested in devel-
oping mathematical and computational tools that help make optimal care decisions based on all
the collected information about a patient’s health status and history. Because of the large number
of variables and the complexity of the relations between them, prediction and variable importance
would be impossible to achieve without the use of complex statistical algorithms accompanied by
powerful computers able to carry out a large number of computations in large data sets within
reasonable time frames that help doctors make the right treatment decisions in a timely fashion.
From a technical and practical point of view prediction and variable importance are different
goals whose optimal achievement requires the use of different tools. The objective in prediction is
to specify a well defined algorithm that is capable of doing accurate predictions, where accuracy
can be defined in a variety ways. For prediction it is only relevant whether the prediction algorithm
1s accurate or not, it is unnecessary and sometimes inappropriate (e.g., with non-probabilistic pre-
dictors) to use the intermediate calculations of the prediction algorithm to find statistical or causal
relations between the variables involved. On the other hand, variable importance (VIM) methods
are aimed to measure the degree to which changes in the prediction are caused by changes in each



CHAPTER 5. APPLICATION TO PROGNOSIS AND VARIABLE IMPORTANCE IN
SEVERE TRAUMA PATIENTS 67

of the predictor variables. VIM methods often provide a ranking of the most likely causes of a
the predicted outcome, and are intended to supply doctors with tools for making optimal treatment
decisions. This difference between prediction and VIM has two main consequences. First, VIM
problems are of a causal nature, whereas prediction problems are merely associational. Second,
in order to help the decision making process, VIM parameters must be as informative as possible,
having an interpretation in terms of the expected change in the outcome under a pool of possible
interventions. As explained below, a meaningful interpretation can only be obtained through an
intelligible characterization of VIM as a statistical (or causal) parameter defined as a mapping from
a honest, tenable statistical model into an Euclidean space.

Current practice in biostatistics and bioinformatics involves the use of machine learning al-
gorithms for prediction and the posterior computation of VIM quantities based on its output and
intermediate calculations (see e.g., Breiman, 2001; Olden and Jackson, 2002; Olden, Joy, and
Death, 2004; Strobl et al., 2007, for discussions on random forests and neural networks variable
importance). Because these measures are defined in terms of an algorithm that was targeted to
perform well at prediction, they result in variable importance measures that can seldom be con-
sidered estimates of a well defined causal or statistical parameter. As an example, consider the
case of regression and classification trees (e.g., random forests), where the VIM for a variable X is
defined as the difference between prediction error when X is perturbed versus the prediction error
otherwise (Breiman, 2001; Ishwaran, 2007). The relevance of this quantity as a measure of VIM
is unclear because: 1) it does not represent a statistical or causal parameter, 2) it does not have an
interpretation in terms of the mechanistic process that generates the data, and 3) its interpretation
may be difficult to communicate to the public, even the public trained in statistics. As an example
of the technical difficulties arising from this practice, Strobl et al. (2007) discuss the “bias” of
random forest VIM measures, missing the fact that bias can only be defined in terms of a target
statistical parameter, which is never specified in random forest VIM analysis. Additionally, no
formal inference (p-values) methods exist for regression and classification trees based VIM.

Furthermore, an algorithm designed to perform well at prediction is not guaranteed to also
do a good job at estimating VIM measures, because good performance is defined differently for
each goal. Performance in prediction is typically assessed through quantities like the area under
the ROC, the false positive rate, or the expected risk of a sensible loss function. Performance in
estimation of Euclidean parameters is assessed in terms of statistical properties like consistency
and efficiency (related to bias and variance). Prediction algorithms are designed to perform well
at estimating the entire regression model, resulting in an incorrect bias-variance trade-off for each
VIM measure.

However, defining VIM parameters in terms of causal relations for continuous variables poses
additional technical challenges. When researchers using causal inference methods are faced with
exposures of continuous nature, the most common approach is to dichotomize the continuous ex-
posure and consider the effect of its binary version on the outcome. This approach suffers from
various flaws. First, the causal parameter does not answer questions about plausible modifications
to the data generating mechanism. Stitelman, Hubbard, and Jewell (2010a) show that the additive
causal effect of a dichotomized exposure compares an intervention in which the density of the ex-
posure is truncated below the dichotomization threshold with an intervention in which the density
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is truncated above it. Such interventions are seldom realistic, and might not be of great interest
for specific applications. Second, even if truncation interventions are realistic, the data analyst still
has to choose a cutoff point for the dichotomization. Most of the times the decision about such
cutoff point is data-driven (i.e., comparing quantiles), or made completely arbitrarily. This practice
renders a parameter that is dependent on the data, making its interpretation in terms of the original,
continuous exposure even more difficult. For instance, if VIM measures for continuous outcomes
are defined in terms of a dichotomization, it is often possible to define the right cutoff point that
makes the continuous variable more important than a given binary variable of reference. It is thus
necessary to argue why the chosen cutoff point makes these VIM measures comparable.

In this paper we explore a VIM problem in which it is necessary to rank a list of both continuous
and binary variables in terms of their importance for developing a medical outcome, which is a
very common problem in variable importance analysis. We use state of the art methods for causal
inference to solve prediction and VIM problems and illustrate the use of our methods using a
medical application, but the methods we develop and the arguments we present are completely
general and can be applied to any prediction or VIM problem (e.g., the analysis of ecological
data, genomics, educational and social research, economics). For prediction, we use a machine
learning technique called super learning which uses cross validation to choose an optimal convex
combination of a list of prediction algorithms provided by the user. The properties of this method
have been extensively studied through analytical calculations as well as simulations by van der
Laan and Dudoit (2003) and van der Laan, Dudoit, and Keles (2004); van der Laan, Polley, and
Hubbard (2007), among others. We define VIM measures in terms of appropriate interventions
in a causal model, which results in parameters that have a clear interpretation in terms of the
expected outcome under a clinical intervention. VIM measures with causal interpretation are more
relevant than their machine learning/modelling counterpart because they attempt to discover the
factors that must be intervened upon in order to obtain a significant improvement in the outcome,
and not just the factors that are associated to the outcome in question. We define VIM measures
that respect the continuous or binary nature of the variable, and are comparable in the sense that
their mathematical definition is equal up to first order, providing a valid ranking of the variables in
terms of their causal importance. In order to find VIM estimators with the best possible statistical
properties we use the tools for efficient inference in semi-parametric models described by Bickel
et al. (1997); van der Laan and Robins (2003), and Rose and van der Laan (2011) among others,
which allow us to use asymptotically linear estimators of the VIM parameters that are consistent
and efficient in the non-parametric model (under regularity conditions).

We demonstrate the use of these techniques in an example predicting clinical outcomes and
evaluating the VIM of a set of competing variables in severe trauma patients. Trauma is the lead-
ing cause of death between the ages of 1 and 44, according to the World Health Organization. The
vast majority of these deaths take place quickly and much of the initial resuscitative and decision-
making action takes place in the first minutes to hours after injury (Hess, Holcomb, and Hoyt, 2006;
Holcomb et al., 2007). In addition, it is clear that as patients live through their initial resuscitation,
operative conduct and early ICU care are the principal drivers of their current physiologic state and
future outcome are dynamic. Different variables are important in the first 30 minutes after injury
than at 24 hours after a patient has survived long enough to receive large volume resuscitation,
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operative intervention and ICU care. At any time, however, practitioners are often left making care
decisions without knowledge of the current patient physiologic state and which parameters are im-
portant at that moment. Left with this uncertainty and awash in constantly evolving multivariate
data, practitioners make decisions based on clinical gestalt, a few favorite variables, and rules of
thumb developed from clinical experience. To aid in prediction, the medical literature is filled
with scoring systems and published associations between these variables (physiology, biomarker,
demographic, etc.) and outcomes of interest (Krumrei et al., 2012; Lesko et al., 2012; MacFadden
et al., 2012; Nuiiez et al., 2009; Schochl et al., 2011). While numerous, these published statistical
associations, given the reported methodology, often report misspecified and overfit models. In ad-
dition most of these statistical predictive models do not account for the rapidly changing dynamics
of a severely injured patient, and fail to take into account the statistical issues discussed in the
previous paragraphs. An ideal system would mimic the clinical decision making of an experienced
practitioner by providing dynamic prediction (changing prediction at iterative time points) while
evaluating the dynamic importance of each variable over time (Buchman, 2010). This then would
mimic the implicit understanding a clinician brings to a patient where it is clear that the necessary
focus of care must change over time.

The chapter is organized as follows. In section 5.1 we describe the structure of the data and
introduce the statistical problem using causal inference tools to define statistical parameters that
measure the importance of a variable with respect to an outcome of interest. In section 5.2 we
present various estimators for the variable importance parameters previously defined, and briefly
describe the super learner (van der Laan, Polley, and Hubbard, 2007), an ensemble learner whose
asymptotic performace is optimal for prediction. In section 5.3 we describe the problem of prog-
nosis for trauma patients and the dynamic importance of clinical factors, demonstrate the use of
the methods previously presented, and compare the results with an approach that utilizes stepwise
regression to estimate VIM measures and provides a comparison with common statistical practice.
Finally, in section 5.4 we provide some concluding remarks.

5.1 Data, problem formulation, and parameters of interest

In order to estimate the effect of a variable A on an outcome Y controlling for a set of variables W,
it is common practice among data analysts to estimate the parameter 3 in a parametric regression
model E(Y|A,W) =m(A,W|B) for a known function m, for example,

E(Y|A,W) = Bo+ BiA + BoW. 5.1)

It is also common to assume more complex models for the relation between (A,W) and Y (e.g., by
varying the amount of interaction terms, functional form of m, or by using smoothing techniques),
but the linear regression example suffices to introduce the problem. Under model (5.1), the estimate
of B is interpreted as the expected change in Y given a change of one unit in A:

Bi=E{EY|A+1,W)—E(Y|A,W)}, (5.2)
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where we note that the interest of the researcher is to estimate the right hand side of this equa-
tion, since under small violations to the assumptions of model (5.1) the estimate of f3; cannot be
interpreted as in (5.2) anymore. Consider for example the following models:

E(v|AW) =B +BIA+BW + BV aw (5.3)
E¥|A,W) =B + B 10g(A) + BPW. (5.4)

If the true conditional expectation is given by model (5.3), but (5.1) is estimated instead, neither
the estimate of ; in model (5.1) nor [31(1) in (5.3) represent the quantity in the right hand side of
(5.2), which is now given by Bl(l) + ﬁ3(1)E (W). On the other hand, if the true model is (5.4), the

parameter of interest is now given by [31(2) {E(log(A+1))—E(logA)}.

In order to avoid these flaws, in this paper we will define parameters in terms of characteristics
of the probability distribution of the data under a non-parametric model, as in equation (5.2). This
practice allows the definition of the parameter of interest independently of (possibly) misspecified
parametric models, and avoids dealing with different interpretations of regression parameters under
incorrect model specifications.

The causal interpretation of statistical parameters (e.g., 5.2) requires additional untestable as-
sumptions about the distribution of counterfactual outcomes under a hypothetical interventions that
are often encoded in a structural equation model (Pearl, 2000).

In the remaining of the section we will describe the observed data, and use a nonparametric
structral equation model (NPSEM ) in order to define the VIM measures in terms of modifications
to the assumed causal model. We will now introduce the example that motivated the development
of these tools, and that will be analyzed in section 5.3.

Example The data analyzed in this example were collected as part of the Activation of Coag-
ulation and Inflammation in Trauma (ACIT) study, which is a prospective cohort study of severe
trauma patients admitted to a single level 1 trauma center. Several physiological and clinical mea-
surements were recorded at several time points for each patient after arrival to the emergency
room. These variables include demographic variables (e.g., age, gender, etc.), baseline risk fac-
tors (e.g., asthma, chronic lung disease, Glasgow coma scale, diabetes, injury mechanism, injury
severity score, etc.), longitudinally measured variables that account for the patient’s treatment and
health status history (e.g., respiratory and heart rate, platelets, coagulation measures like prothrom-
bin time and INR, activated protein C, etc.), and an indicator of the occurrence of death at each
time interval. Because these data are often collected in a high-stress environment, it is common
that some variables are missing for some patients at a given time point. The list of variables we
analyzed presented in table 5.1.

Assume that observations on each patient are recorded at times ty,#y,...,¢;, where ty = 0, and
let T denote the time of death of a patient. The observed data for each patient is given by the
random variable

O = (Ly,Cy,L1,Y1,...,Cy, Ly, Yy),
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Variable Type Description
Age Baseline Age in years
GCS Baseline/Treatment ~ Arrival Glascow Comma Score
ISS Baseline/Treatment  Injury Severity Score
Asthma  Baseline Indicator of previous Asthma
COPD Baseline Indicator of previous Chronic Obstructive Pulmonary Disease
OCLG Baseline Indicator of Other Chronic Lung Disease
CAD Baseline Coronary Artery Diseae
CHF Baseline Congestive Heart Failure
ESRD Baseline End Stage Renal Disease
CIRR Baseline Cirrhosis
DIAB Baseline Diabeted
HPAN Baseline Hypoalbuminemia
Gender  Baseline Gender
MECH  Baseline Injury mechanism: blunt or penetrating
HR Treatment Heart Rate
RR Treatment Respiratory Rate
SBP Treatment Spontaneous Bacterial Peritonitis
BDE Treatment Base Deficit/Excess
BUN Treatment Blood Urea Nitrogen
CREA Treatment Creatinine
HGB Treatment Hemoglobin
HCT Treatment Hematocrit
PLTS Treatment Platelets
PT Treatment Prothrombin Time
PTT Treatment Partial Prothrombin Time
INR Treatment International Normalized Ratio
FV Treatment Factor I1I
FVIIL Treatment factor VIII
ATTII Treatment Antithrombin III
PC Treatment Protein C
DDIM Treatment D-Dimer
TPA Treatment Tissue Plasminogen Activator
PAI Treatment Plasminogen Activator Inhibitor
SEPCR  Treatment Soluble Endothelial Protein C Receptor
STM Treatment Soluble Thrombomodulin
APC Treatment Activated Protein C

Table 5.1: Variables in the ACIT data set

where Lo denotes a set of baseline variables recorded at admision to the hospital, L; = (Lj1,...,Ljk)
denotes a set of variables measured at time ¢, C; = (Cj1,...,Cjkx) where Cj denotes an indicator
of missingness of Lj, and Y; = I(t; < T <t;,1) denotes an indicator of death occuring in the
interval (¢;,¢;41], for j =0,...,J — 1. Once death occurs the random variables in the remaining
time points of the vector O become degenerate so that this structure is well defined.

In order to introduce the VIM measures we will temporarily assume that the observed data
were generated by the following non-parametric structural equation model (NPSEM Pearl, 2000).
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If the assumptions of NPSEM are correct, the VIM parameter can be causally interpreted as the
expected change in the outcome caused by a care intervention on the variable of interest. If the
assumptions of the model are false, the VIM measure provides a measure of the importance of each
variable for predicting the outcome if no other variable was collected at the time point of interest,
as we will see below. The NPSEM is given by

Lo =/f1,(UL,)

Cit =fe, (Cit,Li-1,Lo,Ue,)  j=1,dik=1,...,K

Lix =Citfi, (Cj1,Lj-1,Lo,Ur,)  j=1,eoids k=1,.. K (5.5)
Y; =fv,(Cj,Lj, Lo, Uy,) j=1,....J,

where, for a random variable X, fy denotes an unknown but fixed function, Uy denotes all the
unmeasured factors that are causally related to X, and X; = (X, ..., X;) denotes the history of X up
until time ¢;. As pointed out by Pearl (2000), this model assumes that the data O for each patient are
generated by the mechanistic process implied by the functions fx; with a temporal order dictated
by the ordering of the time points #;. In addition, this NPSEM encodes two important conditional
independence assumptions:

Lix LLLj+|(Lo,Lj—1) Vj, k" #k, (5.6)
LjlLLj 5|(Lo,Lj—1) Vj, k. (5.7)

Assumption (5.6) means that the variables L j; at time #; are drawn simultaneously as a function of
the past only, and the contemporary variables do not interact with each other. Assumption (5.7)
means that the value of a variable L, is only affected by the immeadiate past, and is not directly
affected by any of the variables measured before or on time #;_».

We will define VIM measures in terms of the causal effect of L j; on Y, for all j/ > j and for
all k. That is, we are interested in estimating the effect of a variable recorded at time point ; on the
hazard of death in each of the subsequent time intervals (¢;,¢;41],...,(tj—1,t7]. This approach has
the advantage that VIM can be seen as a dynamic process in which the factors that are decisive for
developing a clinical outcome change as a function of time.

As a consequence of assumption (5.6), the problem of estimating the causal effect of each L j;
on each Y for j/ > j can be seen as a series of cross-sectional problems as follows. Note that
L+ for k* # k are not confounders of the causal relation between L, and Y. To illustrate this,
consider the NPSEM encoded in the directed aclyclic graph of Figure 5.1, in which for simplicity
we assume that all covariates are observed (i.e., C variables are not present) and that / = K = 2.
It stems from the graph that the variable L, plays no role as a confounder of the causal effect of
L1 on Y,. Thus, for fixed j, j/ > j, and k, and for each patient still at risk at s denoting A = Ly,
C=Cy,W=(Ly,Cj_1,Lj—1),and Yy =Y, it suffices to consider the following simplified NPSEM:

W= fw(Uw), C= fc(W,Uc), A=Cfs(W,Uys), Y = fy(A,C,W,Uy), (5.8)

where the U variables denote all the exogenous, unobserved factors associated to each of the
observed variables, and the functions f are deterministic but unknown and completely unspec-
ified. Thus, from now on we will focus on the study of this data structure with observed data
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Figure 5.1: Directed acyclic graph, the arrows in blue and red denote the relations that confound
the causal effect of Ly; on >

O = (W,C,A,Y); the analysis will be done repatedly for each combination (j, j’,k) of time points
and variable of interest.
Some additional consequences of NPSEM (5.8) are:

(1) The missingness indicator C is allowed to depend on the covariates measured in the previous
time point. In this way we take into account that a variable can be missing as a result of the
previous health status of the patient, and also that it can be strongly correlated with previous
missingness indicators.

(2) Missingness is informative. A patient’s missingness indicator C is allowed to affect the way
Y is generated, therefore acknowledging that missingness can contain information about the
health outcome (e.g., sicker patients who will die earlier might be more likely to have missing
values because information stops being recorded during life-threatening situations).

Without loss of generality we will assume that the variable A is either binary or continuous in the
interval (0,1). The true distribution of O will be denoted Py, with Qy(A,C,W) = Ey(Y|A,C,W),
20(A|C, W) = Py(A|C,W), ¢o(C|W) = Py(C|W) and QW70(W) =PR(W).

For the analysis of the ACIT data we have classified the variables Lj; in two non-mutually
exclusive categories: baseline and treatment variables. Baseline variables (L) are causally related
to the outcome but can seldom be manipulated by the physician and are rarely of interest as possible
care targets. Although baseline variables are not of interest in themselves, controlling for them is
crucial when estimating the effect of treatment variables, which are often longitudinal variables that
represent possible targets for clinical care. The label of each variable according to this classification
is shown in table 5.1.

We will now define the VIM parameter for continuous and binary outcomes.
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Continuous Variables. Consider an intervened system in which the variables are generated by
the following system of equations

W = fw(Uw)
=1
Al = fL(W,Uy) + 6 (5.9)

YI = fY(AI7C17W7UY)7

which, for a small positive d, can be interpreted as a model in which there is no missingness,
and the distribution of the exposure variable A’ is shifted to the right by & units. This type of
intervention has been previously discussed in the literature (Diaz and van der Laan, 2011a), and
belongs to a wider class of interventions known as stochastic interventions (Korb et al., 2004;
Didelez, Dawid, and Geneletti, 2006; Dawid and Didelez, 2010). The parameter

E(Y")—E(Y)

can be causally interpreted as the expected reduction in mortality rate gained by an increase of &
units in the variable A for each patient. Since the counterfactual data O' = (W,C!,A!,Y") are not
observed, E(Y') is not estimable without further untestable assumptions. Under the randomization
assumption (see, e.g., Rubin, 1978; Pearl, 2000) that
(C,A) LYW, (5.10)
and the positivity assumption
go(A|W) >0, and ¢o(1|W) >0 forall A and W, (5.11)

the expectation E (Y?) is identified as E(Y!) = Ew E{Q(A+5,C,W)|C = 1,W}, and the parameter
of interest is defined as
¥(0,0w,8) = EwE{Q(A+8,1,W)|C=1,W} - E(Y), (5.12)

The true value of this parameter will be denoted Y. o. A proof of this result under the randomization
assumption is presented by Diaz and van der Laan (2011a). That proof follows the arguments for
identification of general causal parameters given by Pearl (2000), who provides a unified frame-
work for identification of counterfactual parameters as function of the observed data generating
mechanism. Equation (5.12) defines the VIM measure for continuous exposures.

Binary Variables For binary variables, following the structural causal model described in (5.8),
the VIM parameter is defined according to the following intervened system:

W = fw(Uw)

c'=1

Al — 1 with probability g(1|/1,W)+ 6
0 with probability g(0[1,W)— &

YI = fY(AI,Clawa UY)7
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where 0 < 6 < sup,, g(0|1,w) is a user-given value. Under randomization assumption (5.10), and
the positivity assumption

0<go(1|W) <1, and ¢o(1|W) >0 forall W, (5.13)

the expectation of Y’ is identified as a function of the observed data generating mechanism as
E(Y") =EwE{Q(A,C,W)|C=1,W}+8{E[Q(1,1,W)—Q(1,0,W)]}, and the parameter of inter-
est is defined as

le(QaQWug) EEWE{Q(A7C>W>’CZ 1,W}+5{E[Q(l, 17W) _Q_(1707W)]} _E(Y)> (5-14)

The true value of this parameter will be denoted y, o. Equation (5.14) defines the VIM measure
for binary exposures that we will use in this paper.

Comparability We argue that the previous variable importance measures for continuous and
binary VIM are comparable up to first order. First of all, note that, under the appropriate differen-
tiability assumptions, for continuous A we have

=0

This expression and (5.14) both have the form a+ 0 x b, where b can be seen as the appropriate
slope of E{Q(A,C,W)} as a function of its first argument, providing an argument that, at least in
first order, these two VIM measures are comparable.

Causal interpretation If model (5.5) does not hold, Y, o does not have a causal interpretation
and must not be used to make treatment decisions. In that case, there are two main uses of this
parameter. First, it can be interpreted as the importance of variable Lj; for predicting death in
the interval (z;,;,1) when only the patient’s history W = (Lo,C;_1,L;j—1) and A = Lj; have been
measured. This prediction VIM measure may be used as a tool for determining the best set of
prediction variables by ruling out those whose change from A to A + § would not induce a con-
siderable change in the expected prediction of a patient’s outcome. Second, this VIM parameter
may be used as a tool for formulating causal hypothesis that may be tested in a subsequent ran-
domized study or in an observational study in which the necessary causal assumptions are met. An
analogous argument is valid for the VIM parameter y;, o for binary variables.

In the following sections we will discuss double robust estimation methods for these parame-
ters.

5.2 Estimation and prediction methods

We will first discuss the consistent and efficient estimation of the VIM parameters defined in the
previous section, and then we will procede to discuss prediction methods for Qg, go and ¢y.
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VIM estimation

In order to define semi-parametric VIM estimates that have optimal asymptotic properties we first
need to talk about the efficient influence function. The efficient influence function is a known
function D of the data O and Py, and is a key element in semi-parametric efficient estimation,
since it defines the linear approximation of all efficient regular asymptotically linear estimators
(Bickel et al., 1997). This means that the variance of the efficient influence function provides a
lower bound for the variance of all regular asymptotically linear estimators, analogously to the
Cramer-Rao lower bound in parametric models.
The efficient influence function of parameters (5.12) and (5.14) are given by

DC(Q?QW7g7 ¢)<0) = DCI(QNg?(p)(O) +DC2(Q_7g7 ¢)(0) +DC3(Q7QWag)(0) (515)
Db(Q;QW>g7 ¢)(0> = Dbl(Qag?(P)(O) +Db2(Q_,g> (P)(O) +Db3(Q_; QW,g)(0)7 (516)

respectively, where

C g(A—8|1,W)
o(1{W)  g(A|1,W)
D»(0,8,0)(0) = ¢(1CW) [O(1,A+8,W) —E{Q(1,A+8,W)|C=1,W}] (5.17)
De3(0,0w,8)(0) = E{O(1,A+8,W)|[C=1,W} Y — (0, 0w, 8),

{y—0(A, 1,w)}

Dcl (Q_aga (P)(O) =

and

D (0.5.0)(0) = —C (6g2A‘1)+1){Y—Q<A,LW>}

ARG
Dn(0.8.:0)(0) = 5= [0(A. 1LW) ~ E{O(A. LW)iC = LW} (5.18)

Dy3(Q,0w,8)(0) = 6{Q(1,1,W) = 0(0,1,W)} + E{Q(A, 1,W)|C = 1,W} —Y — ¥,(Q,Qw.,3)-

Result 5 provides the conditions under which these estimating equations have expectation zero,
therefore leading to consistent, triply robust estimators.

Result S. Let D be either D or Dy, presented in equations (5.15) and (5.16). We have that
EPO{D<0‘¢7g7Q7 IVO)} =0

if either (Q = Qo and ¢ = ¢y) or (Q = Qo and g = go) or (g = go and ¢ = ).

Recall that an estimator that solves an estimating equation will be consistent if the expectation
of the estimating equation equals zero. As a consequence of this result, and under the conditions
on Q, g and ¢ stated in Theorem 5.11 and 6.18 of van der Vaart (2002), an estimator that solves
the efficient influence function D will be consistent if either two of the three initial estimators are
consistent, and it will be efficient if all of them are consistently estimated. Mathematical proofs
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of the efficiency of these estimators are out of the scope of this paper, but the general theory
underlying their asymptotic properties can be found in van der Laan and Robins (2003), among
others.

We will use targeted minimum loss based estimators (TMLE, van der Laan and Rubin, 2006;
Rose and van der Laan, 2011) of the parameters W, and ¥;,. TMLE is a substitution/plug-in esti-
mation method that, given initial estimators (Q,,, Ow n,8n) of (0,0w,g), finds updated estimators
(0r, OW s g») and defines the estimator of ¥ as

TMLE is an estimation method that enjoys the best properties of both G-computation estima-
tors (Robins, 1986) and the estimating equation methodology (see e.g., van de Geer, 2000; van
der Laan and Robins, 2003). On one hand, TMLE is similar to G-computation estimators (e.g.,
‘P(Qn, Ow n,8n)) in that it is a plug-in estimator, and therefore produces estimates that are always
within the range of the parameter of interest (e.g., it is always in the interval [0, 1] if the estimand
is a probability). On the other hand, under regularity conditions and consistency of (Qy, gx, ®n), it
is assymptotically linear with influence function equal to the efficient influence function:

n

Yu— Yo =Y D(R)(0:) +op(1//n).

i=1
As a consequence, TMLE has the following properties:
e [t is a substitution/plug-in estimator.
o Itis efficient if O, g,, and ¢, are consistent for Qp, go, and ¢, respectively.

e It is consistent if either Q, or both g, and ¢, are consistent. This property is refered to as
double robustness.

e [t is more robust to empirical violations of the positivity assumptions (5.11) and (5.13).

In the next subsection we will describe an iterative procedure that transforms the initial esti-
mates 0, and g, into targeted estimates Q; and g such that ¥(Qj, g5, O}y ,) is a TMLE of

¥(Q0,80,0w,0)-

TMLE algorithm

In order to define a targeted maximum likelihood estimator for Y, we need to define three ele-
ments: (1) A loss function L(Q) for the relevant part of the likelihood required to evaluate W(P),
which in this case is Q = (Q, g, Ow ). This function must satisfy Qy = argming Ep,L(Q)(O), where
Qo denotes the true value of Q; (2) An initial estimator QS of Qo; (3) A parametric fluctuation Q(¢)
through QY such that the linear span of “£L{Q(&)}|¢—o contains the efficient influence curve D(P)
defined by either (5.15) or (5.16), depening on wheter A is continuous or binary. These elements
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are defined below:

Loss Function
As loss function for Q, we will consider L(Q) = Ly (Q) + La(g) + Lw (Qw), where Ly(Q)

Y1log{Q(A,W)}+(1-Y)log{1—0(A,W)}. La(g) = —log g(A|W), and Ly (Qw) = —log Qw (W).
It can be easily verified that this function satisfies Qp = argming Ep L(Q)(O).

Parametric Fluctuation
Given an initial estimator Q% of Qy, with components (Q, g¥, Q’§V7n), we define the (k+ 1)th fluc-

tuation of Q% as follows:

logit 01 (&) (A, W) = logit 0% (A, W) + &, H¥(C,A, W)
it (e1)(AIW) o< exp{e HY (A, W) } g, (A|W)
QY (€2) (W) o< exp{&2H; (W)} O}y, (W),

where the proportionality constants are so that the left hand side terms integrate to one, for contin-
uous A
C  gy(A—8],1W)

k _
H{ACW) =S 0W) gkl Lw)

for binary A

C 24 —1
HI(A.CW) = 5w (5g',;<A|1,W> “) ’

HY(A,W) = D,(P¥)(0), and H3(W) = D5(P¥)(0), with D, and D5 defined as in (5.17) and (5.18).
We define these fluctuations using a two-dimensional € with two different parameters €, and &;,
though it is theoretically correct to define these fluctuations using any dimension for &, as far as
the condition D(P) €< deL{Q( €)}e=o > is satisfied, where < - > denotes linear span. The con-
venience of the particular choice made here will be clear once the targeted maximum likelihood
estimator (TMLE) is defined.

Targeted Maximum Likelihood Estimator
The TMLE is defined by the following iterative process:

1. Initialize k = 0.

2. Estimate € as €X = argmin, P,L{Q%(¢)}.

3. Compute Q%*1 = Qk(&k).

4. Update k = k+ 1 and iterate steps 2 through 4 until convergence (i.e., until X = 0)

First of all, note that the value of & that minimizes the part of the loss function corresponding
to the marginal distribution of W in the first step (i.e., —P,log Q}V’n(sz)) is 821 = 0. Therefore, the
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iterative estimation of € only involves the estimation of €;. The kth step estimation of €; is obtained
by minimizing P,(Ly(Q*(&1)) + La(gk(&1))), which implies solving the estimating equation

S (er) = Zn: { [Yi — expit{logit O (A;, Wi) + Sle‘(Oi)}} H{(0;) + D2 (Py)(0:)—
i=1

f%DZ(Prlzc)(Yivavm) eXp{ngZ(Pr]:)(Yiva7Ci7m)} gfl(a“?‘/vl)d“(a)
fd exp{ngZ(Prlzc)(YhavCiﬂVVi)} glr{t(a“vvvi)d.u(a)

} (5.19)

where
D,(P})(0) =Q§<A+6,1,W>—/MQ'ﬁ<a+8,LW)gﬁ(alLW)du(a)-

The TMLE of yy is defined as y;,, = limk%w‘P(Pr’f), assuming this limit exists. In practice, the
iteration process is carried out until convergence in the values of & is achieved, and an estima-
tor Q; is obtained. Under the conditions of Theorem 2.3 of van der Laan and Robins (2003), a
conservative estimator of the variance of y,, is given by

n
~ Y D05, Own: 83, 0n) (05).
i=1
An R function that computes the TMLE of yg can be found in appendix A.2.

Augmented IPTW, stepwise, and undadjusted estimators. In addition to the TMLE we will
compute three additional estimates of the VIM, for comparison with other estimation methods.
The first estimator, the augmented IPTW (AIPTW), is an estimator that uses the efficient influence
function of the parameter in order to define the estimator as the solution of the corresponding esti-
mating equation. Because the AIPTW is also asymptotically linear with influence function equal to
the efficient influence function, it is consistent and assymptotically efficient. However, the estimat-
ing equation that defines the AIPTW may not have a solution in the parameter space, in which case
the AIPTW does not exist. Additionally, the AIPTW is more sensitive to practical violations to the
positivity assumption conmpared to the TMLE. The second estimator, a g-computation formula
based on stepwise regression (SW) represents common practice in statistics. The SW estimator
requires initial estimators ¢, and 9, of ¢y and Qy, and is defined as

1 & ¢ -
Yen SW _Z; {WQ?!(A1+57 1,W;) —Yz}

n

Winsi = 3. { o s Ouldi 1)+ 8105 (1.1,) = 0,(0.1.W)] -1
n;= 0 (W;)

for W, and W), respectively. The unadjusted estimator is identical to the SW estimator but includ-

ing only the intercept term in the vector W.

Since the consistency of the initial estimators of Qg, go and @y is key to attain estimators
with optimal statistical properties (i.e., consistency and efficiency), we will carefully discuss the
construction of such estimators in the next subsection. In particular, the next subsection deals with
the construction of an estimator for Qy, the predictor of death in our working example.
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Prediction

As explained in the previous section, the consistency of the initial estimators Q,, g, and y, de-
termine the statistical properties of the estimators of Y. ¢ and ¥}, 9. Common practice in statistics
involves the estimation of models like

logit Q(A, W) = o+ B1A + BaW + B3AW. (5.20)

This approach that has gained popularity among researchers in epidemiology and biostatistics,
partly because of the analysis of its statistical properties requires simple mathematical methods,
and partly because it is readily available in every statistical software. Nevertheless, as it is also
well known among their users, parametric models of the type described by (5.20) are rarely cor-
rect, and their choice is merely based on their computational advantages and other subjective cri-
teria. This practice leads to regression estimator whose usefulness is highly questionable given
that the assumptions it entails (linearity, normality, link function, etc.) do not originate in legit-
imate knowledge about the phenomena under study, but rather come from analytical tractability
and computational convenience.

In this paper we will use the super learner (van der Laan, Polley, and Hubbard, 2007) for
estimation of Qy, go, and Wp. Super learner is a methodology that uses cross-validated risks to find
an optimal combination of a list of user-supplied estimation algorithms. One of its most important
theoretical properties is that its solution converges to the oracle estimator (i.e., the candidate in
the library that minimizes the loss function with respect to the true probability distribution), thus
providing the closest approximation to the real data generating mechanism. Proofs and simulations
regarding these and other asymptotic properties of the super learner can be found in van der Laan,
Dudoit, and Keles (2004) and van der Laan and Dudoit (2003).

To implement the super learner predictor it is necessary to specify a library of candidate pre-
dictors algorithm. In the case of the conditional expectations Qg, @y, and gy for binary A, the
candidates can be any regression or classification algorithm. Examples include random forests,
logistic regression, k nearest neighbors, Bayesian models, etc. For estimation of the conditional
densities gg we will also use the super learner, with candidates given by several histogram density
estimators, which yields a piece-wise constant estimator of the conditional density. The choice of
the number of bins and their location is indexed by two tuning parameters. The implementation of
this density estimator is discussed in detail by Diaz and van der Laan (2011b), and will be ommited
in this paper.

5.3 Data analysis

In this section we analyze the data described in the example of section 5.1. The sample size was
n = 918 patients, and measurements of the variables described in table 5.1 were taken at 6, 12, 24,
48, and 72 hours after admision to the emergency room.

The main objective of the study was the construction of prediction models for the risk of death
of a patient in a certain time interval given the variables measured up to the start of the interval, as
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well as the definition and estimation of VIM measures that provide an account of the longitudinal
evolution of the relation between these physiological and clinical measurements and the risk of
death at a certain time point.

The data set was partitioned in 6 different data sets according to the time intervals defined by
the time points in which measurements were taken, each of these 6 datasets contained only the
patients that were at risk of death (alive) at the start of the time interval. Each of the continuous
covariates was rescaled by subtracting the minimum and dividing by the range so that all of the
covariates range between zero and one. The methods described in the previous sections were
applied to each variable in each of these datasets.

The candidate algorithms for prediction of death used in the super learner predictor are as
follows:

Logistic regression with main terms (GLM)

Stepwise logistic regression (SW)

Bayesian logistic regression (BLR)

Generalized additive models (GAM)

Earth (Earth)
e Sample mean (MEAN),

from which the first three represent common practice in epidemiology and statistics, GAM and
Earth are algorithms that intend to capture non-parametric structures of the data, and the sample
mean is included for contrast.

Table 5.2 shows the coefficients of each candidate algorithm in the super learner predictor of
E(Y;|Lj,Cj,Ly). The variability in these coefficients shows that no single algorithm is optimal
for prediction at each time point, and that each algorithm describes certain features of the data
generating mechanism that the others are not capable of unveiling.

0-6hr 6-12hr 12-24hr 24-48hr 48-72hr  72+hr

GLM 0.0000 0.0000 0.0000 0.0318 0.0259 0.0000
SW  0.0000 0.1889 0.0000 0.0000 0.2073 0.1787
BGLM 0.3318 0.0586 0.1049 0.1329 0.0313 0.2750
GAM 0.5118 0.7525 0.8951 0.8353  0.7201 0.2487
Earth 0.1563 0.0000 0.0000 0.0000 0.0154 0.1298
MEAN 0.0000 0.0000 0.0000 0.0000 0.0000 0.1678

Table 5.2: Coefficients in the Super Learner
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Figure 5.2 presents the ROC curves for the cross-validated super learning predictions of death,
as well as the cross-validated predictions based on a logistic model with AIC-based stepwise se-
lection of variables, for comparison with common practice. The super learner prediction methods
outperforms the stepwise prediction in all cases, with AUC ROC (area under the ROC curve) dif-
ferences ranging from 0.02 to 0.07. Though this differences might be small, an interpretation of
their meaning reveals the clinical relevance of a slight improvement in prediction. The AUC ROC
can be interpreted as the proportion of times that a patient who will die obtains a higher prediction
score than a patient who will survive. In practice, an AUC ROC difference of 0.02 means that in
100 pairs of patients (pairs formed by one patient who will die and one who will not) the super
learner classifier will correctly classify two pairs more than the step-wise classifier, which could
potentially lead to live-saving treatments for these two patients.

0.8
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Figure 5.2: ROC curves of cross-validated prediction for the super learner (SL) and the logistic
step-wise regression (SW), for different time intervals.

The VIM measures computed for each variable at each time point were ranked according to
their p-value. Table 5.3 presents the first five most important variables for prediction of death at
each time interval, according to the TML estimator presented in section 5.2. Recall that all the
continuous variables were re-scaled between zero and one; the value 6 = 0.01 was used for all
the estimates. The interpretation of the values in the first row of table 5.3, for example, is that if
PT were to increase by 1% for every patient, the mortality rate in the first time interval would be
augmented by 2.13%, according to the TMLE. The TMLE and the AIPTW produced generally
similar results, whereas the SW estimator produced results that are not significant. This is because
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TMLE and AIPTW are efficient estimators that make the best use of the information available in
order to find precise and reliable estimates of the VIM measure.

In addition to the previous tables, Figure 5.3 shows heatmaps of the effect that a modification on
each variable at a given time point would have in the mortality rates of the subsequent time intervals
(i.e., the VIM measure). For example, Figure 5.3a shows the effect that an intervention on each of
the variables measured at baseline will have on the outcome between 0-6 hours, 6-12 hours, 12-24
hours, 24-48 hours, 48-72 hours, and 72+ hours. Additionally, the dendrogram plotted in the left
margin of Figure 5.3a shows a hierarchical clustering of the variables acording to the profile of their
effect on the longitudinal outcome. For example, an increase in variables DDIM through CREA
at baseline would cause an increase (significative most of the times) in mortality rate, particularly
at earlier time points. Variables RR through SBP seem to have a small protective effect that is
significative in few cases, and variables PF12MN through TPA have estimated protective effect
whose statistical significance could not be established with this sample.

At each time point, variables that less than 15% of observed values were not included in the
analysis. For this reason, and because missingness was more common in later measurement times,
the number of variables included in Figure 5.3 decreases as the time of measurement increases.
Additionally, the output for variables measured at 48 and 72 hours is not shown because none of
the results were significant.

5.4 Discussion

The techniques presented in this paper provide a methodology for computing prediction algorithms
and VIM measures that overcome the difficulties presented in the introduction, namely the lack of
interpretability and optimality of the estimates. The superiority of the super learner as a prediction
method has been proven analytically by several authors, and is corroborated in our example by
comparison with current practice in epidemiology and biostatistics. The VIM measures that were
defined provide parameters with a valid causal and statistical interpretation, independent of the
statistical model or prediction method selected. The use of consistent and efficient estimates of the
VIM parameters was also demonstrated, and the importance of using these optimal estimators was
exemplified in the application section.
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VarName VarTime TMLE IPTW StepwiseGLM Unadjusted
PT 00 0.0213(<0.001)  0.0215(<0.001)  -0.0011(0.698) 0.0400(<0.001)
ISS 00 -0.0320(<0.001) -0.0322(<0.001) -0.0242(<0.001) -0.0244(0.002)
FvIll 00 0.0105(0.027) 0.0108(0.023) 0.0085(0.839) 0.0827(<0.001)
APC 00 0.0205(0.028) 0.0202(0.031) 0.0235(0.386) 0.1063(<0.001)
INR 00 0.0109(0.113) 0.0065(0.343) -0.0011(0.722) 0.0345(<0.001)
(a) Death between 0 and 6 hours
VarName VarTime TMLE IPTW StepwiseGLM  Unadjusted
CREA 00 0.0289(<0.001) 0.0289(<0.001) 0.0013(0.020)  0.0338(<0.001)
HCT 00 0.0383(<0.001) 0.0383(<0.001) -0.0005(0.384) 0.0281(<0.001)
HGB 00 0.0396(<0.001) 0.0396(<0.001) -0.0004(0.485) 0.0281(<0.001)
BUN 00 0.0260(<0.001) 0.0258(<0.001) 0.0009(0.441)  0.0347(<0.001)
PT 00 0.0088(<0.001) 0.0086(<0.001) 0.0019(0.426)  0.0376(<0.001)
(b) Death between 6 and 12 hours
VarName VarTime TMLE IPTW StepwiseGLM  Unadjusted
CREA 00 0.0281(<0.001) 0.0282(<0.001) 0.0012(0.033)  0.0314(<0.001)
HCT 00 0.0559(<0.001) 0.0558(<0.001) -0.0006(0.278) 0.0262(<0.001)
HGB 00 0.0578(<0.001) 0.0577(<0.001) -0.0004(0.467) 0.0264(<0.001)
BUN 00 0.0240(<0.001) 0.0238(<0.001) 0.0003(0.799)  0.0319(<0.001)
PT 00 0.0077(<0.001)  0.0074(0.001) 0.0019(0.377)  0.0357(<0.001)
(c) Death between 12 and 24 hours
VarName VarTime TMLE IPTW StepwiseGLM Unadjusted
CREA 00 0.0565(<0.001)  0.0565(<0.001)  0.0013(0.051) 0.0266(<0.001)
HCT 00 0.0566(<0.001)  0.0564(<0.001)  -0.0002(0.732) 0.0224(<0.001)
HGB 00 0.0389(<0.001)  0.0390(<0.001)  -0.0001(0.862) 0.0224(<0.001)
APC 00 0.0532(<0.001)  0.0539(<0.001)  0.0226(0.310) 0.0761(<0.001)
ISS 00 -0.0233(<0.001) -0.0236(<0.001) -0.0211(<0.001) -0.0155(0.020)
(d) Death between 24 and 48 hours
VarName VarTime TMLE IPTW StepwiseGLM Unadjusted
PTT 00 0.0351(<0.001)  0.0350(<0.001)  0.0018(0.016) 0.0261(<0.001)
RR 24 0.0339(<0.001)  0.0304(<0.001)  0.0057(0.749) 0.0644(<0.001)
BDE 24 0.0426(<0.001)  0.0501(<0.001)  0.0140(0.870) 0.0828(<0.001)
DDIM 12 0.0260(<0.001)  0.0263(<0.001)  0.0481(0.885) 0.0605(<0.001)
ISS 00 -0.0195(<0.001) -0.0202(<0.001) -0.0180(<0.001) -0.0116(0.049)
(e) Death between 48 and 72 hours
VarName VarTime TMLE IPTW StepwiseGLM  Unadjusted
PTT 00 0.0300(<0.001) 0.0298(<0.001) 0.0017(0.012)  0.0220(<0.001)
CREA 00 0.0026(0.004) 0.0026(0.004) 0.0007(0.291)  0.0168(<0.001)
ISS 00 -0.0140(0.008)  -0.0148(0.004)  -0.0145(0.008) -0.0085(0.124)
DDIM 12 0.0138(0.017) 0.0116(0.049) 0.0669(0.693)  0.0604(<0.001)
FVIII 00 0.0087(0.034) 0.0097(0.015) 0.0046(0.525)  0.0500(<0.001)
(f) Death after 72 hours

Table 5.3: VIM estimates for the five most important variables for prediction of death at each time
interval according to TML estimate (p-values in parentheses and truncated at 0.001).
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Figure 5.3: VIM estimates of measured variables according to TMLE. “***’ indicates p-value <
0.001, “*** indicates 0.001 < p-value < 0.01, and “*’ indicates 0.01 < p-value < 0.05.



Appendix A

R functions

A.1 R function tmle.shift () for chapter 2

Arguments

Argument Description

Y Outcome vector.

A Treatment vector.

W Covariates matrix.

Qn An initial estimator of Qy in the form of a function that takes a vector A
and a matrix W and returns the vector of conditional expectations of Y
given A and W.

gn An initial estimator g¢ that takes as input a vector A and a matrix W
and returns the density of A conditional on W at points A.

delta A function of W defining the parameter of interest.

tol Tolerance value for the convergence of €.

max.iter Maximum of iterations allowed.

Aval A vector with equally spaced values indicating a partition of the support
of A over which to compute Riemann sums to approximate the integrals
involved in the estimation process.

Table A.1: Arguments of the R function tmle.shift
Code

tmle.shift <- function(Y, A, W, Qn, gn, delta, tol = le-5, iter.max = 5, Aval){
# interval partition length
h.int <- Aval[3]-Aval[2]

86
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# this function takes as input initial estimator of Q and g and returns
# their updated value
f.iter <- function(Qn, gn, gnOd = NULL, prev.sum = O, first = FALSE){
# numerical integrals and equation (7)
Qnd <- t(sapply(l:nrow(W), function(i)Qn(Aval + delta, W[i,])))
gnd <- t(sapply(l:nrow(W), function(i)gn(Aval, W[i,]1)))
gnd <- gnd/rowSums(gnd)
if (first) gnOd <- gnd
EQnd <- rowSums(Qnd*gnd)*h.int
D2 <- Qnd - EQnd
QnAW <- Qn(A, W)
H1 <- gn(A - delta, W)/gn(A, W)
# equation (8)
est.equation <- function(eps){
sum((Y - (QnAW + eps*H1)) * H1 + (Qn(A + delta, W) - EQnd) -
rowSums (D2*exp (eps*D2 + prev.sum)*gn0d) /rowSums (exp(eps*D2 + prev.sum)*gn0d))
}
eps <- uniroot(est.equation, c(-1, 1))$root
# updated values
gn.new <- function(a, w)exp(eps*Qn(a + delta, w)) * gn(a, w)
Qn.new  <- function(a, w)Qn(a, w) + eps * gn(a - delta, w)/gn(a, w)
prev.sum <- prev.sum + eps*D2
return(list(Qn = Qn.new, gn = gn.new, prev.sum =
prev.sum, eps = eps, gnOd = gn0d))
}
ini.out <- f.iter(Qn, gn, first = TRUE)
gn0d <- ini.out$gn0d
iter = 0
# iterative procedure
while(abs(ini.out$eps) > tol & iter <= iter.max){
iter = iter + 1
new.out <- f.iter(ini.out$Qn, ini.out$gn, gnOd, ini.out$prev.sum)
ini.out <- new.out
}
Qnd <- t(sapply(l:nrow(W), function(i)ini.out$Qn(Aval + delta, W[i,]1)))
gnd <- t(sapply(l:nrow(W), function(i)ini.out$gn(Aval, W[i,])))
gnd <- gnd/rowSums(gnd)
# plug in tmle
psi.hat <- mean(rowSums(Qnd*gnd)+*h.int)
# influence curve of tmle
IC <= (Y - ini.out$Qn(A, W))*ini.out$gn(A - delta, W)/ini.out$gn(A, W) +
ini.out$Qn(A + delta, W) - psi.hat
var.hat <- var(IC)/length(Y)
return(c(psi.hat = psi.hat, var.hat = var.hat, IC = IC))
}

Example

Here is an example of how to use the previous function based on the data generating mechanism
presented in the simulation

n <- 100

W <- data.frame(W1l = runif(n), W2 = rbinom(n, 1, 0.7))

A <- rpois(n, lambda = exp(3 + .3*log(W$Wl) - .2%exp(WEW1)*W$W2))

Y <- rbinom(n, 1, plogis(-1 + .05%A - .02*xAxW$W2 + .2xAxtan(W$W1i~2) -
L02%WEWIXWEW2 + 0. 1xA*WSW1xWEW2))

fitA.0 <- glm(A ~ I(log(W1l)) + I(exp(W1)):W2, family = poisson, data =

data.frame(A, W))
fitY.0 <- glm(Y ~ A + A:W2 + A:I(tan(W1"2)) + W1:W2 + A:W1:W2, family =
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binomial, data

= data.frame(A, W))
gn.0 <- function(A = A, W =

W)dpois(A, lambda = predict(fitA.o0,

newdata = W, type = "response"))
Qn.0 <- function(A = A, W = W)predict(fitY.0, newdata = data.frame(A, W,
row.names = NULL), type = "response")

tmle00 <- tmle.shift(Y, A, W, Qn.0, gn.0, delta=2, tol = le-4, iter.max = 5,
Aval = seq(1, 60, 1))

A.2 R functions for chapter 5

## (n, phin, and gn are the initial estimators of Q, phi, and g.

## (Qn and gn should be given in form of a list with n elements, each
## containing a function of A. For example Qu[[1]]

## should be a function of a containing E(Y|A=a, C=1,W_1).

## phin is a vector of size n containing P(C=1|W).

## Aval is a range of values of A used to integrate over, only useful
## for continuous A, but included

## in the function for binary A for compatibility.

## tol is the tolerance on epsilon

## iter.max is the maximum of iterations of the TMLE algorithm

## Function for binary exposures
tmle.bin <- function(Y, A, C, Qun, phin, gn, delta, tol = le-5,
iter.max = 5, Aval=c(0,1), lengths=diff(Aval)){

n <- length(Y)
wC <- C/phin
wC <- as.vector(wC[,1])

f.iter <- function(Qn, gn, gnOd = NULL, prev.sum = O, first = FALSE, iter){

## computation of different parts of the efficient influence function
Qnd <- t(sapply(l:n,function(i)sapply(Aval, function(a)Qun[[i]](a))))
gnd <- t(sapply(l:n,function(i)sapply(Aval, function(a)gn[[il](a))))
gnd <- gnd/rowSums(t(t(gnd) * lengths))

EQnd <- rowSums(t(t(Qnd * gnd) * lengths))

QniW <- sapply(l:n, function(i){Qn[[i]](1)3})

QnoW <- sapply(l:n, function(i){Qn[[il]1(0)})

QnAW <- sapply(l:n, function(i){A[i]*QniW[i] + (1-A[i])*QnOW[i]})

D2AW <- wC * sapply(l:n, function(i){Qn[[il]1(A[i]) - EQnd[il})

H1  <- wC * sapply(l:n, function(i){delta * (2xA[i] - 1) /
gnllil1ALLD + 1B

IPTW <- varIPTW <- NULL

## if it is the first iteration, compute the augmented IPTW
if (first){
gn0Od <- gnd
IPTW <- mean(H1 * (Y - QnAW) + D2AW + EQnd +
delta * (QniW - QnOW) - Y)
varIPTW <- var( H1 * (Y - QnAW) + D2AW + EQnd +
delta * (QniW - QnOW) - Y)/n
}

D2 <- wC * (Qnd - EQnd)

## estimating equation
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est.equation <- function(eps){
sum((Y - expit(logit(QnAW) + eps * H1)) * H1 + D2AW -
rowSums (D2 * exp(eps * D2 + prev.sum) * gn0Od) /
rowSums (exp(eps * D2 + prev.sum) * gn0d))

}

## solve the estimating equation
eps <- try(uniroot(est.equation, c(-1, 1))$root, silent = TRUE)

gn.new <- Qn.new <- list()
file <- paste(’Qugn’, iter, sample(le5, 1), ’.r’, sep=’’)
if(file.exists(file))file.remove(file)

## update g and Q
for(i in 1:n){
cat("gn.new[[",i,"]] <- function(A)exp(eps * wC[", i,"] *
Qn[[", i, "J1(A + delta)) *
gnl[", i, "]J1(A)\n",
sep = ’’, file = file, append = TRUE)
cat("Qn.new[[",i,"]] <- function(A)expit(logit(Qu[[", i, "11(A))
+ eps * wC[", i,"] * gn[[", i, "]]1(A - delta) /
gnl[", i, "11(A))\n",
sep = ’’, file = file, append = TRUE)
}

source(file, local = T)
file.remove(file)

gn.new <- lapply(gn.new, Vectorize)
Qn.new <- lapply(Qn.new, Vectorize)

## this avoids recursive computation of numerical integrals
prev.sum <- prev.sum + eps * D2

return(list(Qn = Qn.new, gn = gn.new, prev.sum = prev.sum,
eps = eps, gnOd = gnOd, IPTW = IPTW, varIPTW = varIPTW))

}

## initiate

iter = 0

ini.out <- f.iter(Qn = Qn, gn = gn, gn0d = NULL, prev.sum = O,
first = TRUE, iter = 0)

## extract A-IPTW
gn0d <- ini.out$gn0d
IPTW <- ini.out$IPTW

## iterate
while(abs(ini.out$eps) > tol & iter <= iter.max){

cat("iter ", iter, " started at ", date(), file = "iters.txt", append = TRUE)
iter = iter + 1

new.out <- f.iter(ini.out$Qn, ini.out$gn, gnOd, ini.out$prev.sum, FALSE, iter)
ini.out <- new.out

}

## compute TMLE and influence function
Qn <- ini.out$Qn

89
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gn <- ini.out$gn

Qnd <- t(sapply(l:n,function(i)sapply(Aval, function(a)Qun[[i]]l(a))))
gnd <- t(sapply(l:n,function(i)sapply(Aval, function(a)gn[[il](a))))
gnd <- gnd/rowSums(t(t(gnd) * lengths))

EQnd <- rowSums(t(t(Qnd * gnd) * lengths))

QniW <- sapply(l:n, function(i){Qn[[il]1(1)})

QnOW <- sapply(1l:n, function(i){Qn[[i]](0)})

QnAW <- sappli(l:n, function(i){A[i]l*QniW[i] + (1-A[i])*Qnow[ill})

D2AW <- wC * sapply(l:n, function(i){Qn[[il](A[il) - EQnd[il})

H1 <- wC * sapply(l:n, function(i){delta * (2*A[i] - 1) / gnl[[i]1(A[i]) + 1})

psi.hat <- mean(EQnd + delta * (QniW - QnoOW) - Y)
IC <- H1 * (Y - QnAW) + D2AW + EQnd + delta * (QniW - QnOW) - Y

var.hat <- var(IC)/n
meanIC <- mean(IC)

return(c(psi.hat = psi.hat, var.hat = var.hat, meanIC = meanIC, iter = iter,
IPTW = IPTW, varIPTW = varIPTW))

}

tmle.shift <- function(Y, A, C, Qu, phin, gn, delta, tol = le-5, iter.max = 5,
Aval, lengths=diff (Aval)){

n <- length(Y)
wC <- C/phin
wC <- as.vector(wC[,1])

wA <- function(gn, A, delta){
## ifelse(gn(A) == 0, 1, gn(A-delta)/gn(4A))
gn(A-delta)/gn(h)

}

f.iter <- function(Qn, gn, gnOd = NULL, prev.sum = O, first = FALSE, iter){

Qnd <- t(sapply(l:n,function(i)sapply(Aval, function(a)Qn[[i]l]l(a))))
gnd <- t(sapply(l:n,function(i)sapply(Aval, function(a)gn[[i]l]l(a))))
gnd <- gnd/rowSums(t(t(gnd) * lengths))

EQnd <- rowSums(t(t(Qnd * gnd) * lengths))

QnAW <- sapply(1l:n, function(i){Qn[[il](A[i])})

D2AW <- wC * sapply(l:n, function(i){Qn[[i]](A[i] + delta) - EQmnd[il})
H1  <- wC * sapply(1l:n, function(i){wA(gn[[i]], A[i], delta)})

IPTW <- varIPTW <- NULL

if (first){
gn0d <- gnd
IPTW <- mean(H1 * (Y - QnAW) + D2AW + EQnd - Y)
varIPTW <- var(H1 * (Y - QnAW) + D2AW + EQnd - Y)/n
}

D2 <- wC * (Qnd - EQnd)
est.equation <- function(eps){

sum((Y - expit(logit(QnAW) + eps * H1)) * H1 + D2AW -
rowSums (D2 * exp(eps * D2 + prev.sum) * gn0d) /
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rowSums (exp(eps * D2 + prev.sum) * gnOd))

}
eps <- try(uniroot(est.equation, c(-1, 1))$root, silent = TRUE)
cat(’eps = ’, eps, ’\n’, sep = ’’)

##
if (inherits(eps, ’try-error’)) return(list(est.eq = est.equation))

gn.new <- Qn.new <- list()
file <- paste(’Qngn’, iter, sample(leb5, 1),’.r’, sep=’’)
if(file.exists(file))file.remove(file)

for(i in 1:n){
cat("gn.new[[",i,"]] <- function(A)exp(eps * wC[", i,"] *
Qn[[", i, "]J1(A + delta)) * gn[[", i, "]1]1(A)\n",
sep="’, file = file, append = TRUE)
cat("Qn.new[[",i,"]] <- function(A)expit(logit(Qn[[", i, "]]1(A))
+ eps * wC[", i,"] * wA(gn[[", i, "]1], A, delta))\n",
sep="’, file = file, append = TRUE)
}

cat(file)
source(file, local = T)
file.remove(file)

prev.sum <- try(prev.sum + eps * D2)

##
if (inherits(prev.sum, ’try-error’)) return(list(est.eq = est.equation))

return(list(Qn = Qn.new, gn = gn.new, prev.sum = prev.sum, eps= eps,
gn0d = gn0d, IPTW = IPTW, varIPTW = varIPTW, est.eq = est.equation))

}

iter = 0
ini.out <- f.iter(Qn = Qn, gn = gn, gn0d = NULL, prev.sum = O, first = TRUE, iter = 0)

gn0d <- ini.out$gn0d
IPTW <- ini.out$IPTW
varIPTW <- ini.out$varIPTW

#i#
save(list = 1s(), file = ’iter0.RData’)
if (inherits(try(abs(ini.out$eps)), ’try-error’)) return(ini.out)

while(abs(ini.out$eps) > tol & iter < iter.max){

cat("iter ", iter, " started at ", date(), file = "iters.txt", append = TRUE)
new.out <- f.iter(ini.out$Qn, ini.out$gn, gnOd, ini.out$prev.sum, FALSE, iter)
ini.out <- new.out

iter = iter + 1

##
save(list = 1s(), file = paste(’iter’, iter, ’.RData’, sep = ’’))
if (inherits(try(abs(ini.out$eps)), ’try-error’)) return(ini.out)
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Qn <- ini.out$Qn
gn <- ini.out$gn

Qnd <- t(sapply(l:n, function(i)sapply(Aval, function(a)Qun[[i]](a))))
gnd <- t(sapply(l:n, function(i)sapply(Aval, function(a)gn[[i]](a))))
gnd <- gnd/rowSums(t(t(gnd) * lengths))

EQnd <-
QnAW <-
D2AW <-
H1 <-

psi.hat
IC

var.hat
meanIC

rowSums (t (t(Qnd * gnd) * lengths))

sapply(1:n, function(i){Qn[[il](A[i1D})

wC * sapply(l:n, function(i){Qn[[il](A[i] + delta) - EQnd[il})

wC * sapply(l:n, function(i){gn[[i]](A[i] - delta)/gnl[[il1(A[i]D})

<- mean(EQnd - Y)
<- H1 * (Y - QnAW) + D2AW + EQnd - psi.hat - Y

<- var(IC)/n
<- mean(IC)

return(c(psi.hat = psi.hat, var.hat = var.hat, meanIC = meanIC,

iter = iter, IPTW = IPTW, varIPTW = varIPTW))
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Appendix B

Proofs

B.1 Theorem 1

This proof follows closely the proofs presented in Zheng and van der Laan, 2010 for a general CV-
TMLE. Those proofs rely heavily on empirical process theory, of which van der Vaart and Wellner,
1996 provide a complete study.

Proof of Theorem 1. First of all note that

R(W? Q) _R(W7 QO) - _POD{Q7 QW7g07 W}7

which implies that

R(¥y) — Ro(¥y) = —EsPuD{Q" (Pr), Ow (Pv), 80, ¥ (Pr)}.

Note that .
EsPyD{Q*(P7),0w(Py),8(Pr),¥r(Pr)} =0,
so that we can write

A

R(¥)—Ro(#1) = Es(Py — P)D{0* (Pr), Ow (Pv), &(Pr ), Wi (Pr)}
sy [D{Q‘*(Pﬂ,mev),g(PT),@k(PT)} —D{é*a@r),QW@v),go,\ifk(PT)}]
= ES(PV —PO)D{é*(PT)? Ow (Py),&(Pr), ¥i(Pr)} (B.1)

+EsRyS (HE) )T) [{Qz,o—éﬁ(?r)}—Z‘i’k(IP’T){QLO—QAT(IP’T)}}. (B.2)
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We will first handle the term (B.2). By Cauchy-Schwartz, (B.2) can be bounded by

sup(a.)| i | N165) =G5l
+ BB 1020 - B3(h)
=2 sup (a4 ) o) iy | 163~ Gicerlos
25 D b 21010~ G} ®3)

Using a similar argument, the last term can be bounded (using assumption 1 and up to universal
constants) by

¥ (Pr) — wollos+

I[&(P7) — golo.s]

—5(P _ A, A
Espoé%f”h%{gm—glwww||g<PT> ~oll3s,
0

whereas the second term in (B.3) is bounded by

Espo%h{éw — G3(R)} + l18(Pr) — g0l
Therefore
R(¥1) — Ro(¥y) = Es(Py — R)D{Q" (Pr), Ow (Pv), 2(Pr), ¥i(Pr)} (B.4)
+Espo%h {020 B3(R)} —290{010 - Gi (R}
+ Remy,,
where

Remy, < ||g0 — 8(Pr)|lo.s{al|Q5(Po) — O5(Pr)o.s — b|| 0} (Po) — Qf (Pr) lo.s+
c||¥i(Pr) — wollo.s +d||go — &(Pr)

073}7

for constants a, b, c,d.
On the other hand, since EsPy f = Pf when f does not depend on S, we may rewrite (B.4) as

Es(Py — Py)D{Q* (Pr), 0w (Pv), 8(Pr), ¥4 (Pr)}
=Es(Py — Py) D{é (Pr), Ow (Pv),8(Pr), ¥ (Pr)} — D{O*(Py), Ow.0, 80> Wo } (B.5)
(

+ (]P - PO)D{Q* P0)7 QW,07g07 IVO}
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Following similar arguments to those presented by Zheng and van der Laan, 2010, and using the
assumptions of the theorem, it can be proven that (B.5) is op(1/+/n), which implies

Es(Py — Py)D{Q(Pr)(8),0w (Pv), 8(Pr), ¥ (Pr)} =
(P—Py)D{Q(Py)(£0),8(Po), Wo} +op(1/+/n).

This result, together with (B.4) and assumptions 2, 3 and 4, yields

A A

R(¥y) — Ro(¥1) = (P— Ry) [D{Q(Py), Ow,0, 80, Wo + IC(Py)] +0p(1//n).

B.2 Theorem 2

Before proceeding to prove Theorem 2, we will first present and prove the following useful theo-
rem.

Theorem 3. Define R(¥y, wo) = R(Wr) — R(wy) and Ro(¥y, wo) = Ro(Wr) — Ro(wo), where
R(Wy) = EsR{¥i(Pr), O (Pr), Py }
is the TMLE of the true conditional risk
Ro(¥y) = EsR{¥(Pr), o}

Assume
(R—Ro)(Yx, wo) = Es(Py — Po)Dy(Pr, Py, &) + Remy,

for some function Dy, that depends on (Pr, Py, &) such that
EsPyDi(Pr, Py, &) = Ro(Wi, wo),

HDk(PT,P(),ék)Hoo < My < oo, and P(){Dk(]PT,PQ, ék)}z < MzP()Dk(PT,P(),ék). Assume also that &,
falls in a finite set with maximally n points for some finite c, and denote M, = n°K,,. Then,

ERy (¥}, w0) S (1+28)ER (¥r, wo)+

1+4+logM,
C(M17M275)%+

(1 + 5){ER€I717C — ERem;(},

where ¢(My,Mp,8) = (14 8)*(M; /3 +M,/3)
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Proof of Theorem 3.
0 <Ro(¥4, wo)
=Ro(P;, wo) — (1+8)R(¥;, yo) + (1+8)R(¥, wo)
<Ro(¥}, wo) — (14 8)R(¥, wo) + (14 8)R(Wr, wo)
=Ro(¥1, wo)
+ (14 8){R(¥r, vo) — Ro(Wr, wo) }
— (14 8){R(¥}, wo) —Ro(W;, o)}
+ (14 8)Ry( : Y0

where
Hi = —(148)(R— Ro) (Wi, yo) — Ro (W, wo)
Ti = (14 8)(R—Ro)(r, wo) — SRo(¥s, ).
By using the assumptions of the theorem we get
H, =— (1 + 6)ES(PV —Po)Dk(]P)T,PQ, ék) — (SESpoDk(PT,P(),ék) — (1 + 5)Remk
=H; — (1 + 8)Remy.

Following arguments similar to those presented by Dudoit and van der Laan, 2005 and van der
Vaart, Dudoit, and van der Laan, 2006 we have that

1 +logM,

EH; S c(M1, M, 8)——

The same bound applies to E T];*. As a consequence we obtain the desired result. 0

Proof of Theorem 2. Recall from Theorem 1 that

A

R(¥y) — Ro(¥y) = Es(By — Po)D{Q;(Pr), Ow (By ), 8(Br), Wi (Br) }+

g0—8(Pr) ¢ Sk A
2EsPy 202 (Pr) Wy (Pr) {0y (Pr) — Qo}, (B.6)
where D is the efficient influence function
h(A,Z)y(A,Z -
D(0, 0,2, ¥)(0) = —2MAEVAL) 1y 504wy

g(a,w)
| v(a.2){y(a.2)~20(a.W)}h(a. Z)dp(a) = R(¥)(Q. Ow).
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Applying this same equality to the constant algorithm yg and subtracting it from (B.6) yields

(ﬁ—ﬁo)(‘i'k, W) = B.7)
Es(Py — Py) | D{Q;(Pr), Qw (Pv), 8(Pr), ¥4 (Pr)} — D{O}(Pr), Ow (Pv), 4(P7), vo }
#2558 (< §>h{@k<mr>—%}{éamr)—@o} (B3)
+aeg B ECD (<P§>hwk<PT>{Qk<Pr> G5 (Pr)} (B.9)
—Esmv—Po)[ D{G; (Pr), Qw(Py). g0, ¥i(Pr)} = D{Gi(Pr), Qw (BY). 0. Yo} | (B.10)
+Es(Py — Py) ({ é ), 0w (Pv), (]P)T)»‘ilk(PT)}_D{éz(PT)aQW(PV)agOvli‘k(]PT)}]
- [D{QB(PT),QW(PV)ag(PT)7ll/o} —D{0}(Pr), 0w (Pv), g0, Vfo}} ) (B.11)
+ Remy, | +Remk’2
EEs(PV — P())Dk(]P),PO) +R€mk7l +R€Wlk72 +R€mk73 (B12)

where Dy (IP,Fy) denotes the function inside square brackets in (B.10), and Reny 1, Remy > and
Remy 3 denote (B.8), (B.9) and (B.11), respectively. From the definition of the efficient influence

function D, note that D{Q,Qw, &, W} = Ly ,(¥) — R(y, 0, Ow ), which implies

Es(Py — Po)Di(P, Py) = Es(Py — Py) [Léz(mgo (Pi(Pr)) L 2.6 (VO) | —
Es(Py — R) [R{\P(IPT)@;(PT),QW(PV»—R{wO,é3<PT>,QW<Pv>} . B.13)

where the term inside square brackets in (B.13) is a constant, and (B.13) equals zero. Note that
05 (Pr) = O(Pr) (&) depends on Py only through &, thus allowing us to rewrite

A

(R—Ro)(®x, wo) = Es(Py — P))Di(Pr, Py, &) + Remy 1 + Remy. + Remy 3,

for

Dk(IPT,PO,ék) LQ*( Pr).g0 (lilk(PT))_L

From the identity P)Lg , (¥) = PoLg, (Y¥) (Lg denotes the g-comp loss function) we have that

QQ(*)(PT),go<WO>'

EsPoDy(Pr, Py, &) = Ro(Pk, wo).

This fact together with (B.12) prove that Dy, satisfies the conditions of Theorem 3, with Rem; =
Remy j + Rem; ;. + Rems .. By application of Theorem 3 we obtain

ERO( k?lVO) (1 +26)ER0(lPk7W0)

1+ logM,
(M, M, 8) == B

+ (1+6){ERem; — ERem; }.
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It remains to study ERemy. Let us first consider ERem; . Note that

||(¥(Pr) — wo) s =Ro(¥r, wo)

Since go and g(Pr) are assumed bounded away from zero (positivity assumption), we can apply
the Cauchy-Schwartz inequality to obtain

ERemy i < E||(8(Pr) — 80)(05(Pr) — 0o)llo.s\/Ro (P, wo).-

We now consider ERem; ;.. By applying the Cauchy-Schwartz inequality we obtain

Remy i S [18(P7) — goll0.s110; (Br) — 05 (Pr)lo.s- (B.14)

From the definition of & in the CV-TMLE of R(¥), note that éz satisfies the equation

EsPy ¥ (Pr){Y — Ot (Pr)} = 0.

h
§(Pr)
Applying the same equation for Y and QQE"), and subtracting it from the previous one yields

h
EsPy ———

§(Pr)

which can be written as

(Pe(Pr){Y = G (Pr)} — wolY = G5(Pr)} ) =0,

(9(Br) — oY — G (Pr)) = EsPu ot~ yo {0} (Pr) — O3(Br)},

8(Pr)

h
EsPy ——

8(Pr)

which implies

EgPy—1"— {(¥e(Pr) — wo}{Y - G;(Pr)}

g(P)Wo{Qk(PT) O5(Pr)} =Es(Py — Po) = ——

g( r)
_ES(]P PO)g(h )

{(#e(Pr) — o} {04 (Pr) — Qo).

vol0; (Pr) — 05(Pr)}

—EsPy——

( r)

By empirical process theory (van der Vaart and Wellner, 1996, Theorem 2.14.1), noting that the first
two terms are empirical processes applied to functions in a class of functions .% = {f(k, &, &) :
k, &, &}, the expectations of the first two terms are bounded by (1 +logM,,)//n. The third term

is bounded by 1/ Ro(¥s, wo)| |QA; (Pr) — Qolo.s- These facts together with (B.14) yield

1—|—10gMn+

/n
E[|(2(Pr) — g0)llo.s/| (0 (P7) — 00)ll0,s1/ Ro(¥x, wo),

ERem, S E||§(Pr) —
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Finally, consider the term Rems ;. We can bound this term by maxy ¢, ¢, Es(Py —Py)D(Pr,k, &, £),
for

D(Pr,k, &, &) =D{0;(Pr), Ow (Pv),&(Br), ¥(Pr)} — D{ 0} (Br), Ow (Pv). g0, ¥i(Pr)}
— D{O}(Pr), 0w (Pv),8(Pr), Wo} +D{Q4(Pr), Ow (Pv), g0, W0}

8(Pr) — 24
:2h7 Y—0;(Pr)) —yo(Y — Qy(P
3Pz {W(Pr)(Y = 0;(Pr)) — yo(Y — 0 (Pr))}
Let F(Pr) be the envelope of the class of functions .% (Pr) = {D(Pr,k,&,&) : k, &, €}, over
which we take the maximum. We have RyF (Pr)? < ||2(Pr) — gol|3 g- We will apply the following
inequality for empirical processes indexed by a finite class of functions .#:

Emax|(IP’ P)f| S \/log #Z)|IF 1|2,

where F is an envelope of .#. Thus, given P7, we can bound the conditional expectation of
Rems ;. by (1+1logM,)||§(Pr) — gollo,s/+/n, which results in the following bound for the marginal

expectation:
1 +logM,

N

Accumulation of these bounds for the different components of Rem; and Remy, yields the following
inequality:

“E||§(Pr) —

ERem3 k N

ERO( 3 WO) (1 + 26>ER0(\P1~<7 l»U())

+e(m, 5)1102Kn) +1°ng(K”)

+ (14 8)E||(8(Pr) — 20)(05(Pr) — 00)lo.s\/ ERo (¥, wo)
+(1+8)E||2(Pr) — gollosEIQ; (Pr) — ollo.s\/ ERo (. wo)
+(1+8)E||2(Pr) — gollo.sE||0% (Pr) — Oollo.s\/ ERo (¥z, wo)

1+logM,
+(1+8) B 13(Pr) — gollo.s

n
S(1+28)ERy(Pr. wo)

+e(m, 5)1102Kn) +1°ng(K”)

+(1+ 8)E||(2(Pr) — 80)(Q5(Pr) — o)llo.s\/ ERo (¥, wo)
+(1+8)E||8(Pr) — gollo.sE|| 0L (Pr) — Oollo.s\/ ERo (W, wo)

. 1+logM
(14 8)EIREr) - ollos 5,
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where k is either k or k, whichever gives the worst bound. This inequality can be written as
x2 —bx < c, for
b=(140)E[|g(Pr) — gollo.s|1Q; Pr) — Qollo.s+
(1+8)E||((Pr) — 80)(Q5(Pr) — Qo)llo.s
1 +logM, 1+logM,
————+(1+0)E||g(Py) — —_—
T + (14 8)E[8(Pr) — gollos N

and can be solved using the quadratic formula as x < (b + v/b?+4c)/2, which in turn implies
x < b+ +/c, proving Theorem 2. O

c=c(M,0)
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