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Targeted Minimum Loss Based Estimation of
an Intervention Specific Mean Outcome

Mark J. van der Laan and Susan Gruber

Abstract

Targeted minimum loss based estimation (TMLE) provides a template for the
construction of semiparametric locally efficient double robust substitution esti-
mators of the target parameter of the data generating distribution in a semipara-
metric censored data or causal inference model based on a sample of independent
and identically distributed copies from this data generating distribution (van der
Laan and Rubin (2006), van der Laan (2008), van der Laan and Rose (2011)).
TMLE requires 1) writing the target parameter as a particular mapping from a typ-
ically infinite dimensional parameter of the probability distribution of the unit data
structure into the parameter space, 2) computing the canonical gradient/efficient
influence curve of the pathwise derivative of the target parameter mapping, 3)
specifying a loss function for this parameter that is possibly indexed by unknown
“nuisance” parameters, 4) a least favorable parametric submodel/path through an
initial/current estimator of the parameter chosen so that the linear span of the gen-
eralized loss-based score at zero fluctuation includes the efficient influence curve,
and 5) an updating algorithm involving the iterative minimization of the loss-
specific empirical risk over the fluctuation parameters of the least favorable para-
metric submodel/path. By the generalized loss-based score condition 4) on the
submodel and loss function, it follows that the resulting estimator of the infinite
dimensional parameter solves the efficient influence curve (i.e., efficient score)
equation, providing the basis for the double robustness and asymptotic efficiency
of the corresponding substitution estimator of the target parameter obtained by
plugging in the updated estimator of the infinite dimensional parameter in the tar-
get parameter mapping.

To enhance the finite sample performance of the TMLE of the target parame-
ter, it is of interest to choose the parameter and the nuisance parameter of the



loss function as low dimensional as possible. Inspired by this goal, we present a
particular closed form TMLE of an intervention specific mean outcome based on
general longitudinal data structures. %We also present its generalization of this
type of TMLE to other causal parameters. This TMLE provides an alternative to
the closed form TMLE presented in van der Laan and Gruber (2010) and Stitelman
and vanderLaan (2011) based on the log-likelihood loss function. The theoretical
properties of the TMLE are also practically demonstrated with a small scale sim-
ulation study. The proposed TMLE builds upon a previously proposed estimator
by Bang and Robins (2005) by integrating some of its key and innovative ideas
into the TMLE framework.



1 Introduction.

Many studies generate data sets that can be represented as n independent and
identically distributed observations on a specified longitudinal data structure.
By specifying a causal graph (Pearl (1995), Pearl (2000)), or equivalently, a
system of structural equations specifying the observed variables as a function of
a set of observed parent variables and an unmeasured exogenous error term,
one codes the assumptions needed to be able to define a post-intervention
distribution of this longitudinal structure that represents the distribution the
data would have had under a specified intervention on a subset of the nodes
defining the observed longitudinal data structure. Causal effects are defined
as parameters of a collection of post intervention distributions.

A current and important topic is the estimation of causal effects of setting
the value of multiple time point intervention-nodes on some final outcome of
interest based on observing n independent and identically distributed copies
of a longitudinal data structure. In particular, one might be concerned with
estimation of the mean of the outcome under the post-intervention distribu-
tion for a specified multiple time point intervention. Under a causal graph
and a so called sequential randomization and positivity assumption, one can
identify the latter by the so called G-computation formula which maps the
distribution of the observed longitudinal data structure on the experimental
unit into the post-intervention distribution of the outcome. In this article we
consider estimation of this intervention specific mean outcome in a semipara-
metric model that only makes statistical assumptions about the intervention
mechanism, where the latter is defined by the conditional distribution of the
intervention node, given the parent nodes of the intervention node, across the
intervention nodes.

Different type of estimators of the intervention specific mean outcome in
such a semiparametric model have been proposed. These estimators can be
categorized as inverse probability of treatment /censoring weighted (IPTW) es-
timators, estimating equation based estimators based on solving an estimating
equation such as the augmented IPTW estimating equation, maximum like-
lihood based G-computation estimators based on parametric models or data
adaptive loss-based learning algorithms, and targeted maximum likelihood (or
more general, minimum loss-based) estimators defined in terms of an initial
estimator, loss function and least favorable fluctuation submodel through an
initial or current estimator that is used to iteratively update the initial es-
timator till convergence. The IPTW estimator relies on an estimator of the
intervention mechanism, the maximum likelihood estimator relies on an es-
timator of the relevant factor of the likelihood, while the augmented IPTW
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estimator and TMLE utilize both estimators. The augmented IPTW and the
TMLE are so called double robust, and locally asymptotically efficient. The
TMLE is also a substitution estimator and is therefore guaranteed to respect
the global constraints of the statistical model and target parameter mapping.

IPTW estimation is presented and discussed in detail in (Robins, 1999;
Hernan et al., 2000). Augmented IPTW is originally developed in Robins
and Rotnitzky (1992). Further development on estimating equation method-
ology and double robustness is presented in (Robins et al., 2000; Robins, 2000;
Robins and Rotnitzky, 2001) and van der Laan and Robins (2003). For a
detailed bibliography on locally efficient estimating equation methodology we
refer to Chap. 1 in van der Laan and Robins (2003).

For the original paper on TMLE we refer to van der Laan and Rubin (2006).
Subsequent papers on TMLE in observational and experimental studies include
Bembom and van der Laan (2007), van der Laan (2008), Rose and van der
Laan (2008, 2009, 2011), Moore and van der Laan (2009a,b,c), Bembom et al.
(2009), Polley and van der Laan (2009), Rosenblum et al. (2009), van der Laan
and Gruber (2010), Stitelman and van der Laan (2010), Gruber and van der
Laan (2010b), Rosenblum and van der Laan (2010), Wang et al. (2010), and
Stitelman and van der Laan (2011b). For a general comprehensive book on this
topic, which includes most of these applications on TMLE and many more, we
refer to van der Laan and Rose (2011). An original example of a particular
type of TMLE (based on a double robust parametric regression model) for
estimation of a causal effect of a point-treatment intervention was presented
in Scharfstein et al. (1999) and we refer to Rosenblum and van der Laan (2010)
for a detailed review of this earlier literature and its relation to TMLE. van der
Laan (2010) and Stitelman and van der Laan (2011a) (see also van der Laan
and Rose (2011)) present a closed form TMLE, based on the log-likelihood loss
function, for estimation of a causal effect of a multiple time point intervention
on an outcome of interest (including survival outcomes that are subject to
right-censoring) based on general longitudinal data structures.

In this article we integrate some key ideas from the double robust estimat-
ing equation method proposed in Bang and Robins (2005) into the framework
of targeted minimum loss based estimation. The resulting estimator 1) in-
corporates data adaptive estimation in place of parametric models, 2) can
be applied to parameters for which there exists no mapping of the efficient
influence curve into an estimating equation, thus also avoiding the potential
problem of estimating equations having no or multiple solutions, and 3) has
flexibility to incorporate robust choices of loss functions and hardest paramet-
ric submodels so that the resulting TMLE is a robust substitution estimator
(e.g., the squared error loss and linear fluctuation for conditional means is
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replaced by a robust loss and logistic fluctuation function). This results in a
new TMLE based on a loss function that may have advantages relative to the
TMLE based on the log-likelihood loss function as developed in van der Laan
(2010) and Stitelman and van der Laan (2011a): see our discussion for more
details on this. We generalize this new TMLE to causal parameters defined
by projections on working marginal structural models.

This article is organized as follows. In Section 2 we define the estimation
problem in terms of the longitudinal unit data structure, the statistical model
for the probability distribution of this unit data structure, the G-computation
formula for the distribution of the data under a multiple time point interven-
tion, and the corresponding target parameter being the intervention specific
mean outcome. We show that the target parameter can be defined as a func-
tion of an iteratively defined sequence of conditional means of the outcome
under the distribution specified by the G-computation formula, one for each
intervention node. In Section 2 we also derive a particular orthogonal decom-
position of the canonical gradient/efficient influence curve of the target pa-
rameter mapping, where each component corresponds with a ”score” of these
conditional means. In Section 3 we present the TMLE of this target parameter
in terms of an iteratively defined sequence of loss functions for the iteratively
defined sequence of conditional means, an initial estimator using iterative loss-
based learning to estimate each of the subsequently defined conditional means,
an iteratively defined sequence of least favorable parametric submodels that
are used for fluctuating each conditional mean subsequently, and finally the
TMLE-algorithm that updates the initial estimator by iteratively minimizing
the loss-based empirical risk along the least favorable parametric submodel
through the current estimator. The TMLE solves the efficient influence curve
estimating equation, which provides a basis for establishing the double robust-
ness of TMLE and statistical inference. In Section 4 we review the statistical
properties of this TMLE and statistical inference. In Section 5 we carry out
a small scale simulation study comparing this TMLE with an IPTW and a
parametric MLE based estimator. We conclude with some remarks in Section
5. A generalization of the TMLE for causal parameters defined by working
marginal structural models is presented in the Appendix. The Appendix also
provides R-code implementing the newly proposed TMLE.
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2 Longitudinal data structure, model, target
parameter, efficient influence curve.

We observe n i.i.d. copies of a longitudinal data structure
O = (L(0), A(0), ..., L(K), A(K),Y = L(K + 1)),

where A(j) denotes a discrete valued intervention node, L(j) is an intermediate
covariate realized after A(j — 1) and before A(j), j = 0,...,K, and Y is a
final outcome of interest.

The probability distribution Py of O can be factorized according to the
time-ordering as

K+1
O = [ | P HPO k) | Pa(A(K)))
K+1
= H Qo,()(O) Hgo,A(k)(O
k=0 k=0
= QoYo,

where Pa(L(k)) = (L(k—1), A(k—1)) and Pa(A(k)) = (L(k), A(k—1)) denote
the parents of L(k) and A(k) in the time-ordered sequence, respectively. Here
we used the notation L(k) = (L(0),..., L(k)). Note also that Qo 1) denotes
the conditional distribution of L(k), given Pa(L(k)), and, go ) denotes the
conditional distribution of A(k), given Pa(A(k)). We will also use the notation
ok = H?:o ga)- We consider a statistical model M for 4 that possibly
assumes knowledge on go. If Q is the set of all values for @)y and G the
set of possible values of gy, then this statistical model can be represented
as M ={P =Qg : Q € Q,g € G}. In this statistical model Q puts no
restrictions on the conditional distributions Qo ) k£ =0,..., K + 1.
Let

K+1

=11 Qiuwr). (1)

where Q“L(k)(l(k)) = Qrwy(l(k) | (k —=1),A(k — 1) = a(k — 1)). This is
the so called G-computation formula for the post-intervention distribution
corresponding with the intervention that set all intervention nodes A(K) equal
to a(K). Let L* = (L(0),L%(1),...,Y* = L% K + 1)) denote the random
variable with probability distribution P%, and let Y* be its final component.

4
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Our statistical target parameter is the mean of Y*: W(P) = EpaY®, where
U : M — RR. This target parameter only depends on P through @ = Q(P).
Therefore, we will also denote the target parameter mapping with ¥ : Q =
{Q(P) : P € M} — R, acknowledging the abuse of notation.

Consider the NPSEM L(k) = fL(k) (PCL(L(]C)), UL(k))7 A(l{i) = fA(k) (PCL(A(k) y
Uag) in terms of a set of functions (frpwy : & = 0,..., K + 1), (faw) : k =
0,..., K), and an exogenous vector of errors U = (Ur(oy, - - -, Ur(x+1), Ua(o)s - - - »
Uary) (Pearl (1995), Pearl (2000)). This allows one to define the counterfac-
tual Lz by deterministically setting all the A(k) equal to a(k) in this system
of structural equations. The probability distribution of this counterfactual is
called the post-intervention distribution of L. Under the sequential randomiza-
tion assumption stating that A(k) is independent of L, given Pa(A(k)), and
the positivity assumption, P(A(k) = a(k) | L(k), A(k—1) = a(k—1)) > 0 a.e.,
the probability distribution of L; is identified and given by the G-computation
formula P defined by the true distribution Fy of O under this system. In
particular, for any underlying distribution defined by the distribution of the
exogenous errors U and the collection of functions (i.e., frg) and faw)), we
have that FY; = Ep.Y® = W(P) for the distribution P of O implied by this
underlying distribution. Thus the causal model and causal parameter EY;
implies a statistical model M defined as the set of possible probability distri-
bution P of O, and a statistical target parameter ¥ : M — RR. For the sake of
estimation of EY; in this causal model, only the statistical model M and the
statistical target parameter are relevant. As a consequence, the estimation of
U(F) based on the statistical knowledge Py € M as developed in this article
also applies to estimation of the intervention specific mean EY; in this causal
model.

2.1 Representation of target parameter as function of
an iteratively defined sequence of conditional means.

By the iterative conditional expectation rule (tower rule), we can represent
EpaY® as an iterative conditional expectation, first conditioning on L%(K),
then conditioning on L%(K — 1), and so on, until the conditional expectation
given L(0), and finally taking the mean over L(0). Formally, this defines a
mapping from () into the real line defined as follows. Compute Q% = Eq.Y =
E(Y | A(K) = a(K), L(K)) by computing the integral of Y with respect to
(w.r.t.) conditional distribution Q% of Y, given L(K), A(K) = a(K). Given
Q%, we compute Q“L(K) . EQ%(K)@?” obtained by integrating out L(K) in Q%

w.r.t. the conditional distribution QF , of L(K), given L(K — 1), A(K —
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1) = a(K — 1). This process is iterated: Given Q‘i(k), we compute Q“L(k_l) =
EQL(k 1)Q%(k)’ starting at £k = K + 2 and moving backwards till the final step
Q9 70 = Eq, Q‘z at k = 1. For notational convenience, here we define
QL (K12 =Y. Note that QL(k Q4 k)( (k— 1)) is a function of O through
L(k—1), and, in particular, Q] o) 1s a constant. We also note that in terms of

counterfactuals or the distribution of P* we have Q‘i(k) = Eq(Y*| L%k —1)).
Of course, if this process is applied to the true distribution @)y, then we indeed
obtain the desired intervention specific mean: Qg L) = E)Y®* =¥ (Qo).
Instead of representing our target parameter as a function of @ = (Qy,
QL(k),---,Qr)), we will view it as a function of an iteratively defined se-
quence of conditional means Q¢ = (QF, Qi) Qo ), where Q4 , Tk 18
viewed as a parameter (i.e. EQa QL k+1)) of QL (k) Siven the previous QL (k1)

We will write ¥(Q?) if we Want to stress that our target parameter only de-
pends on () through this iteratively defined Q)*. Note that indeed Q® is a
function of Q.

2.2 Representation of efficient influence curve of target
parameter as sum of iteratively defined scores of
iteratively defined conditional means.

Given the statistical model M, and target parameter ¥ : M — IR, ef-
ficiency theory teaches us that an estimator T (viewed as mapping from
empirical distribution into IR) is asymptotically efficient at P, among the
class of regular estimators of W(F,) if and only if the estimator is asymptoti-
cally linear at Py with influence curve equal to the canonical gradient D*(F)
of the pathwise derivative of ¥ : M — R at Pp: ie., U(P,) — U(P) =
1/n>"  D*(Fy)(0;) + op(1/y/n). We remind the reader that a pathwise
derivative for a path {P(e) : ¢} € M through P at ¢ = 0 is defined by
4 SV (P(e ))| 0 If for all paths through P, this derivative can be represented
as PD*(P)S = [ D*(P)(0)S(0)dP(0), where S is the score of the path at
e =0, and D*(P) is an element of the tangent space at P, then the target
parameter mapping is pathwise differentiable at P and its canonical gradient
is D*(P). The canonical gradient forms a crucial ingredient for the construc-
tion of double robust semiparametric efficient estimators, and, in particular,
for the construction of a TMLE. We note that, due to the factorization of
P = Qg and that the target parameter only depends on P through @, the
canonical gradient does not depend on the model choice for g. In particular,
the canonical gradient in the model in which gq is known equals the canonical
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gradient in our model M, which assumes some model G, possibly a nonpara-
metric model (7). The following theorem provides the canonical gradient and
presents a particular representation of the canonical gradient that will be uti-
lized in the definition of our TMLE presented in the next section. This form
of the efficient influence curve was established in Bang and Robins (2005).

Theorem 1 Let D(Q,g)(0) = Y% — U(Q). This is a gradient of
the pathwise derivative of ¥ in the model in which g is known. For nota-
tional convenience, in this theorem we often use a notation that suppresses
the dependence of functions on Q,g. The efficient influence curve is given
by D* = kK:ng D;, where D; = II(D | Ty) is the projection of D onto
the tangent space T, = {h(L(k), Pa(L(k)) : Eqg(h | Pa(L(k))) = 0} of
QL) in the Hilbert space LE(P) with inner-product (hy, ho)p = Phihy. Re-
call the definition Q%(k) = E(Y® | L%k — 1)), and the recursive relation
QL = Eay i, QLiren)-
We have 1(A(K) = a(E6)
Djey = AR =D o gr ),

and

QLik+1) — EQ;(k>QaL(k+1)} ,

_ I(A(k—1) =a(k - 1)) {Qry — Qry s k= K,...,0.

In particular,
Dy = Qty — EroQiay = Qiay — ¥(Q7).
We note that for each k = K +1,...,0,
Di(Q,9) = DZ(QaL(k)a Q%(k+1)a go:k—1)
depends on @, g only through Q“L(Hl), its mean Q%(k) under Q‘i(k), and §o.p—_1-
Proof. The formula for Dj_ , is obvious. Note,

Dy, =ED| LK), A(K —1),L(K—-1)) - E(D | AK —1), L(K — 1))

_ I(A(K-1)=a(K-1) {E (YI(A(K):a(K)) | LK), A(K — 1) = a(K — 1), L(K — 1))
90:K—1 9K ! ’
—E (—WA(K):“(K)) | A(K —1) = a(K — 1), L(K — 1))} .
9K

Hosted by The Berkeley Electronic Press



Note also that

, 1

, 1))““3:““” L(K), A(K — 1) = a(K — 1))
= E(QV (LK) I(A(K) = a(K))/gx | L(K), A(K — 1) = a(K — 1), L(K — 1))
— B(QU(L(K)) | LIK), A(K —1) = a(K — 1), L(K — 1))
= Qy(L(K)).
Thus,

E(YI(A(K) = a(K))/gx | A(K — 1) = a(K — 1), L(K — 1)) = Eqy , Q%
Thus, we found the following representation of Dg:

D - TAK ~1) = a(K -

go:K—1

1 _ _
) {ng _ EQ‘Z<K>Q§’} :
Consider now

Dic-1 = B(D | LK — 1), (K ~2), L(K - 2)) — B(D | A(K ~ 2, L(K - 2)

_ I(A 2 2K ) [ p YI(A K)= a(KgK (f{K =a(K—1)) | L(K — 1), A(K — 2), L(K —2))
~E(YI(A(K) = a(K),A(K —1) = a(K = 1)) /gx 1. | A(K —2), L(K —2))} .

Note that

E(YI(A(K):“(K;,f(f(K D= | (K — 1), A(K - 2) = a(K - 2),L(K - 2))
=E(Y*|L(K - 1), A( —1l)=a(K —-1),L(K - 2))

= E(Y*| LYK - 1))

= QaL(K)
This shows

I(A(K —2) = a(K —2)) -,
Dk, = P {QL(K QL(K_I)QL(K)} :

In general, for k=1,..., K + 1, we have

Dy, =E(D | L(k),A(k —1),L(k — 1)) — | A(k — 1), L(k — 1))
_ I(A(k-D=a(k-1)) {E

E(D
9o:k—1 7( “| L(k‘),fl(k - 1), Iz(kﬁ 1))
E(Y*| A(k—1),L(k - 1))}
_ I(A(k—D=a(k-1)) Qe

9o:k—1 (k4+1) — EQi(k) QaL(k+1)}
_ I(A(k=1)=a(k-1)) O _ Aa }
(k+1) L(k) [

90:k—1
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Finally,

Dy = E(D | L(0)) = E(Y* | L(0)) = ¥(Q*) = Q% 1) — Ea,0 Qi)
= QaL(l) - QaL(O)
O

The following theorem states the double robustness of the efficient influence
curve as established previously (e.g, van der Laan and Robins (2003)).

Theorem 2 Consider the representation D*(Q%, g, V(Q®)) of the efficient in-
fluence curve as provided in Theorem 1 above. We have for any g for which

gk (A(K) = a(K),L(K)) > 0 a.e.,

PyD*(Q% 9, 9(Q5)) = 0 if Q* = Qf or g = go.

3 TMLE of intervention specific mean.

The first step of the TMLE involves writing our target parameter as ¥(Q%),
as done above. Secondly, we construct an initial estimator Q¢ of Q¢ and g,
of go. In addition, we need to present a loss function £ (Q ) for Qg, possibly
indexed by a nuisance parameter 7, satisfying Q¢ = arg minga ByL,,(Q%), and
a parametric submodel {Q%(e, g) : €} in the parameter space of %, so that the
linear span of the loss-based score 4L, (Q%(¢,g)) at e = 0 includes the effi-
cient influence curve D*(Q), g) of the target parameter mapping at P = @) * g.
Specifically, for each component QO Loy Of Q" = (@4 Ty - - ., Qe Tix +1)) we pro-

pose a loss function Ek’©%(k+1) (QL(k ) mdexed by “nuisance” parameter QL (k1)
and a corresponding submodel QL (e g) through QL at € = 0 so that

4 QL(k+1)(QL (6,9)) at € = 0 equals the k-th component D (QL (k) QL ki1)r 9)
of the efficient mﬂuence curve D* as defined in Theorem 1, k = 0,..., K +

1. The sum loss function S t' L, Qi(k+1)(QaL(k)> is now a loss function for

(Q“L(O), e ,Q“L( k1)) and the corresponding ”score” of the submodel through
Q* defined by all these k-specific submodels spans the complete efficient influ-
ence curve.

Finally, we will present a particular closed form targeted minimum loss-
based estimation algorithm that iteratively minimizes the empirical mean of
the loss function over this parametric submodel through the current estima-
tor of Q¢ (starting with initial estimator), updating one component at the
time. This algorithm starts with updating the initial estimator QCLL( K+1)n of

QCL‘(KH) based on the K +1-th loss function Lx 4 (QCLL(KH)) resulting in update

9
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~\a,*

L(K+1),n Q(z (K+1),n (6Knagn) with €EKn = = arg mineP ‘C(QaL (K+1),n (6 gn))
It 1terates this updating process going backwards till obtamlng the update

= Q¢ 70 (Go,n, gn) of the initial estimator Q2 T(0)m Of Q° T(0)» Where €, =
arg min6 P, EQL(I) (Q‘i(o),n(e, gn)) ueing the most recent updated estirnator Q_GL’E"I) .
of Qo, (). This yields the TMLE Q%" of the vector of conditional means ().
In particular, its first component Q%(*o),n is the TMLE of ¥(Q2) = Qg L(0)-

By the fact that the MLE of € solves the score equation, it follows that
the TMLE solves P, Dj( Z’(*k)m, QE’Fk+1),anO:k*17n) for each k = K +1,...,0.
In particular, this implies that (Qn", gn) solves the efficient influence curve
equation: P,D*(Q%*, g,, V(Q%*)) = 0. Before we proceed with describing the
template for construction of the TMLE, we first present the summary of the
practical implementation of the proposed TMLE.

3.1 Summary of practical implementation of TMLE.

We will assume that Y is bounded (i.e, Py(Y € (a,b)) = 1 for some a < b <
o0), and thereby, without loss of generality, we can assume that Y € [0,1]. A
special case would be that Y is binary valued with values in {0,1}. Firstly,
we carry out a logistic regression regressing Y onto A(K) = a(K), L(K). For
example, we might fit a multivariate linear logistic regression of Y; onto a
set of main terms that are univariate summary measures Z; extracted from
L;(K) among the observations with A;(K) = a(K). Alternatively, we use
data adaptive machine learning algorithms to fit this underlying regression.
Let g, be an estimator of gy. Subsequently, we use this initial estimator of
Q%o = Eo(Y | A(K) = a(K), L(K)) as an off-set in a univariate logistic regres-
sion with clever covariate I(A(K) = a(K))/go.x.n, and fit the corresponding
univariate logistic regressmn of Y among the observations with A(K) = a(K).
This yields the TMLE Q3" of the last component QKO of Q2.

We now run a logistic regression of Qayjl onto A(K—1) = a(K—1), L(K—1).
This initial estimator of Q“L(K) = E(Y* | L%K — 1)) is used as an off-set in
a univariate logistic regression of QY with clever covariate I(A(K — 1) =
a(K — 1))/7g0;K_1m. Let QL(K) be the resultingiﬁt of Q“L(K). This is the
TMLE of Q] (second from last component of ().

This process of subsequent estimation of the next conditional mean, given
the TMLE-fit of the previous conditional mean, is iterated. Thus, for any k €
{K+1,...,1}, run a logistic regression of the previous TMLE fit Q7" L(k 1) OIEO

Alk=1) = a(k—1), L(k—1), and use this fit as an off-set in a univariate loglstic
regression of Q'i’(*kﬂ)’n with clever covariate I(A(k — 1) = a(k — 1))/gok—1.n-

10
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Let Qi(*k) ,, be the resulting logistic regression fit of Q“L(k). This is the TMLE
OfQ%(kJ),(N k:K—i_l?...,l.

Consider now the fit Q%(*n,n at the k = 1-step. This is a function of
L(0). We estimate Q“LL(O) with the empirical mean £ 3" | _(27(*1) (Li(0)). Let
Qr* = (QL(k .k =20,...,K+1) be the TMLE of Q% The last estimate
LD Q n( :(0)) is the TMLE QE(O),n = U(Q¥*) of our target parameter

Q%(O) - \I’(QS)

3.2 Loss function for Qg.

We will assume that Y is bounded (i.e, Py(Y € (a,b)) = 1 for some a < b <
o0), and thereby, without loss of generality, we can assume that Y € [0, 1].
A special case would be that Y is binary valued with values in {0,1}. As a
consequence, for each k, Qi(k) is a function that maps L(k — 1) into (0,1). For
each k = K +1,...,0, we define the following loss function for Q“L(k), indexed

« : 9 Na .
by nuisance parameter QL(k+1)‘

Loagy, (@) = —I(A(k—1) = a(k 1)) x
{Q%(Hl) log QaL(k:) +(1— _%(k+1 ) log(1 QL(k )}
For notational convenience, here we define Q‘};( K+2) = Y, so that the loss

function for Q¢ is given by

Lx1(QY) = —I(A(K) = a(K)) {Y1og Q% + (1 - Y)log(1 — Q) } .

Indeed, we have that

Eo(Qi ki1 (L), L(k=1)) | A(k—1) = a(k—1), L(k—1)) = arg min Ep, Ly.qq . (Qir))-

L(k)

In other words, given any function QCLL(k 1y of L(k), L(k — 1), the minimizer of
the expectation of the loss function ﬁkaZg@H) over all candidates Q“L(k), is the
actual conditional mean under Qg L(k) of Q‘i(k +1) (see e.g., Gruber and van der
Laan (2010a)). In particular, if the “nuisance” parameter Q%(k 41y of this loss
function is correctly specified, then this minimizer equals the desired Qg L(k):

An alternative choice of loss function is a (possibly weighted) squared error
loss function:

Na A — Na Na 2
L1050 Qi) = I(A(k = 1) = a(k — 1)) (Q% ) — Qi) -
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However, this choice combined with linear fluctuation submodels (as in Bang
and Robins (2005)) will yield a non-robust TMLE not respecting the global
constraints of the model and target parameter, for the same reason as presented
in Gruber and van der Laan (2010a).

These loss functions for Q% across k can be combined into a single

loss function £,(Q%) = KH Ekmk(Q ¢ k)) indexed by a nuisance
nk—QL(k+1)
parameter n = (g : k = 0,...,K + 1). This can be viewed as a sum

loss function indexed by nuisance parameters ng, and, at correctly specified
nuisance parameters, it is indeed minimized by Q%. However, the nuisance
parameters are themselves minimizers of of the risk of these loss functions,
so that it is sensible to define Q2 as the solution of the iterative minimiza-
tion of the risks of the loss functions: Y = QO L(K+2)) for k = K+2,...,1,
Q07L(k_1) = arg man%(kfl) EOEQO L<k><QL(k 1y)- This is indeed the way we uti-
lize this loss function for Q® in both the definition of the TMLE, as well as in
the definition of a cross-validation selector below for the sake of construction
of an initial estimator of Qg.

3.3 Least favorable parametric submodel.

In order to compute a TMLE we wish to determine a submodel {Q‘z(k)(ek, g):
€x} through Q%(k) at ¢, = 0 so that

d
deg kQL(k+1)(QL (€x, 9)) = Di(Q, g). (2)

€=0
Recall the definition of D;(Q,¢) in Theorem 1. We can select the following
submodel

= 1
LogitQf ) (9, €x) = LogitQf ;) + S , k=K+1,...,0,
0:k— ].

where we define go._1 = 1. This submodel does indeed satisfy the generalized
score-condition (2). In particular, the submodel Q%(eo, . .., €x 11, g) defined by

these k-specific submodels through Q“L(k), k=0,...,K + 1, and the above
sum loss function Lg.(Q%) = fjol Eka‘mH) (Q%(k)) satisfies the condition

that the generalized score spans the efficient influence curve:

D'(Quo) € (Lo (@ (ea)| ). ®)

Here we used the notation ((hg,...,hx+1)) = {D . chi : ¢} for all linear
combinations spanned by the components of h.
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3.4 Initial estimator.

For notational convenience, in the remainder of the paper we will interchange-
ably use the notation Q%(k) and Q¢. Firstly, we fit Q% 41 based on a loss-based
learning algorithm with loss function Lx41(Q%.4), or the squared error loss
function. Note that this loss function is not indexed by an unknown nuisance
parameter. For example, one could fit Q% 41 by fitting a parametric logistic
regression model for this conditional mean using one of the standard software
implementations of logistic regression, ignoring that the outcome Y might not
be binary. However, in general, we recommend the utilization of machine learn-
ing algorithms based on this same loss function. Given an estimator Q% ,, of
Q%1, we can fit Q% based on a loss-based learning algorithm with loss func-
tion L KQ% (Q%). For example, a fit could be obtained by fitting a logistic

,n

regression model for the conditional mean of Q% , as a linear function of a
set of main terms extracted from L(K — 1), ignoring that the outcome is not
binary. This process can be iterated. So for k = K + 1 to k = 1, we fit Qf
with a loss-based learning algorithm based on loss function Ek»QZH(Qz)’ given

the previously selected estimator of the nuisance parameter Qj, in this loss
function. Finally, Qf ), = 1/n3 ", Q7 ,(Li(0)). In this manner, we obtain a
fit Q2 of Q¢ = (Q%(oy e Q%(KH)). We can estimate gy with a log-likelihood
based learning algorithm, which results in an estimator g, of go.

For each of these loss-based learning algorithms we could employ a super
learning algorithm (van der Laan et al. (2007) and Chapter 3 in van der Laan
and Rose (2011) based on Polley and van der Laan (2010)), which is defined in
terms of a library of candidate estimators and it uses cross-validation to select
among these candidate estimators. For that purpose it is appropriate to review
the cross-validation selector among candidate estimators based on a loss func-
tion with a nuisance parameter, as originally presented and studied in van der
Laan and Dudoit (2003). Consider the loss function £Q;H(Qg) for Qf , with

nuisance parameter Qf ;. Given an estimator )7 ; of the nuisance parameter,

given a candidate estimator Q¢ of sz (or, more precisely, EQL(ka% +1’n), the
cross-validated risk of this candidate estimator is evaluated as

EBn P;,Bn£k7éz+l (pS,B") (Qz (Pg,Bn)) :

Here B, € {0,1}" is a cross-validation scheme splitting the sample of n
observations in a training sample {i : B,(i) = 0} and validation sample
{i : Bu(i) = 1}, and P, 5 , P} are the corresponding empirical distribu-

tions. Typically, we select B, to correspond with V-fold cross-validation by

13
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giving it a uniform distribution on V' vectors with np 1’s and n(1 — p) 0’s.
Thus, in this cross-validated risk the nuisance parameter is estimated with the
previously selected estimator, but applied to the training sample within each

sample split. In particular, given a set of candidate estimators sz of Q%ﬁ
indexed by j =1,...,J, the cross-validation selector is given by

_ : 1
J, = arg mjm Ep, P, 5 L, Qe (P ) (Qk]( n Bn))

Given the cross-validation selector J,,, one would estimate Qi,o with @Z 7, (Pn).

(Note that the latter represents now an estimator Q¢ of the nuisance pa-
rameter Q¢ in the loss function of the next parameter Q¢ ,, and the same
cross-validation selector can now be employed.) The oracle inequality for the
cross-validation selector in van der Laan and Dudoit (2003) applies to this
cross-validation selector J,,. However, specific theoretical study of the result-
ing estimator of (e.g.) Q(i(o) based on the sequential cross-validation procedure

(given collections of candidate estimators Qk pJ= I, k=K+1,...,1)
described above is warranted and is an area for future research.

To save computer time, one could decide to estimate the nuisance param-
eters in these loss functions with the selected estimator based on the whole
sample. We suggest that this may not harm the practical performance of the
cross-validation selector, but this remains to be investigated.

3.5 TMLE algorithm.

We already obtained an initial estimator an, =0,...,K+1and g, Let
QK+2n =Y. For k=K +1to k=1, we compute

€pn = arg mlnP WL Qi (Qz,n<€kagn))7

and the corresponding update QZZ = sz(ek,n, Gn)- Finally, Q‘i*
1/ny " Q1 n(Li(0)). This defines the TMLE Q%* = (Qyn, k = O JK+1)

of Qo (QL S & QL K+1))
Finally, we compute the TMLE of 1 as the plug-in estimator corresponding

with Q%*:

kn7

V(Q) = Q% ZQ

We note that this single step recursive TMLE is an analogue to the recursive
algorithm in Bang and Robins (2005) (operating on estimating functions), and
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the single step recursive TMLE in van der Laan (2010) and Stitelman and
van der Laan (2011a).

Remark: Iterative TMLE based on common fluctuation parameter.
One could have used a hardest parametric submodel Q%(e,g) = (Q%(e,g) :
k=0,...,K +1) with a common ¢, = € for all £k = 0,..., K + 1, and use
the sum-loss function £g5.(Q) so that the generalized score 24 La5.(Q(€, g))
at zero fluctuation equals the efficient influence curve. An iterative TMLE is
now defined as follows: Set j = 0, compute €/ = arg min, PHLQ%,j(Q?L’j(E, Gn))s
compute the update Q%! = Q% (el g,), and iterate this updating step till
convergence (i.e., ¢/ ~ 0). Notice that the common €/ now provides an up-
date of all K + I1-components of Q%7 and that the nuisance parameter in the
loss function is also updated at each step. The final Q%* solves the efficient
influence curve equation P,D*(Q%,g,) again. However, the above TMLE al-
gorithm with the multivariate e-fluctuation parameter using the backwards
(recursive) updating algorithm, converges in one single step and thus exists
in closed form. Therefore, we prefer this single step TMLE (analogue to the
expressed preference of the single step (backwards updating) TMLE above the
common-e¢ iterative TMLE in van der Laan (2010)).

Remark: TMLE using Inverse probability of treatment weighted loss
function. Alternatively, we can select the submodels

LogitQ (ex) = LogitQf sy + &1, k=K +1,...,0,

and, for each k = K+1,...,0, given Q‘i(kﬂ) and g, the following loss function
for QaL(k):

I(A(k) =a

go:k—1

a (k)) ~a ~a Aa a
Ek,@%<k+1),g(QL(k)> —5 Y {QF (ki) 1og Q) + (1 — QF ryy) log{1 — Q% 4y} } -

This choice of loss function and submodel also satisfies the generalized score
condition (2). The same single step recursive (backwards) TMLE applies.
4 Statistical properties and inference for TMLE.

The TMLE Q%* solves P,D*(Q%*, g,, ¥(Q%*)) = 0, where the efficient in-

n

fluence curve D*(Q?, g, W(Q*)) is presented in Theorem 1. Due to the dou-
ble robustness stated in Theorem 2, the estimator ¥(Q%*) will be consistent
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for 1y if either Q%* or g, is consistent. In addition, under regularity con-
ditions, if g, = go, ¥(Q%*) will also be asymptotically linear with influence
curve D*(Q%*, go, o), where Q%* is the possibly misspecified limit of Q%*. As
shown in van der Laan and Robins (2003), if g,, is a maximum likelihood based
consistent estimator of gy according to a model G with tangent space T,(F),
then under similar regularity conditions, the TMLE ¥(Q%*) is asymptoti-
cally linear with influence curve D*(Q®*, go, 10) — IL(D*(Q%*, go, to) | T,(Fy)),
where II(- | T,(P)) is the projection operator onto T,(Py) C L3(F) within
the Hilbert space L3(Py) with inner product (hy,hy)p, = Pohihs. Note that
if Q¥* = @&, then the latter influence curve is the efficient influence curve
D*(Q2, go,1o), so that, in this case, the TMLE is asymptotically efficient.
Therefore, under the assumption that G contains the true gy, we can conser-
vatively estimate the asymptotic covariance matrix of \/n(¥(Q%*) — ¥(Q2))
with
S = PuD Q5 gn, 03) DX(Q5 gy 03) T

If one is only willing to assume that either Q%* or g, is consistent, then the
influence curve is more complex (see van der Laan and Robins (2003), van der
Laan and Rose (2011)), and we recommend the bootstrap, although one can
still use ¥, as a first approximation, and confirm findings of interest with the
bootstrap.

Formal asymptotic linearity theorems with precise conditions can be estab-
lished by imitating the proof in Zheng and van der Laan (2011) for the natural
direct effect parameter, and Zheng and van der Laan (2010) and van der Laan
and Rose (2011) for the additive causal effect parameter. In fact, the asymp-
totic linearity theorem for the TMLE presented in this article will have very
similar structure and conditions to the asymptotic linearity theorem stated in
the above referenced articles. General templates for establishing asymptotic
linearity are provided in van der Laan and Robins (2003) and van der Laan
and Rose (2011) as well.

5 Simulation studies.

The TMLE presented in this paper provides a streamlined approach to the
analysis of longitudinal data that reduces bias introduced by informative cen-
soring and/or time-dependent confounders. Simulation studies presented in
this section illustrate its application in two important areas, the estimation
of the effect of treatment in an RCT with informative drop-out and time-
dependent treatment modification, and estimation of the effect of treatment
on survival in an observational study setting. TMLE performance is compared
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with the inverse-probability-of-treatment-weighting (IPTW) estimator, and a
parametric maximum likelihood estimator (MLE,) obtained by plugging un-
targeted estimates of Q“L(k) into the G-computation formula given in Eq. 1.
Influence curve-based estimates of the variance of the TMLE are reported,
and compared with the empirical variance of the Monte Carlo estimates.

5.1 Simulation 1: Additive effect of treatment in RCT
with non-compliance and informative drop-out.

Treatment decisions made over time can make it difficult to assess the effect of
a particular drug regimen on a subsequent outcome. Consider a randomized
controlled trial (RCT) to assess drug effectiveness on a continuous-valued out-
come, for example, the effect of an asthma medication on airway constriction
after one year of adherence to treatment. Suppose a subset of subjects in the
treatment group discontinue the treatment drug in response to results of an
intermediate biomarker assay or clinical test midway through the trial (e.g.
forced expiratory volume). The diagram in Figure 1 shows the time order-
ing of intervention nodes (A) and covariate/event nodes (L). A(0) and A(2)
represent treatment nodes, and A(1), A(3) represent censoring nodes.

® @ ihQ

Figure 1: Simulation 1: Time ordering of intervention and non-intervention nodes,
baseline covariates Lo= (W7, Wy, W3), treatment nodes (Ap, Az), censoring nodes
(A1, As), time-dependent covariate L1, outcome Y.

Our target parameter is the mean outcome under treatment A(0) = A(2) =
1 and no censoring A(1) = A(3) = 1 minus the mean outcome under control
A(0) = A(2) = 0 and no censoring: 1y = Ep{Y(1,1,1,1)-Y(0,1,0,1)}. With
this scenario in mind, data were generated as follows:
Wy, Wy ~  Bernouli(0.5)
W3 ~ N(4,1)
go(1] Pa(Ao)) = P(Ao=1]| Lo) = eapit(0) = 0.5
g1(1] Pa(Ay)) = P(A; =1 Ay, Loy)
= expit(0.1 + 0.5W; + Wy — 0.1W35 + Ap)
Ly = 3+ A)—2W W5 —0.5W5+ ¢
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gg(l | P(I(AQ),Al = 1) = P(AQ =1 | A07A1 = 1,E(1))
= eapit(—1.2 — 0.2W; — 0.2W; + 0.1W; + 0.4L,)

93(1 | Pa(Ag),Al = 1) = P(Ag =1 | A07A1 = 1,A2,L(1))
= eapit(1.8 4 0.1Wy — 0.05W;5 — 0.4L; — 1.5A,)
Y = eaxpit(3—0.34g+ 0.1Ws — 0.4L; — 0.5A, + €3)

with €, €5 ~;;q4 N(0,1). Results were obtained for 500 samples of size n; =
100, and ns = 1000.

Because the study mimics an RCT, the initial treatment assignment prob-
abilities are known by design, however censoring and intermediate treatment
assignment probabilities are unknown and must be estimated from the data.
In one simulation setting, correctly specified regression models were used to es-
timate each of the four factors of g: initial treatment assignment probabilities
(estimated as the empirical proportion assigned to treatment and control), cen-
soring (loss to follow-up) at baseline, intermediate switching from treatment
to control, and subsequent loss to follow-up before measuring the outcome at
one year. Two approaches were used to estimate the g-factors. The first relied
on correctly specified logistic regression models to regress A, on the parents
of Ai. The second used main terms logistic regression models that included
all covariates measured prior to Ay in the time ordering shown in Figure 1.
This alternate formulation contains the truth, but in finite samples can lead
to violations of the positivity assumption, and poor fits of the true regression
coefficients: g, was not bounded away from (0, 1) in this simulation. For con-
venience, in Table 1 these are referred to as correct and misspecified models
for g, respectively.

Three separate sets of logistic regression models were used to estimate
conditional means Q“L(k): 1) including all terms used to generate the data at
each node that gives practically unbiased estimation of 1 (Q.), 2) including
main term baseline covariates only (Q,,,), and 3) an intercept-only model
(Qrma)-

The TPTW estimator is consistent when g, is a consistent estimator of
go- Thus, IPTW results are expected to be unbiased only when g is correctly
specified. Consistency of MLE, relies on consistent estimation of Q‘i(k). TMLE
estimates were also obtained based on each of these three initial parametric
model specifications, in conjunction with the correct and mis-specified models
for g. The TMLE of the targeted causal effect was defined as the difference of
the two TMLESs for the two treatment specific means.
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Results: Results in Table 1 confirm that all estimators are unbiased under
correct parametric model specification, although sparsity in the data inflates
IPTW variance at the smaller sample size. When gq is consistently estimated,
misspecification bias in MLE, estimates that rely on specification (;,,1 or @2
is greatly reduced by the TMLE procedure. However, relative to the correctly
specified MLE and IPTW estimator, some bias remains at the larger sample
size.  When go is misspecified the bias of the IPTW estimator is extreme
relative to the true parameter value (¢p = —0.1779), and variance is three to
four times that of MLE, and TML estimators, even when n = 1000. TMLE’s
ability to reduce the bias is impaired by misspecification of gy, but because
the submodel and quasi-log-likelihood loss function used in the estimation
procedure respect the bounds on the statistical model M, the variance does
not suffer(Gruber and van der Laan, 2010a).

Table 1: Simulation 1 results, ¥y = —0.1779.

n = 100 n = 1000
Rel bias Bias Var MSE Rel bias Bias Var MSE

g correctly specified

IPTW 5.93 —0.011 0.010 0.010 0.62 —0.0011 0.0003 0.0003
Q. MLE, 1.25 —0.002 0.003 0.003 0.66 —0.0012 0.0002 0.0002
TMLE 0.49 —0.001 0.004 0.004 0.66 —0.0012 0.0002 0.0002
Qm, MLE, 12.15 —0.022 0.004 0.005 12.13 —0.0216 0.0003 0.0008
TMLE 5.21 —0.009 0.004 0.005 4.96 —0.0088 0.0003 0.0003
Qm, MLE, 20.27 —0.036 0.003 0.005 20.20 —0.0359 0.0003 0.0016
TMLE 6.11 —0.011 0.004 0.004 6.49 —0.0115 0.0003 0.0004

g misspecified
IPTW —84.50  0.150 0.013 0.036  —87.56  0.1557 0.0010 0.0252

Q. MLE, 1.25 —0.002 0.003 0.003 0.66 —0.0012 0.0002 0.0002
TMLE 0.92 —0.002 0.003 0.003 0.62 —0.0011 0.0002 0.0002
Qm, MLE, 12.15 —0.022 0.004 0.005 12.13 —0.0216 0.0003 0.0008
TMLE 8.96 —0.016 0.004 0.004 7.25 —0.0129 0.0003 0.0004
Qm, MLE, 20.27 —0.036 0.003 0.005 20.20 —0.0359 0.0003 0.0016

TMLE 12.07 —0.021 0.003 0.004 10.01 —0.0178 0.0003 0.0006
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5.2 Simulation 2: Causal effect of treatment on sur-
vival with right-censoring and time-dependent co-
variates.

Consider an observational study in which we wish to estimate the treatment-
specific survival probability at time ¢y, g = P(T; > t;), where treatment
is assigned at baseline, time-dependent covariates and mortality are assessed
periodically during follow-up and at the end of study. During the trial some
subjects experience the event, and others drop out due to reasons related to
treatment or covariate information, thereby confounding a naive effect esti-
mate. The time-ordering of the intervention nodes (A), and time-dependent
covariate/event nodes (L) for one such study design is shown in Figure 2.

Q0000000

Figure 2: Simulation 2: Time ordering of intervention and non-intervention nodes,
baseline covariates Lo= (W71, Wa, W3, Wy, W5)), treatment node Ag, censoring nodes
(A1, A2, A3), time-dependent covariates (Lo, Ls, Ls, Lg), intermediate and final
outcome (Ly, Ly, Y).

IPTW, MLE,, and TMLE were applied to 500 samples of size n; = 100,
ny = 1000, to estimate mean survival under treatment at time ¢, = 3. Data
were generated as follows:

Wi, Wa, W3, Wy, Ws ~ N(0,1)
P(Ag=1| Pa(Ao)) = expit(0.1W; + 0.2Ws + 0.1W; + 0.2Wy + 0.1W3)

P(Al =1 | Pa(Al)) = expz't(().l =+ 02W1 + 04W4 + 02W5 + OlAO)
Ly = eibpit(—Q + 0.4W1Ws + 0.3W3 + 0.4W, — 0.3W5 — AO)
Lo = 1+02W5 +0.7TW4 +0.1W5 4+ 0.540 + €1

Ly = 1+40.1W; +0.2Ws+ 0.5Ws + 0.240 + 0.2Ls + €
P(Ay = 1| Pa(42)) = expit(—0.6 + 0.3Ws + Ag + 0.1Lg + 0.5L3)
Ly = expit(—0.54 0.1Wy — Ag + 0.3Ly — 0.7L3)
Ls = 1—1.5Wy+0.440+0.5Ly + 0.1L3 + €3
Lg = 1+0.1Ws+ 249+ 0.6Ls+0.2L5+ ¢4
P(As = 1| Pa(43)) = expit(1.2 — 0.4A¢ — 0.2Ly + 0.3L50.2L¢)
P(Y =1|Pa(Y))) = expit(—3 —0.2W1Ws — 0.24¢ + 0.3L3 + 0.6L5 + 0.2Lg),

with €1, €9, €3, €4 ~;;.q. N(0,1). The values of censoring nodes A(t) for subjects
for whom an event was observed at previous time ¢’ < t were deterministically
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set to 1 to reflect the fact that the outcome at t; is known even in the absence
of additional follow-up time. The values at all nodes following censoring or an
observed outcome event at time ¢ were set to 0. As in Simulation 1, results
were obtained for correct and misspecified regression models for Q“L(k) and gy.
The conditional means QqL(k) were estimated with logistic regression models
including all terms used to generate the actual data (@Q.), including main term
baseline covariates only (Q,,,), and an intercept-only model (Q,,,). The g
factors were estimated by using correctly specified logistic regression models
to regress A on the parents of A, and a second time, using main terms logistic
regression models that included all covariates measured prior to Ay in the time
ordering shown in Figure 2. Again, the censoring and treatment probabilities
were not truncated from below.

Table 2: Simulation 2, ¥g = 0.386.

n = 100 n = 1000
Rel bias  Bias Var MSE Rel bias Bias Var MSE

g correctly specified

IPTW —4.58 —0.018 0.044 0.045 0.07 3e—4 0.003 0.003
Q. MLE, 12.25  0.047 0.024 0.026 —2.70 —0.010 0.002 0.002
TMLE 7.64 0.030 0.030 0.030 —0.29 —0.001 0.002 0.002
Qm, MLE, 13.17  0.051 0.025 0.028 —0.30 —0.001 0.002 0.002
TMLE 7.63 0.029 0.031 0.032 —0.18 —0.001 0.002 0.002
Qm, MLE, 2.79  0.011 0.020 0.020 1.98  0.008 0.002 0.002
TMLE 0.63  0.002 0.030 0.030 0.19  0.001 0.002 0.002
g misspecified
IPTW —27.15 —0.105 0.021 0.032 —18.80 —0.073 0.002 0.007
Q. MLE, 12.25  0.047 0.024 0.026 —2.70 —0.010 0.002 0.002
TMLE 9.98 0.039 0.030 0.032 —0.22 —0.001 0.002 0.002
Qm: MLE, 13.17  0.051 0.025 0.028 —0.30 —0.001 0.002 0.002
TMLE 10.52  0.041 0.033 0.035 1.19  0.005 0.002 0.002
Qm, MLE, 2.79 0.011 0.020 0.020 1.98  0.008 0.002 0.002
TMLE 4.64 0.018 0.030 0.031 5.94  0.023 0.002 0.003

Results: Sparsity in the data at small sample size increases bias in all es-
timators, with the exception of TMLE under dual misspecification Q. , Gmis,
in comparison with performance at the larger sample size, where the positiv-
ity assumption is met (Table 2). The G-computation estimators using the
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specification @,,, (intercept-only model) are least impacted by this violation.
Sparsity again inflates IPTW variance relative to the other estimators. When
go is correctly specified all estimators have comparable MSE at n = 1000. At
that sample size, if gy is misspecified the variance dominates the MSE for all
estimators, except for the IPTW.

5.3 Inference.

Table 3 allows us to compare the empirical variance of the Monte Carlo
TMLE estimates obtained above, with influence curve-based variance esti-
mates, var(i,) = 67,/n, and lists coverage of 95% IC-based confidence in-
tervals. As an estimate of the influence curve we use the estimated efficient
influence curve, which is known to be asymptotically correct if both Qg and gq

Table 3: Empirical variance of Monte Carlo TMLE estimates, mean 1C-based
variance estimates, and coverage of nominal 95% confidence intervals.

n = 100 n = 1000
Emp var 67./n Coverage Emp var 6%./n Coverage
g correct
Simulation 1
Q. 0.0037 0.0024 0.87 0.00024 0.00028 0.96
Qm, 0.0044 0.0025 0.85 0.00026 0.00032 0.95
Qm, 0.0037 0.0037 0.93 0.00027 0.00037 0.93
Simulation 2
Q. 0.0296 0.0115 0.77 0.00189 0.00193 0.96
Qm, 0.0312 0.0065 0.77 0.00188 0.00189 0.96
e 0.0300 0.0180 0.75 0.00190 0.00216 0.96

g misspecified
Simulation 1

Q. 0.0034 0.0018 0.83 0.00024 0.00019 0.93
s 0.0040 0.0017 0.78 0.00026 0.00021 0.83
@ 0.0034 0.0024 0.87 0.00027 0.00024 0.79
Simulation 2
Q. 0.0304 0.0106 0.66 0.00190 0.00122 0.87
x4 0.0331 0.0055 0.67 0.00192 0.00108 0.88
s 0.0304 0.0098 0.67 0.00212 0.00116 0.80
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are consistently estimated, and it results in asymptotically conservative vari-
ance estimates if gy is consistently estimated. When gq is correctly specified
sparsity in the data leads to anti-conservative confidence intervals. However
when sample size is increased to 1000, observed coverage is quite close to the
nominal rate. As predicted by theory, when both )y and gy are misspecified,
(efficient-)influence curve-based inference is not reliable. However, if gq is mis-
specified but Qg is correctly estimated, coverage is close to the nominal rate
for Simulation 1.

6 Concluding remarks.

TMLE is a general template for construction of semiparametric efficient sub-
stitution estimators requiring writing the target parameter as a function of
an infinite dimensional parameter (e.g., ¥(Q®)) for an infinite dimensional pa-
rameter (e.g., Q%), a loss function for this parameter possibly indexed by a
nuisance parameter (e.g., £,(Q%)), a parametric submodel with loss function-
specific score spanning the efficient influence curve (and/or any other desired
estimating function), and a specification of a resulting iterative targeted mini-
mum loss-based estimation algorithm that minimizes the loss function-specific
empirical risk along the parametric submodel until no further update improves
the empirical risk. Since the nuisance parameters in the loss function are a
function of Q¢ itself, the estimator of the nuisance parameters in the loss func-
tion are also updated at each step to reflect their last fitted value. The TMLE
is a two stage procedure, where the first stage involves loss-based learning
of the infinite dimensional parameter, and the subsequent stage is a targeted
iterative update of this initial estimator that is only concerned with fitting
the target parameter, and which guarantees that the TMLE of the infinite
dimensional parameter solves the efficient influence curve equation. The in-
fluence curve of the TMLE is defined by the fact that it solves this estimating
equation.

As apparent from a formal analysis of the TMLE, whether the conditions
for asymptotic linearity are met depends on how well (e.g., at what rate) the
TMLE estimates these nuisance parameters of the efficient influence curve.
The latter also affects the finite sample performance of the TMLE. Therefore,
if the initial estimator of the infinite dimensional parameter in the TMLE in-
volves trading off bias and variance w.r.t. an infinite dimensional parameter
that is much richer than needed for evaluation of the target parameter, then
finite sample performance is degraded relative to a TMLE that uses an initial
estimator that involves trading off bias and variance for a smaller infinite di-
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mensional parameter that is more relevant for the target parameter. From this
perspective, the TMLE proposed in this article, inspired by the double robust
estimator of Bang and Robins (2005), appears to be based on an excellent
choice of loss function and parametric submodel.

By the same token, a substitution estimator obtained by plugging in a
log-likelihood based super learner will be less targeted than a substitution
estimator obtained by plugging in a loss-based super learner based on a more
targeted loss function. Therefore, loss-based learning provides fundamental
improvements on log-likelihood based learning by allowing the selection of a
targeted loss function, and targeted minimum loss-based estimation (TMLE)
provides the additional bias reduction so that the resulting estimators allow
for statistical inference in terms of a central limit theorem, under appropriate
regularity conditions.

It will be of interest to further evaluate the practical performance of this
TMLE in future studies, in particular, in comparison with other TMLESs such
as the one proposed in van der Laan (2010) and Stitelman and van der Laan
(2011a) based on the log-likelihood loss function. A practical advantage of the
TMLE presented in this article is that it is easier to implement since it only
involves fitting K (iteratively defined) regressions, while the TMLE in van der
Laan (2010) based on the log-likelihood involves fitting K conditional densities
of L(K). Tt should be noted that by using a more targeted loss function for
the initial estimator such as the one in this article, the TMLE based on fitting
conditional densities can still be as good as a TMLE based on only fitting
the required conditional means (see also the Appendix in van der Laan and
Rose (2011) and van der Laan and Gruber (2010) for efficient influence curve
based targeted loss functions that can be used to build the initial estimator).
In other words, it is not a mistake to use a plug-in estimator based on an
estimate of the whole density of the data, but one wants to fit this density
based on a criterion for a candidate estimator that reflects the performance of
the resulting plug-in estimator of the target parameter.

In this paper we made use of sequential loss-based learning defined as
follows: Let Qro = arg ming, Poﬁk,QkH,o(Qk) be defined as the minimizer of
the risk of a loss function that is indexed by Qy10, & = K +1,...,0. Let
Q = (Qo,...,Qk+1). The parameter of interest is a parameter V(Q). For
k=K+1,...,0, given an estimator of QQx11,0, one applies loss-based learning
of Qro based on the loss function Ly q,,,,(Qr). The statistical properties
of such estimators of Q(F) based on sequential cross-validation estimator
selection remain to be studied.

If U(Q) is a pathwise differentiable parameter with efficient influence curve
D*(Q, g), we demonstrated how to augment this sequential learning proce-
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dure into a targeted minimum loss-based (sequential) learning algorithm: start
with initial estimator @, = (Qkn : k =0,..., K + 1) and g,, construct sub-
models {Qx (€, g) : €} through Q) at € = 0 so that %Ek@k“(@k(e,g))‘ezo =
Di(Q,g9) and D*(Q,9) = >, Di(Q,9), and for k = K +1,...,0, €, =
arg min,, Pn/jk,QzH’n(Qk’n(e, gn)), where Qi = Qk.n(€xn). The final TMLE is
the plug-in estimator W(Q?), and we have P,D*(Q%,g,) = 0. In particular,
the TMLE we presented in this article can be generalized to any pathwise dif-
ferentiable parameter of the distribution of Y% possibly conditional on L(0)
or L*(k) at a particular k£ (as in history adjusted marginal structural models),
by applying the conditional iterative expectation rule to (P(Y* =y) : a,y) as
in this article for £Y*, and applying the above TMLE framework with the de-
composition of the efficient influence curve, the loss functions and submodels.
Precise demonstrations for causal parameter defined by marginal structural
models are presented in the Appendices below.

For future research it will also be of interest to develop a collaborative
TMLE based on the TMLE presented here, thereby also allowing the targeted
estimation of the intervention mechanism based on the collaborative double
robustness of the efficient influence curve as presented in van der Laan and
Gruber (2010) and van der Laan and Rose (2011).

APPENDIX: TMLE for causal parameters de-
fined by working MSM without baseline covari-
ates.

Consider the same longitudinal data structure O = (L(0), A(0), ..., L(K), A(K),
Y = L(K +1)), and statistical model M. Let L* be the random variable with

distribution equal to the G-computation formula P* = ,f:’gl Q‘i(k), where

QY1) 18 the conditional distribution of L(k), given L(k—1),A(k—1) = a(k—1).
In this article we presented a TMLE for EY“*. Suppose now that our target
parameter is V(Q) = f(EY®: a € A) for some multivariate Euclidean valued
function f, and a collection of static regimens A. For example, given a working
model {mgs : B} for EY*, and function h, we could define

U(Qy) = arg mﬁin Ey Z h(a)(Y* —mg(a))?,

acA
orif Y €0, 1],
¥(Qo) = arg min — By > h(a) {Y*logmg(a) + (1 — Y*)log(1 — ms(a))}.
acA
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In this article we presented the efficient influence curve D** = >~ D" of the
target parameter EFY® with an orthogonal decomposition given in Theorem
1, where D;” is a score of the conditional distribution Qr) of L(k), given
L(k—1),A(k —1). The efﬁcient influence curve of the target parameter W is
thus given by D* = %" _, fiDx, where fl, = EY®:a € A). We note
that this can be decomposed as

YTy
a k k
=> fiDy".

This represents an orthogonal decomposition of the efficient influence curve
D* of ¥ in terms of scores of (r k) Speciﬁcally,

o dEYa f(

where

I(A(K) =a)
D Y —
K+1 — Zf G0k ( QK-H)
acA
and
* A a(k - 1)) a Aa
Dy = Z f Joh1 {QL(k) - EQ‘z(k_l)QL(k)} )

acA

~D=ak-1) ;~n  ~a
= Zf ( )> {QL(k)_QL(k—l)}a k=K,...,0.
ey 9o:k—1

~ We note that ¥(Q) depends on @ through Q = (Q* : a € A), where
Q= Qs =EY*[L(k—-1)):k=0,..., K+1). In this article we proposed
a sum loss function £, 5.(Q%) = f;%l Ea,k,Qg+l(QZ) for Q)F, where

akQ“ (Qk) =1(A (kf 1) = a(k-1)) {QZH log Qg + (1 - QZH) log{1 — QZ}} :

As a consequence, L5(Q) = 3,4 [1Laga(Q") is a valid loss function for
Qo = (Q¢ : a € A). Note

B K+1 ~
Lo@) = Y fid Laras, (O
acA k=0
K+1 B
= Z{Zféﬁa,k,%l@z)}
k=0 acA
K+1

Z ‘Ck,Qk+1 (Qk‘)
k=0
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where Qp = (Qf : a € A) and L5, (Qr) = D uca f;ﬁa,k,(zg“(@%) is a loss
function for Qy. ) B
Consider the submodel Qy(ex, 9) = (Q%(ex, g) : a € A) defined by

ya 1A 1
LogitQ7 (k) (€x, g) = LogitQf 1 + o k=K+1,...,0,
0:k—1

where we define go._1 = 1. This submodel does indeed satisfy the generalized
score-condition

d _

7 LGus (Qrler, 9))

=D;, k=0,..., K +1.
dEk k> ) 9 +

€,=0

In particular, the submodel Q(co, ..., €x41,9) defined by these k-specific sub-
models through Q, ¥ =0, ..., K +1, and the above sum loss function £4(Q)
satisfies the condition that the generalized score spans the efficient influence
* d A
D (Qag) S _‘CQ(Q(€79>>

curve:
. 4
dE e=0 > ( )

Finally, we present the TMLE-algorithm. Suppose we already obtained an
initial estimator Qgn, k = 0,...,K + 1 and g,. Let Q%%,, =Y for each
a e A

For k = K +1 to k =1, we compute

€rn = arg min Pn£k,@2+1 . (Qk,n(ﬁk, Gn));
€L ’

and the corresponding update Q,*;n = Qo (€kms Gn)- Finally, for each a € A,
de_:ﬁne Qroyn =1/ QT n(Li(0)), Providi_ng the TMLE @}, of QL_(o),o =
(Q“L(O),O : a). This defines the TMLE @Q;, = (Q%,,,k =0,..., K +1) of Q.

Finally, we compute the TMLE of ¢ as the plug-in estimator corresponding
with Q%

U(Q) = f(QLoyn) = f <% Z Qin(Li(0) :a € A) :

The TMLE solves the efficient influence curve equation 0 = P, D*(Q%, g,,, ¥(Q%)),

n
thereby making it a double robust locally efficient substitution estimator, un-

der regularity conditions.
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APPENDIX: TMLE for causal parameters de-
fined by working MSM with baseline covariates.

Consider the same longitudinal data structure O = (L(0), A(0), ..., L(K), A(K),
Y = L(K +1)), and statistical model M. Let L* be the random variable with

distribution equal to the G-computation formula P* = sz+01 Q%(k), where

Q1 (x) is the conditional distribution of L(k), given L(k—1),A(k—1) = a(k—1).
Let V' C L(0) be a user supplied vector of baseline covariates. Suppose now
that our target parameter is U(Q) = f(Qv, (E(Y*V =) :a € Av € V))
for some multivariate real valued function f, a collection of static regimens A,
and a collection V of possible values for V. Here () denotes the distribution
of V. For example, given a working model {mg : 8} for E(Y* | V'), we could
define

U(Qo) = argming Ey Y ., h(a, V) (Y* —mg(a, V))?
— argming e q 30, b ) BV | V = 0) — mala,0)?Qu (0)

Such a vy = S solves the equation 0 = Ey Y . 4 h(a, V)%mﬁo(a, V) (Eo(Y* |
V) —mg,(a,V)). Alternatively, if Y € [0, 1],

U(Qy) = arg min —Fy > h(a, V) {Y*logmg(a,V) + (1 — Y*)log(1 — ms(a,V))} .
acA

d
%mﬁo (a,V)
mg, (l_mﬂo )

This 19 = [y solves the equation 0 = Ey)_ ., h(a,V)
V) — Mg, (a’ V)) B B _ _

Recall the definitions of Q) = E(Y* | L*(k—1)) = Eru)(Qf 1) | L(k—
1), A(k —1) = a(k — 1)) as an iteratively defined conditional mean. Note that
E(Y® | V) = E(Q}(L(0)) | V) is obtained by integrating 07, over L(0)
w.r.t the distribution of L(0), given V. Define Q%(O)lv = EL(O)\V(QGL(U | V) as
this conditional mean. Thus, E(Y* | V) is a function of the following vector
of iteratively defined conditional means Q% = (Q%(KH), QT Q“L(O)lv). In

(Eo(Y*" |

particular, Q%(o)w,o(v) = Eg,(Y* | V =v). In the two examples above ¢y = [y
is a function of Qo = (QaL(o)W,o :a € A) and the marginal distribution

Qv of V. To conclude, ¥(Q) can also be represented as U(Qryv, Qv) or
¥(Q,Qv), where @ = (Q“ : a € A).

The next theorem is the analogue of Theorem 1 and provides the desired
orthogonal composition of the efficient influence curve of ¥ : M — R

Theorem 3 Let D(Q,9)(0) = 3 ,c 4 [(A = ) (Y —my gy (a, V), where

90: K

hy is such that PyD(Qq, go) = 0. This is a gradient of ¥ : M — R in the
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model with go known. The efficient influence curve of ¥V is given by (up till
a constant normalizing matriz) D* = kK:Jrll Dy + DZ(0)|V + Dy, where for
k=1,....,K+1, Df =1I(D | Ty) is the projection of D onto the tangent
space Tj, = {h(L(k), Pa(L(k)) : Eq(h | Pa(L(k))) = 0} of Qr), Dy s the
projection of D onto the tangent space Tryyv = {h(L(0),V): E(h | V) = 0}
of the conditional distribution of L(0), given V', and D5, is the projection of D
onto Ty = {h(V) : Eh(V) = 0}. These projections are defined in the Hilbert
space LE(P) with inner-product (hy, ho)p = Phyhs.

Recall the definition Q‘Ll(k) = E(Y*| L%k — 1)), and the recursive relation
Qi = EQE(k)QaL(k+1) defined by integrating w.r.t. the distribution of L(k)
given L(k—1),A(k—1)=a(k—1), k= K+1,...,1. For notational conve-
nience, we also use the notation Q“L(O) =EY*|V)= EQL<o>w<QaL(1) | V)
instead of Qf - Let @ = (Qfpy + k= K+1,...,0 : a € A), and
let Qv be the marginal distribution of V. Recall that ¥(Q) = ¥(Q,Qv) or
Y(Q) = U(Qr), Qv)-

We have
hi(a,V)

Jo:K

Dy :ZI(A:CL)

acA

and fork=K,... 1,

(Y = Qx4 (L(K)),

- h V) (= _
Pi = k- =alk - 1) M0 Ot oy — By @i}
B hila. V) . _ _
= Z[(A(k —1)=a(k—-1)) e, V) {QF sy — Qi } -
ey 9o:k—1

In addition, we have (recall Q%(O)(V) =EqY*|V))

DE(O)\V [ Z hl(av V) {QaL(l) - EQL(())W(QCLL(I) | V)}

acA

_ Z hi(a,V) {QaL(l) - C_2%(0)} ’

acA

and

Dy =Y h(a,V){Qi) — mu@a.V)}.
acA
We note that fork=1,... K +1,
Di(Q, 9) = Di(Qruy, Qrie+1)s Gok—1)
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depends on @Q,qg only through QL k1), s mean Q%(k) under Q“L(k), across
all a € A, cmd Jo-k—1- Stmilarly, L(O)W(Q,g) = DZ(O)|V(QL(0)7QL(1))7 and
Dy (Q,9) = Dy (Qr), ¥(Q))-

Loss function for (Q, Qy): We will alternate notation Q¢ and Q% T(r)- Recall
that W(Q) depends on @ through Qv, and Q=(Q":acA), Where Q" =
Qb vy @k =EY* [ Lk = 1) :k=1,...,K+1)).

Note Q¢ is a function of [(k — 1), k=1,..., K + 1. We use

- )) {Q%-i-l log Q% + (1 - Q%-H) log(l - Qg)}

as loss function for Q¢, indexed by “nuisance” parameter Q¢ +1- Note that as
a function of O we have

—ﬁa,k,QgH(Q%)(O) = I(A(k

) = a(k — 1) {Qf, (L(k)) log Q¢(L(k — 1))
< Qkﬂ( L(k)))log(1 — Qu(L(k — 1))} .

Indeed, this is a valid loss function since

Eo(Qpyr | Ak — 1) = a(k — 1), L(k — 1)) = arg min EoLoyqyp.,(@1)(0).

k

In particular,
L,06:(QF) = = {Q1(L(0)) log Q3(V) + (1 — QF(L(0))) log(1 — Q5(V)) }

is the loss function for Q%(V') = Epo)v(Q4(L(0)) | V). We use

‘CkaH Qk Zhlav aka+l(Qk) s, K+1
a€A

as loss function for Q = (Q% : a € A). One can view > p 0" L, Oy (Q) as
loss function for Q = (Q : k = 0,..., K + 1), which is indeed a valid loss
function for Qy: i..e, the expectation of this loss function as a function of O
at the correct “nuisance parameters” is minimized by Qo. We will use the log-
likelihood loss £(Qy) = —log Qv as loss function for the distribution Qv of
V', but this loss will play no role since we will estimate QQy,o with the empirical
distribution function @y,. This finalizes the loss function for all components
of (@, Qv), and the sum loss function L3(Qv, Q) = L5(Q) —log Qv is a valid
loss function for (@, Qy) as a whole.
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Least favorable submodel: Consider the submodel Qi (ex, 9) = (Q%(ex, g)
a € A) with parameter ¢, defined by

. . 1
LOgthL(k)(ekag) = LOgthL(k) + ekg—a k=K + 17 s 707
0:k—1

where we define go._; = 1. This defines a submodel Q(¢, g) with parameter
e= (e :k=0,...,K+1). Note that

d

_hl (aa V)'Ca,k,QZ+l (Qi (gv Ek))

< e vy HAG =) =k~ 1))

€,=0 go:k—1

(@1 —QR)-

This shows that

d _

Ly 0011 (Qr(er, 9))

=D k=1,....,K+1,
dEk k +

er=0

and similarly this holds for £ = 0 with DZ(O)W‘ Consider also a submodel
Qv (ev) of Qy with score D}, but this one will play no role in the TMLE-
algorithm. This defines our submodel (Qy (ey), Q(e, g) : €v,€). The sum loss
function Lg(Qv, Q) and this submodel satisfy the condition that the general-

ized score spans the efficient influence curve:
). 5)
e=0

TMLE algorithm: Finally, we present the TMLE algorithm. Suppose we
already obtained an initial estimator Qkﬁn, k=20,...,K+1 and g,, and
we estimate the marginal distribution of V' with the empirical distribution
function. Let Q%,, = Y for each a € A, and let Qy,, be the empirical
distribution of V;, 2 =1,...,n.

For k= K +1 to k = 0, we compute

D'(Qua) € { §LalQuler). Q)

€kn = arg min Pn£k,@2+1 H(Qk,n(ék, Gn));
€L ’

and the corresponding update Q};n = Qk,n(ek7nlgn). This defines the TMLE
Q= (Qrn:k=0,...,K+1). In particular, Q5 , = Qz(o),n is the TMLE of
QL(O) = (E(Ya | V) S .A)

Finally, we compute the TMLE of 1)y as the plug-in estimator corresponding
with Q*L(O),n and Qvp:

¢; = \II(QVJM QE(O),n)'
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The TMLE solves the efficient influence curve equation 0 = P,D*(Q%, gn,
U(Qy.n, Qr)), thereby making it a double robust locally efficient substitution
estimator, under regularity conditions.

This demonstrates that our TMLE as presented in this article for a single
intervention specific mean outcome can be generalized to general causal param-
eters. In particular, the TMLE presented in this article is easily generalized
to the TMLE for the causal effect EY =10 _ Ry @©)=00 of 3 point treatment
A(0) on a survival outcome Y = I(T > t) with T" subject to right-censoring,
by defining A(k), k =1,..., K + 1, as a right-censoring indicator at the k-th
time point, which is intervened upon by setting it uncensored (i.e, a(k) = 0)).
The above TMLE for working marginal structural models can also applied to
working marginal structural models for dynamic treatment regimens.

Appendix: R code

The functions below implement TMLE, IPTW, and MLE, estimators of the
treatment-specific mean outcome for the R statistical programming environ-
ment (R Development Core Team, 2010). These functions plus additional soft-
ware to run the simulations presented above are available online at www.stat.
berkeley.edu/~laan/ Software.

# function: getEstimates

# purpose: IPTW, Parametric MLE, TMLE estimates of tmt-specific mean outcome
# arguments:

# d: dataset, wide format, following the time-ordering of the nodes

#  Anodes: tmt and censoring node columns in d

# Lnodes: time-dependent covariate and outcome columns in d

# Ynodes: intermediate and final event node columns (subset of Lnodes)

# Qform: regression formulas for Q_1 through Q_K+1

# gform: regression formulas for each treatment and censoring event

# gbds: 1lower and upper bounds on estimated probabilities for g-factors

getEstimates <- function(d, Anodes, Lnodes, Ynodes, Qform, gform, gbds=c(0,1))
{

n <- nrow(d)
n.Q <- length(Lnodes)
n.g <- length(Anodes)

glW <- estg(d, gform, Anodes, Ynodes)
cum.glW <- bound(t(apply(glW, 1, cumprod)), gbds)
cum.glW[is.na(cum.glW)] <- Inf
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iptw <- mean(d[,Lnodes[n.Q]] * d[,Anodes[n.gl]l/cum.giW([,n.g])

# Gcomp and TMLE
Qstar <- Qinit <- d[, Lnodes[n.Q]]
IC <- rep(0, n)
for (i in n.Q:1){
Anode.cur <- which.max(Anodes[Anodes < Lnodes[i]])
uncensored <- d[,Anodes[Anode.cur]] ==
if (any(Ynodes < Lnodes[i])){
Ynode.prev <- max(Ynodes[Ynodes < Lnodes[i]])
deterministic <- d[,Ynode.prev]==
} else {
deterministic <- rep(FALSE, n)
}

Qinit <- estQ(Qinit, d, Qform[i], uncensored, deterministic)

Qstar.kplusl <- Qstar
Qstar <- estQ(Qstar.kplusl, d, Qform[i], uncensored, deterministic,
h = 1/cum.glW[,Anode.cur])
IC[uncensored] <- (IC + (Qstar.kplusl - Qstar)/
cum.glW[,Anode. cur]) [uncensored]
}
return(c(iptw=iptw, Gcomp=mean(Qinit), tmle=mean(Qstar),
var.tmle=var (IC)/n))

# Utility functions

# function: est(Q
# purpose: parametric estimation of Q_k, targeted when h is supplied

estQ <- function(Q.kplusl, d, Qform, uncensored, deterministic, h=NULL){

Qform <- update.formula(Q.kplusl ~ .)

m <- glm(as.formula(Qform),
data=data.frame(Q.kplusl, d)[uncensored & !deterministic,],
family="quasibinomial")

Q1W <- predict(m, newdata=d, type="response")

if (1is.null(h)){
off <- qlogis(bound(Q1W, c(.0001, .9999)))
m <- glm(Q.kplusl ~ -1 + h + offset(off), data=data.frame(Q.kplusl, h, off),

subset=uncensored & !deterministic, family="quasibinomial")

Q1W <- plogis(off + coef(m)*h)

}

QiW[deterministic] <- 1

return(Q1W)
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# function: estg
# purpose: parametric estimation of each g-factor

estg <- function(d, form, Anodes, Ynodes){
n <- nrow(d)
n.g <- length(form)
gmat <- matrix(NA, nrow=n, ncol=n.g)
uncensored <- rep(TRUE, n)
deterministic <- rep(FALSE, n)
for (i in 1:n.g) {
if (any(Ynodes < Anodes[i])){
Ynode.prev <- max(Ynodes[Ynodes < Anodes[i]])
deterministic <- d[,Ynode.prev]==
}
m <- glm(as.formula(form[i]), data=d,subset= uncensored & !deterministic,
family="binomial")
gmat [uncensored,i] <- predict(m, newdata=d[uncensored,], type="response")
gmat [deterministic,i] <- 1
uncensored <- d[,Anodes[i]] ==
}
return(gmat)

# function: bound
# purpose: truncate values within supplied bounds

bound <- function(x, bounds){
x [x<min(bounds)] <- min(bounds)

x [x>max (bounds)] <- max(bounds)
return(x)
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