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Abstract: The causal dose-response curve is commonly selected as the statistical parameter of interest in
studies where the goal is to understand the effect of a continuous exposure on an outcome. Most of the
available methodology for statistical inference on the dose-response function in the continuous exposure setting
requires strong parametric assumptions on the probability distribution. Such parametric assumptions are typically
untenable in practice and lead to invalid inference. It is often preferable to instead use nonparametric methods for
inference, which only make mild assumptions about the data-generating mechanism. We propose a nonparametric
test of the null hypothesis that the dose-response function is equal to a constant function. We argue that when the
null hypothesis holds, the dose-response function has zero variance. Thus, one can test the null hypothesis by
assessing whether there is sufficient evidence to claim that the variance is positive. We construct a novel estimator
for the variance of the dose-response function, for which we can fully characterize the null limiting distribution and
thus perform well-calibrated tests of the null hypothesis. We also present an approach for constructing simulta-
neous confidence bands for the dose-response function by inverting our proposed hypothesis test. We assess the
validity of our proposal in a simulation study. In a data example, we study, in a population of patients who have
initiated treatment for HIV, how the distance required to travel to an HIV clinic affects retention in care.

Keywords: dose-response function, continuous exposure, nonparametric testing, targeted minimum loss-
based estimation
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1 Introduction

In many scientific studies, one of the main objectives is to use observational data to make inferences about the
causal relationship between a treatment or exposure variable and some outcome. Many commonly-used for
causal inference make strong, and often untenable, parametric assumptions about the data’s probability
distribution. Consequently, using such methods in practice can result in invalid inference under model mis-
specification. Interest has grown in instead using more robust nonparametric and semiparametric approaches
for causal inference, which only make mild assumptions about the data-generating mechanism.

Our objective is to make nonparametric inference about the probability distribution of the counterfactual
outcomes, or the collection of potential outcomes that would have been observed if a subject had received any
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possible level of the exposure [1]. In many conventional analyses, it is of primary interest to make comparisons
about the mean of the counterfactual outcome for different levels of the exposure. The target estimand is the
function that maps any given exposure level to the corresponding mean counterfactual outcome. We com-
monly refer to this estimand as the causal dose-response function.

The literature on nonparametric inference on mean counterfactual outcomes most commonly focuses on the
setting in which the exposure is binary. In this case, the mean counterfactual outcomes can, under standard
causal assumptions, be characterized as pathwise differentiable estimands, or smooth functionals of the
unknown probability distribution. For estimands that have this characterization, there exist many strategies
for constructing nonparametric estimators that converge to the true quantity at the parametric rate and achieve
a tractable sampling distribution. Commonly used estimators for the mean counterfactual outcomes with binary
exposures that satisfy these properties include the augmented inverse probability weighted estimator [2] and the
targeted maximum likelihood estimator [3]. When such estimators are available, it is straightforward to perform
statistical inference on the mean counterfactual outcomes by constructing confidence sets or performing hypoth-
esis tests. With minor modifications, these approaches for inference can be readily extended to the more general
setting in which the exposure is a discrete random variable.

Nonparametric inference on the causal dose-response function is more challenging when the exposure is
a continuous random variable. In this setting, the mean counterfactual outcomes are nonsmooth functions of
the probability distribution, and consequently, nonparametric estimation is not possible at the parametric
rate. There nonetheless exist proposals for consistent and rate-optimal estimation of the dose-response func-
tion in a nonparametric model. For instance, Diaz et al. [4] introduced a cross-validated targeted minimum loss
(TML)-based estimator for the dose-response function, Kennedy et al. [5] and Colangelo and Lee [6] proposed
nonparametric kernel smoothing estimators, and Westling et al. [7] proposed an estimator based on isotonic
regression. Rate-optimal nonparametric estimators, such as those described above, typically retain a non-
negligible asymptotic bias. Due to this bias retention, these estimators attain nonstandard limiting distribu-
tions, and constructing hypothesis tests or confidence sets based on the estimators can be challenging. In order
to obtain an estimator for the dose-response curve that converges at the parametric rate, it is necessary to
make parametric assumptions about either the conditional distribution of the exposure given the covariates
[8-10] or the conditional mean of the outcome given exposure and covariates [11,12]. These approaches may
not be preferred because specifying a parametric model correctly can be challenging in practice.

Nonparametric inference in the continuous treatment setting is a growing research area, and there have
been many recent developments. For instance, Doss et al. [13] presented an omnibus and doubly robust test of the
null of no treatment effect based on local linear regression, and an approach to confidence band construction using
debiased local linear regression is proposed by Takatsu and Westling [14]. There also exist alternative approaches to
nonparametric causal inference with continuous exposures which are based on the study of a finite-dimensional
parameter that summarizes the effect of the exposure on the outcome [15-17]. While such summaries can be
informative and carry meaningful interpretations, they may not suffice in settings where an investigator is
primarily interested in learning about the dose-response function in its entirety.

Our work draws upon some recent advances in nonparametric inference on the dose-response function
and inference on nonpathwise differentiable estimands more broadly. Westling [18] demonstrated that one
can construct an omnibus nonparametric test of the hypothesis that the dose-response function is flat by
simultaneously estimating primitive functions, or integrals, of the dose-response function. Hudson et al. [19]
uses a generalization of this idea to develop a framework for testing hypotheses about nonpathwise differ-
entiable estimands by estimating a suitably large collection of pathwise differentiable estimands that can
effectively summarize the target. Hudson et al. [19] also propose a method for constructing simultaneous
confidence sets for the target estimand by inverting the proposed hypothesis test.

In this article, we propose a novel method for inference on the dose-response function using the frame-
work of Hudson et al. [19]. We develop a test of the null hypothesis that a mean-centered version of the
dose-response function is equal to any given null function. Of particular importance is the instance where the
null function is zero, in which case we perform a test of the null hypothesis that the dose-response function is
flat. We also discuss the construction of simultaneous confidence sets for the centered dose-response function,
and we describe a method for summarizing the confidence sets.
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The remainder of the article is organized as follows. In Section 2, we provide a high-level overview of our
proposed methodology, and in Section 3, we discuss our inferential procedure in more detail and describe its
theoretical properties. In Section 4, we discuss implementation of our method. In Section 5, we study the
behavior of our proposal in a simulation study. In Section 6, we apply our method to data from the Adaptive
Strategies for Preventing and Treating Lapses of Retention in HIV Care (ADAPT-R) trial [20], which studies
retention in care for people who initiated treatment for HIV. We conclude with a brief discussion in Section 7.

2 Overview

2.1 Identification of the dose-response function

Let Oy,..., O, be i.i.d. random vectors drawn from a probability distribution Py, which resides in a model M.
We allow M to be a rich nonparametric model that is essentially unrestricted and must only satisfy some mild
regularity conditions. We express our data as O = (W, A, Y), where Y is a bounded real-valued outcome with
sample space Y C R, A is a bounded exposure variable with sample space A C R, and W is a g-dimensional
vector of covariates, with sample space ‘W C RY. Throughout, we write Ep to denote the expectation under any
probability distribution P € M, and we use the shorthand notation Ej = Ep,.

Let Y(a) denote the counterfactual outcome under exposure level a, or the potential outcome that would
have been observed if an individual had been observed with exposure level A = a. We define the counter-
factual mean outcome as the mapping P ~ 0p(a) = Ep[Y(a)] for a € A. Our objective is to perform inference
on 6y = 0p, which is commonly called the causal dose-response function.

The stochastic process of counterfactual outcomes for subject i, {¥i(a) : a € A} is not observable,
as we only observe the outcome under one single exposure level A;. However, under some standard causal
assumptions, the counterfactual mean outcomes can nonetheless be estimated from the data. Let
Qp(w, a) = Ep[Y|W = w, A = a] denote the conditional mean of Y given the exposure and covariates, and let

&lajw) = %P(A < a|lW = w) be the conditional density of the exposure given the covariates. Similarly as
above, we use the shorthand notation Q, = Qp, and g, = gp. The dose-response function can be estimated
from the data under the following assumptions:

Assumption A1 (Consistency). A = a implies Y = Y(a).

Assumption A2 (No unmeasured confoundedness). Y(a) is conditionally dependent on A, given W.
Assumption A3 (Positivity). There exists g ;. > 0 so that inf,e #g(alw) > g, for allw € W.

The consistency assumption states that the observed outcome for each subject is the potential outcome
under their observed exposure level. The no unmeasured confoundedness assumption says that all con-
founding variables are contained within W. The positivity assumption means that it is possible for subjects
with any covariate measurement to receive any treatment a € A. When Assumptions A1-A3 hold, the coun-
terfactual mean outcome at any exposure level a can be expressed as

6o(a) = Eo,w[Q(W, a)],

where E; v denotes the expectation with respect to the marginal distribution of W under P,.

Assumptions A1-A3 typically hold in randomized trials, but they are generally unverifiable in observa-
tional studies. However, even when the causal assumptions fail, §, retains an interpretation as a mean
regression function, which can be used to study the conditional association between the exposure and the
outcome, given the covariates.
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2.2 Summary of proposed methodology

We first derive a test of the null hypothesis that the dose-response function, centered about its mean, is equal
to a given candidate null function. Let 8, : a = 0p(a) - Ep[0p(A)] be the mean-centered dose-response func-
tion. For an arbitrary function 6* from A to R, let 6, = 6* -~ Ep[6*(A)], and let §; = 6. We are interested

in testing the null hypothesis that 8, is equal to the candidate null parameter 50*,
Hy : By(a) = 6, (a) forall a € A. @

Of particular interest in many applications is the case where 8, = 0, which corresponds to the null hypothesis
that the dose-response function is flat, or that the counterfactual mean outcomes are the same at every level
of the exposure.

We also propose an approach for constructing confidence sets for the centered dose-response function. That is,
for any a € (0, 1), we construct a set C% that contain §, with probably at least 1 - a as n tends to infinity, i.e.,

liminf Py(By € CH =21 - a.
o

When it is possible to obtain an estimator for 8, that has negligible asymptotic bias and a characterizable
limiting distribution, it is straightforward to derive hypothesis tests and construct confidence sets based on the
estimator. When the dose-response function is pathwise differentiable, meaning that 6p(a) changes smoothly
in P with respect to local fluctuations around P, there are well-established theory and methodology for
constructing n'/?-consistent and asymptotically efficient estimators [21]. However, 6p(a) is typically only path-
wise differentiable in a nonparametric model when the event {A = a} occurs with probability greater than
zero. While this condition can be satisfied when A has a discrete support under Py, it is generally not met when
the exposure variable is continuous.

While the dose-response function is not pathwise differentiable when the exposure is continuous, one can
perform inference by instead estimating a collection of pathwise differentiable functionals of the dose—
response function, as suggested by, e.g., Westling [18] and Hudson et al. [19]. In this work, we present an
approach based on the estimation of linear transformations of the causal dose-response function. In what
follows, we briefly summarize our approach to inference.

For any function h from A to R, we define

Yp g+(M) = Ep[{0p(A) - G5 (A)}h(A)]

as the L,(P) inner product of 8, - 8, and h, and let Uy g+(h) = Uy g+(h). Observe that if G is equal to 6y almost
everywhere, l/)ole*(h) = 0 for all functions h, and if 8, is not almost everywhere equal to 9_0*, there exists
a function h, such that , o«(hy) # 0. Therefore, one could test the null hypothesis in (1) by assessing whether,
for a large class H of bounded functions from A to R,

Wo,0«(H) = sup|ghy g-(R)[ = O, @)
heH

or in other words, whether there exists a linear transformation of 8, — 90* that is nonzero.

The manner in which the supremum in (2) is calculated will depend on the construction of . For
instance, if A is countable, one may approximate the supremum as the maximum of a finite approximation
of {Y;, : h € H}. We also consider the setting in which # is constructed using a basis expansion, and the
supremum corresponds to an optimal weighting of the coefficients for the basis functions.

We develop a test of the null hypothesis based on the estimation of ¥ ¢«(7). We later show that ¢, o«(h) is
pathwise differentiable for any fixed h and can therefore be estimated at the parametric rate of n'/2, If, in
addition, # is not too complex, one can construct an estimator l,bn’e* such that the standardized process
{nl/z[wnye*(h) = Pye+(M)] : h € H} converges weakly to a Gaussian process G = {G(h) : h € H}. As a conse-
quence, we have that ¥, p«(H) = suphe(},lwnye*(h)l is a consistent estimator for ¥y ¢«(#H), and under the null,
when Y 4+(h) = 0 for all h, n'/2®, o(H) converges weakly to SUpP,4IG(R)|. Because ¥, ¢+(H) has a tractable
limiting distribution, it can be used as a test statistic. A hypothesis test that rejects the null when n/ 29 g(H)
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is larger than the 1 - a quantile of the null limiting distribution would achieve the type-1 error level
a asymptotically.

We can invert our proposed hypothesis test to obtain a confidence set for 8. Let © be a large nonpara-
metric class of functions from A to R that serve as candidate values for the dose-response function. Consider
the set

C%={B; : 0* € ©, and we fail to reject 8, = 6, atthelevel a based on Oy, ...,0,}. 3

We can interpret Cj, as the set of functions in © that are in accordance with the observed data. If 6, belongs to ©,
then 0, belongs to C¢ with probability tending 1 — @, and C? is an asymptotically valid confidence set for 8. Even
when 6, does not belong to ©, C# retains a nice interpretation as long as © contains a good approximation for 6.

The confidence set C4 can be difficult to visualize as it is a complex set of infinite-dimensional objects. We
propose to simply summarize Cy by displaying the smallest band that contains all functions in Cj, which can
be defined point-wise as

C%(a) = [inf{f, (a) : B € C%Y, sup{f, (a) : B € CY]. 4@

As we discuss later in Section 3.2, this confidence band is generally conservative for correctly specified ©.

The inferential procedure described above requires selection of the class of functions %, the elements of which
index the set of linear transformations of 8, - 6, that we need to estimate. Asymptotic type-1 error control is
preserved using any choice 4 that satisfies some mild regularity conditions, to be discussed later. The choice of
does, however, influence the test’s statistical power. We use the following intuition for constructing an H so that
our test is well-powered. Because the inner product ¥ 4+(h) is a measure of orthogonality of 0y - 05 to a given h,
the amount of evidence ¢ o«(h) provided against the null depends on the shape of h, rather than the scale. It is
therefore sensible to construct H as a class of equally scaled functions that contains the function that is least
orthogonal 8. We scale each h to have unit variance; while other measures of scale could be chosen, we scale by
the standard deviation for simplicity. It can be shown by an application of the Cauchy-Schwarz inequality that
the maximizer of |, o«(h)|, among all h with unit standard deviation, can be expressed as

ho = Varo(8o(A) — 6*(A)) /(8 - 65), ©)

where Vary is the population variance under Py. The maximizer hy is a scaled difference between the true
dose-response function and the candidate null parameter, and the maximal inner product ¢, 4«(ho) is equal to
the standard deviation of 8y(A) - 65°(A). We construct / as a class of smooth functions that contain a good
approximation of hy so that our target estimand ¥ ¢+({) can be interpreted as an approximation of the
standard deviation of the difference between the truth and the null.

The hypothesis testing procedure proposed by Westling [18] can be viewed as a special case of our method
with H taken as the class of binary indicators of whether an input exposure level a is greater than any given
cutoff ay € A. While Westling [18] showed that this choice results in an omnibus test of the null hypothesis, we
later show that in finite samples, performance can be improved by considering a class of functions that contain
the function that is least orthogonal to the difference between the true dose-response function and the null.

Our proposal is closely related to the nonparametric score test presented in the study of Hudson et al. [19].
The authors use the representation of function-valued nonpathwise differentiable parameters as the mini-
mizer of a population risk functional to derive a set of estimating equations, indexed by functions h in a large
class H, that the true population parameter must satisfy. They then construct hypothesis tests that assesses
whether the candidate null parameter also satisfies these estimating equations. Their proposal rejects the null
hypothesis when the data provide contrary evidence. Our proposal can be viewed as a special case of this
approach, where we assess whether 6* satisfies the estimating equations y, o«(h) = 0 for all h € H.



6 —— Aaron Hudson et al. DE GRUYTER

3 Inferential procedure

Having provided a brief overview of our inferential procedure in the previous section, we now provide
theoretical details. In this section, we first discuss the estimation of y, o«(h), and we subsequently describe

an approach for determining whether there is sufficient evidence to conclude whether ¥, g«(H) is zero.

3.1 Estimation of gbo’o*(h)

Recall that our proposal requires us to have an estimator 1,(h) of {,(h) and a class of functions / such that
the process {n!/ 2[h,(R) = Yy(h)] : h € H} converges weakly to a Gaussian process. In this subsection,
we specify conditions on ¥, 5 and H such that the weak convergence property is satisfied, and we discuss
the construction of a weakly convergent estimator.

As noted in Section 2, for any estimand that is pathwise differentiable in the sense of Bickel et al. [21], one
can construct an estimator that, when centered around the true target estimand, converges weakly to a
Gaussian distribution at the parametric rate of n'/2. Constructing such an estimator and establishing efficiency
typically require knowledge of the efficient influence function of the estimand of interest. The following lemma
states that ¢, o«(h) is pathwise differentiable in a nonparametric model and provides the form of the efficient
influence function.

Lemma 1. The parameter Y, «(h) is pathwise differentiable in a nonparametric model, and its nonparametric

efficient influence function is

Eplgp(alW)]
&p(alw)

+ Ep[Qp(w, AY{h(A) - Ep[R(A)]}] ~ {2Ep[Bp(A)R(A)] ~ Ep[05 (A)R(A)]}.

$p oW, a,y; h) =|Bp(a) - () + {y = Op(w, a)}jih(a) - Ep[h(A)]}

As before, we use the shorthand notation @ o = ¢, « to denote the efficient influence function at Po.
Lemma 1 generalizes a result presented in [18] that characterizes the efficient influence function for the special
case in which h is an indicator of whether the observed treatment level is greater than a specified cutoff,
and 6y = 0.

Because Y 4+(h) is pathwise differentiable, it is possible to construct an estimator ¥, 4«(h) that is asymp-
totically linear in the sense that

B (1) = o) = = 93, O 1) + (), ®
i=1

where r(h) = 0p(n"1/2). In view of the central limit theorem and the fact that .0+ has zero mean and finite
variance, an asymptotically linear estimator ¥, o«(h) is asymptotically Gaussian for any fixed h. However, our
proposal requires a stronger notion of uniform convergence of §, ,«(h) for h in a large collection #, so some
additional conditions are needed. The following lemma, which is a consequence of Slutsky’s theorem, provides
conditions under which the desired uniform convergence holds.

Lemma 2. Let Y, ,-(h) be an asymptotically linear estimator of Y,(h) that has the representation in (6) for any
h € H, and let ¢=(H) denote the vector space of bounded real-valued functionals on H . Assume the following
conditions hold:

¢ {@yo+(; ) : h € H} is a Py-Donsker class,

* SUPyeqy I = 0p(n712).

Then, {n/ 2[I/JM,*(h) = Py o«(W)] : h € H} converges weakly to a tight Gaussian process G as an element of ¢*(H),
where G has mean zero and covariance L : (hy, hy) = Eo[¢ <(O; h1)@, o+(0; hy)].
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The first condition of Lemma 2 is a constraint on the complexity of / and typically holds when H is a
Py-Donsker class. The second condition directly involves the estimator i, and requires that the remainder

term is asymptotically negligible in a uniform sense.

In what follows, we present two strategies for constructing weakly convergent estimators for {’»bo,e*(h) :h e H;i.
We begin by considering a naive plug-in estimator of i,(h). Suppose we have a consistent estimator B, for Py. In
practice, we do not need to estimate the entire distribution Py, and we must only estimate nuisance parameters upon
which ¢, o« and ¢, 5, depend. In our setting, there are four nuisance parameters: (i) F,w, the marginal cumulative
distribution for W; (ii) Fy 4, the marginal cumulative distribution function for A; (iii) Q,, the conditional mean of Y
given A and W; and (iv) g, the conditional density of A given W. One can obtain estimators F, w and F, 4 for Fy i and
Fy,» nonparametrically using the empirical distribution function, and one typically requires machine learning to
construct consistent nonparametric estimators Q, and g, for Q, and g;. Given the initial estimator B,, one can obtain
the naive plug-in estimator § 5 (h), which can be expressed as

n n
Yy go(h) = n*% Bn(4) = 0%(A) - n! Zl{en(Aj> - 0*(4)} (A4,
i= j=
where 6, : a » n”'},Q,(a, W) is the plug-in estimator for the dose-response function.

The plug-in estimator ¥ ,«(h) will typically retain non-negligible asymptotic bias for , ,~(h) and conse-
quently will not be asymptotically linear. This bias is attributable to the fact that nonparametric estimators Q,
of Q, are usually obtained by balancing a bias-variance tradeoff that is sub-optimal for the objective of
estimating Y, o«(h). We discuss two widely used strategies for correcting the bias of the naive plug-in: one-
step estimation [22] and TML-based estimation [23,24].

The estimation strategies we discuss require the following assumptions:

Assumption B1. There exists a Py-Donsker class @ that contains ¢ 4+(*; h) and ¢ (-; h) for each h € H with
probability tending to one.
Assumption B2. The nuisance parameter estimators satisfy

[0, @) - Qy(w, a)p2dPyw, @) = 0p(D),
[ig.aw) - gy(alw)raPyw, a) = 0p(D),
_[I{Qn(w, a) = Qu(w, g, (alw) = gy(alw)}|dPo(w, a) = op(n™'?).

Assumptions B1 and B2 impose conditions on the estimators for the nuisance parameters upon which the
target estimand and the efficient influence function depend. Assumption B1 places a constraint on the com-
plexity of the family of candidate estimators for the nuisance components. Many flexible nonparametric
estimators, e.g., those constructed via the highly adaptive LASSO [25], satisfy this condition. Assumption B2
places a requirement on the rates of convergence that the conditional mean and conditional density estimators
must achieve. This condition holds when both estimators are consistent, and the product of the convergence
rates is greater than n'/2, In view of Assumption B2, the estimators of 1y,6<(h) we develop are doubly robust

in the sense that consistency and asymptotic normality are achieved if one of the nuisance parameters
is estimated at a slow rate as long as the other nuisance is estimated at a fast enough rate to compensate.
We first construct a one-step estimator for i o«(h). Given an estimator for the nuisance parameters upon
which @, «(h) depends, we can obtain an estimator ¢ o«(-; h) for the efficient influence function ¢ 4+(; h).
The empirical average of the estimator of the influence function ¢ o« can be shown to serve as a first-order

approximation to the bias of the naive plug-in [22]. This allows one to perform a, so-called, one-step bias
correction. We define the one-step estimator as

n
(W) =W () + N1 Y @4 5-(Oi; )
i=1

L on )]
ninty g (AW
-, T o e S

¥p (M) + 1 1=Z1 2 (AIWD)

h(4;) - n™? ih(Aj)
=

% - 0,(W;, A}
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The following theorem states that, under mild regularity conditions, the one-step estimator is asymptotically
linear and hence asymptotically Gaussian.

Theorem 1. Under assumptions Bl and B2, the one-step estimator wj o+(h) has the asymptotically linear repre-
sentation in (6), with sup,cq, |(R)| = op(n12),

While one-step estimators are asymptotically efficient, they are not guaranteed to be compatible in
the sense that there exists a probability distribution P in the model M such that 1, o«(h) = ¢, 9*(h) for all h
in H . TML-based estimation is an appealing alternative strategy that can be used to construct an estimator
for { o«(h) : h € H} that is compatible in this sense. TML estimators correct the bias of the naive plug-
in by updating the initial estimator B, of P, to obtain a new estimator B such that the updated plug-in
{5 o h € H} that takes as input B, has reduced bias for the target estimand {1 4+(h): h € H}.
Therefore, as long as B, resides within M, the TML estimator is compatible. In our presentation, we only
briefly summarize some of the main principles of targeted learning, and we refer readers to previous studies
[23,24] for a comprehensive discussion.

The main idea behind TML-based estimation is to construct an updated estimator B, based on the initial
estimator B, so that the following efficient influence function estimating equations are satisfied:

sup
heH

n
n*Zd)pn,e*(Oi; h)‘ = op(n1/?),
i=1
and such that B, remains sufficiently close to B, so as to remain a good estimator for P. Because estimating a
marginal distribution function using the empirical distribution function does not generate bias for the target
estimand, we do not need to update the initial estimators F, , and Fy , for F4 o and Fy . We only need to obtain
an updated estimator (}n for the conditional mean Q,, since the initial estimator makes a bias-variance trade-off
that is suboptimal for the estimation of the target parameter.

It can be verified algebraically that for any choice §,, the empirical average of the efficient influence
function evaluated at B, can be expressed as

'1Z¢P (05 h) = n-lz{y 0 (We, AIZn(Wi, As; R),

i=1

where we define Z,(w, a; h) as

nYi g (al W) -
Z,(w, a; h) = ————"——1h(a) - n1) h(4)). (8
(a5 1) = = (@~ TGy
Thus, §, satisfies the efficient influence function estimating equations at an adequate level if
n ~
sup (n71 Y {Y; = G, (Wi, ADMZn(W,, Aj; h)‘ = op(n1/?). ©)
heH | =t

We now discuss how to construct a @n that satisfies (9). Let Q,, p be a parametric working model indexed by
a scalar parameter f € R, for which Q, ; = @, when B = 0. We construct the working model so that the
derivative of the squared error loss is equal in magnitude to the supremum over H of the empirical average
of 5 (; h) with §, = Q, 5, i.e.,

@ny 1Z{Y Qu (W, AP

= sup |n
heH

nly (v - Qn (Wi, ADYZn(W, A h)‘- (10)
i=1

B

We then take Q, = Qp 3, Where B, is a near minimizer of the squared error loss and satisfies

ﬂZ{Y Qup, (W A} = nf

i=1

+ 6711

1Y {% = Qu (W, A}
i=1
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for a small positive sequence &, | 0. Because ﬁn is a near minimizer of the loss, we can see that this choice of ,
satisfies (9) for &, sufficiently small. We note that a sub-model satisfying (10) is referred to as a universal least
favorable submodel and provides the maximal reduction of the bias of {1 ,«(h) : h € H} as @, 5 moves away
from Q, toward @, , . Strategies based on a locally least favorable submodel, which would satisfy (10) only
when g = 0, could alternatively have been considered, but such approaches tend to perform worse in small
samples, in particular when the target estimand is multidimensional or infinite-dimensional [26]. We recur-
sively define the universal least favorable sub-model @, 5 point-wise as

’
Qw, @) + [Zu(a, w; hyp)db, B0
05w, @) = . an

Qw, @) - [Zuw, @ hyp)db, B <0,
B
where hy, is a solution to

n
Y % = Qu g(Wi ADYZn(W, Ai; inp)
i=1

= sup
heH

n

ny v - Qn (Wi, AYZn(W, Ai; h)‘-

i=1

It can be verified using the fundamental theorem of calculus that the above working model satisfies (10).
After obtaining the updated estimator Q,, we can construct the TML estimator as

05(A) — 0*(A) - n1 Y {05,(4)) - 6*(4)}|A(4), (12)

J=1

(W) = Y5 () = nty

i=1

where 03 : a = n'3;,0,(W, a) is the updated TML estimator for the dose-response function. The following
theorem states that the TML estimator satisfies the conditions of Lemma 2.

Theorem 2. Under Assumptions Bl and B2, the TML-based estimator wrffe*(h) has the asymptotically linear
representation in (6) with supy,c,, |m(h)| = op(n™'/2).

3.2 Inference on W o+(H)

We are at this point prepared to discuss inference on W o«(H) = supjeq ¥y o«(M)|. Suppose that we have
an estimator {y, g«(h) : h € H} for {y; 4(h) : h € H} and a function class H that satisfy the conditions
of Lemma 2. Such an estimator could be obtained using either of the strategies presented in Section 3.1.
Consider the plug-in estimator ¥, p«(H) = SUPheHh/Jn,e*(h)L The continuous mapping theorem implies that
nt/2 SUPyeqy Yy 64(N) = ¥y g«(N)| converges weakly to supycq |G(h)| where G is the Gaussian process in Lemma
2. This in combination with the reverse triangle inequality together imply that

[%,0(H) = Wo,0(H)| = Op(n™%).

Furthermore, because when the null hypothesis holds, 1, ,«(h) = 0 for all h, n'/2®, o«(H) converges weakly to
SUPyeqIG(h)|. Thus, ¥, ¢+«(H) is a consistent estimator for ¥ ¢«(7) that has a fully characterizable null limiting
distribution. This makes it possible to construct an asymptotically valid hypothesis test based on the estimator.

We make this explicit by providing the form of our proposed test below. Letting t;", denote the 1 - a
quantile of the null limiting distribution of n/2%, 5«(), we consider the hypothesis test

“Reject” N2, g (H) >t

T(04, ...,0p) =
©: 2 “Fail toreject”  n'2W, g«(H) < t1 %
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This test achieves type-1 error control at the level a when the conditions of Lemma 2 are satisfied. Additionally,
when 4 contains a function that is nonorthogonal to §0* (so that Wy g«(H) > 0), the above test is consistent in
the sense that the probability of rejecting the null tends to one. To see this, we observe that n'/?®, o«(#) tends
to infinity because ¥, ¢«(H) converges to ¥y ¢«(H) in probability.

Moreover, the fact that our proposed test achieves nominal type-1 error control asymptotically implies
that the confidence band in (4) is a uniform confidence band. This follows from the facts that

Py(By(a) € C*(a) forall a € A) = Py(B, € CY),

and that Py(f, € C% approaches 1 - a in the limit of large n when ® contains 6. This confidence band will
in general achieve a coverage rate not lower than 1 - a, though this lower bound is not tight. This type
of confidence band construction has been shown to result in over-coverage by Hudson et al. [19].

While the null limiting distribution of ¥, p«(#{) can indeed be characterized, a closed form expression may not
be available. It may therefore be necessary to use an approximation. We use the multiplier bootstrap method
presented in the study of Hudson et al. [19], which makes use of the asymptotic linearity of y, 4«(h). We first note
that due to the uniform asymptotic linearity of ¢, 4+, under the null hypothesis, ¥, ¢*(7{) can be expressed as
the sum of the supremum of an empirical process and an asymptotically negligible remainder. That is,

Ny @405 )| + op(n'12). (13)

i=1

W g*(H) = sup
heH

We can approximate the null distribution of ¥, ¢«(H) as the supremum of a bootstrapped empirical
process that attains the same limiting distribution as the empirical process in (13), conditional on the observed
data. Form = 1,..., M and M large, let &™",..., &" be i.i.d. random variables, independent of Oy, ..., O,, with mean
zero, unit variance, and Eq[|&™ [**%] < o for some u > 0, and let ¢, ¢+ be an estimator for the efficient influence
function. We define the mth bootstrap sample of ¥, g«(H) as

‘P;[fe*(‘H ) = sup
heH

n
n'Y &M, (05 h)‘- 14)
i=1
Itis shown in the study of Hudson et al. [19] that if ¢, - is a consistent estimator for ¢ 4+, and if # is not overly
complex, the multiplier bootstrap statistic converges weakly to sup, . |G(h)|, conditional on Oy, ..., Oy. Thus,
the distribution of the multiplier bootstrap samples closely approximates the null limiting distribution
of ¥, p«(H) in the limit of large n.
To estimate the efficient influence function, one approach is to use the plug-in estimator

h(a) - nt ) h(A)

i=1

On(a) = 6%(a) = 71 Y {6n(A)) - 0*(A)}

i=1

Pn (W, a,y; h) =

n1y g(alw) .

1y - Qw, )} [h(a) -1 h(A)

15
g (aw) Z a5

- LY Y - QWi ADIZa(W, A ),
i=1

h(4;) - n §h<Aj)
j=1

+ 7ty Qw, 4)

i=1

where we recall that 6, :a - n'lz?ﬂQn(Wi, a) is the plug-in estimator for 6y, and Z, is as defined in (8).
Alternatively, we can observe that because 8, = 8* under the null, in (15), we can replace 6* with an estimator
of 6y, such as the plug-in 6,. We note that when we substitute 8* by 6, in (15), some cancellation occurs, and the
first line in the above expression vanishes. This strategy of replacing 8* with an estimator for 6, is appealing
because the bootstrap approximation of the limiting distribution no longer depends on 6*, so one can test any
hypothesis of the form (1) using the same bootstrap sample. This is particularly useful when we are interested
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in constructing a confidence set for 8, by inverting our proposed test, as this requires us to test a large
collection of hypotheses.

In our presentation so far, we have assumed that the class % is fixed. We acknowledge that in practice,
fixing a class a priori may be challenging, so data-adaptive approaches for selecting 4 may be preferable.
It has been shown by Hudson et al. [19] that data-adaptive selection of  does not affect the type-1 error rate
of our proposed test as long as the data-adaptive choice converges to a fixed class. In Section 4, we propose
an approach for data-adaptive selection of #, and we later show in simulations that our approach is asympto-
tically valid.

4 Implementation

4.1 Construction of H

Recall that it is our objective to construct / as a model for hy in (5) so that W, g«(7H) can be interpreted as the
standard deviation of the difference between the true dose-response curve and the candidate null parameter.
As discussed in Section 3.2, we can choose a flexible nonparametric model, so long as the model is not overly
complex, and the conditions of Lemma 2 are satisfied. In what follows, we describe a practical approach for
selecting such a class. Our approach is similar to that used by Hudson et al. [19] to implement their proposed
nonparametric score test. In what follows, we describe an approach for constructing 4 as a subspace of
a reproducing kernel Hilbert space (RKHS). This construction of # is justified because RKHSs are known to
be Donsker classes [27].

For a positive-semidefinite kernel function K from A x A to R*, let Sy denote its unique RKHS, endowed
with the inner product (-,-)s,. The kernel function K has the eigen-decomposition

(@, ap) = K(ay, @) = ) yng(a)ng(az),
d=1

where the eigenfunctions {n,, n,, ...} are orthogonal with respect to the RKHS inner product (-, )s,, and
0 <y, £, <... are the eigenvalues. Any function s in the RKHS can be expressed as a linear combination
of the eigenfunctions. That is, there exist coefficients @, ¢, ... such that s(a) = Z,'}":lcdnd(a) for all a. The rough-

ness of s can be measured by the RKHS norm as
[ C{%
](S) = <S, S>SK = Z )
d=1 Y

with higher values of J(s) corresponding to greater roughness. We construct 4 as a subset of functions
in Sk with bounded roughness and unit variance. That is

Hy =1h = chnd 1q, G, ... ER,J(h) <k, Var,(h(4)) = 1;,
d=1

where Var,(h(4)) is the empirical variance of h(4), and x > 0 is a tuning parameter. To facilitate computation,
we truncate the eigenbasis at some large level D.
In our implementation, we select Sk as the second-order Sobolev space on [0, 1], which can be defined as

an RKHS endowed with the inner product (83, $2) = (51, Sa)s; = Iosl(u)sz(u)du, where § denotes the second
derivative of any given function s. In this case, the eigenfunctions and eigenvalues are available in closed form
and can be expressed as

Mog-1 : @ = 2 cos2rda), Ny :a+= N2sin@rda), ., = Yoy = @ud)™,

ford=1,2,.. [28].
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We conclude by discussing selection of the tuning parameter k. Our goal is to select k large enough so that
H, contains a good approximation of an hy. Suppose hy belongs into the RKHS Sk. With prior knowledge
on hy, of available, a natural choice would be to set k = K, where we define

J(6o - 6%)
Vary(6o(4) = 6*(4))°

Ko = J(ho) =

Because K is typically unknown as it depends on 6, — 6*, we may in practice rely upon an estimate.
We propose to use a simple plug-in estimator for k. Consider the following transformation of the observed
data:

n'lz?=1gn(Ai|Wj)

gadwy T Gl A0} - 674D,

n
f(0) =1 ZQH(
It is shown in [5] that one can consistently estimate 6, — 6* by regressing f,(0;) on A. We estimate 6, - 6*
ascon + ZdDﬂcd,,,qd, where the coefficients are the minimizers of a penalized least squares loss, namely

D 2
Coms Gunseves Con = @rgmin n71y {£,(0) - Z cany(A; ) z —d (16)
Co,C1, ... ,CgER d=1
where A > 0 is a tuning parameter. The penalty term in (16) controls the RKHS norm of the resulting estimate,
with smaller values of A corresponding to a less smooth estimate. To select A, we perform cross-validation for
a large set of candidate values, and we choose the largest candidate for which the cross-validation error
is within one standard error of the minimum cross-validation error. This strategy provides a parsimonious
estimate of 6, — 0* that fits the observed data well. In practice, the resulting estimate will often be less rough
than 6y — 6* [29]. Finally, we estimate h, as

Zd lcdn 121 1’]](‘4 )]
h, =
Var”z[zd 1€Ca, n’ld(A)]
and we estimate x, as
czn
32,5
Kn = J(hn) =

Val‘n[de:1Cd,n’7d(A)l

4.2 Calculation of W, g+(H)

We now describe how to calculate ¥, o«(h) and ¥, g+(). It is first necessary to estimate the nuisance para-
meters Q, and g,. The conditional mean Q, can be estimated using any of a wide variety of flexible nonpara-
metric estimators, such as artificial neural networks [30], the highly adaptive LASSO [25], or the Super Learner
[31]. In this work, we use the highly adaptive LASSO, which is implemented in the publicly available R package
halgool.

To construct a nonparametric estimator for the conditional density function g, we first observe that
&, can be approximated by a conditional mean function. Let 77 be a non-negative and symmetric function from

R to R* for which I[Rn(u)du = 1. We define g, , as
& (alw) = Eo[r'n(r™A - ah)|W = w],
where r > 0 is a bandwidth. It can be shown that g, (a|w) tends to g,(alw) as r tends to zero. It is therefore

sensible to estimate gy(a|w) using an estimator for the conditional mean g, .(a|w) for sufficiently small r. We
treat the bandwidth r as a tuning parameter that modulates the smoothness of the conditional density estimate
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in a, with smaller r corresponding to lesser smoothness. This estimator can be viewed as a generalization
of the kernel density estimator for learning a marginal density function.

For a given bandwidth r and a fine grid of fixed points a; < @, <..., one can estimate each g, .(a;-) using a
flexible nonparametric estimator for the conditional mean. One can then obtain estimates at intermediate
points via linear interpolation. To ensure that the conditional density estimate is non-negative, we fit a flexible
nonparametric model for log g, using the highly adaptive LASSO and transform the resulting model fit,
similarly as one would estimate a conditional mean in a generalized linear model with a log link. The
bandwidth r can be selected by performing cross-validation using the log loss function. We note that per-
forming cross-validation can be very slow as estimating g, .(aj|-) at a large number of grid points for several
different choices of bandwidth can be computationally intensive. An alternative strategy that we suggest is to
consider a kernel density estimator for the marginal density of A and to select r as the bandwidth for the
kernel density estimator that minimizes the cross-validation error for the marginal density. We expect this
approach to perform reasonably well as long as the conditional density of A at any given w is not much less
smooth than the marginal density.

We now discuss calculation of the one-step and TML estimators for ¢, o«(h), given that estimators Q, and g,
for Q, and g, are available. One can calculate the one-step estimator at h = n,; as

U ge(l1g) = N7 X |On(AD) = 0%(A)) = 171 ) {0a(Ak) ~ 6*(A)}
i=1

n
n(A) = 7t Y ny(Aw)
k=1 k=1

_ n
i PIACHIA

Al g {¥; - Q(W,, A}

s

n(4) - n’! 2 N4(AK)
k=1

where, as in Section 3.1, 6, : a - n‘lﬂlﬂQn(a, W) is the plug-in estimator for the dose-response function.
Because the one-step estimator is linear in h, it easy to see that for any h = 3 ;can,, l,b,f(h) can be expressed as

D
Yih) = Y cah(ny)-
a=1

Computing the TML estimator is more involved than computing the one-step estimator as we need
to calculate the TML update @, of the initial conditional mean estimator Q,. Recall from Section 3.1 that we take
Q, as the minimizer of the squared error loss along the parametric working model Qnp in (11). For a small
€ >0 and a positive integer B, we approximate Q, ; at B = Be as

B
Qupec(W, @) = Qu(W, @) + € ) Zn(a, W; npe),
b=1
where we define hy, p as
n
hape = arg max n7tY {¥; = Q, .-1(Ai, WIZn(Ai, Wy h). an
hEH\ i=1

The optimization problem in (18) is a quadratically constrained quadratic program and can be solved by using
publicly available software such as the CVXR package in R [32]. One can observe that because H, is symmetric
in the sense that h € H, implies —-h € H,, the derivative of the squared error loss,

Dy(B) = =11 Y {¥; = Q, p(Ai, WDIZin(Pn p), (18)
i=1

is necessarily nonpositive. One can therefore find a near-minimizer of the squared error loss by calculating
Qp e for incrementally increasing B until D,(Be) is sufficiently small. We take 0,= Qp,.> Where By, satisfies

Da(Bre) = {nlog(n)} /2 Var ;4({Y - Q (W, A)IZy(W, A; hy)),
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where h,, is the estimator for h, described in Section 4.1. This choice of B, ensures that D,(B¢) approaches zero
at a rate faster than n~'/2, which is a key condition for establishing asymptotic linearity of the TML estimator.
Additionally, choosing B, so that D,(Bp¢) is not much smaller than necessary and tends to zero at only
a slightly faster rate than n'/2 helps to prevent @, from being an overfitted estimator of Q,.

Now, for any 1, the TML estimator of ¥ 4«(1;) can be expressed as

() = N Y |05,(A) = 0%(A) - n Y {05,(A) — 0*(A}|n(A),
i=1 k=1

where we recall that 85, : a = n"13,0,(a, W) is the updated TML estimator for the dose-response function.
Because the TML estimator is linear in h, for any h = ZdD=1cdnd, we have

D
nge(1) = 2 Cathygs()-
d=1

Having described how to compute the one-step and TML estimators for y, o«(h), we now discuss how to

calculate W, g«(H,). Observe that for h = ZdD=1cdqd, the one-step and TML estimators are linear in the coefficient

vector ¢ = (¢, ...,¢g)' and can be expressed as U(6*)"c, where U(6*) is a D-dimensional vector for which
the dth element contains an estimator for tpo’@*(nd). Let V be a D x D matrix where element (d;, dy) is

n
Ng(AD - 1Y 0y (4))
j=1

n n
Vaa, = n71) Na,(A) = 1Y N (A4)
i=1 j=1

so that the empirical variance of h(4) is Var,(h(A)) = c¢"Vc, and let T = diag(yl‘l, ...,yd'l), where y,,.., ),
are the eigenvalues for the kernel K. We can express ¥, o«(Hy) as U(6*)"c,, where ¢, is defined as

¢, = argmax{U(0*)'c: c'Ve =1,cTc < y}. (19)
The Karush-Kuhn-Tucker conditions for the optimization problem in (19) imply that c, is the solution to
U0*) - 4(V+ ADc =0,
where A4, > 0 and A; > 0 are chosen so that the constraints are satisfied. With some algebra, one can show that
Cn = An(V + 2o, D)1U(6%),
where 4, , satisfies

U(O*T(V + JgnD) IV + Ayl 'U(O%)
U@ (V + I D) WV(V + I, 000" )

(20)

and
Mn ={UO(V + X nD) WV + A nT) U (6%} @D
Finally, we can express W,(Hy) as

W, o(H) = AsUO*)(V + A, D) U (6%).

4.3 Bootstrap approximation of the null limiting distribution

We now discuss how to draw multiplier bootstrap samples to estimate the null limiting distribution of
Y, o(Hy). Form = 1,..., M and M large, we draw Efm),..., &M as independent standard normal random vari-
ables. Let ™ = n 137 &™ and let U™ be a D-dimensional vector with dth element

n
U™ = nt Y ™ = E™)g, (055 )

i=1
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where we recall that ¢, o« is the plug-in estimator for the efficient influence function in (15) (and as noted in

Section 3.2, we may wish to replace 6* with an estimator for 6y). The mth sample from the multiplier bootstrap
estimate of the null distribution (see (14)) can be calculated as

YU (H,) = sup{(U™)'c : ¢'Te < y, ¢ Ve = 1.
' ceR?
The above optimization problem can be solved using the same routine described in Section 4.2, simply
replacing U with U™, Finally, for a realization ¢ of W, g«(7), a bootstrap p-value can be calculated as

M
Pu(t) = ML Y WWTUH,) > O).

m=1

4.4 Confidence band construction

In this section, we discuss how to visualize the confidence set for , obtained by inverting our proposed
hypothesis test. Recall from Section 2.2 that we propose to report the smallest band that contains all functions
belonging to the confidence set. This confidence band is defined as €, and its form is provided in (4).

We first need to construct a function class © that contains a collection of candidate values for 6,. While ©
can be a rich class, it cannot be entirely unrestricted. In fact, if © is too large, the confidence band C? can
possibly have infinite width. To see this, note that the confidence set C§ in (3) contains a set of functions 6 for
which ¥, o(H) is close to zero. It is possible to construct 8 so that at any given a, 8(a) takes an arbitrarily large
positive or negative value, but % ¢(?{) = 0. For instance, if ¥, (7) is constructed using TML-based estimation,
this could be achieved by setting 6(4;) = 05 (4;) fori = 1,..., n and allowing 0 to take any value at points where
no data are observed. We would encounter the same issue if we instead used the one-step estimator. By
selecting O as, e.g., a class of smooth functions, we are able to avoid this problem. On the other hand, we note
that if © is not large enough to contain 6y, C% is not guaranteed to achieve the nominal coverage rate. Given
these considerations, we suggest selecting © as a class of functions that is no less smooth than a reasonable
approximation of 6. In our implementation, we construct ® as a subset of functions belonging to an RKHS
for which the RKHS norm bounded above by a constant. That is, we take ® = 0,,, where

D DC‘%
0=>cany: Zy—<v

d=1 d=174d

@)V =

for v > 0. We propose to set v as the RKHS norm of a consistent estimate of 6, which could be obtained using
the method described in Section 4.1.

Lett}* , be the 1 - a quantile of the null limiting distribution of n'/ 29, g«(H,) for a fixed k. Given the above
construction of ©, the confidence band C{ takes the following form at any given point ay:

n D .2
. _ C _
Ci(ao) = |inf chd[nd(ao) -ty At Y 7‘1 SV, Uy e (H) S “Ztl*-a],
i=1 d=17%d d
(22)
n D .2
C,
sup chd na(ao) - nt Zrld(Ai) : z 7(1 <v, "pn,Zqud(HK) = n_llztl*—a .
i=1 d=17d d

The optimization problems in (22) are challenging to solve because ¥y, ¢, (71) does not have a closed
form expression in the coefficients g, ..., ¢p. Recall from Section 4.2 that we can write

T

(V+ X' )

an cdr]d(ﬂk) = Al_,}lU
d

D D
Z Caly Z Cally
d=1 d=1

where 4, and A, are constants that depend on U(Zg=1cdnd). By instead treating 4, and A,, as fixed,
we are able to obtain a closed form approximation of ¥, g+(Hy). When ¥, g«(H,) is constructed using either TML
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or one-step estimation, U (ZdDzlcdr;d) is linear in the coefficients. As a result, when the closed form approximation of
the test statistic is used, the optimization problem in (22) becomes a quadratically constrained quadratic
program. As noted previously, this type of problem can be solved using publicly available software such
as the CVXR package in R.

We conclude by discussing how to select the tuning parameters k, 4;, and A,. The choice of k should have
no bearing on the asymptotic coverage of the confidence set, though it may affect the confidence band’s width.
In order for the confidence band to have optimal width, we need to select k as to maximize the power to reject
any null hypothesis Hy : 8y = 6,. Although the optimal choice of k generally depends on the specific null
hypothesis being tested, the optimization problem in (22) would become complicated if , was not fixed. For
computational ease, we fix k as a single value that is large enough so that we have reasonable power to reject a
large set of null hypotheses. We set k as an estimate for J(8,)/Vary(6y(4)), which can be obtained using the
approach described in Section 4.1, so that we are well powered against nearly flat nulls when 6, is not very flat.
Finally, we pick 4, and Ay, to satisfy (20) and (21) with 6* = 0. For this choice of 4, and A, ,, the closed form
approximation of ¥, p«(H) will be fairly accurate when 6* is nearly flat. Although 4, and 4,, are data-
dependent, asymptotic coverage will be unaffected if 4, and A, converge to fixed constants.

5 Simulation study

5.1 Simulation setting

We begin by describing our approach for generating synthetic data sets. We first generate Wj,..., W,
as independent bivariate normal random vectors with mean zero, unit variance, and correlation % Given
W, we then draw Ay,..., A, from a conditional distribution with density function

expit({(w)a)
[, expit(¢(w)a)da

&law) = I(-1<as<?),

where we define { as
: 1
{(w) = 3yexpit(wy + wy) - 2l

Random variables with the above conditional density can be generated via the inverse cumulative distribution
function method.

We generate the outcome Y under the following settings.
Setting 1:

In the first setting, we construct the conditional distribution of the outcome given the exposure and
covariates so that the centered dose-response curve is zero. We draw Y from the model

+ g,

A
Y= —((W)‘l -3

where ¢ is a uniform random variable on [-2,2]. Because {(W) has mean zero, it can be seen that
Eo[Qy(W, a)] = 0 as desired.
Setting 2:

In the second setting, we consider the case where 0, is nonzero. We construct a model for ¥ so that the
dose-response function is

2a + a* - 3a3
= .

0y:a 5
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Figure 1: Plot of the dose-response function under the data-generating mechanism used in the simulation study.
A plot of the dose-response function is provided in Figure 1. We generate Y as

Y = 6(4) - ((W)[l - ?’ ve,

where ¢ is again a uniform random variable on [-2, 2].

Under each of the above settings, we use our proposed methodology to perform a test of the null hypoth-
esis that the dose function is flat, i.e., Hy : 8y = 0. In the first setting, the null holds, and we would expect our
approach to achieve nominal type-1 error control in the limit of large n. Under the second setting,
the alternative holds, allowing us to assess the power of our proposed test.

We also examine the behavior of the proposed confidence bands when 8, # 0. We compute the interval C¢
in (22) on an equally spaced grid of 50 points on the interval [-1,1]. We assess whether the bands
are appropriate in the sense that they roughly capture the shape of the unknown dose-response function,
and we evaluate the confidence bands’ coverage. We calculate both simultaneous coverage probability and
the average of the pointwise coverage probability over the 50 evaluation points.

We study the behavior of the following four variations of our proposal:

* A one-step estimator for ¥y ¢+ is used, and we set k as the oracle .

» A TML estimator for ¥y ¢+ is used, and we set k as the oracle k.

* A one-step estimator for ¥ o+ is used, and we set k as the data-adaptive choice ;.
» A TML estimator for ¥, ¢+ is used, and we set k as the data-adaptive choice k.

In each case, we use D = 20 basis functions.

We compare our proposed hypothesis test with an approach similar to that described in the study of
Westling [18], which is based on estimating primitive functions of the dose-response function. As noted above,
their approach can be viewed as a variation of our proposal where we set H = {h(a) = I(a < ay) : ag € A}.
We use our own implementation of this procedure, which differs slightly in that we estimate ), 4+(h) using
a one-step estimator, whereas Westling [18] uses a cross-fitted estimator. We apply each of the above methods
to 500 synthetic data sets for n € {100, 200, ..., 500}.

5.2 Simulation results

Figure 2 shows the Monte Carlo estimate of the distribution function for the p-values produced from each
method under Setting 1, where the flat null holds. When the type-1 error rate is well-controlled for any
significance level a, the distribution function should be linear. We find that our approach achieves type-1
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Figure 2: Monte Carlo estimates of the empirical distribution of the p-values under the flat null.

error control near the nominal error level when the oracle choice of k is provided, and the data-adaptive
choice results in some modest anti-conservatism. The approach based on estimation of primitive functions also
achieves nearly nominal type-1 error control.

Figure 3 shows the Monte Carlo estimate of the distribution functions for the p-values under Setting 2, where
the alternative holds. We find that our proposal has high power when the oracle choice of k is supplied, and power
declines when a data-adaptive choice is used. The approach proposed in the study of Westling [18] outperforms our
approach when k is chosen data-adaptively but performs worse than our approach when the oracle choice is used.
This suggests that making use of known structure on 6, can help us improve power to reject some alternative
hypotheses, though there is a notable decline in performance when we attempt to learn the structure from the data.

Figure 4 shows the median upper and lower limits of the confidence bands that were constructed using our
proposal. We find that the confidence bands are able to capture the shape of the dose-response curve, and the width
of the bands decreases as the sample size grows, as expected. Figure 5 shows the uniform and average coverage
probabilities of the proposed confidence bands. We find that when © is known, the confidence bands achieve
simultaneous and average coverage at or above the nominal level. However, when 0 is selected data-adaptively,
the uniform coverage rate falls far below the nominal level, though the average coverage rate remains near
the nominal level. That the confidence bands have poorer coverage with data-adaptive selection of © is unsurprising
as we only have theoretical coverage guarantees when 0 is known to contain 6y, and our approach only assures that
the class contains a close approximation for 6. This is evidently insufficient, in particular for uniform coverage.

6 Data example

As an example, we use our method to analyze data from the Adaptive Strategies for Preventing and Treating
Lapses of Retention in HIV Care (ADAPT-R) trial [20]. ADAPT-R was a sequential multiple assignment
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Figure 3: Monte Carlo estimates of the empirical distribution of the p-values for a test against the flat null, under the alternative
hypothesis.
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randomized trial run in Kenya that studied the effectiveness of interventions for optimizing retention in HIV
treatment in a population of people living with HIV who initiated care. In this study, a question of secondary
interest is whether the distance a participant must travel to reach the nearest HIV clinic affects their retention
in care. We perform an analysis to address this secondary aim, pooling across the trial’s randomized arms.
We conduct our analysis using a sample of 1,815 participants from the ADAPT-R trial. We treat as the
exposure of interest the distance from the nearest clinic. The distribution of the exposure variable is highly
skewed. Approximately 95% of the study participants lived within 20 km of the nearest clinic, and among the
remaining participants, distance ranges between 20 and 500 km. Because these extreme values are fairly rare,

0 Y=1

Y=

0.0 0.4

-0.4

20 30 40 50 60 70

Distance from Clinic (kilometers)

p-value = 0.774 [ -

Distance from Clinic (kilometers)

Figure 6: (Top) Violin plot of distribution of the distance to furthest clinic, by status of retention in care. (Bottom) Plug-in estimate
of centered dose-response function and 95% confidence bands.
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there is concern about potential violation of the positivity assumption. To avoid this issue, we exclude from
this analysis participants who lived more than 20 km from the nearest clinic, obtaining a final sample size of
1,600. Our outcome is a binary variable that is equal to one if a patient had neither experienced a lapse in care
(defined as missing a scheduled clinic visit by at least 14 days) nor had unsuppressed HIV viral load 1 year after
initiating care, and is zero otherwise. A total of 446 study participants experienced a lapse in care or had an
unsuppressed HIV viral load within 1 year. As our exposure of interest is not randomized, we adjust for the
following set of measured baseline variables that may either confound the exposure outcome relationship or
predict the outcome and thus improve efficiency: age, sex assigned at birth, and a wealth index.

In Figure 6, we display the marginal distribution of distance to clinic by retention status. There does not
appear to be a strong association between distance and retention, as the marginal distribution is nearly the
same in both groups. To more formally assess the presence of an effect, we apply our method to perform a test
of the flat null. We use the data-adaptive choice of k described in Section 4.1, and we use a one-step estimator
for ¥y o«(H). Figure 6 shows a plug-in estimate of the centered dose-response function, in addition to 95%
confidence bands and a p-value for a test of the flat null. The dose-response function appears to be nearly flat,
and we are unable to reject the flat null hypothesis based as our p-value is quite large. These results suggest
that there is no strong evidence to support that distance from clinic has a strong effect on retention in care
in people living with HIV in this setting.

7 Conclusion

This work provides a novel approach to inference on the causal dose-response function. We show that, under
mild regularity conditions, our nonparametric test achieves type-1 error control near the nominal level and is
well-powered against the null. We also present a computationally tractable method for visualizing confidence
sets constructed by inverting our proposed test. The recent proposal by Westling [18] also performs well under
weak assumptions, though their work does not present a method for constructing or visualizing confidence
sets. That we introduce a novel approach for constructing confidence sets is a key strength of our work.

The strategy for inference on the dose-response function we describe in this article can be adapted to address
other problems of interest in the causal inference literature. For instance, one could use our approach to assess for
treatment effect heterogeneity by testing the null hypothesis that a conditional average treatment effect curve is flat.

One of the main limitations of this work is that we require a specification for the function class H for our
test to be operational, though this class can be challenging to select in practice. When # is specified a priori
and contains hg, our proposal performs very well, but when we attempt to select + data-adaptively, we suffer
a loss in performance. We note that in some settings, selecting H a priori may be possible. For instance, if an
independent data set is available (e.g., from a closely related study), one could use this data set to construct H
without looking at the data set they are primarily interested in analyzing. Alternatively, it is sensible in many
settings to assume, without looking at the data, that the dose-response function is monotone. Therefore, one
could consider implementing a version of our procedure where # is a class of bounded monotone functions.
In future work, we plan to develop improved strategies for tuning parameter selection.

Our proposal also requires that the nuisance parameter estimators are not overly complex. This condition
is somewhat prohibitive and disallows us from using more flexible estimators, such as gradient-boosted trees
[33]. To avoid this assumption, one could develop a slightly modified version of our procedure where y 4
is estimated using cross-fitting [34,35].
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Appendix
A Proofs of theoretical results

Proof of Lemma 1. Let P be a distribution function that satisfies conditions A1-A3, and let p denote the density
of P with respect to a dominating measure p. Let w : ‘W x A x Y — R be an arbitrary function with zero
mean and finite variance under P. We define P. as the parametric submodel with density function
p.:(w,a,y) = p(w,a,y){1+ ew(w, a,y)} for € small. We can observe that P, is equal to P at € = 0, and the
score function is w. Every regular parametric model that passes through P and has score function equal to w
can be closely approximated using such a submodel. If there exists function ¢3P that satisfies

d N
g Vo (Wle=0 = Epl9p(0; Mw(0)], (AD

for any choice of w, then i, o«(h) is pathwise differentiable in a nonparametric model, and @,(; h) = Ep[@,(0; h)]
is the nonparametric efficient influence function. We show that such a function exists, and when centered about
its mean, it is equal to ¢P’9*(~ ; h).

We first evaluate the derivative of i, at e = 0. We express §;, ,-(h) as the sum of three components:

Ypg(h) = GR(h) = GR(h) - GF(h),
where for any distribution P, we define

Gp(h) = Ep[0p(A)h(A)]
Gp(h) = Ep[6p(A)]Ep[n(A)]
Gp'(h) = Ep[0*(A)h(A)] - Ep[0*(A)IEx[6*(A)].

To make calculation of the derivative of y,, o~ more manageable, we evaluate the derivative of the three

additive components at € = 0.

iG},e(h)Hg:O. We can write Gy (h) as

a
Gp(h) = _[Og(a)h(a)p(w, a, )L + ew(w, a,y)idu(w, a,y),

where 05, is the dose-response function under P.. To proceed, we need an expression for the derivative of 6, (a)
with respect to £&. We can write

We first calculate

0p(a) = u(dw)

il

_[ng(w, a)[jp(w, a, yxl + ew(w, a, y)lu(dy, da)

where Qp, is the conditional mean of Y given A and W under P. Letting p'(yla, w) be the conditional density
of Y given A and W, it can be shown that the derivative of QPE ate=0is

d .
3500 Dle=o = [ = 0w, ), @, Y)pGla, w)d(y).

Now, let the conditional density of (4, Y) given W be pii(a, yjw), and let the marginal density of W be pi(w).
We now calculate the derivative of 8p(a) at € = 0:

u(dw)

d d
4@ = J[Eope(w, a) FO[Jp(w, a, y)u(dy, da)

u(dw)

+ JQP(W, a)Up(w, a, y)w(w, a, y)u(dy, da) 2
A2

= [[[o - stw, 3w, @, y)picyia, wiu(y)|picwyucaw)

+ [ Qtw, ayptiw)| [pi(a, yiw)w(w, a, y)u(dy, da)fu(dw).
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We can now express the derivative of GII% (h) as

d
—GL(h
de r()

d
[ g On@leoh@pw. @, y)duw, 0.3 + [Bp(@piw, @, y)ow, @ y)du(w. @.y)
= [[Jor - @otw, @, &y ia, wydue) piewuawh@pow, @ y)dutw, a,y)

piil(w)u(dw)h(a)p(w, a, y)du(w, a, y)

+ [, a)Upﬁ(a,ﬂw)w(w, a,y)u(dy, da)

+ _[Gp(a)h(a)p(w, a,y)ww, a,y)du(w, a, y).

Let the marginal density of A be p¥(a), and let the conditional density of W given A be p¥(w|a). Observe that
we can express the marginal density of W as

i) = v pV@
piw) = p*(wla) gp(alw)]'
Using this fact, we can write
iGI(h) = Ep|E P4 Eol{Y - Qo(W, A} w(W, A, Y)|W, A]|A|h(A)
de B T gaw) [0 Lol o ’
(A3)
iv A
+ Ep|Ep gf( A(|m)/) Qp(W, A)Ep[w(W, A, Y)|W]|A[h(A)| + Ep[8p(A)R(A)w(W, A, Y)].

By applying the law of total expectation in the first two lines, we obtain

Dot =BlZD Ly 0w apmarw, 4, v)
dS P, e=0 ‘P gP(AIW) P bl s 431,
v BB Lo o ayheayw loew, 4, 1)
SAIW) | o

+ Ep[0p(Ah(A)w(W, A, Y)].
Finally, by observing that in the second line above, the conditional densities of A given W cancel, we have
p(4)
S(AIW)

+ Ep[Ep Al Qp(W, A)h(A)]w(W, A, Y)]
+ Ep[0p(A)h(A)w(W, A, V)],

d
LChW| =E

=0

{Y - Qp(W, A}h(Aw(W, A, Y)

where Ep 4 is the expectation over the marginal distribution of A under P.
We now evaluate the derivative of G5 (h). We can express Gy as

GH) = [[0r@pw, a,y)t + 2w, @, y)iducw, a, || [r@p(w, @)t + eotw, @ yiduow, o, y))

The evaluation of its derivative at zero is

d
[ <5 108(@1e-opCw, @, y)du(w, a,)

d
R0 ‘0 - [Ih(a)p(w, a,y)dutw,a,)

IGP(a)p(W: a, Y)w(W, a:)’)dﬂ(W: a’)’)

+ [Ih(a)p(w, a,y)du(w, a, )

+ [jh(a)w(w, a,y)p(w, a, y)du(w, a,y)][jepm)p(w, a,y)du(w, a, )
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Performing similar steps as were used to calculate %G},E (h)|¢=0, it can be shown that
p(4)
8p(AlW)

+ Ep[Ep[h(A)]Ep a[Qp(W, A)]w(W, A, Y)]
+ Ep[Ep[h(A)]0p(A)w(W, A, Y)] + Ep[Ep[6p(A)|R(A)w(W, A, Y)].

= Ep[h(A)]E,

=0

%G}{(h) {Y - Qp(W, A}w(W, A, Y)

(A9)

Now, we take the derivative of the remaining term G},f(h). Rather than perform this calculation directly,

we recognize that GY(h) is simply the covariance between h(4) and 6*(A) under P, and it is well known that

the derivative can be expressed as

%Gg(h) o Ep[{6*(A)h(4) - E[h(A)]6*(A) — E[6*(A)]h(A)}w(W, A, Y)]. (A5)

Now, by (A3), (A4), and (A5), we can express %lpl,&e*(h)h:o as
iw #(M)]e=0 = i[GI(h) = Gp(h) = GR'(M)]e=0
de R0\ Wle=0 =G 15R B, B ) ]e=
= EP[¢;(WJ Aa Y, h)w(W)A) Y)];
where we define

(W, a,y; h)=|0p(a) - Gp(a) + ;(T(ru)/){y = Qp(w, a)tf{h(a) - Ep[h(A)]}
P
+ Ep[Qp(w, A){h(A) - Ep[h(A)]}].
The proof is completed by observing that pV(a) = Ep[gp(alW)], and

bpo(; 1) = @5 (5 h) = Eplgy(W, A, Y5 h)]. O

Proof of Lemma 2. This result is an immediate consequence of Slutsky’s theorem [36] (see, e.g., Theorem 7.15
of [36]). O

Proof of Theorem 1. The one-step estimator can be expressed as
n
(1) = Yo ge(h) = N1 Y @5 (O h) + Ryn(h) + Ry(h),
i=1

where we define

Ryp(h) = -

’

Y 95,40 1) = §p, (05 h) - Uebﬁ(o; h) - ¢p,(0; h)dpo(o)]
i=1

Ryn(h) = Y g+(R) = Yy g+(h) ~ I¢p,9*(0; h)dPy(0).

By the triangle inequality, it is sufficient to show that sup, <, |R;,»(h)| and supycq, [R, n(h)| are both op(n12).

To see that sup|R;,(h)| = op(n1/2), we note that by Assumption B1 and Theorem 2.10.6 of [37], H is a
Py-Donsker class, and therefore, sup,q, In"13 1 h(A;) — Eo[h(A)]l = Op(n~/2). In view of this fact and Assump-
tion B2, it can be concluded that the estimator ¢ o« of the efficient influence function is uniformly consistent
over H, that is

sup [1;(03 1) = 9,03 WFAP(O) = 05D

It is shown in the proof of lemma 19.26 in [38] that when this condition is satisfied, and Assumption B2
holds, sup,cqy [Ria(h)| = 0p(n/2).
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It remains to be shown that R, ,(h) is asymptotically negligible. With some algebra, it can be shown that
the second remainder term can be expressed as

Ryn(h) = Ry,(h) + RiL(h) + RiL(h) + RIY(h) + Ry, (),
where we define

Eilg@w)l  n 3L g,(aln)
g(ajw) g (alw)

Ryn(h) ==_[ {Qo(w, @) - Qu(w, m}{h(a) — Eo[h(A)}dPo(w, a)

n

Ri ()= ! Z{n-1 Y Qu(Ws A)h(4) - E[h@)]} - [Qu(W;, a)ih(a) - Eh(A)]}dPy(a)
j=1

i=1

-]

n1 Y Q,w, AYh(4)) - Eo[h(4))]} - IQn(W, a)th(a) - Eo[h(A)]}dPo(a){dPo(w)
j=1

iii Qs n't Zfl g.(alWp)
RIS = ! Y h(a) = Byl — 22001000 @) = 0w, ldPu(@)
RiL(R) = {Eolh(A)] - nt T h(apfin™ 3 int 3 0,(W;, 4) - [0,(W a)dpo<a>]
i=1 i=1 j=1
- {Eolh(A)] - nt Y Rl [{nt 3 @,w, 4) ~ [Q,w, a)dPy(@)}dPy(w)
i=1 j=1
RY(h) =i 3 h(A) = EolR(A)Ifin 3 6*(4) - Eol6*(A)]}.
i=1 i=1

By the triangle inequality, it suffices to argue that each of the above components converges to zero in
probability at a rate of n'/? uniformly in .

It follows directly from Assumption Bl that suphewlei,n(h)| = op(n"2). We now argue that
SUPpeqy IREL(D)] = 0p(n712). Observe that

sup J

n 2
Y Q,(w, ADh(A) - [Q,w, a)h(a)d%(a)] dPy(w)
i=1

heH
n 2
< zhsupj MY 1Q,w, 4D = Qo(w, AD}h(AD) = [10,(w, @) = Qy(w, Wh(@)dP(@)| dPo(w)
eH i=1
n 2
+ 25up [{n Y Quw, A)h(A) - [Qy(w, )h(@)dPy(@)} dPo(w) = 0p(D),
heH i=1

where the convergence follows from the rate conditions and the Donsker assumption. It can thus
be concluded using the argument in the proof of Lemma 19.26 of [38] that supheﬂlei’in(h)l = op(n12).
It can be seen that sup,c,RI(h)| = 0p(n™?) and sup,cq|RY(R)| = 0p(n"12) by recalling that supj,c,
In'YL1h(A) — Eo[h(A)]| = Op(n™"/?) and noting that Q, is a consistent estimator for Q,. Similarly, that
SUPyeq IRV ()| = op(n™/2) follows from uniform consistency of n~'3;L,h(4;). This completes our argument
to show that the one-step estimator is uniformly asymptotically linear. O

Proof of Theorem 2. The proof of Theorem 2 is nearly the same as the proof of Theorem 1, so we only provide
a brief outline of the argument. The TML estimator can be expressed as

g () = Uy gs() = N1 Y ¢, (Ois h) + Ryn(h) + Ryn(h) + Rsn(h),

i=1
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where we define

Rip(h) = -

bl

N 5,040 h) = @ (0 h) - ‘I%(o; h) = ¢5,(0; h)dPo(O)]
i=1

Ron(h) = U g:() = By (1) = [94:(05 WYAPo(0)

n
Ryn(W)=-n"1 ) ¢5(0; h).
i=1
Uniform asymptotic negligibility of R, ,(h) and R;,(h) follows from the same arguments we presented for
establishing uniform asymptotic linearity of the one-step estimator. Additionally, we have by construction that
SUPpeqy [R3n(R)| = 0p(n™Y/2). From this, we can conclude that the TML estimator is uniformly asymptotically
linear. O
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