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Summary. The ability to predict individualized treatment effects (ITEs) based on a given patient’s
profile is essential for personalized medicine. We propose a hypothesis testing approach to choosing
between two potential treatments for a given individual in the framework of high-dimensional linear
models. The methodological novelty lies in the construction of a debiased estimator of the ITE and
establishment of its asymptotic normality uniformly for an arbitrary future high-dimensional observa-
tion, while the existing methods can only handle certain specific forms of observations. We introduce
a testing procedure with the type-I error controlled and establish its asymptotic power. The proposed
method can be extended to making inference for general linear contrasts, including both the average
treatment effect and outcome prediction. We introduce the optimality framework for hypothesis test-
ing from both the minimaxity and adaptivity perspectives and establish the optimality of the proposed
procedure. An extension to high-dimensional approximate linear models is also considered. The fi-
nite sample performance of the procedure is demonstrated in simulation studies and further illustrated
through an analysis of electronic health records data from patients with rheumatoid arthritis.
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1. Introduction

It has been well recognized that the effectiveness and potential risk of a treatment often vary
significantly by patient subgroups. The ability to predict individualized treatment effects (ITEs)
based on a given covariate profile is essential for precision medicine. Although trial-and-error
and one-size-fits-all approaches remain a common practice, much recent focus has been placed on
predicting treatment effects at a more individual level (La Thangue and Kerrl [2011; Ong et al.,
2012)). Genetic mutations and gene-expression profiles are increasingly used to guide treatment
selection for cancer patients (Albain et al., 2010; [Eberhard et al., |2005). Large scale clinical trials
are being conducted to evaluate individualized treatment strategies (Chantrill et al., 2015; Evans
and Relling, 2004; Simon et al., [2007). The increasing availability of electronic health records (EHR)
systems with detailed patient data promises a new paradigm for translational precision medicine
research. Models for predicting ITE can be estimated using real world data and can potentially be
deployed more efficiently to clinical practice.
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Motivated by the ITE estimation using EHR data with high-dimensional covariates, we consider
in this paper efficient estimation and inference procedures for predicting a future patient’s ITE
given his/her p dimensional covariates when p is potentially much larger than the sample size n.
Specifically, we consider high-dimensional linear regression models for the outcomes in the two
treatment groups:

Y, =Xy 8 +e, k=1,2, (1)

where Y = (Yi15 o, Ykn, )T and X = (X1, ..., Xjp,, )T are the response and covariates observed
independently for the nj subjects in the treatment group k respectively, €, = (€x 1, ..., €k, )T is
the error vector with constant variance a,% = var(e,;) and By € RP is the regression vector for the
k™ treatment group. For a given patient with covariate vector x,., € RP, we construct point and

interval estimators for the ITE A,,, = xT (81 — B2) and consider the hypothesis testing

Hy:xT (81 —0B2) <0 vs. Hp:x' (81—082)>0. (2)

1.1. Individualized Treatment Selection

While clinical trials and traditional cohort studies remain critical sources for precision medicine
research, they have limitations including the generalizability of study findings and the limited
ability to test broader hypotheses. In recent years, due to the increasing adoption of EHR and
the linkage of EHR with bio-repositories and other research registries, integrated large datasets
now exist as a new source for precision medicine studies. For example, the Partner’s Healthcare
System (PHS) biobank contains both a wealth of clinical (e.g. diagnoses, treatments, laboratory
values) and biological measurements including genomic data (Gainer et al.,|2016). These integrated
datasets open opportunities for developing EHR-based individualized treatment selection models,
which can potentially be fed back to the EHR system for guiding clinical decision making.

To enable EHR for such precision medicine research, different patients cohorts with specific
diseases of interest have been constructed at PHS via the efforts of the Informatics for Integrating
Biology and the Bedside (i2b2) (Kohane et al., 2012). An example of such disease cohort is rheuma-
toid arthritis (RA), consisting of 4453 patients identified as having RA using a machine learning
algorithm (Liao et al., [2010). A small subset of these patients have their genetic and biological
markers measured. The biomarker data integrated with EHR data can be used to derive ITE
models for guiding treatment strategies for RA patients. A range of disease modifying treatment
options are now available for RA patients, including methotrexate, tumor necrosis factor inhibitors
often referred to as anti-TNF, and the combination of the two (Calabrese et al.,[2016)). The superi-
ority of the combination therapy over monotherapy has been well established (Emery et al., [2008;
Breedveld et al., 2006; van der Heijde et al., 2006)). Despite its superiority, a significant proportion
of patients do not respond to the combination therapy with reported response rates ranging from
about 30% to 60%. Due to the high cost and significant side effects including serious infection and
malignancy associated with anti-TNF therapy (Bongartz et al., |2006)), there is a pressing need to
develop ITE models to guide RA treatment selection. We address this need by deriving an ITE
model for RA using the biomarker linked EHR data at PHS. The proposed procedures are desirable
tools for application since the number of potential predictors is large in this setting.

1.2. Statistical Framework and Contributions

Many statistical and machine learning algorithms have been proposed for estimating the ITEs
(Zhou et al.| [2017; |Zhao et al., 2012; Imai and Ratkovic,, 2013; |Qian and Murphy, [2011)). However,
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existing methods largely focused on the low-dimensional settings. In the presence of high dimen-
sional predictors, inference for the I'TEs becomes significantly more challenging. Several regularized
procedures have been proposed for estimating A,., = xT (81 — B2) (Chen et al., 2001} Tibshirani,
1996; |[Fan and Li, 2001} |Candes and Tao, 2007; |Sun and Zhang, [2012; |Zhang), |2010; |Belloni et al.,
2011; [Moon et al., 2007; |Song et al., [2015; Belloni et al., 2014). However, when the goal is to con-
struct confidence intervals (CIs) for A,,,, it is problematic to estimate A,,, by simply plugging in the
regularized estimators due to their inherent biases. These biases can accumulate when projecting
along the direction of x,,, and result in a significant bias in A,,,; see Table [2| for details.

In this paper, we develop the High-dimensional Individualized Treatment Selection (HITS)
method that aims to choose between two treatments for a given individual based on the observed
high-dimensional covariates. We propose a novel bias-corrected estimator for xT (8; — B2) and
establish its asymptotic normality for any given x

new

.- Lhis is achieved by imposing an additional
novel constraint in the construction of the projection direction, which is used to correct the bias
of the plug-in estimator. This additional constraint guarantees that the variance of the HITS es-
timator dominates its bias for any x,.,. With this bias-corrected estimator, we construct Cls and
carry out hypothesis test for A, under the challenging setting where x,., is of high-dimension and
of no special structure. Rigorous justifications are given for the coverage and length properties of
the resulted ClIs and also for Type I error control and power of the proposed testing procedure.
More generally, the HITS method can be adapted for making inference about any linear contrasts
xT By for k = 1,2, which are crucial to inference for average treatment effect (ATE) and inference
related to prediction; see Sections and [5|for details. We have also extended the asymptotic nor-
mality results to high-dimensional approximate linear models. We further introduce an optimality
framework for hypothesis testing in the high-dimensional sparse linear model and establish the
optimality of HITS from two perspectives, minimaxity and adaptivity, where minimaxity captures
the difficulty of the testing problem with true sparsity level known a priori and adaptivity is for
the more challenging setting with unknown sparsity.

We summarize two key contributions of the current paper below and then compare the present
work to existing high dimensional inference literature in Section

e To the best of our knowledge, the method proposed in the current paper is the first unified
inference procedure with theoretical guarantees for general linear contrasts xT (81 — 32) and
xT Bk for k = 1,2, where no structural assumptions are made on the high-dimensional loading
X,... Lhis is a challenging task as noted in prior literature on inference for linear contrasts in
high dimensional regression (Cai and Guo, 2017; |Athey et al., [2018; Zhu and Bradic, 2018)).

e Optimal detection boundary without knowledge of the exact sparsity level, noted as an open
question in |Zhu and Bradic (2017)), is addressed in the current paper. It is shown that HITS
is adaptively optimal for testing the hypotheses over a large class of loadings x,., with
unknown and unconstrained sparsity level.

1.3. Comparisons with High-dimensional Inference Literature

For a single regression coefficient under sparse linear models, |[Zhang and Zhang (2014); van de Geer
et al. (2014); Javanmard and Montanari (2014) introduced debiasing methods for CI construction.
Inference for more general linear contrasts has been investigated recently in (Cai and Guo (2017));
Athey et al. (2018); |Zhu and Bradic (2018). These all require special structure on the loading x,,,.
Our work is the first to provide valid inference procedures for general contrasts with arbitrary high-
dimensional loading x,., without special structures. More specifically, in the context of constructing

new
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CIs, |Cai and Guo (2017) showed a significance difference between sparse and dense x,,,. The meth-
ods developed for a single regression coeflicient can be extended to a sparse x,., but the construction
of a dense x,., relies on a conservative upper bound and requires the information on sparsity level.
Athey et al. (2018) constructed CI for the general linear contrasts for x,., only if the loading x,.,
has a bounded weighted ¢2 norm and constructed CI for ATE under the overlap assumption; see
Section for detailed discussion. Zhu and Bradic (2018) constructed a CI for the linear contrast
under the condition that the conditional expectation E[xT X;; | v]Xi,- - 7V;—1X1,i] is a sparse
linear combination of VIXM, e ,V;_lXu, where {Vj}lgjgp_l span the space orthogonal to x,.,.
The most significant distinction of the proposed HITS method from the aforementioned literature
is a unified uncertainty quantification method for all high-dimensional loadings x,.,,.

Hypothesis testing for more general functionals has been recently considered in |Javanmard and
Lee| (2017) and |Zhu and Bradic (2017). |Javanmard and Lee| (2017) reduced the testing problem for a
general functional to that for the projection of the functional of interest to a given orthogonal basis
and then construct a debiased estimator of the corresponding basis expansion. The test statistic is
constructed by comparing this debiased estimator and its projection to the null parameter space.
This strategy can also be used to construct Cls for a linear contrast, but is only valid if x,.,
is sparse. Our proposed method is useful for more general hypothesis testing problems in high
dimensions. After the first version of the present paper was released, |Javanmard and Lee| (2020)
adopted our proposed construction for the projection direction in and @ and extended their
testing procedure to handle arbitrary linear contrast; see Remark 2 of Javanmard and Lee (2020)
for details. [Zhu and Bradic (2017) proposed a general testing procedure by first constructing an
estimator by ¢1 projection of the penalized estimator to the null parameter space and then debiasing
both the penalized and projected estimators. The test is based on the difference between these two
debiased estimators and a critical value computed via bootstrap. Although this test, in principle,
controls the type I error of , the asymptotic power is established only when the true parameter
is well separated from the null under the ¢, norm by n~i. There are no results on the power if
the true parameters in the alternative outside this region. Our approach is distinct; we establish
the asymptotic normality of the proposed estimator of A,.,, uniformly over all loadings x,., and the
whole parameter space of approximately sparse regression vectors. As a consequence, 1) we have an
asymptotic expression of the power of the proposed test for all A,,,; 2) since the asymptotic power
in Zhu and Bradic (2017) is established by inequalities instead of the limiting distribution, the CIs
for A,., by inverting the testing procedure in Zhu and Bradic (2017) can be more conservative than
the CI constructed in the present paper. Additionally, we resolved the open question raised in|Zhu
and Bradic (2017) “the minimax detection rate for this problem without knowledge of the sparsity
level is also an open question” in Corollary [4] of the present paper. We provide more technical
comparisons to these two approaches in Remark

Another intuitive inference method for a general linear contrast is to plug-in the debiased es-
timator for individual regression coefficients developed in [Zhang and Zhang| (2014)); [van de Geer
et al. (2014); Javanmard and Montanari (2014). A numerical comparison of this estimator with the
proposed HITS procedure is given in Section [6l The results show that HITS not only is computa-
tionally more efficient but also has uniformly better coverage properties than the plug-in estimator.

From another perspective, we compare the optimality results for hypothesis testing established
here with those for CIs given in (Cai and Guo (2017). The adaptivity framework for hypothesis
testing is different from that for CI construction. In addition, the current paper considers a broader
classes of loadings than those in |Cai and Guo| (2017)), including the case of decaying loadings and
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a more general class of sparse exact loadings.

1.4. Organization of the Paper

The rest of the paper is organized as follows. Section [2| presents the proposed testing and CI pro-
cedures for A,,,. Theoretical properties are given in Section |3} Optimality of the testing procedure
is discussed in Section [4) The proposed method is extended in Section [5| to quantify uncertainty
for prediction in high dimensional linear regression; The numerical performance is investigated in
Section [6l In Section [7}, we apply the proposed method to infer about ITE of the aforementioned
combination therapy over methotrexate alone for treating RA using EHR data from PHS. Discus-
sions are provided in Section [§] and proofs of the main results are given in Section [0] Additional
discussions, simulations and proofs are presented in the supplement (Cai et al., 2020).

1.5. Notations
For a matrix X € R™*?  X;., X,;, and X;; denote respectively its ™ row, j* column, and (4, j)
entry. For a vector x € RP, x_; denotes the subvector of x excluding the j* element, supp(x)

denotes the support of x and the ¢, norm of x is defined as ||x|; = ( ?:1 \xj\q)i for ¢ > 0
with ||x[jo = [supp(x)| and |[x[|cc = maxi<j<p |z;|. For a matrix A, we define the spectral norm
[All2 = supjx,=1 [[Ax[|2; For a symmetric matrix A, Amin (A) and Amax (A) denote respectively the
smallest and largest eigenvalue of A. We use ¢ and C to denote generic positive constants that may
vary from place to place. For two positive sequences a,, and b,, a, < b, means a, < Cb, for all
n and a, 2 by, if b, < a, and a, < b, if a, < b, and b, < ay, and a, < b, if mnﬁoo% =

and a, > b, if b, < a,. For a sequence of random variables X, indexed by n, we use X, i> X
and X, 5 X to represent that X,, converges to X in distribution and in probability, respectively.
For p = p(n), we consider the regime that p(n) — oo with n — oo and hence write n — oo for
min{n,p} — occ.

2. Methodology

In this section, we detail proposed inference procedures for the ITE A, = xT (81 — B2). We first
discuss existing bias correction methods in high-dimensional regression in Section and introduce
a novel construction of projection direction which adapts to any given loading x,., in Section
where throughout we use subscript k& € {1,2} to index the treatment group. Then in Section
we propose point and interval estimators as well as a hypothesis testing procedure for A,,,. In
Section we extend the proposed method to inference for average treatment effect.

2.1. Existing Method of Bias Correction: Minimize Variance with Bias Constrained
Given the observations Y, € R™ and X € R™*P 3, can be estimated by the Lasso estimator,

~ YR = XeBrll3 [logp &
Br = argmin ”k2kﬂk‘|2 + A o8P ZWk,j|:3k,j|7 for k=1,2, (3)
BrERP ERT ng g j=1
with a pre-specified positive constant A > 0 and W}, ; = n—lk Yok X,f i denoting the penalization

weight for the j™ variable in the k™ treatment group. The variance a,% is then estimated by
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o2 = n—1k||Yk - XkﬁkH% for £ = 1,2. We note that, other initial estimators can also be used,
including the Dantzig Selector (Candes and Tao, 2007) and tuning-free penalized estimators, such
as the scaled Lasso (Sun and Zhang, 2012), square-root Lasso (Belloni et al., 2011), and iterated
Lasso (Belloni et al., [2012), as long as the initial estimators Bk and 8]% satisfy certain consistency
properties (Conditions (B1) and (B2)) as stated in Section

We discuss the bias correction idea for estimating xT 3; and the same approach can be extended
to k = 2. A natural and simple way to estimate xT (3; is to plug in the Lasso estimator B\l in (3).
However, this plug-in estimator XL,Bl is known to suffer from the bias induced by the penalty in (3]).
For the special case x,., = e, where e; is the j** Euclidean basis vector, various forms of debiased
estimators have been introduced in Zhang and Zhang (2014); van de Geer et al.| (2014); Javanmard
and Montanari (2014) to correct the bias of the plug-in estimator Bl,j and then construct Cls
centered at the debiased estimators. The idea can be extended to general linear contrasts xT G1
for certain class of x,.,, where a key step is to estimate the bias xT (51 — 31). To this end, we aim

new

to identify an effective projection direction u € RP to construct a debiased estimator for xT (3 as

new

new

—~ ~ ~ 1 & ~
<LBy+uBy, where Bi= -3 X (Vi X[ ) fork =12 Q)
i=1
The error decomposition of the above bias-corrected estimator is
~ N 1 & ~ ~
(xIB1+uTE) —xT B = UTnT Z Xpi€ri + (Z1u = x,.,)7 (81 — B1) (5)
i=1

where 3, = % >k X;“X,ZZ for k =1,2.

To correct the bias of each individual regression coefficient (that is x,., = e€;), |[Zhang and
Zhang| (2014); Javanmard and Montanari (2014)) proposed the foundational idea of constructing
a projection direction for bias correction via minimization of variance with the bias constrained.
Specifically, in , the projection direction is identified such that the variance of uTn% ot X i€

is minimized while the bias component (f]lu—xnew)T(Bl —[31) is constrained. This idea is generalized
in |Cai and Guo (2017) to deal with sparse x,,, via the following algorithm

2)\1} (6)

new

0o <

XHEW

new

U] = arg min {uTﬁlu DI —x
ucRr

where A\; < \/logp/ni. Here, u? f)lu measures the variance of uTn% Z?:ll X1,i€1,; and the constraint
oo further controls the bias term (fllu - xneW)T(Bl — B1) in via the inequality

w181 = Bl (7)

on [|[Xju — x,,

(Ziu—x,.)7(81 — B1)| < [|Z1u - x,.,

The bias corrected estimator Xlwal + ﬁ{ﬁl and its variant have been studied in the literature
(Cai and Guo, 2017; (Tripuraneni and Mackey, 2019; |Athey et al., [2018)). |Cai and Guo| (2017) and
Athey et al. (2018) considered inference for x,,, of specific structures. It was also shown that u; is
effective for bias-correction when x,,, is of certain sparse structure (Cai and Guo, [2017) and when
X, 18 of a bounded weighted ¢5 norm (Athey et al., 2018). [Tripuraneni and Mackey (2019) focused

exclusively on its estimation error instead of confidence interval construction for xT g. In fact, this
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type of projection direction @, used in [Cai and Guo (2017); Athey et al.| (2018) and [Tripuraneni
and Mackey| (2019)), is not always effective for bias correction or the subsequent confidence interval
construction. Proposition |3 of Section [§| shows that if the loading x.,., is of certain dense structure,
then the projection direction u; is zero and hence the “bias-corrected” estimator using u; is reduced
to the plug-in estimator xT B;. As shown in Table |3| the plug-in estimator can have reasonable

estimation error but is not suitable for confidence interval construction due to its large bias. These
existing inference procedures cannot automatically adapt to arbitrary structure of x,,,.

2.2. New Projection Direction: Minimize variance and Constrain Bias and Variance
To effectively debias for an arbitrary x,.,, we propose to identify the projection direction uy for the
k' treatment as

new

U, = argminuT™>;u  subject to || Zxu — x,.,
ucRp

o0 < |

2k (8)

SNk, (9)

Xnew

xT f]ku— |

new

3 <|

Xnew Xnew

where A\ < y/log p/ni. Our proposed bias corrected estimator for xT (3 is then
XI Bk =xI By +alB, for k=12 (10)

The main difference between 1; and u; in @ is the additional constraint @ As mentioned ear-
lier, a general strategy for bias correction is to minimize the variance component while constraining
the bias (Zhang and Zhang, 2014} |Javanmard and Montanari, [2014). However, to develop a unified
inference method for all x,.,, the optimization strategy developed in the current paper is a triplet,
minimizing the variance, constraining the bias and constraining the variance. In particular, the
additional constraint @ is imposed to constrain the variance such that it is dominating the bias
component, which is essential for CI construction. We refer to the construction defined in and
@ as “Variance-enhancement Projection Direction”. Such a general triplet optimization strategy
can be of independent interest and applied to other inference problems.

We shall remark that, the further constraint @ on the variance is not as intuitive as the other
constraints, in the sense that the error decomposition of the bias-corrected estimator in shows
that it is sufficient to obtain an accurate estimator of xT 31 as long as we adopt the existing idea
of minimizing variance under the bias constraint; see the detailed discussion between and .
In the error decomposition , it seems that the additional constraint @ is not needed. However,
@ is the key component to construct a valid inference procedure uniformly over all x,.,. For
statistical inference, one not only needs an accurate estimator, but also an accurate assessment of
the uncertainty of the estimator. This is the main reason for adding the additional constraint.

An equivalent way of constructing the projection direction defined in and @ is,

Uy = argminuT™S,u  subject to sup |(w, Su— Koo | < || Xnew |24k (11)
ueRrr wel
where C = {e1, - , €p, X,/ || %o |2} With e; denoting the ith standard Euclidean basis vector. The

feasible set in ensures that the projected values (w, ﬁku — X,e,) Of f)ku — X,., to any of the
p+ 1 vectors in C are small. In contrast, as motivated in , the existing debiased procedures only

constrain that the projected values to all the standard Euclidean basis vectors, maxi<;j<p |(€;, > pu—
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X, |, are small. In the case where x,,, = e;, these two constraints are the same; however, in the
case where x,,, is of complicated structures, the additional direction x,.,/||X,..|2 contained in C is
the key component to conduct the bias correction; see more discussion in Section

new

2.3. Statistical Inference for Individualized Treatment Effect
Combining xT 31 and xT (32, we propose to estimate A,,, as

new

—

Ane:w = X;I;W/Bl - X;I;wﬂz' (12)

Compared to the plug-in estimator Xlw(ﬁl Bg), the main advantage of K\W is that the variance of
Anew is dominating the bias of A, while the bias of the plug-in estimator is usually as large as its
variance. (See Table[2|for the numerical illustration.) Such a rebalance of bias and variance is useful
for inference as the variance component is much easier to characterize than the bias component.
To conduct HITS, it remains to quantify the variability of K\W The asymptotic variance of Z\w

new

is
2 2
V= —1AT21u1 + —u2 22112, (13)
n

which can be estimated by V= —u121u1 + —u2 22112 With A and the variance estimator {\7,

we may construct a CI for the ITE A,., a

new

CI: (Z;,_Za/Zﬁu Z;V+Za/2\/<\7‘) (14)

and conduct HITS based on

%—1( \f\A/>0), (15)

where z, is the upper a quantile for the standard normal distribution. That is, if Z\W > 2o \/\7/ ,
we would recommend subjects with x,., to receive treatment 1 over treatment 2, vice versa.

It is worth noting that the proposed HITS procedure utilizes the x,., information in the con-
struction of the projection direction Uy, where both the constraints in and @ depend on the
observation x,,,. For observations with different x..,, the corresponding projection directions can
be quite different. Second, the method is computationally efficient as the bias correction step
only requires the identification of two projection directions instead of performing debiased of (B
coordinate by coordinate.

2.4. Application to Inference for Average Treatment Effect
In addition to the individualized treatment selection, the proposed method can also be applied to
study the average treatment effect (ATE). We follow the setting of |Athey et al. (2018) where k£ = 1
corresponds to the control group and k£ = 2 corresponds to the treatment group. The average
treatment over the treatment group is defined as XT (B2 — B1) where Xy = 1 an Xa4. The
statistical inference for the ATE XT(BQ — 1) can be viewed as a spemal case of xlw(ﬁg — 1) with
Z,., = Xa. Both the point estimator and interval estimator can be directly applied here
to construct point and interval estimators for the ATE by taking T = Xo.
These estimators are different from those proposed in Athey et al. (2018)). The main distinction
is the additional constraint @ proposed in the current paper. Without @, Athey et al. (2018)
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requires either the Bounded Loading condition (Lemma 1 of |Athey et al. (2018)) or the Overlap
condition (Assumption 5 of |Athey et al.| (2018)) to guarantee the asymptotic limiting distribution
of the corresponding ATE estimators. We state both conditions in the terminology of the current
paper, 1) Bounded Loading. XQZ;IXQ is assumed to be bounded; 2) Overlap. There exists a constant
n > 0 such that n < e(z) < 1 —n for all z € RP where e(x) is the probability of receiving the
treatment for an individual with covariates . Both conditions are actually limiting applications
of the developed method to practical settings. As XQEI_IXQ is of the order /p/n, the bounded
loading condition is not realistic in the high-dimensional setting p > n. In addition, if e(z) is the
commonly used logit or probit probability function, then the overlap condition only holds if the
support of the probability function is bounded.

3. Theoretical Properties

3.1.  Model Assumptions and Initial Estimators
We assume the following conditions on the random designs and the regression errors.

(A1) For k = 1,2, X}, ; areii.d. p-dimensional sub-gaussian random vectors with 3, = E(X;,;X] )
satisfying co < Amin () < Amax () < Cp for positive constants Cy > ¢g > 0. For k = 1,72,
the error vector €, = (€g1,..., €k n,)T is sub-gaussian and satisfies the moment conditions
E(eg; | Xk,i) = 0 and E(ef , | Xi;) = o7 for some unknown positive constant 0 < o7 < 0.
The errors {€1,}1<i<n, are ,independent of {€2,i h<i<ns,-

(A2) For k = 1,2, the error vector €; = (€x1, ..., €k n, )T is independent of X, and follows Gaussian
distribution with mean zero and covariance o2 - I,,, .

The assumption (A1) is standard for the design and the regression error in the high-dimension
literature. The condition (A2) on the error vectors is stronger but is only needed to establish the
distributional results. This assumption is further relaxed in Section

We consider the capped-f; sparse regression vectors with

p
> min{| B l/okro, 1} < s for k=1,2. (16)
j=1

where \g = /2logp/n. As remarked in|Zhang and Zhang (2014), the capped-¢; condition in
holds if By, is ¢ sparse with ||Bkllo < si or £, sparse with ||Bk|la/(cxA0)? < si, for 0 < g < 1. We
introduce the following general conditions on the initial estimators.

(B1) With probability larger than 1 — g(nq,ns) where g(ny,ns) — 0 as min{ni,ns} — oo, ||Bx —

Brll1 < spy/logp/ny, for k= 1,2,

(B2) 0% and 03 satisfy max—y 2 |0%/07 — 1| 20 as min{ny, ny} — co.

A variety of estimators proposed in the high-dimensional regression literature for estimating the
regression vector and the regression error variance are known to satisfy the above conditions under
various conditions. See Sun and Zhang| (2012); Belloni et al. (2011); Bickel et al.  (2009); Bithlmann
and van de Geer (2011) and the reference therein for more details.
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3.2. Asymptotic Normality
Before stating the theorem, we present some intuitions for the estimation error of the proposed

estimator, which relies on the following error decompositions of xT Bk,
X108 — T B = Z Xy i€ + (Srty — %) (B — Br)- (17)

This decomposition (17) reflects the bias and variance decomposition of m, where the first

error term uznl it Xy i€k is the variance while the second error term (XU — X...) 7 (B — Bk)

is the remaining stochastic bias. A similar bias and variance decomposition for the estimator Z\W
can be established by applying with & = 1,2. The following theorem establishes the rate of

convergence for A,.,.

THEOREM 1. Suppose that the conditions (A1) and (B1) hold and sy < cng/logp for k = 1,2,
then with probability larger than 1 — p~¢ — g(ni,n2) — t% for some t > 1,

<‘51||010gp n ’,32”0102;17)

ny n2

St

~ |

(18)

new new

o
A, — A

() +

One of the terms on the right hand side of (18)), [|X...||2 (/310 logp/n1 + ||B2]|o log p/n2), is an up-
per bound for the remaining bias of the proposed debiased estimator while ||x,., |2 (1 /v/m+1/ \/772)
is an upper bound for the corresponding variance. The following theorem shows that under the ad-
ditional condition (A2) and stronger sparsity conditions, the proposed estimator has an asymptotic
normal distribution.

new

new

THEOREM 2. Suppose that the conditions (A1), (A2) and (B1) hold and s < c¢\/ng/logp for
k=1,2, then as min{ny,no} — 0o,

(A AW> 4 N(0,1) (19)

3\

where V is defined in .

A key component of establishing the limiting distribution for Z\W is to show that the stan-
dard error 'V dominates the upper bound for the bias term in . We present this important
component in the following Lemma, which characterizes the magnitude of V in .

LEMMA 1. Suppose that the condition (A1) holds, then with probability larger than 1 —p~¢

2 (1/vnn +1/ynz) < VV < Cil[x.ll2 (1/v/nn +1/y/n2), (20)

for some positive constants c¢1,Cp > 0.

new new

cﬂx

We shall highlight that such a characterization of the variance, mainly the lower bound of (20), is
only achieved through incorporating the novel additional constraint @ to identify the projection
direction. Without this additional constraint, as shown in Proposition 3| the variance level can be
exactly zero and hence the lower bound in does not hold.
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3.3. Hypothesis Testing and Confidence Interval

We discuss two corollaries of Theorem [2) one for the hypothesis testing problem related to the
individualized treatment selection and the other for construction of Cls for A,,,. Regarding the
testing problem, we consider the following parameter space

=1

p
_ _ (B1,Z1) | . "Bk;j . —
0 (s) = {0 = <B2)22> £ > min <Jk/\01> <8, 0 <0k < Mo, ¢o < Amin (Zk) < Amax (Zx) < Co, for k = 172} ,

where By, = (8], 03)7 for k = 1,2 and My > 0 and Cj > ¢p > 0 are some positive constants. Then
we define the null hypothesis parameter space as

Ho(s) = {e = @;5;) €O (s):xT, (81— B) < o} (21)
and the local alternative parameter space as

Has.b0) = {0 = (22) €0 X (81— o) = llnls (v 1V | (2

for 69 > 0. The following corollary provides the theoretical guarantee for the individualized
treatment selection, where the type I error of the proposed HITS procedure in is controlled
and the asymptotic power curve is also established.

COROLLARY 1. Suppose that the conditions (A1), (A2) and (B1), (B2) hold and s, < ¢ /ni/logp
for k = 1,2 and some positive constant ¢ > 0, then for any x.,., € RP, the type I error of the proposed
test ¢, defined in is controlled as, liMyinfn, n,}—00 SUPgen, Po (Pa = 1) < a. For any given
0 € H1(dp) and any x,., € RP, the asymptotic power of the test ¢ is

XnEW

lim  Py(pa=1=1—-d"" (za

min{ni,ns}—o0

- Il 1/ + 1/@)) @

Together with Lemma [1] we observe that the proposed test is powerful with dg — oo, where dg
controls the local alternative defined in . The main massage for real applications is that the
individualized treatment selection would be easier if the collected data set has larger sample sizes
n1 and no and also the future observation of interest has a smaller /o norm. This phenomenon is
especially interesting for the individualized treatment selection with high-dimensional covariates,
where the corresponding norm ||x,.,||2 can be of different orders of magnitude; see Section @ for
numerical illustrations.

In addition to the hypothesis testing procedure, we also establish the coverage of the proposed

CI in for ITE A,..:

COROLLARY 2. Suppose that (Al), (A2) and (B1), (B2) hold and s, < c\/ni/logp for k =1,2
and some positive constant ¢ > 0. Then the CI defined in satisfies

lim Py (A, €Cl)>1—a for anyx,., € RP.

min{ni,ns}—o00
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Another important perspective of CI construction is the precision of the Cls, which can be measured
by the length. It follows from Lemma (1| that the length of the constructed CI in is controlled
at the order of magnitude ||x,..|[2(1/\/n1 + 1/,/n2), which means that the length depends on both
the sample sizes n; and ny and also the ¢5 norm of the future observation ||x,.,||2. For observations
with different x,..,, the lengths of the corresponding Cls for ITE A,., can be quite different, where
the length is determined by ||z,..||2 and the numerical illustration is present in Section @

REMARK 1. It is helpful to compare some of the technical details with the related work [Zhu
and Bradic| (2017)); Javanmard and Lee (2017)). The type I error control in Theorem 1 of [Zhu
and Bradic| (2017)) required stronger model complexity assumptions than Corollary [1I Specifically,
using our notation, |Zhu and Bradic| (2017) required logp = o(nl/g) and s, < n1/y/logp while
we only need s < /n/logp. More fundamentally, Zhu and Bradic (2017) did not establish the
asymptotic limiting distribution as Theorem [2|in the present paper. Instead of using the asymptotic
limiting distribution, Theorems 2 and 4 in [Zhu and Bradic| (2017) used inequalities to show that
the asymptotic powers are close to 1 if the parameters in the alternative are well separated from the
null under the /., norm by n_i; as a consequence, the power function for the local neighborhood
cannot be established as in . Javanmard and Lee (2017) required the loading to be sparse
and particularly, in Lemma 2.4 | the loading x,., is required to satisfy u|luil]1 < 1 where, using our
notation, p = ||X,..|l21/log p/n and u; = x,,,. This required the condition ||X,..|/1|X..|2 < v/n/logp
on the loading x,., (see more discussion after Proposition [3/in Section . This stringent condition
has been removed in the published version Javanmard and Lee| (2020) by applying our proposed
projection direction in and (9); see Remark 2 of Javanmard and Lee| (2020) for details.

3.4. Further Extensions: Approximately Linear Models and Non-Gaussianity
The inference results established under model can be further extended to approximate linear
models (Belloni et al., 2011} |2012),

Y, =XpBr +ri+ €, k=1,2, (24)

where the high-dimensional vector 3y € RP satisfies the capped ¢; sparsity and the approxima-
tion error ry = (11, ,Thn,)" € R™ is defined with r; = E (Vi | X)) — X[ 8k We also relax
the Gaussian error assumption (A2) through modifying construction of the projection direction as
follows,

iy = argminu™S,u  subject to Hiku = Xpewlloo < [ Xnew|| 2k
ucRep
XISt — (%3] < 6 3N (25)
1Xkulloo < [[%new ll27%;

where A\, < \/log p/ny, and v/logny S 7, < min{,/n1, /n2}. The additional constraint | X;u||e <
||X,eu |27 has been proposed in Javanmard and Montanari (2014) to relax the Gaussian error as-
sumption for establishing asymptotic normality for a single regression coefficient with x,., = e;.
The following result establishes the asymptotic normality of HITS under the general model
with a small approximation error r; and non-Gaussian error €.

PROPOSITION 1. Suppose Condition (A1) holds and for k = 1,2, s, < c\/ng/logp, |[rella = 0
as ny — 00 and maxy—12 maxlgignE(eit.” | Xi) < My for some constants v > 0 and My > 0.
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For the initial estimator Bk given in and the projection direction U* in , the estimator Z\w
given in satisfies the asymptotic limiting distribution under the model .

A few remarks are in order. Firstly, the asymptotic normality in Proposition 1] holds for a broad
class of estimators satisfying the condition (B1), with the Lasso estimator B in as an example.
Other examples include the iterated Lasso estimator (Belloni et al., [2012), which is tuning free
and shown to satisfy this condition by Theorem 1 of Belloni et al. (2012) and Proposition 9.7 of
Javanmard and Lee| (2017) under the model with exact sparse 3. Secondly, to make the effect
of the approximation errors ry negligible for estimating 3 under the model , the requirement
is [|rgll2/llBkllo 2 0 (Belloni et al.l 2012) as n, — oo; a stronger condition ||r||2 2 0 is imposed
to guarantee the asymptotic normality, which is needed to show that the approximation error in
estimating A, is negligible in comparison to the main term that is the asymptotically normal.
Thirdly, this limiting distribution result does not require independence between €; and X and the
conditional moment conditions are sufficient for establishing the asymptotic normality. Lastly, this
result can be used to construct ClIs and conduct hypothesis testing as in and , respectively,
and the theoretical properties for hypothesis testing and confidence interval analogous to those in
Corollaries [I] and 2 can be established.

4. Optimality for Hypothesis Testing

We establish in this section the optimality of the proposed procedure in the hypothesis testing
framework from two perspectives, minimaxity and adaptivity. To simplify the presentation, we
present the optimality results for the case ni < no, denoted by n and s; < so, denoted by s, the
results can be extended to the case where ny (or s1) is of a different order from ng (or s2).

4.1. Optimality Framework for Hypothesis Testing: Minimaxity and Adaptivity

The performance of a testing procedure can be evaluated in terms of its size and its power. For a
given null parameter space Ho(s), we define a set of testing procedures ¢ with the corresponding
size asymptotically controlled at «, that is,

I(s,a) =R ¢:a(s,¢) = sup Epop < a(l+o(1)) ;. (26)
967‘[0(8)

It has been shown in Corollarythat the proposed test ¢, € Z(s, ) for s < y/n/logp. To investigate

the power, we consider the local alternative space Hi(s,7) = {0 € ©(s) : xT (81 — B2) =7}, for a
given 7 > 0. The power of a test ¢ over the parameter space Hi(s,7) is

w(s,7,¢) = inf [Egyo. 27

(5,7, 9) ot 09 (27)

With a larger value of 7, the alternative parameter space is further away from the null parameter

space and hence it is easier to construct a test of higher power. The minimax optimality can be re-

duced to identifying the smallest 7 such that the size is controlled over H(s) and the corresponding
power over Hi(s,7) is large, that is,

Tinini (8, X)) = argmin 7: sup w(s,7,¢) >1-n,, (28)
T €L (s,a)
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where 1 € [0,1) is a small positive constant controlling the type II error probability. The quantity
Timini (8, X,.,) depends on x,,,, the sparsity level s and the constants «,n € (0,1). Throughout
the discussion, we omit « and 7 in the arguments of Tyini(s,X,.,) for simplicity. This quantity
Tmini (S, X.,) 1s referred to as the minimax detection boundary of the hypothesis testing problem
. In other words, Tiini($, X..,) is the minimum distance such that there exists a test controlling
size and achieving a good power. If a test ¢ satisfies the following property,

pEeI(s,a) and w(s,¢,7)>1—n for 7= Thmini(s, Xow) (29)

then ¢ is defined to be minimax optimal. The minimax detection boundary in is defined for
a given sparsity level s, which is assumed to be known a priori. However, the exact sparsity level
is typically unknown in practice. Hence, it is also of great importance to consider the optimality
from the following two perspectives on adaptivity,

Q1. Whether it is possible to construct a test achieving the minimax detection boundary defined
in if the true sparsity level s is unknown.

Q2. What is the optimal procedure in the absence of accurate sparsity information?

To facilitate the definition of adaptivity, we consider two sparsity levels, s < s,,. Here s denotes the
true sparsity level, which is typically not available in practice while s, denotes the prior knowledge
of an upper bound for the sparsity level. If we do not have a good prior knowledge about the
sparsity level s, then s, can be much larger than s. To answer Q1 and Q2, we assume that only
the upper bound s, is known instead of the exact sparsity level s. As a consequence, we focus on
the set of tests Z(s,, ), which is defined in by replacing s with s,. Z(s,,a) consists of tests
whose size is uniformly controlled over the parameter space Ho(s,). In contrast to Z(s, ) in (26,
the control of size in Z(s,, «) is with respect to Ho(sy), a larger parameter space than Ho(s), due
to the fact that the true sparsity level s is unknown in constructing the testing procedure. Similar
to , we define the adaptive detection boundary Tadap(Su, S, X.e.) a8

Tadap(Sus 8, Xpe) = argming 7:  sup  w(s,7,¢) >1—n,. (30)
T PEL(Su,x)

Comparing with , the imprecise information about the sparsity level only affects the control
of size, where the power functions in and are evaluated over the same parameter space,
Hi(s, 7). If a test ¢ satisfies the following property,

¢ €ZL(sy,a) and w(s,7,¢) >1—n for 7 < Tadap(Su, S, Xee) (31)

then ¢ is defined to be adaptive optimal.

The quantities Tmini($, Xy) a0d Tadap(Su, 5, X...) do not depend on the specific testing procedure
but mainly reflect the difficulty of the testing problem , which depends on the parameter space
and also the loading vector x,,,. The question Q1 can be addressed through comparing Timini(s, X,e.)
and Tadap(Su, S, Xeew)} I Tmini (85 Xoew) = Tadap(Su, S, Xeew), then the hypothesis testing problem is
defined to be adaptive, that is, even if one does not know the exact sparsity level, it is possible to
construct a test as if the sparsity level is known; in contrast, if Tmini(s, X.) < Tadap(Su, S, Xeew), the
hypothesis testing problem is defined to be not adaptive. The information on the sparsity level
is crucial. In this case, the adaptive detection boundary itself is of great interest as it quantifies
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the effect of the knowledge of sparsity level. The question Q2 can be addressed using the adaptive
detection boundary Taqap(su, S, X..,) and an adaptive optimal test satisfying would be the best
that we can aim for if there is lack of accurate information on sparsity.

As a concluding remark, the minimax detection boundary characterizes the difficulty of the test-
ing problem for the case of known sparsity level while the adaptive detection boundary characterizes
a more challenging problem due to the unknown sparsity. The adaptive optimal test satisfying
is more useful in practice than that of a minimax optimal test because the exact sparsity level is
typically unknown in applications.

4.2. Detection Boundary for Testing Problem

We now demonstrate the optimality of the proposed procedure by considering the following two
types of loadings x,.,, Exact Loading and Decaying Loading.

(E) Exact Loading. x,., is defined as an exact loading if it satisfies,

c< max |X..;/ min
{’iixnew‘ifo} {Z‘:xnew,z',?/:o}

Xyeni| < C, (32)

for some positive constants C > ¢ > 0. The condition assumes that all non-zero coeflicients of
the loading vector x,., are of the same order of magnitude and hence the complexity of an exact
loading x.,., is captured by its sparsity level. We calibrate the sparsity levels of the regression vectors
and the exact loading x,., as

new

s=p7, su=0", |[Xullo=p" for 0<y<7,<1,0<~,, <1 (33)

Based on the sparsity level of x,.,, we define the following types of loadings,
(E1) x,., is called an ezact sparse loading if it satisfies with 7,., < 27;
(E2) x,., is called an exact dense loading if it satisfies (32) with ~,., > 2.

Exact loadings are commonly seen in the genetic studies, where the loading x,., represents a
specific observation’s SNP and only takes the value from {0, 1, 2}.

(D) Decaying Loading. Let |z, 1) > mnew7(2)| > >
X,..|. We say that x,., is decaying at the rate ¢ if

x 7(p)| be the sorted coordinates of

new

)

for some constant § > 0. (34)

acn%(i)’ =1
Depending on the decaying rate §, we define the following two types of loadings,
(D1) x,., is called a fast decaying loading if it satisfies with § > %;

(D2) x,,, is called a slow decaying loading if it satisfies with 0 <6 < %

We focus on the exact loading and give a summary of the results for the decaying loading in
Table[1l The detailed results about decaying loadings are deferred to Section[A in the supplement
(Cai et al., [2020). The following theorem establishes the lower bounds for the adaptive detection
boundary for exact loadings.

THEOREM 3. Suppose that s < s, <
respectively, as defined in .

n/logp. We calibrate s, s, and |

Xeewll0 OY V5 Yu and Yy,
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(E1) If x,., is an exact sparse loading, then

xnew O XﬂeW xnew 2
Tadap(SU7 S, Xnew) Z ‘ \/Tll = = ‘ \/ﬁ ; (35)
(E2) If x,., is an exact dense loading, then
logp .
xnew 5 Zf Vnew > 27 )
Tadap(3u7 S, Xnew) Z |||Xneszoo “ " ) “ (36)
n lf Voew < 279

We shall point out here that establishing the adaptive detection boundaries in Theorem [3] re-
quires technical novelty. A closely related problem, adaptivity of confidence sets, has been carefully
studied in the context of high-dimensional linear regression (Nickl and van de Geer, 2013} Cai and
Guo, 2017, [2018)). However, it requires new technical tools to establish the adaptive detection
boundaries, due to the different geometries demonstrated in Figure |1} The main idea of construct-
ing the lower bounds in Nickl and van de Geer| (2013)); |Cai and Guo, (2017, |2018) is illustrated in
Figure 2(a), where one interior point is first chosen in the smaller parameter space O(s) and the
corresponding least favorable set is constructed in the larger parameter space (s, ) such that they
are not distinguishable.

In comparison to Figure 2(a), the lower bound construction for the testing problem related to
Figure 2(b) is more challenging due to the fact that the alternative parameter space Hj(s,, ) does
not contain the indifference region 0 < xT (81 — B2) < 7. A new technique, transferring technique,
is developed for establishing the sharp lower bounds for the adaptive detection boundary. Define
the index of x,,, with the largest absolute value as imyax = arg max |x,,, ;|. In constructing the least
favorable set in Ho(sy), we first perturb the regression coefficients at other locations except for
imax and then choose the regression coefficient at imax such that x,.,... (B1,in.. — B2...) > 0 and
xT (B1 — B2) < 0; in construction of the corresponding least favorable set in H1(s,7), we simply
set the regression coefficient with index imax to be the same as the corresponding coefficient at
imax 10 Ho(sy,) and set all other coefficients to be zero. The above construction is transferring the
parameter space complexity from Hg(s,) to Hi(s,7) by matching the regression coefficient at i ax.
Such a transferring technique can be of independent interest in establishing the adaptive detection
boundaries for other inference problems.

The following corollary presents the matched upper bounds for the detection boundaries estab-
lished in Theorem [3]over certain regimes.

COROLLARY 3. Suppose that s < s, < v/n/logp.

(E1) If the loading X,., is an exact sparse loading, then

Xoew |2
Tadap(sua S? Xnew) = Tmini(87 Xnew) = |\/ﬁ (37)

(E2) If the loading X.., is an exact dense loading, then the results are divided into the following
two cases,
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i Ho(su) LM (5, 7)
xT,(B1—B2) =T

xT(B1—PB2) =0
(a) (b)

Fig. 1: (a) Null and alternative parameter spaces for the confidence set construction; (b) Null and
alternative parameter spaces for the hypothesis testing problem.

(E2-a) If v < v < %%ew, then

log p [logp
Tadap(szu S) Xnew) = |xnew OOS’LL n >> Tmini(s’ Xnew) = |xnew OOS n . (38)

(E2-b) If v < %’ymew < Yu, then

new

xnew

bl B

The question Q1 about the possibility of adaptivity of the testing problem can be addressed by
the above corollary, where the testing problem is adaptive for the exact sparse loading case (E1) but
not adaptive for the exact dense loading case (E2). The specific cut-off for the “dense” and “sparse”
cases occurs at 7,., = 27. For the case (E2), depending on the value of ~,, the adaptive detection
boundaries can be quite different. The case (E2-a) corresponds to the case that the exact sparsity
level is unknown but the upper bound s,, is relatively precise (both v and 7, are below 1/2-7,,,), then
we can utilize the proposed procedure ¢, with the sparsity information s, to construct a testing
procedure matching the adaptive detection boundary; see the detailed construction in Section
in the supplement (Cai et al., 2020)). In contrast, the case (E2-b) corresponds to the setting where
the prior knowledge of the upper bound s, is quite rough. For such a case, the proposed testing
procedure ¢, defined in achieves the adaptive detection boundary Taqap(Su, §, X..), but not the
minimax detection boundary Tiini($, X )-

Beyond answering Q1, we can also address the question Q2 with the following corollary, which
considers the practical setting that there is limited information on sparsity and presents a unified
optimality result for the case of exact loadings.

2
Tadap(suv S, Xnew) = ‘ > 7—mini(sa Xnew) = |

COROLLARY 4. Suppose that s < s, S /n/logp and vy, > V../2. Then the testing procedure
) achieves the adaptive detection boundary Tadap(Su, S, Xew) =X |[Xuwll2/v/10 for any x...,

satisfying .

The above corollary states that, in absence of accurate sparsity information, the proposed procedure
¢ is an adaptive optimal test for all exact loadings x,., .
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4.3. Comparison with Existing Optimality Results on C/

It is helpful to compare the established optimality results to the related work Cai and Guo (2017) on
the minimaxity and adaptivity of confidence intervals for the linear contrast in the one-sample high-
dimensional regression. Beyond the technical difference highlighted in Figure |1, we also observed
the following three distinct features between the present paper and |Cai and Guo (2017)).

(a) The current paper closes the gap between the sparse loading regime and the dense loading
regime in [Cai and Guo| (2017), where the lower bounds for the exact sparse loading only
covered the case 7,,, < v instead of the complete regime 7,., < 27 defined in this paper.

(b) In comparison to |Cai and Guo| (2017)), the current paper considers the additional setting
(E2-b), which corresponds to the case where the knowledge on the sparsity level is rough.
This additional result is not only of technical interest, but has broad implications to practical
applications. It addresses the important question, “what is the optimal testing procedure in a
practical setting where no accurate sparsity information is available? ” As shown in Corollary
the proposed procedure ¢, is an adaptive optimal test for all exact loadings X..,-

(c¢) In addition, Theorem 4| develops the technical tools for a general loading x,.,, which includes
the loadings not considered in (Cai and Guo (2017). Specifically, we summarize in Table
the optimality results for the decaying loading defined in (34). As shown in Table[L] the fast
decaying loading (D1) is similar to the exact sparse loading (E1) while the slow decaying
loading (D2) is similar to the exact dense loading (E2). In contrast, the decaying loading
has the distinct setting (D2-c) from the exact loading case where the hypotheses can be
tested adaptively if both v and ~, are above 1/2; see the detailed discussion in Section E of
the supplement (Cai et al., 2020).

1) Setting Yy Y Tmini (85 Xoew) Rel Tadap (Sus S Xoew) Adpt
[1/2,00) | (D1) Y < Y %ol |2/ /7 = Xl l2/ /7 Yes
(D22) [y <7 <% |82 (logp)> ™ /vn | < | si2 (logp)>~° /v | No
0,1/2) | (D2b) | v <} < | 87 P (logp): ™’ /v/n | < 1% ll2/ v/ No
(D2-¢) | 5 <7< [ Xoeul[2/ /70 = [ Xeul[2/ /70 Yes

Table 1: Optimality for the decaying loading x,., defined in over the regime s < s, < v/n/logp.
The column indexed with “Rel” compares Tiini($, X,.,) and Tadap(su, 8, X,e,) and the column indexed
with “Adpt” reports whether the testing problem is adaptive in the corresponding setting.

5. Uncertainty Quantification related to High-dimensional Prediction

As mentioned in the introduction, the hypothesis testing method developed in the current paper
can also be used for the prediction problem in a single high-dimensional regression. Consider the
regression model with i.i.d observations {(Xj.,y;)}1<i<n satisfying

yi = X[B+¢ where eiir@N(O,a2) for 1 <i<n, (40)
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and {€; }1<i<n is independent of the design matrix X. The problem of interest is inference for
the conditional expectation E(y; | X;. = X,..) = xT B. Uncertainty quantification for xT 3 is a
one-sample version of the testing problem . Due to its importance and for clarity, we present
a separate result on this prediction problem. We use B to denote the Lasso estimator in based

on the observations {(X;.,yi) }1<i<n and construct the following bias-corrected point estimator,
xI,B=xT B+uTi>" X, (y; — X]3) with the projection direction defined as

new

2A

Xnew

U= argmin uTSu subject to Hf]u — X,

< |
ueRr [e’e)

xT Su— | X

new

2
2)‘7

2 <

XHEW

new

where & = % Yo X X1 and A < y/log p/n. The key difference between this construction and the
projection construction for the single regression coefficient in|[Zhang and Zhang (2014); van de Geer

et al. (2014); Javanmard and Montanari| (2014); Athey et al.| (2018) is the additional constraint
XIS~ x5 < |

RP. We consider the capped-¢; sparsity as in (16]), :;:1 min{|B;|/oXo, 1} < s, and introduce the

following general condition for the initial estimator B and then establish the limiting distribution

b b %x\, which guarantees the asymptotic limiting distribution for any x,., €

for the point estimator )FW?! in Corollary
(P) With probability at least 1 — g(n) where g(n) — 0 as n — oo, ||B— Bl < sy/logp/n.

COROLLARY 5. Suppose that the regression model holds where s < cy/n/logp and the rows
Xi. are i.i.d. p-dimensional sub-gaussian random vectors with X = E(X;. X]) satisfying co <

Amin (2) < Amax (2) < Cy for positive constants Cy,co > 0. For any initial estimator 3 satisfying

- 1 /T\ CoT d
the condition (P), then VoS <XHEW,3 Xnevﬁ> — N(0,1).

Based on this corollary, we construct 52 = [ly — XB[|3/n and use V = 62GTE4/n to estimate the

variance of xT 3 and construct the CI, (anew,B - Za/Q\/GQGTiﬁ/n, xT.B+ za/Q\/z?QﬁTﬁﬁ/n> .

If 52 is a consistent estimator of o2, then this constructed CI is guaranteed to have coverage for
xT B for any x,., € RP. The optimality theory established in Section {4 can be easily extended to
the one-sample case.

6. Simulation Studies

In this section, we present numerical studies comparing our proposed HITS method and the existing
state-of-the-art methods. In Section[6.2] we consider the setting with exact sparse regression vectors
and loadings x,., generated from Gaussian distributions. Results for the setting with decaying
loadings are given in Section in the supplement (Cai et al.; 2020). In Section we consider
settings of approximately sparse regression. Throughout, we let p = 501 including intercept and
n1 = ny = n with various choices of n. For simplicity, we generate the covariates (Xj,;)—1 from the
same multivariate normal distribution with zero mean and covariance ¥ = [0.51+|j 71‘](p71)><(p71)'
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6.1. Algorithm Implementation
We specify the tuning parameter selection in our proposed HITS algorithm. For k = 1,2, the initial
estimator G in is implemented by the Lasso algorithm in glmnet (Friedman et al., [2010) with
the tuning parameter chosen by cross validation or the tuning-free scaled Lasso algorithm in the R
package FLARE (Li et al., 2015).

Regarding the bias correction step, we first introduce the equivalent dual form to find the
projection direction defined in and @

PROPOSITION 2. The constrained optimizer Uy € RP for k = 1,2 defined in and (@ can be
computed in the form of Gy = —1[WF | + 2= ] where VF € RPH! s defined as

[[%new[2

~ .1 a
V¥ = argmin {VTHTzkHV + xT Hv + Ag||X,en
veRr+1 4

. uvul} (41)

with H = [ﬁ, ]Ipxp} c RP*(+1)

Proposition [2| shows that the constrained minimization problem can be transformed to the uncon-
strained minimization problem in . In the high-dimensional setting p > n, the objective in the
dual problem is unbounded from below if the value of A;, > 0 is too small. We shall select the small-
est A\x > 0 such that the objective in the dual problem is bounded from below. The code for
implementing our proposed method is available on the website https://github.com/zijguo/ITE.

6.2. Exact Sparse Regression with General Loading

We consider the exact sparse regression in the following. To simulate Y; and Y, we generate
€r; from the standard normal and set 511 = —0.1,51; = —1(2 < j < 11)0.4(j — 1), 521 = —0.5,
and B2; = 0.2(j — 1)1(2 < j < 6). We consider the case with the loading x,., being a dense
vector, generated via two steps. In the first step, we generate Xp.sis = [1,xgasis7_1]T € RP with
Xpasis,—1 ~ N (0, X). In the second step, we generate X,., based on Xpsis in two specific settings,

Setting 1: generate x,., as a shrunk version of xp,ss with
T =S - 1(J > 12) - Tpagisj, forj=1,...,p (42)
and S € {1,0.5,0.2,0.1}.

Setting 2: let z,.; = 1(j = 1) — 21(j = 2) + S - 1(j > 12) - Zpasisj for j = 1,...,p and
S €{1,0.5,0.2,0.1}.

Under the above configurations, the scale parameter S controls the magnitude of the noise variables
in x,,. As S increases, ||X,.||2 increases but A, remains the same for all choices of S. Setting
1 corresponds to an alternative setting with A, = 1.082 and Setting 2 corresponds to the null
setting with A, = 0.

We report the simulation results based on 1,000 replications for each setting in Tables [2| and
Under Setting 1, as the sample size n increases and as the magnitude of the noise variables
decreases, the statistical inference problem becomes “easier” in the sense that the CI length and
root mean square error (RMSE) get smaller, the empirical rejection rate (ERR) gets closer to
100%, where ERR denotes the proportion of null hypotheses being rejected out of the total 1,000
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replications and is an empirical measure of power under the alternative. This is consistent with the
established theoretical results. The most challenging setting for HITS is the case with & = 1, where
the noise variables are of high magnitude. As a result, the HITS procedure has a lower power in
detecting the treatment effect even when n = 1,000. When S drops to 0.2, the power of the HITS
is about 72% when n = 200 and 95% when n = 400. Across all sample sizes considered including
when n = 100, the empirical coverages of the Cls are close to the nominal level.

In Table [2| HITS is compared with the plug-in Lasso estimator (shorthanded as Lasso) and
plug-in debiased estimator (shorthanded as Deb) in terms of RMSE. For Lasso, the regression
vectors are estimated by the scaled Lasso in the R package FLARE (Li et al. 2015); For Deb,
the regression vectors are estimated by the debiased estimators Javanmard and Montanari (2014
using the code at https://web.stanford.edu/~montanar/sslasso/code.html. We remark that
the debiased estimators are mainly developed for inference for a single regression coefficient but
not for a general linear contrast. Across all settings, HITS always outperforms Deb; in comparison
to Lasso, HITS has substantially smaller bias but at the expense of larger variance, reflecting the
bias-variance trade-off. Specifically, when S is small (taking values in {0.2,0,1}), HITS generally
has a smaller RMSE than Lasso. When & = 1,0.5 in which case x,., is dense, HITS has a much
larger variability compared to Lasso. This suggests that under the challenging dense scenario, a
high price is paid to ensure the validity of the interval estimation.

We further compare HITS with the two plug-in estimators in the context of hypothesis testing.
The Lasso estimator is not useful in hypothesis testing or CI construction due to the fact that the
bias component is as large as the variance. In contrast, the variance component of both HITS and
Deb dominates the corresponding bias component. Due to this reason, we only report the empirical
comparison between the HITS method and the Deb method. As illustrated in the coverage property,
the empirical coverage of ClIs based on the Deb estimator is about 10% below the nominal level
while our proposed CI achieves the nominal level. In Table [3| we report the results in Setting
2 where the null hypothesis holds. We observe a similar pattern as in Setting 1 for estimation
accuracy and relative performance compared to the Lasso and Deb estimators. All the ERRs in
this case, which correspond to the empirical size, are close to the nominal level 5% for the HITS
method while the corresponding ERRs cannot be controlled for the Deb estimators.

6.3. Approximate Sparse Regression

For approximately sparse regression vectors, we generate the first few coefficients of 8; and By as
in Section [6.2} 811 = —0.1,81; = —0.4(j — 1) for 2 < j <11 and 851 = —0.5, B2 = 0.2(j — 1) for
2 < 7 <6 and then generate the remaining coefficients under the following two settings.

(1) Approximate sparse with decaying coefficients: £ ; = (j — 1)=% for 12 < j < 501 and
Ba;=0.5-(j—1)7% for 7 < j < 501 and we vary d; across {0.5,1,2,3}.

(2) Capped-/; sparse: (31 ; = 62 - Ao and B2 ; = (1,;/2 for 11 < j < 50 with A\g = /2logp/n
and (1 = f2,; = 0 for 51 < j < 501. We vary 62 across {0.5,0.2,0.1,0.05}.

For the decaying coefficients setting, the decay rate d; controls the sparsity. For the capped-¢;
sparse setting, the sparsity is measured by capped-¢; sparsity defined in , where s; denotes the
capped-{; sparsity of S, for k = 1,2. We vary 62 over {0.5,0.2,0.1,0.05} and the upper bound for
s1 ranges over 11 + {20,8,4,2} and the upper bound for sy ranges over 6 + {10,4,2,1}. In both
cases, we consider the dense loading x,., generated in with § = 0.2.
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ERR Coverage Len HITS Lasso Deb
S n | HITS Deb | HITS Deb | HITS | RMSE Bias SE | RMSE Bias SE | RMSE Bias SE
100 | 0.10 0.25| 0.97 0.81| 9.33 210 0.05 2.10 0.90 0.61 0.66 2.56 0.07 2.56
200 | 0.11 0.26 | 097 0.86| 7.65 1.79 0.01 1.79 0.61 0.41 045 1.97 0.02 1.97
1| 400| 0.20 0.30 | 0.97 0.85]| 5.38 1.30 0.03 1.30 043 0.31 0.30 1.62 0.02 1.62
600 0.23 0.36 0.97 0.87 4.47 1.02 0.07 1.02 0.34 024 0.24 1.34 0.05 1.34
1000 | 0.34 0.32| 0.97 0.85| 3.49 0.83 0.02 0.83 0.26 0.19 0.19 1.49 0.05 1.49
100 | 0.16 0.36 | 0.96 0.83| 4.80 1.10 0.13 1.09 0.81 0.64 0.49 1.27 0.03 1.27
200 | 0.30 046 | 095 0.83 | 3.90 0.96 0.08 0.96 0.51 0.40 0.33 1.09 0.08 1.09
0.5 ] 400 | 0.49 0.57| 094 0.86| 2.74 0.67 0.09 0.67 0.34 0.25 0.22 0.82 0.05 0.81
600 | 059 0.62| 096 0.84 | 230 0.57 0.02 0.57 0.29 0.23 0.17 0.73 0.02 0.73
1000 | 0.76 0.52 | 0.96 0.87| 1.80 045 0.02 0.45 0.23 0.18 0.14 0.76 0.12 0.75
100 | 0.59 0.77 | 0.94 0.80 | 2.27 0.60 0.04 0.60 0.72 0.58 0.42 0.65 0.07 0.65
200 | 0.72 0.82| 095 0.83 ]| 1.81 0.45 0.03 0.45 0.50 0.41 0.28 0.51 0.00 0.51
0.2 400 | 095 095 | 0.95 0.85| 1.28 0.32 0.05 0.32 0.32 0.26 0.20 0.39 0.04 0.38
600 | 098 0.98 | 094 0.84 | 1.10 0.28 0.02 0.28 0.27 0.22 0.16 0.32 0.00 0.32
1000 | 1.00 098 | 0.95 0.88| 0.85 0.21 0.02 0.21 0.21 0.17 0.12 0.33 0.01 0.33
100 | 0.75 091 | 091 0.80| 1.67 0.48 0.06 0.48 0.70 0.56 0.42 0.51 0.07 0.50
200 | 094 0.97| 093 080 | 1.29 0.35 0.01 0.35 049 0.40 0.29 0.38 0.05 0.38
0.1 | 400 | 1.00 1.00 | 0.94 0.83| 0.91 0.24 0.01 0.24 0.33 0.28 0.19 0.28 0.02 0.28
600 | 1.00 1.00| 0.96 0.87 | 0.80 0.19 0.02 0.19 0.28 0.24 0.16 0.22 0.02 0.22
1000 1.00 1.00 0.94 0.84 0.62 0.16 0.02 0.16 0.20 0.16 0.12 0.24 0.01 0.24

Table 2: Performance of HITS, in comparison with the Deb Estimator, with respect to ERR as well as
the empirical coverage (Coverage) and length (Len) of the CIs under dense Setting 1 where A,,, = 1.082.
Reported also are the RMSE, bias and the standard error (SE) of the HITS estimator compared to the Lasso
and Deb estimators.

ERR Coverage Len HITS Lasso Deb
S n | HITS Deb | HITS Deb | HITS | RMSE Bias SE | RMSE Bias SE | RMSE Bias SE
100 | 0.02 0.10 | 098 0.83| 9.18 1.97 020 1.96 0.56 0.16 0.53 237 0.21 2.36
200 | 0.03 0.10| 097 084 | 7.61 1.75 0.07 1.75 0.38 0.15 0.35 1.98 0.10 1.97
1] 400 | 0.03 0.09| 096 0.87| 5.35 1.31 0.10 1.31 0.26 0.10 0.24 1.58 0.08 1.58
600 | 0.03 0.11 | 0.97 0.87| 4.45 1.03 0.04 1.03 0.21 0.07 0.20 1.32 0.02 1.32
1000 | 0.03 0.10 | 097 0.83 | 3.49 0.82 0.05 0.81 0.16 0.06 0.15 1.53 0.08 1.53
100 0.02 0.13 0.97 0.82 4.68 1.00 0.04 1.00 0.38 0.21 0.31 1.24 0.02 124
200 | 0.04 0.13| 097 0.84 | 3.82 091 0.04 0091 0.26 0.15 0.21 1.02 0.02 1.02
0.5 | 400 | 0.03 0.07 | 0.96 087 | 2.70 0.62 0.07 0.62 0.17 0.09 0.14 0.76 0.08 0.75
600 | 0.03 0.09| 0.97 086 | 224 0.52 0.02 0.52 0.15 0.09 0.12 0.68 0.04 0.68
1000 | 0.04 0.13 | 095 0.83| 1.75 0.45 0.00 0.45 0.11 0.06 0.09 0.78 0.02 0.78
100 | 0.06 0.18 | 0.97 0.80| 1.96 0.46 0.11 0.44 0.33 0.22 0.24 0.53 0.09 0.52
200 | 0.05 0.13| 0.96 0.85| 1.62 0.38 0.02 0.38 0.23 0.17 0.16 0.44 0.03 0.44
02| 400 | 0.03 0.12| 096 085| 1.13 0.27 0.00 0.27 0.16 0.11 0.11 0.34 0.01 0.34
600 | 0.03 0.08| 0.96 0.88| 094 0.22 0.01 0.22 0.13 0.09 0.09 0.27 0.01 0.27
1000 | 0.03 0.09 | 097 0.88| 0.74 0.18 0.01 0.18 0.10 0.07 0.07 0.31 0.01 0.31
100 | 0.07 020 | 093 0.77 | 1.12 0.29 0.05 0.29 0.31 0.21 0.22 0.33 0.04 0.32
200 0.04 0.12 0.96 0.84 0.94 0.23 0.01 0.23 0.21 0.15 0.15 0.25 0.01 0.25
0.1| 400 | 0.04 0.11| 0.96 0.87| 0.66 0.16 0.00 0.16 0.16 0.12 0.10 0.19 0.01 0.19
600 | 0.03 0.10 | 0.95 0.87| 0.55 0.13 0.01 0.13 0.13 0.09 0.09 0.16 0.00 0.16
1000 | 0.03 0.08 | 096 0.87 | 0.43 0.10 0.00 0.10 0.10 0.07 0.06 0.17 0.00 0.17

Table 3: Performance of HITS, in comparison with the Deb Estimator, with respect to ERR as well as the
empirical coverage (Coverage) and length (Len) of the CIs under dense setting 2 where A,., = 0. Reported
also are the RMSE, bias and the standard error (SE) of the HITS estimator compared to the Lasso and Deb
stimators.
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The simulation results are reported in in Table |4l The results for the approximate sparse settings
are largely consistent with those for the exact sparse setting. We observe that the proposed Cls
achieve the 95% coverage while Cls constructed based on the Deb estimators do not have desired
coverage level and the Lasso estimators have a dominant bias component. Additionally, we note
that, 1) for the case that the coefficients decay slowly (the upper part of Table [4 with d; = 0.5), the
HITS CI over-covers since the variance of the point estimator is over-estimated due to the relatively
dense regression vectors; once d; becomes larger, say d; > 1, the coverage is achieved at the desired
level; 2) the HITS CIs are longer than those based on the Deb estimator; however, the Deb CIs do
not have the correct coverage.

In addition, HITS is computationally more efficient. The average of the ratio of the computa-
tional time of Deb over that for HITS is reported under the column indexed with “TRatio ”. The
computational time of the Deb estimator can be as large as fifteen times that of our proposed HITS
estimator. The numerical results demonstrate that, for both the exact sparse and approximate
sparse settings, HITS not only has the desired coverage property for arbitrary loading x,.,, but also
is computationally efficient.

7. Real Data Analysis

Tumor Necrosis Factor (TNF) is an inflammatory cytokine important for immunity and inflam-
mation. TNF blockade therapy has found its success in treating RA (Taylor and Feldmann,
2009). However, the effect of anti-TNF varies greatly among patients and multiple genetic markers
have been identified as predictors of anti-TNF response (Padyukov et al., [2003; Liu et al., [2008;
Chatzikyriakidou et al.l 2007). We seek to estimate ITE of anti-TNF in reducing inflammation
for treating RA using EHR data from PHS as described in Section Here, the inflammation is
measured by the inflammation marker, C-reactive Protein (CRP). Since a higher value of CRP is
more indicative of a worse treatment response, we define ¥ = —log CRP.

The analyses include n = 183 RA patients who are free of coronary artery disease, out of
which n; = 92 were on the combination therapy of anti-TNF and methotraxate and no = 91 on
methotraxate alone. To sufficiently control for potential confounders, we extracted a wide range
of predictors from the EHR and included both potential confounders and predictors of CRP in
X, resulting a total of p = 171 predictors. Examples of predictors include diagnostic codes of
RA and comorbidities such as systemic lupus erythematosus (SLE) and diabetes, past history of
lab results including CRP, rheumatoid factor (RF), and anticyclic citrullinated peptide (CCP),
prescriptions of other RA medications including Gold and Plaquenil, as well as counts of NLP
mentions for a range of clinical terms including disease conditions and medications. Since counts
of diagnosis or medication codes, referred to as codified (COD) mentions, are highly correlated
with the corresponding NLP mentions in the narrative notes, we combine the counts of COD and
NLP mentions of the same clinical concept to represent its frequency. The predictors also include
a number of single-nucleotide polymorphism (SNP) markers and genetic risk scores identified as
associated with RA risk or progression. All count variables were transformed via x — log(1 + z)
and lab results were transformed by = +— log(x) since their distributions are highly skewed. Missing
indicator variables were created for past history of lab measurements since the availability of lab
results can be indicative of disease severity. We assume that conditional on X, the counterfactual
outcomes are independent of the treatment actually received.

We applied the proposed HITS procedures to infer about the benefit of anti-TNF for individual
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Approximate sparse with decaying coefficients
ERR Coverage Len HITS Lasso Deb
01 n | HITS Deb | HITS Deb | HITS Deb | RMSE Bias SE | RMSE Bias SE | RMSE Bias SE | TRatio
100 | 0.01 0.50 1.00 0.76 | 9.99 2.77 1.06 0.19 1.04 1.28 0.95 0.87 1.16 0.06 1.16 13.58
200 | 0.05 0.67 | 1.00 0.81 5.84 2.15 0.67 0.03 0.67 0.82 0.60 0.57 0.79 0.04 0.78 10.08
400 | 0.47 0.90 1.00 0.90 | 3.21 1.56 0.44 0.05 0.43 0.53 0.35 0.40 0.50 0.02 0.50 4.93
600 | 0.82 0.96 | 099 0.89 | 235 1.31 0.36 0.05 0.36 0.40 0.25 0.32 0.40 0.01 0.40 4.24
100 | 0.53 0.77 | 0.94 0.79| 244 1.72 0.62 0.07 0.62 0.74 0.58 0.46 0.69 0.05 0.69 14.97
200 | 0.77 0.88 | 0.97 0.85 191 1.44 0.46 0.04 0.46 0.47 0.38 0.28 0.50 0.07 0.50 11.98
400 | 096 0.96 | 0.96 0.85 1.33 1.13 0.34 0.02 0.33 0.34 0.27 0.21 0.40 0.01 0.40 5.70
600 | 0.99 0.98 | 096 0.84 1.14 0.97 0.28 0.03 0.28 0.26 0.20 0.17 0.33 0.02 0.33 4.76
100 | 049 0.71| 093 0.80| 231 1.70 0.61 0.12 0.60 0.77 0.63 0.45 0.67 0.00 0.67 14.97
200 | 0.74 085 | 095 0.86 | 1.83 1.42 047 0.01 0.47 0.49 0.40 0.28 0.51 0.04 0.51 12.18

0.5

2 400 | 096 0.96 | 094 087 | 1.29 1.12 0.32 0.03 0.32 0.33 0.27 0.19 0.39 0.04 0.39 5.78
600 | 099 098 | 095 087 | 1.10 0.96 0.27 0.03 0.27 0.27 0.22 0.16 0.32 0.02 0.32 4.80
100 | 0.50 0.72 | 091 0.78 | 2.29 1.68 0.62 0.11 0.62 0.77 0.63 0.44 0.67 0.01 0.67 14.97

3 200 | 0.77 087 | 095 0.82 1.82 1.42 0.48 0.01 0.48 0.49 0.40 0.29 0.53 0.06 0.53 12.11

400 | 096 094 | 097 085| 1.30 1.11 0.32 0.01 0.32 0.33 0.27 0.19 0.38 0.01 0.38 5.73
600 | 099 0.99 | 0.95 0.86| 1.10 0.96 0.27 0.03 0.27 0.27 0.22 0.16 0.33 0.02 0.33 4.83
Capped-{; sparse
ERR Coverage Len HITS Lasso Deb
02 n | HITS Deb | HITS Deb | HITS Deb | RMSE Bias SE | RMSE Bias SE | RMSE Bias SE | TRatio
100 | 0.28 0.66 | 098 0.76 | 3.84 1.97 0.76 0.14 0.75 0.92 0.70 0.60 0.79 0.02 0.79 13.78
200 | 0.70 0.87 | 0.98 0.87| 2.18 1.51 0.47 0.01 0.47 0.55 0.43 0.34 0.53 0.04 0.53 10.80
400 | 097 0.96 | 0.97 0.87| 1.39 1.16 0.33 0.05 0.32 0.33 0.26 0.21 0.40 0.04 0.40 5.27
600 0.99 0.99 0.97 0.85 1.15 0.98 0.27 0.02 0.27 0.27 0.21 0.17 0.32 0.01 0.32 4.43
100 | 0.46 0.73| 096 0.79 | 2.60 1.75 0.62 0.11 0.61 0.78 0.62 0.47 0.69 0.00 0.69 14.40
200 | 0.76 0.87 | 096 0.85| 1.91 1.44 0.47 0.03 0.47 0.51 0.41 0.31 0.52 0.06 0.52 11.49
400 | 095 0.94 | 094 0.83| 1.32 1.12 0.34 0.05 0.34 0.34 0.27 0.21 041 0.05 041 5.43
600 | 0.99 0.99 | 0.95 0.87| 1.11 0.96 0.28 0.02 0.28 0.27 0.21 0.17 0.33 0.01 0.33 4.54
100 0.50 0.71 0.95 0.79 2.41 1.70 0.61 0.12 0.59 0.78 0.64 0.44 0.65 0.02 0.65 14.50
200 | 0.81 0.88| 095 0.83| 1.85 1.42 0.47 0.04 047 0.49 0.39 0.30 0.53 0.09 0.52 11.62
400 | 097 0.96 | 0.95 0.83| 1.29 1.12 0.33 0.04 0.32 0.33 0.27 0.20 0.38 0.03 0.38 5.50
600 | 0.98 0.98 | 0.97 0.88| 1.10 0.96 0.27 0.00 0.27 0.28 0.23 0.16 0.32 0.00 0.32 4.59
100 | 0.53 0.70 | 094 0.79 | 233 1.70 0.60 0.10 0.60 0.75 0.61 0.44 0.66 0.03 0.66 14.45
200 | 0.78 0.87 | 096 0.86 | 1.82 1.42 0.45 0.03 0.45 0.49 0.39 0.29 0.50 0.06 0.50 11.59
400 0.94 0.94 0.93 0.84 1.29 1.12 0.33 0.00 0.33 0.34 0.28 0.20 0.39 0.00 0.39 5.47
600 0.99 0.98 0.96 0.87 1.10 0.96 0.27 0.01 0.27 0.28 0.22 0.16 0.33 0.01 0.33 4.63

0.2

0.1

0.05

Table 4: Performance of HITS, in comparison with the Deb Estimator, with respect to ERR as well as
the empirical coverage (Coverage) and length (Len) of the CIs under approximate sparse regression settings.
Reported also are the RMSE, bias and the standard error (SE) of the HITS estimator compared to the Lasso
and Deb estimators; the ratio of computational time of Deb to HITS (“TRatio”).
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patients. Out of the p = 171 predictors, 8 of which were assigned with non-zero coefficients in either
treatment groups. The leading predictors, as measured by the magnitude of difference between two
Lasso estimators {81 ; — 82,7 = 1, ..., p}, include counts of SLE COD or NLP mentions, indicator
of no past history of CRP measurements, and SNPs including rs12506688, rs8043085 and rs2843401.
Confidence intervals for 31, 32 and 81 — 32 based on debiased estimators are also reported. These
predictors are generally consistent with results previously reported in clinical studies. The anti-
TNF has been shown as effective among patients with presentations of both RA and SLE
. The rs8043085 SNP located in the RASGRP1 gene is associated with an increased risk
of sero-positive RA (Eyre et al., [2012) and the combination therapy has been previously reported
as being more beneficial for sero-postive RA than for sero-negative RA (Seegobin et al.,2014). The
rs2843401 SNP in the MMLE1 gene has been reported as protective of RA risk (Eyre et al.| 2012),
which appears to be associated with lower benefit of anti-TNF. The rs12506688 is in the RB-J gene
which is a key upstream negative regulator of TNF-induced osteoclastogenesis.

Bi Clg, B2 Clg, Bi1— B2 Clg _g,

Echo 0.02 [0.02,0.18] -0.03 [-0.19,-0.03] 0.04 [0.08, 0.33]
rs2843401 -0.03  [-0.07,-0.02] 0 [-0.02,0.03] -0.03  [-0.10, -0.01]
rs12506688 -0.08 [-0.18,-0.07] 0 [-0.03,0.08] -0.08  [-0.23,-0.07]
rs8043085 0 [0.03,0.15] -0.05 [-0.21,-0.03] 0.05 [0.06, 0.29]
race black 0 [0.30, 0.62] -0.02 [-0.70,0.22]  0.02 [-0.10, 0.90]
prior CRP missing -0.17 [-0.7,-0.16] 0 [0.23,0.31] -0.17  [-1.24, 0.30]
Gold 0.01 [-0.13,-0.01] 0 [0.11,0.02] -0.01  [-0.12, 0.06]
SLE 0 [-0.07,0.08] -0.16 [-0.34,-0.18] 0.16 [0.14, 0.40]

Table 5: Lasso Estimates of 31, 32 and (37 — B2 for the predictors of CRP along with their 95% CIs. All
predictors not included the table received zero Lasso estimates for both 31 and 3s.
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Fig. 2: (a) Histogram of the estimated ITE for the observed set of x,., where the vertical line
represents the median value; (b) point estimate and 95% ClIs for 5 choices of x,,, where the x-axis
indexes xT (81 — B2).

new

We obtained estimates of A,,, for the observed set of x,.,. As shown in Figure a), the predicted
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ITE ranges from -1.3 to 0.6 with median -0.14. About 72% of the patients in this population appear
to benefit from combination therapy. We also obtained CIs for a few examples of x,,,, including (A)
those with rs12506688 = 0, rs2843401 = 0, prior CRP not missing, rs8043085 > 0, and > 1 SLE
mention; and (B) those with rs12506688 > 0, rs2843401 > 0, prior CRP missing, rs8043085 = 0,
and no SLE mention. There are three such patients in (A) (indexed by Al, A2, A3) and two in (B),
(indexed by B1, B2). The point estimates and their corresponding 95% Cls are shown in Figure
). The estimated ITEs were around -0.4 for A1-A3 with 95% CIs all below —0.2, suggesting
that adding anti-TNF is beneficial for these patients. On the contrary, anti-TNF may even be
detrimental for B1 and B2 whose estimated ITEs are 0.23 (95% CI: [0.058, 0.39]) and 0.30 (95%
CI: [0.19, 0.41]), respectively. These results support prior findings that the benefit of combination
therapy is heterogeneous across patients.

8. Discussions

We introduced the HITS procedure for inference on ITE with high-dimensional covariates. Both
the theoretical and numerical properties of HITS are established. Unlike the debiasing methods
proposed in the literature, HITS has the major advantage of not requiring the covariate vector x,.,
to be sparse or of other specific structures. A key innovation lies in the novel construction of the
projection direction with an additional constraint @ We elaborate the importance of this step
to further illustrate the challenges of statistical inference for dense loading. The following result
shows that the algorithm without @ fails to correct the bias of xT 3; for a certain class of x,,,,.

PROPOSITION 3. The minimizer Uy in @ is zero if either of the following conditions on X, is
satisfied: (F1) || X ll2/ [ Xoelloo = 1/A1; (F2) The non-zero coordinates of X, are of the same order

of magnitude and ||X,..|[0 > C+/n1/logp for some positive constant C > 0.
Since ||X,e|2/[|Xoellco can be viewed as a measure of sparsity of x,.,, both Conditions (F1) and

(F2) state that the optimization algorithm (@ fails to produce a non-zero projection direction if
the loading x,., is dense to certain degree. That is, without the additional constraint @, the
projection direction u; does not correct the bias of estimating xT 3.

We shall provide some geometric insights about Proposition |3l The feasible set for constructing
u in @ depends on both x,,, and ||x,.,||2. If p is large and x,., € RP is dense, this feasible set is
significantly enlarged in comparison to the feasible set corresponding to the simpler case x,., = e;.
As illustrated in Figure [3| the larger and smaller dashed squares represent the feasible sets for
a dense x,., and X, = e€;, respectively. Since zero vector is contained in the feasible set for a
dense Xx,.,, the optimizer in @ is zero and the bias correction is not effective. With the additional
constraint @, even in the presence of dense x,.,, the feasible set is largely shrunk to be the solid
parallelogram, as the intersection of the larger dashed square and the parallel lines introduced by
the constraint (@ Interestingly, the additional constraint (@ simply restricts the feasible set from
one additional direction determined by x,., and automatically enables a unified inference procedure
for an arbitrary x,.,.

The high dimensional outcome modeling adopted in HITS allows us to extensively adjust for
confounders to overcome treatment by indication bias frequently encountered in observational stud-
ies. The present paper focused on the supervised setting. For EHR applications, in addition to the
labeled data with outcome variables observed, there are often also a large amount of unlabeled data
available where only the covariates are observed. It is known that for certain inference problems,

new
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Complex x,., Additional constraint

Fig. 3: Geometric illustration of Proposition [3; the solid parallelogram corresponds to the feasible
set of and @ for a dense x,., while the large dashed triangle corresponds to that of @; the
small dashed square corresponds to the feasible set of @ for x,., = €;.

the unlabeled data can be used to significantly improve the inference accuracy (Cai and Guo, [2020;
Chakrabortty and Cai, [2018). Inference for ITE in the semi-supervised setting warrants future
research.

9. Proofs

We present in this section the proof for the optimality results, Theorem |3| and Corollary [3| and
also the proof of Lemma [1| for non-vanishing variance. For reasons of space, the proofs of all other
results are deferred to Section [C|in the supplement (Cai et al., 2020).

9.1.  Proof of Theorem|3 and Corollary|3
In the following theorem, we first introduce a general machinery for establishing the detection
boundary Tadap(Su, S, X...) for the hypothesis testing problem .

THEOREM 4 (DETECTION BOUNDARY LOWER BOUND ). Suppose s < s, < min{p, 1o’§p}- Re-

order X, such that |, 1| > |Tww2| = -+ > [Tonp|- For any (¢, L) satisfying ¢ < s, and L < ||z,..]|o,
the adaptation detection boundary Tadap(Su, S, Xw.) in (30) satisfies Tadap(Sus 8y Xpen) = 75 with
1 s L
T = CT - max x2 Z Lpeu ] v/ max{log (cL/q?),0} ¢ . (43)
" 7=1 j=max{L—q+2,1}

To establish the lower bounds in Theorem |3| and Corollary [3] we simply apply the general lower
bound in to the case of exact loadings. Specifically, 7* is reduced to the following expression

by taking L = | 0 and ¢ < min{sy, \/|| X0},

(| e | 00 . . || Xnewllo
™ = 22 max { min{+/s, Tew ||0 £ TN Sqy s Krew max ¢ lo TR ;0
\/ﬁ { || ||O} { || HO} g ln{Su, ‘ Xnew |0}2
(44)

For the case (E1), we have | 0 <82 <82 and 7 < [|Xu oo V|| Xue|l0 /75 hence the lower bound

follows. For the case (E2), if ., > 27v,, we have 7 < %su\/logp; if v, < 27, we have

™ =< %\/ 1%, |l0- Hence, the lower bounds in follow.

Xnew

X

new
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By applying Corollary l, we establish that the detection boundaries Tadap(su, Sy Xpe) I and
are achieved by the hypothesis testing procedure ¢, defined in . All the other detecmon
boundarles will be achieved by the procedure ¢(q, s,,) defined in in the supplement (Cai et al.,
2020)).

9.2. Proof of Lemmali
Part of (20), V'V < C1x

tration, minke{LQ} P <||§kﬁk —X

2 (l /v/n1+1/ \/ng), is a consequence of the high probability concen-

o < Cx 2\/logp/nk) > 1 — p~¢ which is the second high
probability inequality of Lemma 4 established in |Cai and Guo (2017). Hence, 2_ X,., Satisfies

the constraints and (9) and V < 01 xI. 27 1212 Koo 02 xT 3o 12223 X,e- By Lemma 10
(spec1ﬁcally, the last high probability 1nequal1ty) of |Cai and Guo (2020) with probability larger
than 1 — p~¢, we have

new

new new

xT 3,15, 1, .
XnTewzz X

xI 27185k, .
anewEl X

I
Y LT
ni

< log p

(45)
ng

new new

Then we establish P (\/V < C1||Xpen |2 (1/,/711 + 1/\/n2)> >1—p €

The proof of the lower bound VV > 1| Xpew||2 18 similar to that of Lemma 3.1 of |Javanmard
and Montanari (2014) through constructing another optimization algorithm. The main difference
is that the proof in [Javanmard and Montanari (2014) is for an individual regression coefficient
and the following proof for a general linear contrast mainly relies on the additional constraint @,
instead of . To be specific, we define a proof-facilitating optimization problem,

i) = m%Rn qullu subject to ‘xlwfllu— X pew ‘ < X >\1. (46)
ucRpP
Note that u; satisfies the feasible set of and hence
ﬁ-{ilﬁl > 1_11-211_11 > ﬁI§1ﬁ1 + t((l — )\1)||Xnew % — Xlwilﬁl) for any ¢t > 0, (47)

where the last inequality follows from the constraint of . For any given t > 0,

ISy + (1 — A% — xT 2@,) > min uTSu+ (1= Ap)x

€Rp

Wl = X1, Su). (48)

By solving the minimization problem of the right hand side of ( ., we have the minimizer u*
satisfies Xju* = %Elx and hence the minimum of the right hand side of . is —ZXTWch +
t(1 — A\1)|| X [|3- Combined with (47) and (48)), we have

S~ 2 o
u/>u; > max —ZXLW&X”EW +t(1— M) |Ix,n %l

.. . . ow 1—X1)?||Xnew |3
and the minimum is achieved at t* = 2(2)2M > 0 and hence uT21u1 > (%:M By
xnew 1 Xnew xnew 1 Xnew

Lemma 10 of |Cai and Guo (2020), with probab1l1ty larger than 1 — p~¢, we have o S X _ 1 <

rTeW 1 Xnew ~
\/1ogp/ny and hence u121u1 > c||x,..||3- Similarly, we establish u222u2 > ]| Xpen
P(VV > cillxll2 (1/y/n1+1/y/n2)) > Ly

2 and hence
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Supplementary Materials

Additional discussions, simulations and the remaining proofs are presented in the supplementary
materials. We also provide in the supplementary materials a privacy preserving perturbed EHR
data along with results from analyzing this dataset. The code for implementing our proposed
method is available on the website https://github.com/zijguo/ITE.
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