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Abstract

Tens of thousands of simultaneous statistical hypothesis tests are routinely con-
ducted in genomic studies to identify genes causally affected by disease. Recent ad-
vances in single-cell RNA sequencing and CRISPR technologies have enabled gene
expression to be measured at high resolution. However, these data are often sparse,
over-dispersed, and heterogeneous, posing substantial challenges for the reliable infer-
ence of multiple causal effects.

This thesis develops three complementary solutions.

(1) GCATE is a unified model-based framework for generalized linear models with
latent confounding. By exploiting orthogonal structure and linear projections,
GCATE enables consistent estimation and inference on direct effects under non-
linear models. In the high-dimensional regime when both sample and response
sizes approach infinity, we derive Type-I error control of asymptotic z-tests and
demonstrate false discovery rate control by the Benjamini-Hochberg procedure
empirically. By comparing single-cell RNA-seq counts from two groups of sam-
ples, we demonstrate the suitability of adjusting confounding effects when sig-
nificant covariates are absent from the model.

(2) causarray couples confounder estimation from GCATE and the semiparametric
framework for multiple derived outcomes. The approach extends beyond average
treatment effects to robust causal estimands and allows for flexible estimation
using machine learning, and the resulting doubly robust pipeline maintains FDR
or FDX control. Applications to an in vivo Perturb-seq screen of autism-risk
genes and to three Alzheimer’s transcriptomic datasets uncover clustered neu-
ronal pathways implicated in disease.

(3) P supplies assumption-lean post-integration inference by leveraging negative
control outcomes to adjust latent heterogeneity. The resulting doubly robust
estimators achieve consistency and efficiency under weak conditions, enabling
inference after integration with machine learning for data-adaptive estimation.
The empirical performance is evaluated via simulations using random forests and
further demonstrated on single-cell CRISPR datasets with potential unmeasured
confounding.

Together, these methods form a principled toolkit for causal inference in complex
genomic settings, addressing non-Gaussianity, heterogeneity, high-dimensionality, and
unmeasured confounding, and enabling reliable discovery of disease-related genes and
pathways.
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Chapter 1

Introduction

The advent of genomic research has transformed our understanding of biological processes and
disease mechanisms. Advances in single-cell RNA sequencing (scRNA-seq) have driven this rapid
progress, offering unprecedented insights into gene expression patterns at the cellular level [161].
The high resolution provided by scRNA-seq data is essential to elucidate cellular heterogeneity
and its implications for health and disease [50, 110, 164]. However, fully harnessing the potential of
these data requires robust analytical frameworks capable of moving beyond association to unravel
complex causal relationships at single-cell resolution [49, 92, 134]. The fundamental difference
between association and causation is that association assesses correlations between treatments
and outcomes, whereas causal inference aims to quantify the effect of a treatment on an outcome.
A popular framework for causal inference is the potential outcomes framework, which estimates
what would have happened if a different treatment had been assigned, the counterfactual [49, 71].
Causal inferences are crucial for understanding biological processes and disease mechanisms,
with important implications for treatments, precision medicine, genomic medicine, and related
fields [149, 155].

One of the primary challenges in leveraging scRNA-seq data for causal inference is its inher-
ent hierarchical organization and heterogeneity [38, 49, 134]. Cells from the same individual are
not independent observations. They share biological factors, such as correlated gene expression,
and technical factors, including batch effects introduced during storage and sequencing. These
dependencies violate the assumption of independent and identically distributed (i.i.d.) samples,
complicating statistical analyses and rendering traditional methods inadequate for handling het-
erogeneous data with unwanted variations [140, 147]. Furthermore, most genomic studies are
observational in nature. Unlike randomized controlled trials, observational studies lack com-
plete knowledge of the disease or treatment assignment mechanism, leading to potential biases in
counterfactual estimation.

CRISPR perturbation experiments, a more recent but rapidly expanding area, offer a new set
of challenging analysis scenarios [29, 68, 82]. For this experimental setting, perturbed cells are
contrasted with cells that receive a non-targeting perturbation. While there is some randomness
in the treatment assignment, it is not entirely random: continuous unmeasured confounders such
as variability in cell size or differential drug exposure can result in biased causal estimates. Ad-
ditionally, when such experiments are performed in vivo, the possibility of confounding increases
[79], further justifying the need for robust causal inference analysis.

In summary, the challenges of reliable causal inference for scRNA-seq and CRISPR analysis
lie in:



(1)

Noisy: scRNA-seq data exhibit sparsity, with a significant portion of the data consists
of zeros, indicating no detected expression for many genes across cells; and overdispersion,
with the variance of gene expression counts surpassing the mean, challenging conventional
assumptions of Poisson or binomial distributions for count data modeling.

High-dimensional and intricate correlated: scRNA-seq data are inherently high-dimensional,
with the number of measured genes (variables) far exceeding the number of cells (observa-
tions), and this high-dimensionality is coupled with correlations among gene expressions that
require sophisticated joint modeling approaches for consistent estimation and valid inference.

Observational: As these studies are typically observational, scRNA-seq data come with
inherent potential confounders and heterogeneity among cells or subjects. This heterogeneity
necessitates the deployment of advanced causal inference tools to manage these challenges
effectively, ensuring accurate interpretation and conclusions from both bulk-cell and single-
cell data analyses.

These characteristics necessitate the development and application of advanced statistical causal
inference methods that can jointly model these aspects, addressing sparsity, overdispersion,
high-dimensionality, correlation, and heterogeneity to extract meaningful biological insights from
single-cell data.

The problems of modelling and predicting the single-cell gene expressions have been exten-

sively studied in various works. For instance, Du et al. [41, 42] consider estimation and model
selection with ensemble methods, with the theoretical understandings of overparameterized en-
semble learning explored in a series of work [13, 135, 136], and Zhen and Du [187] consider
neighborhood prediction model using network information. The probabilistic deep generative
modeling of multi-modal single-cell datasets is also explored by Du et al. [40, 43], Moon et al.
[128], Zhou and Du [188]. A natural next step is to establish valid statistical inference for identi-
fying differentially expressed and causally expressed genes. In genomics, only a few methods have
been proposed for drawing conclusions about causal gene identification. The lack of reliable and
robust causal inference approaches for genomics discoveries inspires us to study the inferential
methods for causal inference with multiple outcomes in genomics.

In response to these challenges, this thesis explores three approaches for simultaneous causal

inference on multiple genes:

(1)

GCATE [48]: a model-based framework for multivariate generalized linear models with latent
confounding. GCATE projects out unmeasured factors, applies sparsity-aware bias correc-
tion, and provides valid large-scale z—tests with false-discovery-rate (FDR) control even for
high-dimensional, over-dispersed count data.

causarray [47, 49]: a two-stage procedure that (i) uses GCATE to estimate unobserved con-
founders and (ii) combines these estimates with doubly robust semiparametric estimators
to obtain causal contrasts. The pipeline accommodates flexible machine-learning nuisances,
handles heterogeneous single-cell and pseudo-bulk outcomes, and supports both FDR and
family-wise discovery-rate (FDX) control.

P11 [45]: an assumption-lean post-integration inference approach that adjusts for latent het-
erogeneity via negative control outcomes. P1iI delivers deterministic bias corrections and
doubly robust estimators that remain consistent and efficient under model misspecification,
mediation, and moderation, enabling reliable inference after data-adaptive integration.

The three methods will be detailed in the following three chapters, presented in order.



Chapter 2

Simultaneous inference for
generalized linear models with
unmeasured confounders

Material in this chapter first appeared as Du et al. [48].

2.1 Introduction

To discover genes that are differentially expressed under different experimental conditions or
across groups of samples, large numbers of simultaneous hypothesis tests must be performed.
These tests are made more challenging by the presence of unmeasured covariates that bias the
analyses. In 2007, Leek and Storey [96, 97] presented their pathbreaking “surrogate variable”
approach to control for unmeasured confounding effects in differential expression (DE) studies
using microarray data. These confounders go by various names in the literature, including batch
effects, surrogate variables, latent effects, or simply unwanted variations [56, 98, 160]. Adjusting
for confounding effects is crucial because they may distort the correct null distribution of the test
statistics, and consequently, standard statistical approaches can be substantially biased [119, 175].
Due to burgeoning developments in the genomics field, DE testing has been dramatically expanded
to include a variety of genomic readouts beyond microarray, in which the normality of the observed
counts rarely holds. Inspired by modern-day omic studies, the concerns about confounding are
more urgent than ever, and there is a pressing need to adapt statistical approaches to changing
data types.

The problem of confounder adjustment has been an important topic in statistics in recent
years. To characterize the confounding effects, the pioneering work in this field assumes a linear
model Y = XBT 4+ ZT'T + E, where Y € R™*P is the gene expression matrix, X € R"*? is the
measured covariate matrix, B € RP*? is the direct effect to be estimated, Z € R™ " is the latent
factor matrix, I' € RP*" is the latent factor loading, and E € R™*P is the additive noise. The
early investigations study the statistical inference problem under this model by further imposing
a linear relationship between X and Z, assuming either X causes Z as in Figure 2.1(a), i.e., Z is
a hidden mediator [59, 97, 175], or Z causes X as in Figure 2.1(b), i.e., Z is a hidden confounder
[62, 159].

In the presence of hidden mediators, where the observed covariates are the cause of the hidden
variables, Wang et al. [175] and Gerard and Stephens [59] study the statistical inference problem
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Figure 2.1: Causal diagrams on the generative models illustrating the relationship between the
covariate X, the latent variable Z, and the response Y. (a) Z is a hidden mediator when X
causes Z. (b) hidden confounder when Z causes X. Note that we do not require knowledge of the
relationship between X and Z for the analysis in this paper.

for multiple outcomes (p > 1) by assuming a linear relationship between the observed variables
and the hidden variables. In the context of hidden confounders and a single outcome (p = 1), Guo
et al. [62] propose a doubly debiased lasso estimator and establish asymptotic normality; Cevid
et al. [22] propose a spectral de-confounding method; and Sun et al. [159] analyze non-asymptotic
and asymptotic false discovery control with high-dimensional covariates.

More recently, methods for estimating primary effects extend beyond linear dependence struc-
tures between covariates and confounders. For instance, Jiang and Ning [76] model the interaction
between the covariates and the confounders, and projection-based methods are employed to es-
timate the primary effects under arbitrary dependency [19, 95, 120]. For statistical inference,
McKennan and Nicolae [119] propose an estimator that is asymptotically equivalent to the or-
dinary least squares estimators obtained when every covariate is observed, and Bing et al. [20]
establish asymptotic normality, efficiency, and consistency.

The applicability of the aforementioned methods to the nonlinear model remains challenging.
Limited research has been done to address adjustments for confounding effects under the setting
of arbitrary confounding mechanisms, nonlinear models, and multiple outcomes. For empirical
studies, Salim et al. [147] propose a heuristic algorithm that utilizes a pseudo-replicate design
matrix and negative control genes to remove unwanted variations. For theoretical analysis, to the
best of our knowledge, the related literature that explores slightly broader settings is limited to
Feng [51], who studies nonlinear factor models concerning treatment effects with a single outcome
by PCA-based matching, and Ouyang et al. [131], who study the generalized linear models with
a single outcome and linear hidden confounders. However, both of these works assume the
covariates are some functions of the unobserved confounders.

Our work is inspired by the rapid developments in the field of genomics, particularly single-
cell omics [50]. For example, CRISPR perturbations with single-cell sequencing readouts have
promised extraordinary scientific insight [29, 68, 82]; due to the sparsity of outcomes and the
nature of the molecular readout, these data are not suitable for analysis by linear models under
Gaussianity assumptions [12, 150]. Hence, our development of generalized linear models for
confounding is timely.

In this paper, we adopt the term “confounder” to encompass a broad category of latent vari-
ables, including both mediators and confounders, as defined in the context of causal inference
literature. The purpose of this paper is to derive valid simultaneous inference for multivariate
generalized linear models in the presence of unmeasured confounding effects. Existing methods in
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this domain typically focus on Gaussian linear models [19, 20, 175] or necessitate direct modeling
of the relationship between covariates and confounders [51, 131]. To the best of our knowledge,
the proposed method is the first estimation and inference framework capable of (1) accommodat-
ing general relationships between observed covariates and unmeasured confounders, allowing for
arbitrary confounding mechanisms; (2) utilizing generalized linear models, allowing for nonlinear
modeling; and (3) incorporating information from multiple outcomes. Our approach leverages the
orthogonal structures inherent in the problem, incorporating linear projection techniques into
both estimation and inference processes to effectively mitigate confounding effects and elucidate
primary effects. Notably, it exhibits significant utility in high-dimensional sparse count data, as
demonstrated through the analysis of single-cell datasets on systemic lupus erythematosus disease
in Section 2.6.

Our proposed procedure GCATE (generalized confounder adjustment for testing and estima-
tion) consists of three main steps. In the first step, we use joint maximum likelihood estimation
[26, 27] to obtain the initial estimate of the marginal effects and uncorrelated latent components
by projecting the latent factor Z to the orthogonal space of X, from which we recover the column
space of I'. In the second step, we use a similar strategy to obtain the estimates of both Z and
primary effect B, by constraining the latter to be orthogonal to the estimated latent coefficients
T and using /;-regularization to encourage sparsity. Lastly, the valid inference is guaranteed
by a bias-corrected estimator of B , which innovates a link-specific weight function, similar to
[21, 74], while incorporating projection-based score adjustments that combine the information
from multivariate responses.

In our theoretical framework of confounded generalized linear models, we establish conditions
for identifying the latent coefficients and direct effects. Furthermore, we provide non-asymptotic
estimation error bounds for these estimated quantities in high-dimensional scenarios where both
the sample size n and response size p tend to be infinity. In particular, we derive element-
wise fo-norm and ¢1-norm bounds for the estimation error of the primary effects by effectively
controlling the column-wise estimation errors of the latent components. Lastly, we demonstrate
the asymptotic normality of our proposed bias-corrected estimator and show the proper control
of statistical errors, thereby enabling the construction of valid confidence intervals and hypothesis
tests.

Organization and Notation. In Section 2.2, we set up our modeling framework, which ex-
tends existing results in the literature to the generalized linear model setting. In Section 2.3,
we describe our strategy for estimation and establish bounds on the estimation error of the pa-
rameters of interest. In Section 2.4, we motivate and construct asymptotically valid confidence
intervals and hypothesis tests. Finally, in Section 2.5 and Section 2.6, we study the empirical be-
havior of our estimators in realistic simulations and a study of gene expression in lupus patients.
Technical proof of the results is provided in the supplementary material.

Throughout our exposition, we will use the following notational conventions. For any ma-
trix A € R™*?, we use a;, Aj, and a;; to denote its ith row, jth column, and (i, j)-th entry,
respectively, for ¢ = 1,...,n, j = 1,...,p. For any matrix A € R™"*P with full column rank,
let P4 = A(ATA)"'AT and Pj = I, — P4 be the orthogonal projection matrices on the A’s
column space and its orthogonal space, respectively. For any square matrix A € R™*" \;(A)
denotes its ¢th largest eigenvalue. The symbol “®” denotes the Hadamard product. We use “o0”
and “O” to denote the little-o and big-O notations and let “op” and “Op” be their probabilistic
counterparts. For sequences {a,} and {b,}, we write a,, < b, or b, > a,, if a,, = o(by,); an < by



or b, 2 ay if a, = O(by,); and a,, < by, if a,, = O(by,) and b, = O(a,,). Convergence in distribution

and probability are denoted by «dr and «By.

2.2 Modeling Differential Expression

In the context of DE testing and related applied problems, the outcome variable can be a variety
of measures, including gene expression, protein abundance, and open chromatin. For simplicity
of exposition, we will describe our methods in the context of tests for differential gene expression.
These tests aim to contrast outcomes from case versus control samples, wherein case and control
observations may be derived from various study designs, spanning the spectrum from diseased
versus healthy subjects to perturbed versus non-targeted cells.

2.2.1 Generalized linear model with hidden confounders

Suppose the gene expression y € RP is a p-dimensional random vector containing conditional
independent entries from a one-dimensional exponential family with density:

p(y;j | 0;) = h(y;) exp (y;0; — A0;)),

where 0; € R is the natural parameter, and A(-) and h(-) are functions that depend on the
member of the exponential family. We restrict ourselves to the regular families whose natural
parameter space is a nonempty open set and A is continuously thrice differentiable, which is
satisfied by most common exponential families as summarized in Table A.61. Because the one-
parameter exponential family is minimal, the natural parameter space is convex, and the log-
partition function A is strictly convex. If we know the distribution of y, then 8 € RP is a
unique solution to the equation E[y | 8] = A’(0), where A’ is the first derivative of A and applied
element-wise to 6; equivalently, 8 = A"~"}(E[y|6]). In other words, we can recover 6 based on
the information of the first moment of y and the log-partition function A.

To associate multiple outcomes with both covariates and hidden confounders, one can natu-
rally consider the generalized linear model, where the natural parameters are linear functions of
both the observed covariates & € R? and the unmeasured confounder z € R”:

0p><1 = Bpxdwdxl + prrzrxl-

Here, B and T are the linear coefficients. Denote Da the linear projection of z onto @, where
D = Elzz"|E[zx"]~! € R"™*? is the projection coefficient and w = z — Dz is the residual
uncorrelated with @. To see how z may affect the inference on B, note that

0 =(B+TID)x+Tw. (2.2.1)

When y is normally distributed, the confounding effects occur even when regressing the mean
response @ = E[y | 6] on x, which yields the confounded coefficient B + I'D while the direct
effect of interest is B. When y comes from general exponential families, the confounding effects
are more intractable because all moments and cumulants of the response may be affected by the
colinearity of « and z.

In the context of genomic analysis, the problem of confounding is more severe when the
number of available covariates is limited. In particular, one typically encounters high-dimensional
scenarios characterized by a substantial number of genes, often surpassing the available numbers



of covariates and hidden confounding factors. In this paper, we also consider such a challenging
scenario where the number of genes is much larger than the numbers of the observed covariates and
the unmeasured confounders, namely, p > d and p > r. Under such challenges, the first natural
and essential question one may ask is whether there is any hope to disentangle the confounding
effects and identify the direct effects.

The answer to this inquiry is affirmative. On the one hand, the column space of I' can
be identified up to rotations if Cov(I'w) = I'S,T'T has rank r, where ¥, = Cov(w) is the
covariance of the uncorrelated latent factors. This fact originates from basic principles in linear
algebra, frequently employed in factor analysis [7, 8]. On the other hand, once the column space
of I is known, one can apply the orthogonal projections to remove the confounding effects based
on (2.2.1):

Pi6 = Pi Bz,

where Pp = T'(T''T)~!'T'T and 731{- = I, — Pr are the orthogonal projection matrices that project
vectors on to the image of I' and the orthogonal complement of I', respectively. By regressing
P60 on @, we can further obtain the unconfounded primary effects Pi B = PEE[0z T |E[zz ]~ .
However, the other component, Pr B, often poses challenges in identifiability unless additional
conditions are imposed. Typically, extra assumptions on the spectrum of I' and the sparsity of
B are necessary, to assert that I' and B are asymptotically orthogonal, in the sense that PrB is
negligible [20, 95, 175]. In that case, B can be well approximated by P%B . Below, we give one
sufficient identification condition.

Proposition 1 (Identification of B). Suppose there exists a sequence {7,}pen that is uniformly
lower bounded away from zero such that the following conditions hold:

T T
A (T2, T ) > 1, 121?%{p(rzwr )i = 0(1), ax, | Be|l1 = o(Tp). (2.2.2)

Then as p tends to infinity, it follows that B = P¢ B +o(1) and |PrB|r < /b||Bl|1,1/7p, where
| - [[1,1 is the element-wise ¢;-norm. Further, Pr and B can be identified from the first two
moments of x,y asymptotically.

As hinted above, the lower bound condition of I'S,,I'T’s spectrum in (2.2.2) ensures that the
column space of I' can be identified up to rotations. The second condition guarantees that the
diagonal entries of I'S,,I'T are balanced. Finally, the last condition in (2.2.2) can hold when B
is sparse, and its entry is bounded. Compared to Bing et al. [20, Theorem 1] where the response
y is normally distributed, the identifiability condition of Proposition 1 applies for exponential
families, which is of much broader generality. Furthermore, the smallest eigenvalue of I'S,,I'"
can grow at a specific rate 7, in Proposition 1. When 7, = p, we can recover the result in Bing
et al. [20, Theorem 1]. Lastly, we also provide a norm bound for the residual PrB, which is
helpful for later analysis of the estimation errors.

2.2.2 Random samples

While the preceding identification results are applicable when population moments are known,
practical scenarios involve the observation of independent and identically distributed (i.i.d.) sam-
ples. Consequently, statistical estimation becomes imperative to disentangle direct effects from
the confounding effects based on samples. Suppose (x;,y;) for i = 1,...,n are n i.i.d. samples
coming from the same distribution as (,¥y), and let X € R"*? and Y € R™*P denote the design
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matrix and the gene expression matrix, respectively. The expression y;; of the ith observation
and the jth gene has the density:

P(Wij | 0i5) = h(yi) exp (yijbi; — A(035))
where 6;; is the natural parameter. In matrix form, the natural parameters decompose as
©=XB'+2r",

where B € RP*4 Z € R and T' € RP*" are unknown. Note that y;;’s are conditionally
independent given the natural parameter ©.

One natural way to estimate the unknown variable Z and parameters (B,T') is to perform
maximum likelihood estimation. Ignoring the constant terms, the negative log-likelihood function
of Y is given by

£(0) = L(B,Z,T) = — 3" S (b — Al6y)) (2:23)

i=1 j=1

The second notation £(B, Z,T") reflects the dependence of ® on the model parameters B and
unknown quantities I'; Z. Addressing the challenges of nonconvexity and high dimensionality
requires developing efficient algorithms to estimate these unknown quantities and analyze their
statistical properties.

To overcome the difficulty of estimation, one critical observation comes from the projection-
based decomposition and Proposition 1:

®©=XB'+2zr"
= (XB'"Pf+XB'Pr)+(XD'TT + W)
= XB'Pf +PxZIT + PxWT + op(1),

where we replace the best linear projection X D with its empirical counterpart Px Z in finite
samples, which yield negligible terms that contribute to op(1). It is worth noting that X BTPIJ:
and PxZT'" + WT'T have orthogonal columns, while XBT’PIL‘ + PxZT" and P)L(WI‘T have
orthogonal rows. Our analysis will then take advantage of such two-way structural orthogonality
to perform both estimation and inference for the parameters of interest, as detailed in the following
sections.

2.3 Estimation

From now on, we will use an asterisk on the upper subscript to indicate the population parameters
and the true latent factors. Specifically, we denote the underlying parameter as

Let R C R be an open domain of # such that A(f) < oo for all § € R. For a given C' > 0, define
Rc = RN[—C, C] for Gaussian, Binomial and Poisson distributions and R¢ = RN[—C, —1/C] for
Negative Binomial distributions. For our theoretical results, we assume the existence of constant
C > 1 such that the following common assumptions hold.



nxp

Assumption 1 (Model parameters). Assume that ®* € R,"" with probability ¢, for some
deterministic sequence ¢, tending to one as n tends to infinity. The primary coefficient satisfies
that maxi<¢<q | B/[lo < s for some 1 <'s < p and maxi<;<, [|b][2 < C.

Assumption 2 (Covariates). Assume that xi,...,x, are i.i.d. v-sub-Gaussian random vectors
with second moment X, := E[z 2] ] such that C~1 < \,(£,) < M (Z5) < C.
Assumption 3 (Latent vectors). Assume that the uncorrelated latent factors wj,...,w; are

iid. v-sub-Gaussian random vectors with zero means and covariance 3,,, such that C~1 <
M (2w) € M(Zw) < C; and the factor loadings T'* satisfy that C~! < \.(p~'I*T*") < C and
maxi<;j<p [V} [l2 < C.

Like all nonlinear (nonconvex) analyses, the rows of B* and I'* are assumed to be in a bounded

set, as in Assumptions 1 and 3. The boundedness of the natural parameter ®* is required to
control the tail probability of the response y conditional on observed covariates and latent factors.
In Assumption 2, the sub-Gaussian assumptions admit the particular case when x;; = 1 for all
1 < i < n so that the intercept can be incorporated into our model. In Assumption 3, the
zero-mean condition on W* is to simplify the theoretical analysis, which can be guaranteed if
we include the intercept and project Z* onto the linear span of the columns of [1,,, X]. Finally,
the sparsity and boundedness assumptions of B* in Assumption 1, and the bounded spectrum
assumptions of ¥, and I'* in Assumption 3 imply the conditions of Proposition 1 with 7, = p
therein. These assumptions are relatively lenient on the projection coefficient D*, provided they
ensure that ®* remains within a bounded set with high probability.
Remark 1 (The number of latent factors). For our theoretical results, we assume the number of
latent factors r is known in advance. Note that the joint-likelihood-based information criterion
(JIC) proposed by Chen and Li [26] can be utilized to select the number of latent factors. The
JIC value is the sum of deviance and a penalty on model complexity:

JIC((:)(T)) =-2 Z log p(yij | ag)) +v(n,p,d+r), (2.3.1)
i€[n].j€[p]

where ©(™) is the joint maximum likelihood estimator of the natural parameter matrix that mini-
mizes (2.2.3) with 7 latent factors and d observed covariates, and v(n, p, ) = cyic-rlog(n A p)(n A p) ™"
is the complexity measure with penalty level c¢jjc > 0. As shown by Chen and Li [26], minimiz-
ing the empirical JIC yields a consistent estimate for the number of factors in generalized linear
factor models with an intercept parameter. The utility of this metric in our problem setting is
also empirically examined for both the simulation in Section 2.5 and the real data analysis in
Section 2.6.

As motivated in Section 2.2.1, we consider the following optimization problem:
B,ZT = argmin L(B,Z,T)+ \|B|1.1
BeRPxd, ZeRnXT TERPXT (2.3.2)
st. XB'+2ZI'" e RYP?, PrB=0.

where the unregularized loss function £(B, Z,I") is defined in (2.2.3) and || - ||;,; denotes the
element-wise ¢1-norm. It is worth noting that for any feasible I fixed, (2.3.2) reduces to a convex
optimization problem in variables B and Z:

B,Z = argmin  L(B,Z,T)+ \|B|.
BERP*d ZeRnxr (2.3.3)

st.  XB'+2zZT' eRY?,  PsB=0.



Algorithm 1 GCATE (generalized confounder adjustment for testing and estimation)

Input: A data matrix Y € R™ P, a design matrix X € R™ ¢, a natural number r > 1 (the
number of latent factors)
1: Estimation of uncorrelated latent components WI‘T Solve optimization problem
(2.3.4) to obtain WOI‘0 and the initial estimate (-30 = XFT + Wol"—r by alternative maxi-
mization (Algorithm A.6.6) with initialization given in Appendix A.6.2:

F,W,,T e argmin L(XF"+wWrh)
FcRpXd W cRnXT T'ERPXT (2.3.4)

subject to XF' + WI'T € RY?, PxW = 0.

2. Estimation of latent coefficients T': Set W := VnUXY? and T = \/I)VZl/2, where
ﬁ\/of‘g = \/TTPUEVT is the condensed SVD with U € R™*" X € R"™*", V € RP*",

3: Estimation of direct effects B and latent factors Z: Solve optimization problem (2.3.5)
to obtain (é , Z ) by Algorithm A.6.6 with initialization given in Appendix A.6.2:

B,Z= argmin L(XB' +ZL'") + A|B||1.
BERpxd, ZcRpX" (2.3.5)

subject to  XB' + ZT'| € RY?, PsB = 0.

4: Debiasing: Construct the debiased estimate (2.4.1) and its estimated variance (2.4.6), based
n (B, Z,T). Compute p-values according to the asymptotic distribution (2.4.5).
Output: Return the p-values.

This motivates us to solve optimization problem (2.3.2) in two steps: (1) firstly obtaining a
good estimate of T and (2) then based on I‘ obtaining good estimates for B* and Z*. In
Algorithm 1, we incorporate the two-step procedure by solving two sub-problems (2.3.4) and
(2.3.5) consecutively. We next analyze the statistical properties of estimators in each step of
Algorithm 1.

2.3.1 Estimation of uncorrelated latent components

To estimate the marginal effects F* = B* + I'"D* and the uncorrelated latent components
W*T* ", we first solve optimization problem (2.3.4). This is also known as the joint maximum
likelihood estimation [27, 28], which is statistically optimal in the minimax sense when both the
sample size n and the response dimension p grow to infinity. From optlmlzatlon problem (2.3.4),
we obtain the initial estimates of the natural parameter matrix @0 = XFT + WOI‘T The
following theorem characterizes the estimation error of the initial maximum likelihood estimate
Q.

Theorem 2 (Estimation error of (:)0). Under Assumptions 1-3, let (:)0 be any estimator such
that £(8g) < £(©*). For any constant § > 1, when np > 3, it holds with probability at least
1—(n+p) %= (np)~° — 1, that

|80~ ©°[le = O (Vd+ ) Vp) VE)) . max [(€0); ~ &2 = O (Vd+1)(n V).

In our specific setting, where the dimensions represented by d and r are orders of magnitude
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smaller compared to n and p, the estimation error is primarily dominated by the scale of the
larger dimensions n and p. Because the dimensions of natural parameters expand with both n
and p, the bound implies that the error associated with each entry is approximately on the order
of \/(n V p)/np. As demonstrated in the upcoming subsection, these results empower us to attain
robust estimates of the confounding effects.

2.3.2 Estimation of latent coefficients

From optimization problem (2.3.4), we obtain the initial estimates E= ﬁ\/gf‘oT of the latent com-
ponents that are uncorrelated to the observed covariates. Though W* and I'* are only identified
up to rotations, we can use the condensed singular value decomposition of the normalized latent
components E /P = UXVT to obtain the final estimates through the following optimization
problem:

~ o~ 1 ~
W.,T'c€ argmin —||E—-WT'|2
W eRnXT T ERPXT np (2 3 6)

1 1
subject to —W W = —I''T'is diagonal.
n p

A simple derivation yields the solution W = VnU ®Y2 and T = \/§VZ}1/ 2 to the above problem.
The above procedure is also commonly used in the factor analysis literature for estimating factor
loadings from regression residuals [7, 20]. The following theorem guarantees that the above
estimate of the latent coefficients is provably accurate in recovering the column space of the true
coeflicients.

Theorem 3 (Estimation error of Px). Under Assumptions 1-3, as n, p — oo, it holds that

1 1
w0 (\ip)e s, e Pel =0 (v pz<w>> |

Theorem 3 implies that the image of I'* can be estimated well by T. Furthermore, the column-
wise error decays at a fast rate. The precise error control of each column individually enables us to
disentangle the intricate relationships within the confounder-adorned high-dimensional dataset.
However, these do not directly extend to error control for the latent factors Z* or the latent
coefficients I'* themselves.

Under multivariate linear models, Bing et al. [20, Theorem 4] show the concentration of the
latent coefficients maxi<;<y [|7; —7;jll2. Their results rely on the special structure of the regression

|Pg — Pr-

problem Y; = X (b; + D*T'y]’-‘ ) + €, where the regression coefficient can be decomposed into a
sparse component b and a dense component D*T'yj’.k. By using the lava estimator [31], they can
derive the estimation error of the residual €;, from whose covariance structure, ||v; —7;l|2 can be
further bounded. In the generalized linear model setting, we don’t have the flexibility to utilize
the additive noises’ covariance structure to directly estimate «; well. Instead, we need to rely on
joint maximum likelihood estimation to estimate them, as we illustrate below.

2.3.3 Estimation of latent factors and direct effects

Once the column space of confounding effects becomes distinguishable, the subsequent phase
entails retrieving direct effects by mitigating the influence of confounding variables and solving
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optimization problem (2.3.3). Through this, we can simultaneously obtain the estimates of latent
factors Z* and direct effects B*. In the high-dimensional scenarios when p can be larger than n,
one natural approach to estimate the sparse coefficient B* is via £1-regularization, as employed
in the optimization problem (2.3.5), which aims to obtain a sparse and consistent estimator B
by ¢1-regularization while simultaneously removing the unmeasured effects. Next, we analyze the
properties of the two estimators Z and B in turn.

Latent factors. As previously alluded to, estimating latent factor Z* demands special consider-
ation. To bypass the technical difficulty, we will use the estimation errors of ®y and Py provided
by Theorem 2 and Theorem 3, respectively, coupled with one extra identifiability condition for the
latent factors Z* and their coefficients I'*. From Lin et al. [104, Proposition 5.1], there exists an
invertible matrix R € R"™" with bounded operator norm, such that V(Rz}) and R~~~} R™!
are the same diagonal matrix. The following assumption from Lin et al. [104] restricts the spacing
of V(Rz{)’s eigenvalues.

Assumption 4 (Identifiability of latent factors). Assume there exists positive numbers ¢; < ¢y
and 1 < k; < ko such that for all £ € {1,...,r}, the eigenvalues of V(Rz}) satisfy c;£7F1 < )\, <
col™F1 and Ay — Mgy > ¢ f7*2, with the convention that \.yq = 0.

Intuitively, Assumption 4 guarantees that Z*R' can be recovered up to sign from the matrix
product Z*T*T. This implies that, if one can consistently estimate Z*I'*T with ZfT, then Z*
and I'* can also be consistently estimated by appropriate transformations of Z and f, respectively.
A simple consequence from Lin et al. [104, Proposition 5.2], coupled with Theorems 2 and 3, is
the following error bound on the columns of latent components.

Corollary 4 (Estimation of latent components). Let T and Z be solutions to optimization
problems (2.3.6) and (2.3.5), respectively. Under Assumptions 1-4, suppose ming BERpXd|P. B=0}

L(XBT + 2f‘T) < L(©*) with probability tending to one. Then, as n,p — oo, it holds that,

1 5 logn rike—ki+4d]ogn
max —||Z~; — Z*~¥||s = O \%
1§j§pﬁll Y Villz=0p [/ — "

It’s important to note that, unlike the analysis for linear models in prior work [19, 20] that
projects the responses onto the orthogonal column space of T and removes the effects of latent
factors Z, estimating Z is unavoidable under generalized linear models. In Corollary 4, we require
the joint maximum likelihood based on the estimated latent components to be higher than the
likelihood evaluated at the truth. This requires the estimated latent components derived from
(2.3.5) to exhibit stability and ensures that the maximum likelihood with the estimated latent
factors remains close to the joint maximum likelihood from (2.3.4). In the presence of nuisance
parameters Z* and I'*, the sharp control on estimation error of the column Z*~7 provided by

Corollary 4 helps control the estimation error of B.

Direct effects. In high-dimensional scenarios, controlling the estimation error of Pr+ B* requires
the projection Pr= does not excessively densify the primary effects B*. To this end, we require
the ratio ||Pp«B*||1,1/|Pr«B*||p to be of smaller order than ,/p. Coupled with the previous
assumptions and results, the estimation error of B returned by problem (2.3.5) can be controlled.
Theorem 5 (Estimation error of B). Suppose the assumptions in Corollary 4 hold and ||Pp- B 11 =
O(p*/?||Pp+ B*||g) for some constant k € [0,1). Then, as n,p — oo such that \/n/ log(nd) = o(p)
and log(p) = o(n), the estimate B of optimization problem (2.3.5) with A =< 812 log(nd)n /2
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satisfies that
IB — Bl = Op(rnp), 1B = Blli1 = O(r],,,),

where the sequences 7,,;, and 77, , are defined as:
2.

— (sd logQ(nd)) V log(np) N nl/2 . sd
n,p -— n (TL /\p)3/2 10g(nd) n /\plfk’

L= sdr, L
Tap = VS Pt o ognd)

In Theorem 5, the parameter k captures the deviation of the projected ¢;-norm ||73J'*B*||171
from ||B*||1,1. The smaller k, the more information of B* is retained after projection, and the
signal-noise-ratio is larger. In the high-dimensional scenarios when n < p, the £1-norm and /»-
norm of the estimation error scale in (’)P(nfl/ 2 A plk—1)/ 2) when ignoring lower order factors. The
appearance of the response dimension p in the denominator reflects the blessing of dimensionality;
namely, having more responses than the sample size is not detrimental to consistency, provided
that p does not grow exponentially larger than n, as we numerically demonstrate in Figure A.73.

To prove Theorem 5, we establish the (approximate) optimal condition for (ﬁ , Z , f‘) from the
two-step procedure to the joint optimization problem (2.3.2), as shown in Lemma A.4.1. This
relies on the optimality condition of optimization problem (2.3.5) and the convergence rate of
PL provided by Theorem 3. It then allows us to establish the cone condition, obtain the upper
and lower bounds of the first-order approximation error of the loss function, and derive the error
rate in Appendix A.4. Compared to double machine learning in the presence of high-dimensional
nuisance parameters [32, 33], our estimation procedure does not require sample splitting. To
establish consistency, we only need the convergence rate of maxi<;<, || Z*v; — Z’ij ll2/+/n to be the
parametric rate (nAp)~1/2, as shown in the proof of Theorem 5; see also Remark 12 for discussion
on the connection to Neyman orthogonality. However, to derive the asymptotic distribution for
inference, one may need more stringent conditions or sample splitting, as illustrated next.

2.4 Inference

2.4.1 Projected and weighted bias correction

When evaluating uncertainty in high-dimensional inference, confidence intervals and statistical
hypothesis tests are required. After obtaining the initial estimate B, we need to remove the bias
caused by /;-regularization to have valid inferences on the estimated coefficients. Without loss
of generality, we focus on testing the coefficients of the first covariate b;; for j = 1,...,p. We
consider the following debiased estimator for each of them:

~ ~ 1< —~
d T T
bii = bj1 +u - Zlml(yl — A'(6:)) vy, (2.4.1)

where © := XBT + ZT'" is the estimated natural parameter matrix, and v € R? and v; € RP
are projection vectors to be specified later, such that the correction term n~tu' S xi(yi —

A'(8;))Tw; is a reasonable estimate of the bias bi —le.
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By Taylor expansion of A'(6};) at @j =z, Ej + z'4;, we have
* ) ) * ) 1 * n
A7) = A'(03) + A"(0i) (05 — 03) + S A" (i) (055 — 0i)°,

for some 1);; between «/9\25 and 9;’}. Then, the residual of the ith sample can be decomposed into
three sources of errors:

JoA
~—~ ~—~ ~—~
stochastic error  remaining bias approximation error

where the three terms of errors are given by
—A'(6])
= A"(6:) © (6; - 6])

~

1 *
i = —5[A" (Vi) (0] — 0i5)*)1<j<p

If we let v; = w;diag(A” (07-))*17311;6]- where w; is the sample-specific weight and e; € R? is the
unit vector with jth entry being one, then substituting (2.4.2) into (2.4.1) yields that

b;if— o= (bj1 — b)) +u —Zmle 'uH—uT ZalzzpZ '1)14—u—r ZmzqZ v;

1 — 1 N
— UTE > wiefvi + (uTn > wiwiw] — ef) (b% — b;) + Rem. (2.4.3)
=1 i=1

The estimation error rates provided by Theorems 3 and 5 guarantee that || b; —Ej |1 = Op(ry,,) and
the remaining term is Rem = Op(maxi<i<n [u' @;[*r2 ) for 1y, and 7}, , defined in Theorem 5.
Based on (2.4.3), the idea of debiasing is to choose uw and w;’s such that the second term and the
remaining term is of order o]p(nfl/ 2), while enabling the convergence of the average of primary
stochastic errors to a normal distribution by central limit theorem.

To facilitate our theoretical analysis, suppose we split the dataset into two parts D; =
{(zi,y:),1 < i < n}and Dy = {(x;,¥y:;),n +1 < i < 2n}, where D; is used to obtain the
estimates B and f‘ and Dy is used to remove the bias for B induced by ¢;-regularization. There
are also latent factors {zf}" , and {z;}?", 41 associated with Dy and Ds, respectively. Fur-
ther, if €;’s are independent of the projection vectors u and wv; (or equivalently w;) conditional
on (xj, z])’s and Do, then we can approximate the scaled conditional variance of the stochastic
€rrors as:

0?— ( Emevl

= UTE Zw?wie]TPfL‘diag(A”(é\i))_l Cov(e; | Gf)diag(A”(@;))_1Pf‘lej:ciu

(@i, 27) }isas Dz)

TlZw e] PAdiag(A”"(6;)) ' diag(A”(6]))diag(A"(8,)) ' Piej iz, u

~u —g Wi T T u—aj2
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by using a proper data-dependent weight w; = @;. Then, the projection vector w is constructed
by minimizing the variance proxy while controlling the bias and remaining terms in (2.4.3):

u € argminu —g Gizix, u
ucR4

(2.4.4)

s.t. <A

n
1 N T
— E Wi; L, U — €1
TL,
e

max \:B ul < 7,
1<i<n

where \,, < \/log(nd)/n and 7, < \/logn. Based on @; and u, the resulting bias-corrected estima-
tor (2.4.1) is similar to those used by Cai et al. [21], Javanmard and Montanari [74], van de Geer
et al. [168]; however, we need to incorporate information from multiple responses with projection
operator 731% to de-confound, in the spirit of proximal gradient descent. Under mild regularity

conditions, the following theorem shows that the debiased estimator B;lf is asymptotically normal.

Theorem 6 (Asymptotical normality of ﬁde). Under the same conditions in Theorem 5, for
j = 1,...,p, additionally assume the following conditions hold: (i) n/log(nd) = o(p*?) and
n = o(p?=); and (ii) ©; = w(@;, 25, Dy) for some real-valued function w that is uniformly
bounded away from 0 and co. Then as n,p — oo, it holds that

*
_bl d

f = N(0,1). (2.4.5)

gy

With fewer assumptions on the correlation between the covariate X and the confounder Z*,
removing unmeasured confounders is only possible by utilizing multiple outcomes to disentangle
the primary effect B* and the latent coefficient I'*. In particular, because the estimation error
rates of B* and T'* are related to (n A p)~!, the number of outcomes p is expected to be larger
than n, so that these errors are primarily affected by the sample size n.

In Theorem 6, condition (i) requires that the response dimension p grows faster than n
n/1=k) which ensures the remainder term Rem in (2.4.3) vanishes in the limit. Specifically,
Rem has a magnitude associated with the convergence rate of ||§ — B*||%, as provided by The-
orem 5. To derive the asymptotic normality, Rem = op(n~1/2) is required; however, if n is too
large compared to p, the convergence rate of B from the first two steps of the proposed procedure
is insufficient to establish the desired asymptotic normality. In this case, having a much larger
sample size does not help. When k£ < 1/2, condition (i) is satisfied with n = o(p), which is
reasonable in most scientific scenarios of cohort-level differential expression analysis, as we shall
see later from the real data example in Section 2.6.

2/3

In terms of condition (ii), a proper sample-specific and link-specific weight function is required.
One can construct such weights @; by sample splitting to fulfill this condition. For instance, using
sample splitting procedure in Algorithm A.5.5, one valid choice is &; = A” (67”) In Lemma A.5.3,
we show that such a choice of &; satisfies the condition (ii) in Theorem 6 with probability tending
to one and the resulting variance estimator

1
A2 . - Zwlm x; u, (2.4.6)
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is also consistent with ¢%. Hence, Theorem 6 implies that t; = \/ﬁ(ggif —b31)/0; 4N (0,1). We
reject the null hypothesis Ho; : b7 = 0 at level-av if [t;| > 2,5 == &1 — a/2), where @ is the
cumulative distribution function of standard normal. Numerically, we show that the efficiency
loss of sample splitting is negligible in Appendix A.7.1; and the proposed method performs
well without sample splitting and is statistically more efficient than the alternative methods in
Section 2.5.

Remark 2 (Inference without unmeasured confounders). In the special case when there are no
unmeasured confounders, the matrix 731% reduces to the identity matrix. Also, the projection
vector 4 is the jth column of (X diag(A”(XB1))X)™!, and 0; is the asymptotic variance
of gjl under well-specified generalized linear models. In this case, (2.4.1) is simply a one-step
adjustment based on the score function. For Bernoulli distributed binary outcomes without
unmeasured confounders, the above choice of the weight function w(f) = A”(6) for optimization
problem (2.4.4) coincide with f/(6)2/(f(8)(1 — f(6))), the one used in Cai et al. [21] with f = A’
being the link function. For Gaussian outcomes when A’ is the identity link with a choice of
weight W; = 1, the procedure above reduces to the debias method by Javanmard and Montanari
[74].

When there are unmeasured confounders, the main difficulty lies in taking account of the
rates of convergence of |[B — B*|, ||(T — T*)e;||2, and || B*"Pr-e;||2 such that the remainder
term in (2.4.3) is op(n~'/2), which is essentially the idea of the proof for Theorem 6, as we have
alluded to after (2.4.3).

Remark 3 (Incorporate information from latent factors). In (2.4.1) and (2.4.4), we only use the
covariate X to adjust for the estimation bias. However, including the estimated latent factors
Z to construct a projection vector w of dimension d + r is also feasible. The validity of this
extension is also guaranteed by the sample splitting procedure in Algorithm A.5.5.

Remark 4 (Estimation and inference with non-canonical links). Through Sections 2.3 and 2.4,
we discuss the methodology to conduct inference on confounded generalized linear models (GLM)
with canonical link functions, as outlined in Table A.61. However, in practical scenarios, non-
canonical link functions may also be employed. For instance, the log link function is commonly
used with Negative Binomial GLMs. Fortunately, our method extends its applicability to GLMs
with non-canonical link functions, as exemplified in the case of the Negative Binomial GLMs
in Appendix A.6.4. Establishing theoretical guarantees for these scenarios may follow a similar
framework with suitable assumptions to address the non-convexity of the objective functions, as
elaborated in Appendix A.6.4.

2.4.2 Simultaneous inference

For j =1,...,p, the asymptotic normality provided in Theorem 6 provides Type-I error controls
for individual hypothesis tests Ho; : b;fl = (0. The following proposition shows that we can
also control the overall Type-I error and family-wise error rate (FWER) using the statistic ¢; =
\/ﬁ(b?f - b;l)/aj-

Proposition 7 (Simultaneous inference). Let N}, = {j | b5} = 0,5 = 1,...,p} be the true null
hypotheses. Under the assumptions of Theorem 6, as n, p, |N,| — oo, it holds that

1 p .
A Z L{|tj| >z} = «, and limsup P Z ]1{‘tj’>z%}21 < a.
JEN, JEN,
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When p is large, controlling for the false discovery rate (FDR) is more desirable when per-
forming simultaneous testing. In that regard, Cai et al. [21, Section 2.3] provides insights on FDR
controls using different techniques. From simulations in Section 2.5, we also show that FDR is
usually well controlled by the Benjamini-Hochberg procedure empirically.

2.5 Numerical experiments

DE and related tests are frequently performed in two distinct settings in the genomic field.
One relies on counts of gene expression to contrast the expression of each gene in case versus
control observations. Typically, observations are either samples from RNA sequencing (RNA-seq)
[109] or pseudo-bulk cells obtained from single-cell sequencing by aggregating the expressions of
single cells in the same homogeneous groups [158]. Another setting is single-cell RNA-sequence
(scRNA-seq) CRISPR screening [12, 37], where the fundamental task is to test for association
between a designed genetic perturbation and gene expression [37]. In both settings, the measured
gene expression is often assumed to approximately follow a Poisson or Negative Binomial (NB)
distribution [150]. However, in the former, the mean expression per sample is much larger due
to molecular design, and the distribution is often approximated by a normal distribution with an
appropriate transformation. In the latter case, the observational unit is a single cell. Hence, the
mean of the gene expression is near zero, and the data is not well approximated with a normal
distribution.

Before we turn to the simulation details, we present a simulated bulk-cell dataset and a
simulated single-cell dataset corresponding to the above two distinct scenarios, respectively (Fig-
ure 2.2). The Poisson distribution can often model the former scenario, while the NB distribu-
tion is a better option for the latter because the counts are sparser and typically exhibit strong
overdispersion (Figure 2.2(a)-(b)). Furthermore, for single-cell data, the lower-expressed genes
are typically more dispersed, and this feature is captured in our simulated data set (Figure 2.2(c)).
In practice, both Poisson and NB models are available for analysis of either type of experiment;
however, to simplify exposition, we use a Poisson distribution for bulk samples in Section 2.5.1
and a NB distribution for single-cell samples in Section 2.5.2. In the subsequent experiments, we
adhere to the protocol described in Appendix A.6.3 for selecting both the hyperparameters and
the number of factors pertinent to the proposed methods.

2.5.1 Well-specified simulated datasets

We simulate expression data Y that consists of n € {100,250} cells and p = 3,000 genes based
on the Poisson likelihood with natural parameter ®. More specifically, we generate the covariate
x1 to be a centered binary variable, i.e., (x; +1)/2 ~ Bernoulli(0.5). We also include an intercept
x9 = 1, so that the covariate vector & = [z1, $2]T has dimension d = 2. To allow for the most
general confounding scenarios without assuming causal relationships as in Figure 2.1, we directly
generate the latent factor matrix using Z = XD + W € R™ " with the number of latent factors
being r € {2,10}. Here, to generate D and W, we first sample their entries independently from
N(0,1) and further modify the singular values to be sy,...,s, where sy, = a-(2—(k—1)/(r—1)),
with @ = n=3/2 for D and a = (n/2)'/? for W. For the latent loading matrix T', we follow Wang
et al. [175] to take T' = T'A where T is a p x r orthogonal matrix sampled uniformly from the set of
all p x 7 orthogonal matrix and A = (p/2)'/2diag(\1, ..., \r) where \y =2 — (k—1)/(r —1). The
primary effect of z1 on gene j is sampled from (b;; 4+ 0.2)/0.4 ~ Bernoulli(0.5) with probability
0.05 and set to be zero with probability 0.95. The coefficient for the intercept is set to be bjo = 0.5.
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Figure 2.2: Overview of the simulated data. (a) The first and second rows show the summary of
one simulated dataset for bulk cells (Poisson) in Section 2.5.1 and single cells (Negative Binomial) by
Splatter in Section 2.5.2, respectively. The first column shows the overall distribution of the generated
counts; the second column shows the estimated dispersion parameters by methods of moments using
the mean estimates from GLM with Poisson likelihood. (b) The proportions of zero and non-zero
counts in the two datasets, colored in orange and blue, respectively. (c) The estimated dispersion
parameter versus the estimated mean for the simulated single-cell dataset.
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Figure 2.3: The Type-I errors, false discovery proportions (FDPs), powers, and precision of different
methods on the simulated datasets over 100 runs, with varying numbers of samples n € {100,250}
and numbers of latent factors r € {2,10}. For GLM, the maximum values of Type-I errors and FDPs
are clipped at 0.1 and 0.5, respectively. The blue dashed lines indicate the desired cutoffs.

Four methods are applied to the simulated datasets: (1) CATE (confounder adjustment for

testing and estimation), which is a unified approach for surrogate variable analysis under linear
models [175] and operates on the log-normalized data. (2) GLM-naive, which fits generalized linear

models with the Poisson likelihood method but only uses the measured covariates X without
adjusting for unmeasured confounders; (3) GLM-oracle, which fits generalized linear models with
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Figure 2.4: False discovery proportion at different « levels for p-values adjusted by the Benjamini-
Hochberg procedure on 100 simulated datasets when n = 250. The left and right panels show the
results for different numbers of latent factors, (a) » = 2 and (b) r = 10, respectively. When r = 10,
the FDP of GLM-naive is above 0.15; hence it is not shown in the figure.

the Poisson likelihood method and uses both observed and unobserved covariates (X, Z) for
estimation and testing; (4) GCATE, our proposed method with the Poisson likelihood. For CATE,
we use bi-cross-validation (BCV) [132] to select the number of factors, as suggested in their
original paper [175]. For GCATE, we use JIC described in Remark 1 to select the number of
factors.

To evaluate different methods, we summarize the type-I error and FDP (false discovery pro-
portion) after the Benjamini-Hochberg procedure in Figure 2.3, where the desirable thresholds
for the two are set to be 5% and 20%, respectively. From Figure 2.3, we see that when the sample
size n is small, or the latent factor dimension r is large, the performance of all methods gets
slightly worse, especially those that are misspecified, which is expected. In all setups of (n,r),
because the multivariate-Gaussian assumptions of CATE are violated, it does not provide proper
Type-I error control and FDP control. This suggests that CATE may inflate test statistics and
cause anti-conservative inference. Similarly, GLM-naive also fails to control the FDPs because
it cannot account for dependencies induced by the latent factors. On the other hand, GCATE
performs as well as GLM-oracle that has knowledge of the latent factors Z. This indicates that
our modeling helps to accurately remove unwarranted sources of confounding effects. Note that
variations of CATE may yield improved performance using empirical nulls or negative controls,
but GCATE requires no such tuning.

We further inspect the FDP control of different methods with varying thresholds. In the
ideal scenarios, FDP aligns closely with the specified a cutoffs. From Figure 2.4, GLM-oracle
has FDP aligning closely with the specified o cutoffs and consistently performs admirably across
different levels of confounding effects. Conversely, the GLM-naive approach struggles to control the
FDP effectively, and this discrepancy becomes increasingly pronounced as the number of latent
factors grows. However, in a commendable contrast to CATE, our method GCATE consistently
outperforms in terms of FDP control at various alpha cutoffs. This superiority can be attributed
to our method’s ability to model the data distribution accurately and eliminate unwarranted
variations.

Lastly, we also evaluate the statistical power and precision of different methods. Here, the
power is evaluated when the Type-I error threshold is 5%. We anticipate that both CATE and
the GLM-naive approach would yield higher power compared to other methods because they tend
to allow more discoveries without adequately controlling the Type-I errors (Figure 2.3). In Fig-
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Figure 2.5: Simulation results on 100 simulated scRNA-seq datasets generated by Splatter with
varying numbers of samples n € {100,200}. The four metrics are shown in four columns respectively.
The blue dashed lines indicate the desired cutoffs for the statistical errors.

ure 2.3, we observe that CATE exhibits the lowest power among the considered methods. In
contrast, the GLM-naive approach concurrently registers the most insufficient precision among all
the methods. As anticipated, the GLM-oracle approach boasts the highest power and precision
because it operates in an ideal scenario without confounding effects. In contrast, our proposed
method, GCATE, demonstrates a balanced and robust performance concerning power and preci-
sion. It achieves a competitive power level while maintaining a significantly higher precision than
the GLM-naive method. Moreover, GCATE outperforms CATE regarding both power and preci-
sion. This suggests that correct modeling of confounding effects boosts the statistical power and
precision in high-dimensional datasets.

2.5.2 Misspecified simulated datasets using scRNA simulators

To better evaluate the performance of various methods, we use the single-cell RNA sequencing
data simulator Splatter [182] to generate simulated count datasets. Splatter explicitly models the
hierarchical Gamma-Poisson processes that give rise to data observed in scRNA-seq experiments
and can model the multiple-faceted variability. Thus, the simulated datasets generated by Splatter
are similar to real-world datasets and suitable for benchmarking differential expression testing
methods.

Using Splatter, n cells are sampled from two groups with equal probability for n € {100,200},
containing p = 10,000 genes. Because of the sparse nature of the simulated single-cell datasets,
about 80% of the genes are only expressed in 10 cells. Hence, we exclude these lowly-expressed
genes and evaluate the methods for the remaining genes. We include d = 3 covariates for each
cell: the intercept, the group indicator ({£1}), and the logarithm of the library sizes, which
is the sum of expression across all genes. When simulating the datasets, we use Splatter to
generate four batches, introducing three major confounders. Because the data is not generated
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from well-specified GLMs, the oracle model is unknown and hence not included. For GLM-naive
and GCATE, we use the NB likelihood with log links to directly model the count data, where the
gene-level dispersion parameters are estimated by the method of moments based on the estimated
mean returned by using the Poisson likelihood; see Appendix A.6.2 for more details. For CATE,
we normalize the counts in each cell by its library size, then multiply them by a scale factor of
10* and shift them by one, and finally, apply the logarithm transform, following the standard
preprocessing approach of single-cell data.

Compared to the previous bulk-cell simulation in Section 2.5.1, the simulated data from Splat-
ter is sparser and more noisy. From Figure 2.5, both CATE and GLM fail to control the Type-I
error at level 5% and have lower power than GCATE in this more challenging setting. The primary
reason lies in the assumption underlying CATE is significantly violated, while the GLM approach
fails to account for confounding effects. Though GLM may have reasonable control over the false
discoveries, its power and precision are highly affected by the confounders. On the contrary,
GCATE obtain valid Type-I error and FDP controls and higher power and precision with small
sample sizes because of proper distributional modeling. The result of GCATE is slightly conser-
vative because of model misspecification and zero inflation induced by the Splatter simulator,
which could bias the estimates of coefficients B towards zero. Additionally, the NB distribution
involves the additional challenge of estimating the overdispersion parameters.

2.6 Lupus data example

2.6.1 The dataset

Systemic lupus erythematosus (SLE) is an autoimmune disease predominantly affecting women
and individuals of Asian, African, and Hispanic descent. Perez et al. [137] developed multiplexed
single-cell RNA sequencing (mux-seq) to capture the complexity of immune cell populations
and systematically profile the composition and transcriptional states of immune cells in a large
multiethnic cohort. The dataset contains 1.2 million peripheral blood mononuclear cells from 8
major cell types and 261 individuals, including 162 SLE cases and 99 healthy controls of either
Asian or European ancestry. The cell-type-specific DE analysis aims to provide insights into the
diagnosis and treatment of SLE.

To remove the genes with small variations, we use the Python package scanpy [178] to pre-
process the single-cell data and select the top 2,000 highly variable genes (HVGs) within each
cell type. For each cell type, we aggregate expression across cells from the same subject to obtain
gene-level pseudo-bulk counts and then remove genes expressed in less than 10 subjects. The basic
information of the preprocessed datasets is provided in Appendix A.7.3. For each subject, the
recorded variables are SLE status (condition), the logarithm of the library size, sex, population,
and processing cohorts (4 levels). The latter 3 variables, which account for » = 5 degrees of
freedom, are considered to be the measured confounders.

2.6.2 Confounder adjustment

For each cell type, we compare four approaches GLM, GCATE, CATE, and CATE-mad. The first two
approaches are based on the NB GLM model, while the latter two are designed for linear models.
The last method uses an estimated empirical null [175] based on median absolute deviation
(MAD). For each method, we consider two variants, using a “subset” of covariates and a “full”
set of covariates, without and with measured confounders included, respectively. Only 5 cell types
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Figure 2.6: Results on the lupus datasets. Histograms of lupus z-statistics of different methods on
T4 cell type. The first row uses only a subset of the covariates, while the second row uses the full set
of covariates for all the methods. The orange curves represent the standard normal density.

(T4, cM, B cell, T8, NK) contain more than 50,000 single cells and have sufficient power to obtain
significant findings using the GLM-full approach, so we restrict our comparisons to those types.
In particular, we display our results for the largest T4 cell type in this section, and similar results
for other cell types are included in Appendix A.7. To estimate the number of latent factors r, we
analyze the JIC values according to Remark 1. For a subset of covariates, as shown in Figure A.75,
the scree plot reveals a diminishing negative log-likelihood with increasing r, which plateaus for
r =4 tor =7, and the decrement becomes marginal beyond r» = 7. Consequently, we recommend
selecting r = 7 for GCATE-subset analysis, and similarly, » = 2 for GCATE-full analysis. We also
conduct the sensitivity analysis for the number of latent factors in Appendix A.7.4.

Our first analysis is to treat GLM-full as GLM-oracle and inspect the performance of all four
methods without measured confounders included. The majority of the test statistics obtained
for GLM-full are well approximated by a standard normal distribution, which suggests that the
experiment conducted by [137] was well controlled, and the impact of unmeasured confounders was
negligible (Figure 2.6). However, when we excluded the measured confounders, the GLM-subset
statistics were poorly calibrated, indicating that controlling for these variables is essential to
proper analysis, either directly or indirectly. The CATE statistics are even more poorly calibrated
than GLM-subset, suggesting that these sparse data cannot be modeled using a linear model,
though restricting the test to the top 250 HVGs yields test statistics closer to the expected
distribution (Figure A.77). With the empirical null adjustment, CATE-mad performed somewhat
better, but this adaptation is insufficient, suggesting that CATE cannot remove the confounding
effects when the data are unsuitable for a linear model. Finally, the performance of GCATE is
ideal: the majority of the statistics are well approximated by the standard normal, and a few
signals can be captured on the right tail. Similar results were obtained for each of the 5 biggest
cell types, as shown in Figure A.78.

For comparison, we label genes based on the GLM-full analysis with FDR control at cutoff 0.2
as “true positives”, resulting in 72 significant genes for the T4 cell type. With FDR control at
cutoff 0.2, 15 of the 16 GCATE’s statistics overlap with the true positives, indicating that the test
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loses power when the impact of confounders has to be removed using factor analysis. Still, the
test appears to control the error rate. To illustrate the performance of the 4 competing analysis
methods across all 5 large cell types, we calculate the precision and specificity using 0.2 as a
cutoff for false discovery rate control. As shown in Figure A.79, only GCATE achieves uniformly
high precision and specificity.

To compare different methods in the biological significance of the discoveries, we conduct
gene ontology over-representation analysis to identify the related biological processes. As shown
in Figure A.710, both GLM-full and GCATE-subset discover genes that are pertinent to the immune-
response-related pathways, which also appear in prior studies on lupus [137, Fig. 3]. On the other
hand, though hundreds of significant genes are claimed by CATE-mad, they are not associated
with meaningful biological pathways. The results indicate that GCATE identifies scientifically
more relevant genes than CATE under unmeasured confounders.

Our second analysis is to compare the four methods when all the measured covariates are
included. As shown in the second row of Figure 2.6, we observe similar performance for each of
the three methods (CATE, CATE-mad, and GCATE) remains similar whether partial or all covari-
ates are included. In particular, we see that the test results of CATE and CATE-mad get more
anti-conservative. On the other hand, as shown in Figure A.711, the results of GCATE are con-
sistent and more powerful with added covariates, although they exhibit lower power than GLM.
This is expected as, in general, the estimated latent factors may remove some signals for con-
founder adjustment methods. Furthermore, the GO analysis of the biological processes given in
Figure A.712 aligns closely with the results in the first analysis using a subset of the covariates,
suggesting the biological relevance of the findings from GCATE. Overall, GCATE demonstrates
robust performance and consistency across various levels of confounding.
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Chapter 3

Causal Inference for Genomic Data
with Multiple Heterogeneous
Outcomes

Material in this chapter first appeared as Du et al. [47, 49].

3.1 Introduction

In observational studies, causal inference on multiple outcomes is increasingly prevalent in scien-
tific discoveries [71]. Recent advances in high-throughput techniques have enabled the collection of
large-scale repeated measurements across multiple subjects in various domains. However, subject-
level outcomes, such as averages or inter-correlations of measurements within each subject, are
often unobserved. Instead, researchers rely on repeated measurements to construct estimates
of these outcomes, referred to as derived outcomes (Figure 3.1). For example, advancements in
single-cell RNA sequencing (scRNA-seq) techniques [50] have enabled large-scale repeated gene
expression measurements across multiple cells for each individual. These measurements allow
researchers to construct derived outcomes (e.g., the sample average of gene expressions for an
individual) as proxies for subject-level outcomes (e.g., the true average gene expression for that
individual), facilitating individual-level comparisons [185]. The goal of subject-level causal infer-
ence is to determine which unobserved outcomes are causally affected by treatment by comparing
derived outcomes between treatment and control groups. However, challenges such as unobserv-
ability of outcomes, subject heterogeneity [139], and non-identical outcome distributions limit
the reliability of existing causal inference methods.

One major challenge of subject-level causal inference on scRNA-seq data is the unobservability
of the outcomes. Individual gene expression levels of subjects are not directly measurable; instead,
repeated measurements from heterogeneous cells are aggregated to serve as proxies. Additionally,
variability among subjects may arise from latent states unique to each individual that influence
gene expression patterns but remain hidden from direct observation [48]. Consequently, derived
outcomes often violate the classic assumption of being independent and identically distributed
due to biological processes, experimental conditions, and inherent cellular heterogeneity. To
analyze subject-level brain functional connectivities, prior work by Qiu et al. [139] attempts to
estimate average treatment effects (ATEs) using inverse probability weighting (IPW) estimators
[70, 167]. However, their approach relies on accurate propensity score modeling and assumes
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Figure 3.1: The causal diagram for the causal inference problems studied in this paper. (a)
Multiple outcomes. For a cell, its gene expression Y € RP is causally affected by the treatment
A € R, the latent state S € R’ and covariate W € R? such as batch effects. (b) Multiple derived
outcomes. In the subject-level studies, a subject’s overall gene expression Y is not directly observed.
Instead, repeated measurements of gene expressions X1, ..., X,, € R? of m cells from the subject
provides a proxy Y for Y. See Section 3.3 for formal definitions. Note that the treatment effect
of Aon'Y (or 17) is mediated by the latent state S even conditioned on the covariate W. When
conditioned on W and A, the outcomes Y7, ...,Y, within the same subject are still not independent
and identically distributed.

outcome homogeneity, which may not hold for genomic data.

A second challenge arises from the heterogeneity of gene expression data, which often exhibit
variable scaling and right-skewed distributions, complicating comparisons across outcomes. This
heterogeneity challenges the common use of ATEs since relying solely on mean differences in
counterfactual distributions can lead to misleading conclusions. To estimate the treatment effects,
one can rely on propensity score modeling or outcome modeling. For instance, one common
strategy in scRNA-seq analyses is to model outcomes directly using parameter models such as
Poisson or Negative Binomial models [150], or zero-inflated models [77]. While using either IPW
or regression estimators may seem intuitive, they are both sensitive to model specification.

Doubly robust (DR) estimators [143, 152] offer a promising solution to mitigate sensitivity
to model specification by combining IPW and outcome modeling. DR estimators are consistent
as long as either of the two nuisance estimators is consistent, and /n-consistent whenever the
nuisance estimators converge at only n~1/4 rates (or more generally if the product of their er-
rors is of the order n~=Y 2). Additionally, if both the nuisance models are correctly specified,
in the sense that the product of their errors is smaller order than n~'/2, the DR estimators
achieve the semiparametric efficiency bound for the unrestricted model, allowing the regression
and propensity score functions to be estimated flexibly at slower than n=1/2 rates in a wide variety
of settings [91, 167]. Recent work introduces a structure-agnostic framework for functional esti-
mation, demonstrating that DR estimators are optimal for estimating ATEs when only black-box
estimators of the outcome model and propensity score are available [10, 78]. These results suggest
that DR estimators cannot be improved upon without making additional structural assumptions.
Given these advantages, exploring doubly robust estimation in settings with multiple heteroge-
neous outcomes is crucial, as it mitigates model misspecification and enables reliable statistical
testing when nonparametric methods are used for outcome and propensity score estimation.

The unobservability of subject-level outcomes, heterogeneity in gene expression distributions,
and sensitivity to model specification collectively challenge traditional causal inference methods in
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scRNA-seq studies. To address these issues, we propose a semiparametric inference framework to
handle multiple derived outcomes effectively. Specifically, (i) we define causal estimands that cap-
ture meaningful counterfactual differences across multiple outcomes and establish identification
conditions under hierarchical models where outcomes of interest are unobserved (Figure 3.1(b));
and (ii) we develop robust and efficient estimators tailored for these estimands. Additionally,
we extend multiple-testing procedures to control statistical errors during simultaneous inference
on high-dimensional derived outcomes. Together, these methodological advancements provide a
unified approach incorporating doubly robust estimation to handle multiple derived outcomes
effectively.

Focusing on multiple derived outcomes, we first establish generic results on semiparametric
inference with doubly robust estimators. It also encompasses the usual setting of multiple out-
comes when the response of each unit is available. By utilizing finite-sample maximal inequality
for finite maximums, we obtain interpretable conditions of uniform estimation error control for
the empirical process terms and the asymptotic variances. We derive the uniform convergence
rates, in terms of only finitely many moments of the influence functions’ envelope and the max-
imum second moments of the individual estimation errors, allowing for the number of outcomes
p to be potentially exponentially larger than the sample size n.

To address the challenges of outcome heterogeneity in single-cell data, we further specialize
our analysis to standardized average treatment effects for comparing treatment effects across
different outcomes on a common scale and quantile treatment effects for robustness against out-
liers. This demonstrates how generic semiparametric inferential results for DR estimators derived
from von Mises expansions and estimating equations can be applied in high-dimensional settings.
Furthermore, we adapt Gaussian approximation results from Chernozhukov et al. [30] to DR
estimators and implement a step-down procedure to control false discovery (exceedance) rates
with guaranteed power [58].

Our exploration includes two real-world application scenarios of the proposed causal infer-
ence methods. (1) Single-cell CRISPR perturbation analysis: Gene expressions from single cells
are compared between perturbation and control groups in CRISPR experiments to identify tar-
get genes of individual perturbations and analyze the effects of perturbations [37], as shown in
Figure 3.1(a). (2) Individual level differential expression analysis: Aggregated gene expressions
from individual subjects under two conditions (case and control) are analyzed to identify genes
intrinsically affected by these conditions across subjects, corresponding to Figure 3.1(b). By ap-
plying our methods to these datasets, we demonstrate their practical utility while highlighting the
strengths and limitations of different causal estimands. These findings emphasize the importance
of suitable causal inference techniques for the accurate interpretation of genomic data.

Organization. In Section 3.2, we review and extend the classic semiparametric inference
framework to the setting of multiple outcomes. In Section 3.3, we set up the problem of interest
and discuss the identification conditions for the causal estimands. In Section 3.4, we analyze
two DR estimators for standardized and quantile treatment effects and study their statistical
properties. In Section 3.5, we study the statistical error of simultaneous inference and propose
a multiple testing procedure for controlling the false discovery rate. In Section 3.6, we conduct
simulations to validate the proposed simultaneous causal inference method. A detailed review of
related work is provided in Appendix B.1.

Notation. Throughout our exposition, we will use the following notational conventions. We
denote scalars in non-bold lower or upper case (e.g., X), vectors in bold upper case (e.g., X),
and matrices in non-italic bold upper case (e.g., X). For a,b € R, we write a Vb = max{a, b} and
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a A'b = min{a,b}. For any random variable X, its L, norm is defined by || X||z, = (E[| X))/
for g =1,...,00. For p € N, [p] := {1,...,p}. For a set A, let |A| be its cardinality. For
(potentially random) measurable functions f, we denote expectations with respect to Z alone by
Pf(Z) = [ f dP, and with respect to both Z and the observations where f is fitted on by E[f(Z)].
The empirical expectation is denoted by P, f(Z) = 1 3% | f(Z;) for i.i.d. samples Z1, ..., Z, of
Z. Similarly, the population and empirical variances are denoted by V and V,,, respectively.
We write the (conditional) L, norm of f as ||f||lz, = [[ f(2)? dP(2)] VP for p > 1. We use “0”
and “O” to denote the little-o and big-O notations and let “op” and “Op” be their probabilistic
counterparts. For sequences {a,} and {b,}, we write a,, < b, or b, > a, if a, = o(by,); an < by,
or b, 2 ay if a, = O(by,); and a,, < by, if a, = O(by,) and b, = O(a,). All the constants c, ¢, c2
and C, C, Co may vary from line to line. Convergence in distribution and probability are denoted

by cciya and u&n

3.2 Semiparametric inference with multiple outcomes

Prior to delving into our main topic, this section takes a brief excursion into the formulation
of semiparametric inference within the context of multiple outcomes, laying the foundation for
addressing our specific problem in subsequent sections.

Let Z1,...,Z, be observations of i.i.d. samples from a population P. In the presence of
multiple outcomes, we are interested in estimating p target estimands 7; : P — Rfor j = 1,...,p.
Suppose 7; admits a von Mises expansion; that is, there exists an influence function ¢;(z;P) with
[ 0j(z;P)dP(z) = 0 and [ ¢;(z;P)? dP(z) < oo, such that

Tj(@) —7;(P) = /gpj(z;IP’) dP - P) + TR j,

where TR ; is a second-order remainder term (which means it only depends on products or squares
of differences between P and P). The influence function quantifies the effect of an infinitesimal
contamination at the point z on the estimate, standardized by the mass of the contamination. Its
historical development and definition under diverse sets of regularity conditions can be found at
Hampel et al. [63, Section 2.1]. The ~above expansion suggests a one-step estimator that corrects
the bias of the plug-in estimator 7;(P):

7(P) = 7;(P) + Pn{p;(Z;P)}, (3.2.1)

where P is an estimate of P. For many estimands, such as ATE and expected conditional covari-
ance, the one-step estimator is also a DR estimator. Although for certain estimands like expected
density, the standard one-step estimator is not doubly robust, it still has nuisance errors that
consist of a second-order term [87]. Then, the one-step estimator 7; of the jth target estimand
7; admits a three-term decomposition of the estimation error [84, Equation (10)]':

7(P) = 75(P) = (P — P){;(Z;P)} + (Pr — P){9;(Z;B) — ¢;(Z; P)} +Tw ;. (3.2.2)

Ts,; T,

In the above decomposition, the first term after y/n-scaling has an asymptotic normal distribution
by the central limit theorem. That is, \/n Tg 4 N(0,V[p;(Z;P)]). The higher-order term Ty ;

1For certain estimands, such as average treatment effects and expected conditional covariance functionals, it is
usually more convenient to use the uncentered influence functions ¢;(Z;P) := ¢;(Z;P)+7;(P) in the decomposition.
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is usually negligible and has an order of O[p(’rl_l/ 2) under certain conditions. On the other hand,
the empirical process term Tg ; will be asymptotically negligible (i.e., op(n~'/2)) under Donsker
assumption [169] or sample splitting [32, 86], because it is a sample average with a shrinking
variance. In our problem setting with an increasing number of outcomes, uniform control over
all the empirical process terms T ; for j = 1,...,p is desired to facilitate the construction of
simultaneous confidence intervals. Below is an extension of Lemma 2 from Kennedy et al. [86,
Appendix B] to the setting of multiple outcomes.

Lemma 8 (Uniform control of the empirical process terms). Let P, denote the emprical measure
over D, = (Z,...,2Z,) € 2", and let g; : Z — R be a (possibly random) function independent
of D, for j =1,...,p with p > 2. Let G(-) := maxi<j<p |g;(-)| denote the envelope of g1, ..., gp.
If maxi<j<p ||lg;llz, < oo and [|G]|z, < oo for some ¢ € NU {oo}, then the following statements
hold:

» logp\ '/ logp\ '~/
_ ) P < .
E | max [(Pn —P)gj] ’ {gg}Fl} N< " ) lrgfgp!!gg\uﬁ( . ) 1G],

The proof of Lemma 8 utilizes a finite-sample maximal inequality established in Kuchibhotla
and Patra [90] for high-dimensional estimation problems. When specified to particular target
estimands, Lemma 8 suggests that Tg ; in (3.2.2) can be uniformly controlled over j =1,...,p,
if one can derive the uniform Ls-norm bound and the L,-norm bound of the envelope for the
estimation error of the influence functions g; = ¢;(Z ,@) — ¢;j(Z;P). In particular, if g;’s are
bounded, and logp - (maxi<j<p [|g;l17, V n=1/2) = o(1), then we have that maxi<j<, Tk, =
op(n~1/?), which is negliable after scaled by y/n. This allows the number of outcomes p to be
potentially exponentially larger than the number of samples n. It is important to note that similar
bounds on the empirical process term can still be derived even when the nuisance functions are
not trained on an independent sample, provided certain complexity measures of the function class
F; that g; belongs to are properly bounded; see Remark 14 in Appendix B.2.1 for more details.
Remark 5 (One-step estimator from estimating equations). Above, we construct the one-step
estimator based on the influence function ¢; of 7; from von Mises expansion. Omne can also
construct efficient estimators of pathwise differentiable functionals through estimating equations,
which is related to the quantile estimand as we will discuss in Section 3.4.2.

When Tg; + Tr; = op(n~'/2), by central limit theorem we have that /n(7;(P) — 7;(P)) 4
N (0,0]2) where 0]2 = V[¢;(Z;P)]. To construct confidence intervals, one can use the sample
variance ?7\]2- = Vy|pi(Z ,@)] to consistently estimate the asymptotic variance. To derive the
properties of test statistics and confidence intervals in high dimensions when p > n, it is necessary
to establish strong control on the uniform convergence rate of the variance estimates over j =
1,...,p; see, for example, Qiu et al. [139, Proposition 2] and Chernozhukov et al. [30, Comment
2.2]. In this regard, the following lemma provides general conditions for bounding the uniform
estimation error.

Lemma 9 (Uniform control of the variance estimates). Denote ¢; = ¢;(Z;P), ¢; = @j(Z;@),
¢ = maxi<j<p |P; — ¢j|, and ¥ = maxi<j<p |¢;j]. Suppose the following conditions hold:

(1) Envelope: maxi<j<, |3, + ¢;| < 1 and || ¥, + maxg_1 ||®*|z, < 15 for some g > 1,

(2) Estimation error: maxi<j<p [[&; — #jllL. S 72n, maxi<j<p [P[@; — ¢j]| < 73n,

with probability tending to one. Then, it holds that

log p 1-1/q log p 1/2
max |3]2‘—0’]2'|§(91P ( n ) T1n+< n > Ton + 730 | -

1<j<p
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Note that 71, and 7o, are allowed to potentially diverge. We will utilize Lemma 9 for the
purpose of multiple testing, as demonstrated in Section 3.5. Typically, to accommodate an expo-
nentially large number of outcomes p relative to n while maintaining valid statistical inference,
it suffices to ensure that variance estimates are consistent at any polynomial rate of the sample
size n; specifically, maxi<;<p ]77\? - 0]2»] = op(n~®) for some constant o > 0.

3.3 Subject-level causal inference with multiple outcomes

We consider an increasingly popular study design where scRNA-seq data are collected from
multiple individuals and the question of interest is to find genes that are causally differentially
expressed between two groups of individuals, based on repeated single-cell measurements.

3.3.1 Causal inference with multiple derived outcomes

Suppose a subject can be either in the case or control group, indicated by a binary random
variable A € {0,1} and we sequence the expressions X = [X1,..., X,,]" € R™*? of d genes in
m cells?, along with subject-level covariates W € RY. Let X(a) denote the potential response
of gene expressions. To characterize the complex biological processes, suppose S(a) € Rf is the
latent potential state after receiving treatment A = a, which fully captures the effects of the
treatment on the individual. We assume Xj(a),..., X, (a) are conditionally independent and
identically distributed given S(a) and W3. Marginally, however, they can be highly dependent
because of repeated measurements from the same individual. As an example of genomics data,
S can be the chromatin accessibility that governs the translation and expression of genes, while
X, is the resulting expression level of those genes.

Suppose the collection of treatment assignment, covariates, subject level parameters, and
potential responses (A4, W,5(0), S(1),X(0),X(1)) is from some super-population P. We require
the consistency assumption on the observed response.

Assumption 5 (Consistency). The observed response is given by X = AX(1) + (1 — 4)X(0).

When comparing gene expressions between two groups of individuals, the p-dimensional
subject-level parameter of interest, is the potential outcome Y (a) € RP, a functional that maps
the conditional distribution of X (a) given S(a) and W to RP:

Y(a) =E[f(X1i(a))|S(a), W], (3.3.1)

for some prespecified function f : R? — RP. The choice of f should align with the user’s
research goals and the specific aspects of the data they intend to capture. For example, when
f is the identity map and p = d, the potential outcome Y (a) represents the conditional mean;
when f(X)=XXT —E[XX" | S(a), W] and p = d, it represents the intrasubject covariance
matrix. When considering conditional means among the potential responses Xi;(a)’s, it can
also be nodewise regression coefficients as considered in Qiu et al. [139]. Intuitively, Y (a) is an
individual / within-group characteristic that depends on the conditional distribution of X (a)
given S(a), W. From Assumption 5, we also have Y = AY (1) + (1 — A)Y (0). Compared to the
classical causal inference setting, the subject-level outcome Y is not observed for each subject,

2For notational simplicity, we treat the number of cell m as fixed across subjects, though the method also applies
when the number of cell m; varies for subjects i = 1,...,n.

3Technically, the potential response can be denoted as X, (S(a)); however, because S(a) is unobservable and
the variable to intervene is A, we use a simplified notation X,,(a) to denote the potential response.
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while only the repeated measurements of gene expressions X from multiple cells are available and
can be used to construct a derived outcome Y. For a given f, we consider a statistic Y = 9(X)
for some function g : (X1,...,Xm) — Y. There can be different choices of g to estimate Y (a)
by Y (a). For instance, if f is a linear function for the potential outcome Y (a) in (3.3.1), then g
can be a simple sample average as a natural choice of the derived outcome; alternatively, g can
also be the median-of-means estimator as the derived outcomes.

Under the derived outcomes framework, Qiu et al. [139] studied the IPW estimator for ATE:

ATE — E[y;(1) — Y;(0)], j=1,...,p. (3.3.2)

By focusing on the expected potential outcomes, we next describe the identification condition
and semiparametric inferential results based on derived outcomes Y.

Identification. We require two extra classic causal assumptions for observational studies.
Assumption 6 (Positivity). The propensity score m,(W) :=P(A=a | W) € (0,1).
Assumption 7 (No unmeasured confounders). A 1l X(a) | W, for all a € {0,1}.

The above assumptions on the propensity score and the potential responses are standard for
observational studies in the causal inference literature [71, 84]. Assumption 6 suggests that both
treated and control units of each subject can be found for any value of the covariate with a
positive probability. Assumption 7 ensures that the treatment assignment is fully determined by
the observed covariate W. These assumptions are required to estimate functionals of X(a) with
observed variables (4, W,X).

Let Z = (A,W,X,Y) denote the tuple of observed random variables and unobserved out-
comes Y. Because the outcome Y is not observed for each subject, we are interested in construct-
ing a proxy Y = 9(X) of Y from repeated measurements Xi,..., X,, from the same subject.
Analogously, we denote Y (a) := g(X(a)) for the potential outcomes and quantify the bias as
A,(a) == E[Y(a) | W,S8(a)] — Y(a). Below, we introduce a notion of asymptotic unbiased
estimate in Definition 1, where the expected bias is negligible uniformly over multiple outcomes.
Definition 1 (Asymptotic unbiased estimate). For a € {0,1}, the derived outcome Y (a) is
asymptotic unbiased to Y (a) if the bias tends to zero: maxi<j<, [E[Anm;(a)]| = o(1) as m — oo.

Note that when Y (a) is marginally unbiased, i.e., E[Y (a)] = E[Y (a)], it also implies that
Y (a) is asymptotically unbiased to Y (a). Therefore, our framework also includes the common
setting where all the outcomes Y (a) = Y (a) = X1 (a) (with m = 1) are observed. When Y (a) is
an asymptotic unbiased estimate of Y (a), Lemma 1 from Qiu et al. [139] suggests that the coun-
terfactual of unobserved outcomes can be identified asymptotically, as detailed in Proposition 10.

Proposition 10 (Identification of linear functionals). Under Assumptions 5-7, if Y (a) is asymp-
totically unbiased to Y (a), then E[Y (a)] can be identified by E[E[Y | W, A = a]] as m — oo.

Semiparametric inference. When the target causal estimands are the expectation of the
potential outcomes 7; = E[Yj(a)] for j = 1,...,p, one can adopt results from Section 3.2
to establish the asymptotic normality of certain estimators under proper assumptions on the
convergence rate of the nuisance function estimates. However, because Y is unobservable, we
are not able to directly estimate its influence function and hence its influence-function-based
one-step estimator (3.2.1). Instead, we can rely on the influence function of 7; = E[Yj(a)]:

0;(Z;P) =1{A = a}wa(W)_l(f/j — taj(W)) + paj (W) — 7;(P), where m,(W) =P(A=a | W)
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and fiqj(W) = IE[}N’J | A = a,W] for j = 1,...,p, are the propensity score and regression
functions, respectively. This, in turn, yields an analog of the one-step estimator (3.2.1):

7j(P) :=7;(P) + Po{®(Z; P)},
which further implies the decomposition of the estimation error for the causal estimand 7;:
?](P) — Tj(]P’) =1Ts;+1Tgj+1Tr; + E[Amj], (3.3.3)

where the sample average term 75 j, the empirical process term Tf ; and the reminder term TR ;
are as in (3.2.2) with ¢; replaced by ¢;. The asymptotic variance 0]2 = V[@-(Z;@)] can be
estimated by the empirical variance 3]2 =V, [p;(Z; @)] analogously. However, the application of
Lemmas 8 and 9 would require the verification of conditions for the perturbed influenced function
¢; instead of ¢;. Similar ideas apply to the one-step and doubly robust estimators of other target

estimands.

3.3.2 Beyond average treatment effects

For single-cell gene expressions exhibiting different scales and skew-distributed, simply comparing
the average treatment effects (3.3.2) may not be reliable. One approach to improve on the naive
estimand is to consider standardized average treatment effects (STE):

cste _ EY;(1) — Y5(0)]
’ V[Y;(0)]

, j=1...,p (3.3.4)

which allows for consistent and comparative analysis across different scales and variances, enhanc-
ing the interpretability and comparability of treatment effects in diverse and complex datasets
[85]. Another approach is to consider quantile effects (QTE):

T = QY ()] - QY0 J=1....p, (3.3.5)

where @Q,[U] denote the p-quantile of random variable U. In particular, when o = 0.5, the o-
quantile equals the median Q,(U) = Med(U), and we reveal one of the commonly used robust
estimand TJQTE = Med[Y;(1)] — Med[Y;(0)] for location-shift hypotheses. QTE may be more
robust and less affected by the outliers of gene expressions [23, 81].

Note that the identification condition and semiparametric inferential results in Section 3.3.1
do not apply directly to target estimands other than ATE. Therefore, efforts are required to
generalize the results to include STE and QTE for multiple derived outcomes. This demonstrates
the utility and validity of our semiparametric inferential framework on one-step estimators defined
through the von Mises expansion and the formulation of estimating equations, respectively, as
investigated next.

3.4 Doubly robust estimation

In this section, we analyze the DR estimators for STE and QTE, which exemplify the application
of general theoretical results in Section 3.2 to specific target estimands.
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3.4.1 Standarized average effects

Recall the standardized average treatment effects T]STE defined in (3.3.4), for j = 1,...,p. The
following lemma provides the identified forms of STE based on observational data.

Lemma 11 (Identification of standarized average effects). Under Assumptions 5-7, if V[Y;(0)] >
0 and %(a)k is asymptotically unbiased to Yj(a)* for k = 1,2 and a = 0,1 such that k +a < 2,
i.e., the bias of the derived outcomes A,,i(a) = E[Y, i(a )k | W,S(a)] — Y;(a)* satisfies that
Om 1= maxy  maxi<;<p [E[Apk;(a)]| = o(1), then as m — oo, the standardized average treatment
effect TSTE can be identified by TSTE = TSTE + op(1) where

e _ _BE(Y; |A=1W)]-EEY; [A=0W)] (3.4.1)

VEIE(? | A=0,W)] ~E[E(Y; | A=0, W)}

As suggested by Lemma 11, estimating STE requires estimating the conditional expectation
of YJk given A = a and W. For this purpose, we consider the DR estimator of treatment effect

E[Y;(1)]:

1{A=a}

7a(W) (?ﬂk = takj(W)) + parj (W),

¢akj(Z; Tay /J'a) =
where g1, : RY — R**? is the mean regression function with entry pq (W) = E[f/;k | W, A = d]
and 7,(W) =P(A = a | W) is the propensity score function. By plugging in the DR estimators

for individual counterfactual expectations consisting in (3.4.1), we obtain a natural estimator for
the STE:

SSTE _ Po{d11;(Z; 71, 1) — 01;(Z; 7o, Fo)}
\/Pn{$02j(z§%07 fio)} — Pu{do1;(Z; 7o, fio) }?

, (3.4.2)

which is also the DR estimator of ?]STE. The following theorem shows that under mild condi-

tions, the above estimator T]STE is doubly robust for estimating TSTE

uniformly controlled over all outcomes.

with the remainder terms

Theorem 12 (Linear expansion of STE). Under Assumptions 5-7 and the identification condi-

tion in Lemma 11, consider the one-step estimator (3.4.2), where P, is the empirical measure over

D={Z,...,Z,} and (74, ly) is an estimate of (mg, g) for a = 0,1 from samples independent

of D. Suppose the following hold for £k = 1,2 and a = 0,1 with probability tending to one:

(1) Boundedness: There exists ¢, C > 0 and € € (0, 1) such that max{|Y}], |§~/]]} < C, max{||ptak;j| Lo s
| farjllLo } < C, V[Y;(0)] > ¢ for all j € [p], and 7q, Tq € [e,1 — €.

(2) Nuisance: The rates of nuisance estimates are max;e) |[fakj — HakjllL, = O(n™%) and |7, —
TallL, = O(n=P) for some a, B € (0,1/2) such that a + 3 > 1/2.

Then as m,n,p — oo, it holds that TJSTE jSTE = Pn{cfo?TE}+sj, j=1,...,p, where the residual

terms satisfy max;c, le;| = Op(n —(a+B) L 9STE | /(log p) /n+ (log p) /n+06,,) with 95TE .= p—(@n8)

and the influence function is given by

G025 + E[Y;(0)?] — 2E[Y;(0)] b0y

FSTE _ P11 — do1; _ =STE |
2V[Y;(0)]

V[Y;(0)]

(3.4.3)
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The proof of Theorem 12 requires the analysis of the linear expansions for the individual
counterfactual expectations E[ij(a)] (see Lemma B.4.1). It then requires the application of the
delta method to derive the uniform convergence rates of the residuals over multiple outcomes. For
the residuals’ rate, the term n~(®*5) is the product of the two nuisance estimation errors, which
shows the benefit of the double robustness property, while the term 9572 /(log p) /n+ (log p) /n is
related to the empirical process terms of individual counterfactuals by applying Lemma 8. From
triangular-array central limit theorem (Lemma B.4.4), a direct consequence of Theorem 12 is the
asymptotic normality of individual STE estimators, as presented in Corollary 13.

Corollary 13 (Asymptotic normality). Under conditions in Theorem 12, when (ﬂSTE\/n_l/ Y)/logp =
o(1), 6 = o(n"1/?) and 0]2 = V(ASTE(Z 7, 1)) > ¢ for some constant ¢ > 0, it holds that,

~ d i
ﬁ(TJSTE _ 7_jSTE) = N0, 0-]2.), j=1...,p

Compared to Definition 1, Corollary 13 requires a stronger condition on the rate of the bias
dm, which is mild. For instance, when Xj(a),..., X, (a) are i.i.d. conditional on (W, S(a)),
the bias is zero, i.e., E[A,,1;(a)] = 0; when they are weakly dependent, for example, Qiu et al.
[139, Proposition S1] show that the bias is of order o(n~'/2) under the 3-mixing condition when
n'/2logp = o(m).

Because the influence function of STE (3.4.2) is a complicated function of all the nuisances and
the observations in D, it is hard to show usual sample variance of the estimated influence function
go;Q’TE = @STE(Z ;{Tas HaYaefo,1}) Provides a consistent estimate. In the following proposition, we
thus rely on extra independent observations to estimate the asymptotic variance. However, one

can employ the cross-fitting procedure [32] on D to decouple the dependency of (pSTE and the
observations used to compute the empirical variance. This ensures that the variance estimation
errors are of polynomial rates of n uniformly in p outcomes when log(p)/n < Cn~¢
Proposition 14 (Consistent variance estimates). Under the same conditions in Theorem 12, let
@]STE be the estimated influence function (3.4.3) with (E[f/] (0)], IEDN/J-(O)2],~JSTE) estimated by the
doubly robust estimators on D , and P/, be the empirical measure over a separate independent
sample D' = {Z,,11, ..., Zap}. Define the sample variance on D’ as a] =V (ASTE) It holds that

max;e ) [07 — 0| = OIP’( STE) where rSTE = | /logp/n + 95TE.

3.4.2 Quantile effects

In practice, examining quantile effects offers a robust alternative to mean-based analysis, partic-
ularly when confronted with highly variable treatment assignment probabilities and heavy-tailed
outcomes. Estimating causal effects on the mean is a challenging problem in such scenarios be-
cause the signal-noise ratio is generally small. In cases where the mean is undefined but the
median exists (such as the Cauchy distribution), using the median may result in more powerful
tests for the location-shift hypothesis [36].

We first introduce the DR estimator for the median effect (3.3.5) when p = 0.5, while the
proposal naturally extends to other quantile levels o as well. For j € [p], let 6,; be the p-quantile
of the counterfactual response Yj(a), which solves the following equation:

0=E[¥(Yj(a),0)], where ¢(y,0) :=1{y <0} — . (3.4.4)

Since the potential outcome Yj(a) is not directly observed, we need to rely on the counterfactual
derived outcomes Yj(a) to identify the quantile of Yj(a). The following lemma summarizes the
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identification results of general M-estimators for functionals of Y(a) using the derived outcomes
Y;(a).

Lemma 15 (Identification of M-estimators). Under Assumptions 5-7, consider the causal esti-
mand 6,; as the solution to the estimation equations:

M;(0) = E[Fj(Yj(a),0)] =0,  j=1,...,p,

where M; is differentiable and the magnitude of its derivative |M J’\ is uniformly lower bounded
around f,;: mini<j<pinfocp(s, ;) |M;(0)] > ¢ > 0 for some constant § > 0. Suppose Yj(a)’s are
derived outcomes such that F;(Yj(a), ) is asymptotically unbiased to F;(Yj(a),0), i.e. as m — oo,
Anja,8) = E[Fj(?j(a),@) | S(a), W] — F;(Yj(a),0) satisfies that dn, = max;e(, subpep(s,,,s)

|E[Am;(a,0)]| =o(1). Let §aj € B(0,4,09) be the solution to the estimating equation
E[E[F;(Y;,0) | A = a,W]] =0,

then 6,; can be identified by 5,1]- as m — 0o .

Under conditions in Lemma 15 with F;(Yj(a),0) = ¥(Yj(a),0), we can focus on estimating
the quantile of ?j(a) to approximate the quantile of Yj(a). Specifically, consider a doubly robust
expansion of the above question: 0 = E[w(f/j, 0)] = —E[wq;(Z, 6)], where the estimating function
is given by
1{A=a}

waj(Z, 9) = Wa(W)

(Vaj(Wa 0) - 1?()/]7 9)) - Vaj(Wa 0)

Here, vq;(W,0) = E[w(ffj, 0) | W,A=a] = IP’(Y/] <0 |W,A=a)— pis the excess (conditional)
cumulative distribution functions (cdfs) of Yj(a), and 7, is the propensity score function as before.
One may then expect to obtain an estimator of §,; by solving the empirical version of (3.4.4) for

0:
0="P,[w.(Z,0)], (3.4.5)

where W,;(Z,0) = I%’?;f; (Vaj(W,0) — w(?j, 6)) — Uaj(W,0) is the estimated influence function

and (Tq, Vej + 0) are the estimated propensity score and cdf functions with range [0, 1].
However, directly solving (3.4.5) is not straightforward due to its non-smoothness and non-

linearity in 6. A reasonable strategy to adopt instead is a one-step update approach [167, 169]

using the influence function:

P, (@, (Z, 6], (3.4.6)

where é\g}it is an initial estimator of fq; and faj(gg;“) is the estimated density of Y;(a) at é\g}lt

For a = 0,1, let fo = (fa))jepp)s Oa = (0aj)jelp), and v = (Vaj)jefp) be the vectors of true den-
sity functions, the p-quantiles, and the excess cdf functions cdfs of 17]-((1), respectively. Moreover,

~

let f, = (J/”;j)je[p}, 6, = (0aj)jelp), and Vo = (Vaj)jefp e the corresponding vectors of estimated

nuisances. Based on (3.4.6), an estimator for TJQTE is given by

7 =015 — by (3.4.7)

The following theorem provides the asymptotic normality of the one-step estimator (3.4.7).
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Theorem 16 (Linear expansion of QTE). Under Assumptions 5-7, suppose the identification

conditions in Lemma 15 hold with F; = 1) defined in (3.4.4). Consider the one-step estimator

(3.4. 7) for the median treatment effect where P, is the empirical measure over D = {Z1,..., Z,}

and (6’”nt fa, Tas Vg) 18 an estimate of (Oa, fasTas Vq) from samples independent of D for a = 0, 1.

Suppose the following conditions hold for a = 0,1 with probability tending to one:

(1) Boundedness: The quantile §,; is in the interior of its parameter space. There exists C,c > 0
and €, € (0,1) such that maxi<j<, max{|Y}], \}7]]} < C, and ma, T, € [e,1 — €], and fg; is
uniformly bounded : ¢ < f,; < C for all j and has a bounded derivative in a neighborhood
B(Qa]‘,d) for all j € [p]: maX1<j<pmaX6€B(§ ) |fc/L]( )| < C.

(2) Initial estimation: The initial quantile and density estimators satisfy that max;cp, \Hmlt

aj\ = O(n77) and max;¢, \fa](elmt) faj (0 aj)\ = O(n™") with v > 1/4,k > 0 such that
v+ K> 1/2.

(3) Nuisance: The rates of nuisance estimates satisfy max;¢(,) SUDge (@, ,.6) D0 (-, 0)—vaj (-, 0)] Lo
O(n~®) and |7, — 7oL, = O(n~?) for some a, B € (0,1/2) such that a + 3 > 1/2.

Then as m,n,p — oo, it holds that A]QTE QTE =P, {NQTE} +¢€j, 7 = 1,...,p, where the

residual term satisfy max;ep,) |e;] = Op(9TE (logp)/n + (log p)/n + n=(@FAANGFRARY) 4§

with 9QTE ;= 5~ (@ABARAT) and the influence function is given by

GIT(Z: {00, FarTas Vataetony) = Lf17(01)] ' wi;(Z,017) — [fo;(Bo)] " wo; (2. 00;)-

Appendix B.6.1 provide details for obtaining initial estimators for the quantiles and the cor-
responding densities. Similar to STE, we can also obtain individual asymptotic normality for the
DR estimator (3.4.7) of QTE and consistently estimate its variance.

Proposition 17 (Asymptotic normality of QTE). Under the conditions in Theorem 16, when
(OQTE v n=1/%)/logp = o(1), 8, = o(n~/?) and 0']2- = V(@?TE) > ¢ for some constant ¢ > 0, it
holds

~QTE TE, d .
\/E(TJQ —T]Q )—)N(0,0’?), j=1,...,p.

Define the sample variance 57 = Vn(gﬁ?TE) for the estimated influence function @QT @?TE(Z ; {é\}l“it,

j
JarTas Vatacqo,1y)- It further holds that max;ey, |8]2- - 032-| = Op(rgTE) where rQ B = (logp)/n+

(log p) /n9QTE 4 9QTE,

Apart from the mild rate requirement on the nuisance functions, no metric entropy conditions
are assumed in Theorem 16 and Proposition 17. This allows one to estimate nuisances with
machine learning methods and achieve asymptotical normality with cross-fitting. While the
doubly-robust estimators for QTE have also been considered by Chakrabortty et al. [23], Kallus
et al. [81] for a single outcome (p = 1), they both require metric entropy or Donsker class
conditions.

3.5 Simultaneous inference

3.5.1 Large-scale multiple testing
For a target estimand 7; € {TSTE QTE} the asymptotic normality established in Corollary 13

and Proposition 17 can be utlhzed to test the null hypotheses Ho; : 7; = 7 for j = 1,...,p.
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This implies that one can control the Type-I error of the individual tests using the statistics t; =
Vn(7j—7}) /5, with empirical variance given in Propositions 14 and 17. The confidence intervals
for individual causal estimates can also be constructed. To conduct simultaneous inference,
however, the tests above are too optimistic when multiple tests are of interest. Therefore, to
obtain valid inferential statements, we must perform a multiplicity adjustment to control the
family-wise error explicitly. This subsection provides simultaneous tests and confidence intervals
for causal effects with multiple outcomes.

For j € [p], let v;; = ©;(Z;) and @;; = ¢j(Z;) be the influence function value and its estimate
evaluated at the ith observation Z; = (A;, W;,X;), as defined in Propositions 14 and 17 for
7; being TjSTE and TJQTE, respectively. We require a condition from Chernozhukov et al. [30,
Theorem J.1] for feasible inference.

Assumption 8 (Bounded variances and covariances). There exist a constant a,c; € (0,1) and a
set of informative hypotheses A* C [p| such that |A*| > ap, max;c g 0]2- = 0(1), minje 4+ 0]2. > ¢
COI’I‘((pljl, 901]'2)’ S 1-— C1.

When the value of o; is 0, the population distribution of the jth influence function is de-
generated and has no variability. In Assumption 8, the first condition precludes the existence
of such super-efficient estimators over A*, which is commonly required even in classical settings
where the number of variables p is small compared to the sample size n [15]. In practice, one can
use a small threshold ¢, to screen out outcomes that have small variations and obtain a set of
informative outcomes Ay = {j € [p] | 7; > ¢}

For DR estimators derived in the previous section, the following Gaussian approximation
result over a family of null hypotheses allows for data-dependent choices of the set of hypotheses
and suggests a multiplier bootstrap procedure [30] for simultaneous inference.

and I’Ilan1 #jo€A*

Lemma 18 (Gaussian approximation for nested hypotheses). For 7; = T]-STE and ¥ = 95T,
suppose conditions in Proposition 14 and Assumption 8 hold. Futher assume that there exist
some constants cz,Co > 0 such that max{log(pn)7/n,log(pn)?9, \/nlog(pn)dm} < Can=¢2. For
all SAQ A* C [p], define Ms = maxjes |[v/n(Tj — 75) /05|, @i = (Pij)jes, Es=n"" Yo Bi®y
and Dgs = diag((5;);cs). Consider null hypotheses Hg indexed by S that V j € S, 7; = 7. As
m,n,p — 00, it holds that

sup  sup [P(Ms > z) — P(lgslloo > = | {Zi}i21)| = 0,
HE:SCA* zeR

where gs ~ N(O, ﬁglﬁgﬁgl) The conclusion also holds for 7; = TJQTE and ¥ = 9TF under
conditions in Proposition 17 and Assumption 8.

When m is sufficiently large such that the error of derived outcomes §,, is ignorable, the
rate conditions in Lemn%a 18 can be satisfied if the logarithm of the numbers of hypothe-
ses grows slower than n7 A 972 for at least a polynomial factor of n. Lemma 18 suggests
that if A4y C A* only contains informative hypotheses, then the distribution of the maximal
statistic M7 = maxjeu, |tj| can be well approximated by g1 ~ N(0,D,lE,;1 D), where
E, = n 130, @19321 is the sample covariance matrix with @;;1 = (©ij)jea, and Dy =
diag((cj)jea,) is the diagonal matrix of the estimated standard deviations. This allows us to
simulate the null distribution efficiently using the multiplier bootstrap procedure. To gener-

ate B bootstrap samples, for all b = 1,..., B, we first sample n standard normal variables
6&121),...,57(51) Y (0,1) and then apply a linear transformation to obtain the multivariate
normal vectors ggb) = (vVnDn) 'Y, 5%’)@1. It is easy to verify that gg),--- ,ggB) i
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N(0,D,}E,;1 D, ") conditioned on { Z;}?_,. Based on the bootstrap samples, we can estimate the
upper « quantile of Mj by g1 («) = inf {x ‘ B! Zle 11{||g§b)||oo <z}>1- a}. To test multiple

hypotheses Ho; : 7; = 7 for j € Aj, we reject those in the set A= {7 € A1 | |tj| > @i(a)}. The
next proposition shows that the informative hypotheses can be identified, and the family-wise
error rate (FWER) can be controlled.

Proposition 19 (Type-I error control). For (7, 7,) being (TjSTE, rSTE) or (T]-QTE, TOQTE), suppose

conditions in Lemma 18 hold . Let V* = {j | Hy; is false,j = 1,...,p} N A" be the set of
informative non-null hypotheses. If max{r,, max;c s sz} = o(cy), then as m,n, p — oo, it holds

that lim P(A* = A;) = 1 and limsup P(ANV* # @) < a.

As suggested by Proposition 19, because the lower bound of informative variance in Assump-
tion 8 is unknown, a slowly shrinking threshold ¢, is needed to recover the true candidate set
A* and control the FWER. In practice, one can set ¢, as a small value, such as 0.01, to exclude
uninformative tests. If lowly expressed genes have already been excluded, thresholding may not
be necessary.

3.5.2 False discovery rate control

When p is large, controlling for the false discovery proportion (FDP) or the false discovery rate
(FDR) is more desirable to improve the powers when performing simultaneous testing. The FDP
is the ratio of false positives to total discoveries, while the FDR is the expected value of the FDP.
To control the FDP, we adopt the step-down procedure [58] to test the sequential hypotheses,

H(gf) VjeA, T =15, Versus HY :3je A, T # T (=1,2,...

where A, Ao, ... is a sequence of nested sets. The proposed multiple testing method in Algo-
rithm 2 incorporates both the Gaussian multiplier bootstrap and step-down procedure, which
aims to control the FDP exceedance rate FDX := P(FDP > ¢), the probability that FDP sur-
passes a given threshold ¢ at a confidence level a. This provides a strengthened control on FDP
and is asymptotically powerful, as shown in the following theorem.

Theorem 20 (Multiple testing). Under the conditions of Proposition 19, consider testing multi-
ple hypotheses Hy; : 7; = 0 versus Hg; : 7; # 0 for j = 1,...,p based on the step-down procedure
with augmentation. As m,n,p — oo, the set of discoveries V returned by Algorithm 2 satisfies
that

e (FDX) limsup P(FDP > ¢) < a where FDP = [V nV*¢|/|V)].

* (Power) P(V* C V) — 1 if minjejepp)r 20} |Ti] > ¢'+/log(p)/n for some constant ¢’ > 0.

Theorem 20 extend previous results by Belloni et al. [15] for many approximate means and
by Qiu et al. [139] for IPW estimators to DR estimators. On the one hand, Belloni et al. [15]
directly imposes assumptions on the influence functions and linearization errors, while we need
to analyze the effect of nuisance functions estimation for the doubly robust estimators. On
the other hand, Qiu et al. [139] requires sub-Gaussian assumptions and +/n-consistency of the
maximum likelihood estimation for the propensity score to establish Gaussian approximation for
their proposed statistics, which does not apply to our problem setups.
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Algorithm 2 Multiple testing on doubly robust estimation of treatment effects

Input: The estimated centered influence function values @;;, the estimated variance 3]2 for i =

1,...,nand j =1,...,p. The FDP exceedance threshold ¢ and probability «, and the number
of bootstrap samples B.

1: Initialize the iteration number ¢ = 1, the candidate set A; = {j € [p] | 37 > cn}, the set of
discoveries Vi = @, and the statistic t; = \/n(7; — 77)/0; for j € [p].

2: while not converge do

3:  Draw multiplier bootstrap samples géb) = (v/nDyo) 130, 852)@@, where EZ(-E)’S are inde-

pendent samples from AV(0,1) fori=1,...,nand b=1,...,B.
4:  Compute the maximal statistic My, = max;c 4, |t;]-

5:  Estimate the upper a-quantile of M, under H(()g) VieA, ;= 77 by

qe(a) = inf {:1:

B
1 b
=2 lg o < 2} > 1a}.

b=1

if M; > Go(c) then
Set j, = argmax;e 4, ’tj|, A1 = A\ {j@}, and Vpy1 =V U {jg}
else
Declare the treatment effects in A, are not significant and stop the step-down process.
10:  end if
11: L+ {0+1.
12: end while
13: Augmentation: Set V to be the union of V, and the [|V,| - ¢/(1 — ¢)] elements from A, with
largest magnitudes of |¢;].
Output: The set of discoveries V.

6
7
8:
9

3.6 Simulation

We consider a simulation setting with p = 8000 genes and generate an active set of genes V* =
A* C [p] with size 200. We draw covariates W € R with i.i.d. V/(0, 1) entries and the treatment
A follows a logistic regression model with probability P(A = 1 | W) = 1/(1 + exp(1, W /(d +
1))). Then, we generate the counterfactual gene expressions. For a gene j, the single-cell gene
expression X;(0) is drawn from a Poisson distribution with mean \; = eXp(WTbj) € R where
the entries of both the coefficients b; € R? with 1 as the first entry and the remaining entries
independently drawn from A(0,1/4). The gene expressions X;(1) for j ¢ V* are generated from
the same model, while for gene j € V* we consider two treatment mechanisms that favor the
mean-based and quantile-based tests, respectively; see Appendix B.6.2 for more details about the
data generating processes.

Next, we draw m observations X(A4),..., X;n(A) independently, which are summed up as
the overall gene expression f’(A) Then, the observed gene expression matrix is given by X =
AX(1) + (1 — A)X(0) and analogously ¥ = AY (1) + (1 — A)Y (0). We then draw n independent
observed samples {(Ai,ﬂ/},Xi,ffi)}?:l. The parameters are set to be d = 5, m = 100, n €
{100, 200, 300,400}. For nuisance function estimation, we employ Logistic regression to estimate
the propensity score and Poisson generalized linear model (GLM) with the log link to estimate
the mean regression functions. For quantile-based methods, the initial estimators of the quantile
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Figure 3.2: Simulation results of the hypothesis testing of p = 8000 outcomes based on different
causal estimands and FDP control methods for detecting differential signals under (a) mean shifts
and (b) median shifts averaged over 50 randomly simulated datasets without sample splitting. The
gray dotted lines denote the nominal level of 0.1.

and density are described in Appendix B.6.1.

To quantify the performance of different test statistics and multiple testing procedures, we
compare the empirical FDX, FDR, and power. We aimed to control FDX over 0.1 at 0.05, namely
P(FDP > 0.1) < 0.05. We also compared with the Benjamini-Hochberg (BH) procedure with
targeting FDR controlled at 0.05. The experiment results are summarized in Figure 3.2 without
sample splitting and in Figure B.62 of Appendix B.6.2 with cross-fitting. As shown in Figure 3.2,
in the high signal-noise ratio (SNR) setting, the proposed method controls both FDX and FDR
at the desired level for all three causal estimands when the sample size is relatively large, i.e.,
n > 100. On the other hand, the BH procedure fails to control the FDX and FDP at any sample
sizes because the p-values are not close to uniform distribution (see Figure B.61), though the
gaps of FDP become smaller when the sample size gets larger. Though the BH procedure has
lower FDP with sample splitting (see Figure B.62), it still fails to control FDX for all estimands.
This indicates that the proposed multiple testing procedure consistently outperforms the BH
procedure by correctly accounting for the dependencies among the test statistics and providing
valid statistical error control.

In the low SNR setting, we see that the quantile-based estimand has larger powers than
mean-based tests, which is expected because of the designed data-generating process. Such a low
SNR scenario is often encountered with scRNA-seq data. In this case, the proposed method still
has better control of both FDX and FDR compared to the BH procedure. Although the QTE
test is slightly anti-conservative regarding FDX, it still controls the FDR well. Furthermore,
standardized tests are more powerful than unstandardized estimands, especially when the sample
size is small. Overall, the results in Figure 3.2 demonstrate the valid FDP control of the proposed
multiple testing procedure for various causal estimands and suggest that testing based on different
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estimands could be helpful in different scenarios. In contrast, the commonly used BH procedure
in genomics may be substantially biased due to the complex dependency among tests.

3.7 causarray

3.7.1 Doubly-robust counterfactual imputation and inference

Our objective is to determine whether a gene is causally affected by a “treatment” variable after
controlling for other technical and biological covariates, which may affect the treatment and
outcome variables. Here, we use the term treatment generally; in the narrow sense, it can mean
genetic and/or chemical perturbations [79, 118], such as CRISPR-CAS9, and, more broadly, it can
mean the phenotype of a disease [134]. We acknowledge that while many differentially expressed
genes can be considered a result of disease status, for most late-onset disorders, a smaller fraction
of genes could have initiated disease phenotypes. Our method aims to determine the direct effects
of treatments on modulated gene expression outcomes.

In observational data, the response variable can be confounded by measured and unmeasured
biological and technical covariates, making it difficult to separate the treatment effect from other
unknown covariates. As a consequence, it is challenging to draw causal inferences; even tests
of association may lead to an excess of false discoveries and/or low power. Fortunately, the
potential outcomes framework [143, 152] formulates general causal problems in a way that allows
for the treatment effect to be separated from the effects of other variables. However, even this
framework is challenged by unmeasured covariates. Before introducing our method for estimating
unmeasured confounders, we first outline the general potential outcomes framework.

Consider a study in which Y is the response variable and A is the binary treatment variable
for an observation. In the potential outcomes framework, Y (a) is the outcome that we would
have observed if we set the treatment to A = a. Naturally, we can only observe one of the two
potential outcomes for each observation, so

Y = 1{A=1}Y (1) + 1{A = 0}Y(0),

In the context of a case-control study of a disease, this would answer the question: What is the
expected difference in gene expression if an individual had the disease (case, A = 1) versus if they
did not (control, A = 0)?

Doubly robust methods provide a powerful tool for estimating potential outcomes in obser-
vational studies where randomization is not possible [143, 152]. Specifically, we estimate two key
quantities: (1) uq(X), the mean response of the outcome variable conditional on treatment A = a
and covariates X = x, and (2) 7,(X), the propensity score, which is defined as the probability of
receiving treatment A = a given covariates X, i.e., mo(X) = P(A = a | X). Using these estimates,
we compute potential outcomes as

_ 1{A=a}

Yo = =%

(Y - ﬂa(X)) + ﬂa(X)'

The doubly robust estimator’s name comes from the fact that it provides a consistent estimate as
long as either the outcome model, pq(X), or the propensity score model, 7, (X), is correctly spec-
ified. Given this estimate, we can easily perform downstream inference tasks such as computing
log fold change (LFC), and testing for causal effects on gene expressions (fig. 3.3a). An advan-
tage of this approach is that counterfactual imputation denoises/balances gene expression under
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Figure 3.3: Overview of the proposed causarray method. a, Illustration of the data gener-
ation process for pseudo-bulk and single-cell data. b, The gene expression matrix, Y, is linked to
the treatment, A, measured covariates, X, and confounding variables, U, via a GLM model. The
cell-wise size factor, s, and gene-wise dispersion parameter, ¢, are estimated from the data, and
the unmeasured confounder U is estimated by U through the augmented GCATE method. ¢, Gen-
eralized linear models and flexible machine learning methods including random forest and neural
network can be applied for outcome modeling (E[Y | A = a, X, U ] = fa (X, 17)) and propensity mod-
eling (P(A = a | X,U) = #,(X,U)) The estimated outcome and propensity score functions give rise
to the estimated potential outcomes for each cell and each gene. d, Downstream analysis includes
contrasting the estimated counterfactual distributions, performing causal inference, and estimating
the conditional average treatment effects.

two different conditions. Additionally, having access to estimated potential outcomes facilitates
downstream analyses such as estimating causal effects conditional on measured confounders like
age.
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A key step in these types of analyses is estimating unmeasured confounders. To adjust for
confounding, factor models were popularized in surrogate variable analysis literature and have
since been widely adopted in bulk gene expression studies [96]. Recently, we extended this
approach to single-cell RNA-seq data using generalized linear models that better accommodate
pseudobulk and single-cell outcome variables [48]. Using this generalized factor analysis approach,
we estimate unmeasured confounders U alongside potential outcomes (fig. 3.3b-c), enabling direct
estimation of downstream quantities such as LFC (fig. 3.3d).

3.7.2 causarray applied to an in vivo Perturb-seq study reveals causal effects
of ASD/ND genes

An integrative analysis of multiple single perturbations Autism spectrum disorders and
neurodevelopmental delay (ASD/ND) represent a complex group of conditions that have been
extensively studied using genetic approaches. To investigate the underlying mechanisms of these
disorders, researchers have employed scalable genetic screening with CRISPR-Cas9 technology
[79]. Frameshift mutations were introduced in the developing mouse neocortex in utero, followed
by single-cell transcriptomic analysis of perturbed cells from the early postnatal brain [79]. These
in vivo single-cell Perturb-seq data allow for the investigation of causal effects of a panel of
ASD/ND risk genes. We analyze the transcriptome of cortical projection neurons (excitatory
neurons) perturbed by one risk gene or a non-targeting control perturbation, which serves as a
negative control.

Unmeasured confounders, such as batch effects and unwanted variation, are likely present
in this dataset due to the batch design being highly correlated with perturbation conditions
(fig. B.64ab). Additionally, the heterogeneity of single cells assessed in vivo introduces further
complexity. These confounding factors may reduce statistical power for gene-level differential
expression (DE) tests, as noted in the original study [79], which instead focused on gene module-
level effects. To address this limitation, we apply causarray to incorporate unmeasured confounder
adjustment and conduct a more granular analysis at the single-gene level. This approach enables
us to uncover nuanced genetic interactions and causal effects that may provide deeper insights
into the etiology of ASD/ND.

Functional analysis Gene module-level analyses have been shown to provide greater statistical
power for detecting biologically meaningful perturbation effects when fewer cells are available [79].
The original study adopted this approach but relied on a linear model rather than a negative
binomial model, potentially limiting its ability to detect broader signals at the individual gene
level. Here, we compare causarray with RUV and DESeq2 (without confounder adjustment)
to identify significant genes and enriched gene ontology (GO) terms associated with various
perturbations. The number of latent factors is set as 10, according to the joint-likelihood-based
information criterion (fig. B.65a).

In terms of significant gene detection, causarray identifies a comparable number of significant
genes to RUV across most perturbations, while DESeq2 consistently detects fewer significant
genes (fig. 3.4a). The variation in significant detections across different perturbed genes suggests
distinct biological impacts of each knockout. Functional analysis focuses on enriched GO terms on
the DE genes under each perturbation condition where discrepancies arise between causarray and
other methods. Genes identified by causarray are enriched for biologically relevant GO terms with
clear clustering patterns (fig. 3.4b-c, fig. B.64c). In contrast, RUV shows less distinct clustering
and enrichment patterns.
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Notably, while RUV identifies GO terms related to ribosome processes previously implicated
in ASD studies [107], these findings remain controversial. Some argue that dysregulation in trans-
lation processes and ribosomal proteins may reflect secondary changes triggered by expression
alterations in synaptic genes rather than direct causal effects [60]. In contrast, GO terms identified
by causarray align more closely with the expected causal effects of ASD/ND gene perturbations
[54, 93].

To further validate these findings, we examine the perturbation condition for Satb2, which
yields the largest number of significant genes identified by both methods (adjusted P value < 0.1)
and exhibits significant different estimated propensity scores (fig. B.65b). Satb2 is known to play
critical roles in neuronal development, synaptic function, and cognitive processes [173, 184]. Using
causarray, we detect enrichment for GO terms directly related to neuronal function and develop-
ment, such as “regulation of neuron projection development,” “regulation of synapse structure or
activity,” and “synapse organization” (fig. 3.4d). These findings are consistent with Satb2’s es-
tablished roles in neuronal development and synaptic plasticity [61, 73]. On the other hand, RUV
identifies enrichment for terms related to mitochondrial function and energy metabolism, such
as “mitochondrial electron transport,” “cellular respiration,” and “ATP synthesis” (fig. 3.4e).
While these processes are important for general cellular function, they are less directly relevant
to Satb2’s primary biological roles.

Overall, this analysis demonstrates that causarray provides greater specificity in detecting
biologically meaningful causal effects of gene perturbations. Its ability to disentangle confound-
ing influences while preserving relevant biological signals highlights its effectiveness in analyzing
complex genomic datasets.

3.7.3 causarray reveals causally affected genes of Alzheimer’s disease in a
case-control study

An integrative analysis of excitatory neurons We analyze three Alzheimer’s disease (AD)
single-nucleus RNA sequencing (snRNA-seq) datasets: a transcriptomic atlas from the Religious
Orders Study and Memory and Aging Project (ROSMAP) [116] and two datasets from the Seattle
Alzheimer’s Disease Brain Cell Atlas (SEA-AD) consortium [55], which include samples from the
middle temporal gyrus (MTG) and prefrontal cortex (PFC). Our objective is to compare the
performance of causarray and RUV in pseudo-bulk DE tests of AD in excitatory neurons.

To evaluate the validity, we perform a permutation experiment on the ROSMAP-AD dataset
by permuting phenotypic labels. Ideally, no significant discoveries should be made under this
null scenario. However, RUV produces a large number of false discoveries, with its performance
deteriorating as the number of latent factors increases. In contrast, causarray effectively controls
the false discovery rate (FDR), producing minimal false positives (fig. 3.5a). Additionally, we as-
sess coherence across datasets by examining effect sizes in SEA-AD (MTG) and SEA-AD (PFC).
Effect sizes estimated by causarray exhibit higher consistency across varying g-value cutoffs com-
pared to RUV (fig. 3.5b, fig. B.66b). When inspecting DE genes across all three AD datasets,
causarray identifies more consistent discoveries than RUV (fig. 3.5¢), highlighting its robustness
in detecting causally affected genes.

Functional analysis We further compare functional enrichment results between causarray
and RUV using gene ontology (GO) terms associated with DE genes. Across the three datasets,
causarray identifies 165 common GO terms, significantly more than the 60 identified by RUV
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Figure 3.4: Statistical test results of the effects of CRISPR perturbation on gene expres-
sion in excitatory neuron data. a, Number of significant genes detected under all perturbations
using three different methods. The detection threshold for significant genes is FDR< 0.1 for all meth-
ods. b-c, Heatmaps of GO terms enriched (adjusted P value < 0.05, ¢ < 0.2) in discoveries from
causarray and RUV, respectively, where the common GO terms are highlighted in blue. Only the
top 20 GO terms that have the most occurrences in all perturbations are displayed. d-e, Barplots of
GO terms enriched in discoveries under Satb2 perturbation from causarray and RUV, respectively.

(fig. 3.5d). Both methods detect GO terms relevant to neuronal development and synaptic func-
tions, which are critical for understanding AD pathology. However, causarray shows distinct en-
richment in categories such as “positive regulation of cell development” and “negative regulation
of cell cycle’, reflecting its increased sensitivity to synaptic and neurotransmission-related pro-
cesses. In contrast, RUV’s results exhibit more dataset-specific enrichments, such as biosynthetic
processes in SEA-AD (PFC), apoptotic processes in SEA-AD (MTG), and catabolic processes in
ROSMAP-AD (fig. B.66c). These findings suggest that causarray captures more generalizable
biological signals across datasets.

Both methods identify overlapping top functional categories related to key biological processes
associated with AD pathology (fig. B.66e). However, causarray associates a larger number of
genes with these categories, identifying 3393 DE genes compared to 3187 for RUV (fig. 3.5¢).
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Figure 3.5: Comparison of DE genes discovered by causarray and RUV on excitatory
neurons for Alzheimer’s disease. a, The ratio of false discoveries to all 15586 genes of DE test
results with permuted disease labels on the ROSMAP-AD dataset. Three methods, causarray with
FDX control, causarray with FDR control, and RUV with FDR control, are compared. Data are
presented as mean values £+ s.d. b, The similarity of estimated effect sizes on SEA-AD MTG and
PFC datasets. The slope is estimated from linear regression of effect sizes on the PFC dataset against
those on the MTG dataset. ¢, DE genes by causarray and RUV over 15586 genes (adjusted P value
< 0.1). d, Venn diagram of associated GO terms from causarray and RUV (adjusted P value < 0.05,
q < 0.2). e, Considering only the top 50 positively regulated and the top 50 negatively regulated DE
genes from causarray and RUV, we map them to the top 5 biological processes (the green nodes).

Additionally, causarray reveals 165 common GO terms across the three datasets, significantly
more than the 60 identified by RUV (fig. 3.5d). The visualization of the discovered networks, as
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Figure 3.6: Results of DE analysis of 10 selected genes by causarray. The top 5 up-
regulated and top 5 down-regulated genes in estimated LFCs (adjusted P value < 0.05) are visualized.
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pseudo-count. b, Estimated log-fold change of treatment effects, conditional on age for selected
genes. The center lines represent the mean of the locally estimated scatter plot smoothing (LOESS)
regression, and the shaded area represents a 95% confidence interval at each value of age.

defined as the top 5 GO terms and associated genes included in the top 100 DE gene discoveries,
further highlights the enhanced sensitivity and comprehensiveness of causarray. Specifically, the
causarray network contains 17 gene nodes and 81 edges, compared to 14 gene nodes and 57 edges
in the RUV network (fig. 3.5¢). This greater interconnectedness in the larger causarray network
suggests a more intricate and informative representation of underlying biological relationships,
emphasizing its ability to capture broader and more relevant genetic factors associated with AD
pathology.

Counterfactual analysis The counterfactual framework employed by causarray enables down-
stream analyses that directly utilize estimated potential outcomes. By examining counterfactual
distributions for significant genes (fig. 3.6a), we observe distinct shifts in expression levels be-
tween treatment (Y (1)) and control (Y (0)) groups. Downregulated genes show a shift toward
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lower expression levels under disease conditions, while upregulated genes exhibit increased ex-
pression. Conditional average treatment effects (CATES) reveal age-dependent trends for these
genes (fig. 3.6b). For example, upregulated genes such as SLC16A6 and RFLNA show stronger
effects at extreme ends of the age distribution, while others like SLC88A42 and BAG6 display
nuanced changes across the aging spectrum.

These findings align with prior studies highlighting the roles of specific genes in aging-related
processes. For instance, ZFR2, RFLNA, BAG6, and RAD21 have been implicated in chromatin
remodeling, synaptic plasticity, and cellular stress responses critical for aging and neurodegen-
eration [67, 83, 94, 129]. While nonparametric fitted curves exhibit wider uncertainty bands,
particularly at the boundaries, which can be observed here, the significant trends observed for
key genes highlight their potential relevance in AD pathology. Overall, these results demonstrate
that causarray provides nuanced insights into age-dependent gene regulation mechanisms while
maintaining robust control over confounding influences.

47



Chapter 4

Assumption-Lean Post-Integrated
Inference with Negative Control
Outcomes

Material in this chapter first appeared as Du et al. [45].

4.1 Introduction

In the big data era, integrating information from multiple heterogeneous sources has become
increasingly crucial for achieving larger sample sizes and more diverse study populations. The
applications of data integration are in a variety of fields, including but not limited to, causal infer-
ence on heterogeneous populations [157], survey sampling [179], health policy [133], retrospective
psychometrics [69], and multi-omics biological science [39]. Data integration methods have been
proposed to mitigate the unwanted effects of heterogeneous datasets and unmeasured covari-
ates, recovering the common variation across datasets. However, a critical and often overlooked
question is whether reliable statistical inference can be made from integrated data. Directly per-
forming statistical inference on integrated outcomes and covariates of interests fails to account
for the complex correlation structures introduced by the data integration process, often leading
to improper analyses that incorrectly assume the corrected data points are independent [101].
While data integration is broadly utilized in various fields, our paper focuses on a challenging
scenario with the presence of high-dimensional outcomes. Particularly in the context of genomics,
experimental constraints often necessitate the collection of data in multiple batches [111, 112].
Batch correction and data integration methods are commonly used in genomics to recover the low-
dimensional embeddings or manifolds of each observation from the high-dimensional outcomes.
The naive approach uses a batch indicator as a covariate in a regression model for inference, which
may not be sufficient for adjusting for batch effects and unmeasured covariates [101]. Instead, two-
step methods are commonly employed in practice as a separate data preprocessing step to produce
integrated data, which can then be utilized for downstream inference. For instance, design-based
methods, such as Combat [80] and BUS [112], combine the batch or unknown subtype indicator
into hierarchical Bayesian models and provide location and scale correction. Additionally, design-
free methods, including RUV [56] and SVA [99] directly estimate the latent confounding factors,
and users can use the estimated latent variables as extra covariates for the downstream inference.
These methods apply to samples that share the same underlying biological variability, which is
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Figure 4.1: Overview of the post-integrated inference problem. (a) Data integration utilizes mul-
tiple outcomes Y = (Y7, .. .,Y][,)T and covariate X of interest to estimate the embeddings U , and
provides integrated outcomes ¥ = (V7,.. .7)7]0)—'— for downstream analysis. (b) Inference on the
direct associations between Y;’s and X, and those between }N/j’s and X may be biased because of
batch effects and observational dependency induced by data integration processes, respectively. (c)
Post-integrated inference includes two strategies: the design-based approach that includes a batch
indicator through a statistical model and the design-free approach that first estimates the latent
embeddings and then treats them as extra covariates for downstream inference (the batch indicator
can also be used as an observed confounder), where the latter is our focus.

our focus in this paper; see Figure 4.1 for an illustration.

Despite different procedures and output formats, nearly all batch correction methods utilize
information from multiple outcomes to estimate and align the underlying “embeddings” of ob-
servations. This approach is closely related to unmeasured confounder adjustment, particularly
when each observation is viewed as a single dataset. Over the past decades, researchers have ex-
plored various methods to address unmeasured confounders in statistical analysis. In the presence
of multiple outcomes, deconfounding techniques primarily employ two strategies: incorporating
known negative control outcomes or leveraging sparsity assumptions [175, 189]. Additionally, a
line of research on proximal causal inference uses both negative control outcomes and/or expo-
sures for deconfounding [124]; see a review of related work in Appendix C.1. This paper focuses
specifically on the negative control approach in the context of multiple outcomes, where the goal
is to directly estimate and adjust for latent factors that may confound the treatment outcome
relationships.

Mathematically, a high-dimensional outcome vector ¥ € RP is often related to a covariate
vector X € R? and an unobserved low-dimensional latent vector U € R”. Here, X includes
variables such as disease status or treatment, and U, frequently referred to as the embedding
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Figure 4.2: Histogram of ¢-statistics of PTEN perturbation on 8320 cells and 4163 genes by four
different confounder adjustment methods. The orange dashed curves represent the density of standard
normal distribution. See Section 4.5 for more details about the methods and experiment setting.

vector, captures both the batch effects and the unmeasured covariates. Both of them serve as a
compact representation of the outcome Y, with the dimensionality of the outcome space being
significantly larger than that of the covariate and latent space, i.e., p > d and p > r. Differences
in how data are collected across datasets can result in shifts or distortions in the distribution
of unobserved variable U, and can potentially affect the distribution of X as well. Our primary
interest lies in the direct associations or causal relationships between the outcome Y; and the
covariate X for j = 1,...,p, after adjusting for the difference induced by unwanted variation U.
When X and U are independent, the problem would be trivial because the direct effects can be
estimated by regressing Y;’s on X. However, when X and U are dependent, the direct regression
approach targets the total effects and provides a biased estimate of the direct effects. Hence,
proper data integration methods need to estimate U for integrating the outcomes from different
sources and for multiple hypotheses testing.

Although two-step procedures are widely favored by practitioners, it is evident that the risk of
making mistakes is propagated by the two steps. Specifically, the estimation of latent embeddings
U and the subsequent statistical inference are both contingent on the assumptions made by their
respective models. If either model is misspecified, the final inference results can be significantly
biased. For instance, varying choices of hyperparameters, such as the latent dimension, can
affect the accuracy of the first-stage estimation. It is, therefore, critical to understand whether
such approaches work in more general settings and how to remedy these existing post-integrated
inference methods under possible misspecification.

In this paper, we rigorously investigate the validity of statistical inference on integrated data,
focusing particularly on the use of negative control outcomes to ensure reliable inference. Our
aim is to analyze the validity of two-step post-integrated inference under minimal assumptions
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Figure 4.3: Batch correction where the latent embedding U is (a) U is a mediator that contributes
to the indirect effect from X to Y; (b) a confounder that affects both X and Y'; and (c) a moderator
that interacts with an independent variable X of interest to influence an outcome Y, but is not on
the causal pathway.

about the data-generating processes. Further, we aim to provide a framework that not only
ensures effective batch correction but also maintains the integrity and reliability of statistical
inference, addressing two key challenges using flexible machine learning algorithms. This will
allow researchers to retain the statistical power of their analyses while providing greater confidence
in the validity of their inferences from integrated data.

Post-Integrated inference To demonstrate the challenges in post-integrated inference, we
analyze high-throughput single-cell CRISPR data from a study on autism spectrum disorder-
related gene perturbations and their effects on neuronal differentiation (Section 4.5). In this
example, one cell can be viewed as a single dataset, where the heterogeneity among cells may not
be fully explained by observed covariates. Our analysis focuses on testing nonlinear associations
between 4163 genes and PTEN perturbation after accounting for covariates in neural development
and unwanted variations from heterogeneous observations.

Figure 4.2 illustrates t-statistic distributions from four different methods. The unadjusted
inference method yields overly conservative test statistic distributions compared to the expected
N(0,1) distribution. While batch correction and confounder adjustment methods produce distri-
butions closer to the standard normal, some show anti-conservative tendencies. Importantly, only
about half of the significant tests (p-value< 0.05) are consistent across the three confounder ad-
justment methods, raising concerns about their reliability. This inconsistency stems from varied
model assumptions and algorithms tailored to specific data models, which may be misspecified
for sparse single-cell data or due to inaccurate estimation of the number of latent factors.

The goal of this paper is to construct a robust statistical framework that uses embeddings from
existing data integration methods to mitigate misspecification issues, ensuring valid statistical
inference and enhancing current post-integrated inference methodologies.

Main contributions Our work makes several key contributions. First, in Section 4.2, we
derive nonparametric identification conditions using negative control outcomes (Section 4.2.1),
enhancing causal interpretations and forming the basis for our post-integrated inference (PII)
method. In Section 4.2.2, introduce a robust and assumption-lean framework for post-integrated
inference that effectively addresses hidden mediators, confounders, and moderators (Figure 4.3).
This framework ensures reliable statistical inference despite possible confounding from batch ef-
fects and data heterogeneity. It eliminates confounding ambiguity (Remark 8), leverages negative
control outcomes for accurate embedding estimation (Remark 9), and exhibits resilience to model
misspecification, supporting model-free inference (Remark 10).
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Our second contribution in Section 4.3 analyzes the statistical error in target estimands using
estimated embeddings. In Section 4.3.1, we use martingale interpretations to assess the bias
caused by these embeddings. Under regularity conditions, we show in Theorem 22 that the
bias of the projected target estimand with estimated embeddings is primarily determined by the
Lo-norm of the embedding estimation error, up to an invertible transformation. Furthermore,
Lemma 23 shows that bias in linear models can be deterministically evaluated using the operator
norm of projection matrices, regardless of latent dimensionality.

Our third main contribution, discussed in Section 4.3.2 and appendix C.5.3, involves devel-
oping efficient semiparametric inference methods for estimands with estimated covariates under
both linear and nonlinear functions. These methods advance the assumption-lean approach of
Vansteelandt and Dukes [171] to accommodate multiple treatments and outcomes. Specifically,
we derive finite-sample linear expansions for direct effect estimands (Theorem 24), provide a
uniform concentration bound for residuals, and establish the asymptotic distribution for both
linear and nonlinear effects under mild assumptions (Corollary 25, Theorem C.5.1) with triangu-
lar arrays. These results are essential for establishing guarantees related to multiple testing with
high-dimensional outcomes (Proposition 26).

4.2 Post-Integrated inference

4.2.1 Nonparametric identification with negative control outcomes

In this section, we consider post-integrated inference with negative control outcomes. Similar
to the causal inference analysis with observational data [71, 84], we consider the case when the
latent variable U is a confounder as in Figure 4.3(b). Let X C R? and & C R" be the support of
X and U, respectively. We use f to denote a generic (conditional) probability density or mass
function and require causal assumptions on the observational data (X,U,Y) and counterfactual
outcome Y (z) when X is interpreted as treatment.

Assumption 9. 1. Consistency: when X =z, Y =Y (z).

2. Positivity: f(x | u) > 0 for all u € U.

3. Latent ignorability: X 1L Y(x) | U for all x € X.

Assumption 91 requires that no interference among the subjects, meaning that a subject’s
outcome is affected by its treatment but not by how others are treated. Assumption 92 sug-
gests that X = x can be observed at any confounding levels of U with a positive probability.
Assumption 93 ensures that the treatment assignment is fully determined by the confounder U.
These assumptions are required to estimate the counterfactual distribution of Y (x) with observed
variables (X,U,Y) by the g-formula fy(,)(y) = [ f(y | u,2)f(u)du. In our problem, because U
is not observed, all information contained in the observed data is captured by f(y,z), and one
has to solve for f(y,z,u) or equivalently f(u | y,x) from the integral equation:

f(y,:v):/f(y,:r,u) du. (4.2.1)

In general, the joint distribution f(y,z,u) cannot be uniquely determined. With an auxiliary
variable Z, the approach by Miao et al. [125, Theorem 1] identifies the treatment effect from any
admissible! distribution under exclusion restriction, equivalence, and completeness assumptions.

LA joint distribution f(y,x, u) is admissible if it conforms to the observed data distribution f(y,x), that is,

fly,z) = ff(y,:r,u) du.
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Because the negative control outcomes can also be viewed as a non-differentiable proxy of the
confounder, their result also applies to our problem if taking Z = Y¢; however, when restricting to
negative control outcomes, we can extend their approach on the identification of the counterfactual
distributions with weaker assumptions. Now, we modify it as follows.

To present our first result on identification with negative control outcomes, we let f(y,x, u; @)
denote a model for joint distribution indexed by a possibly infinite-dimensional parameter «, and
conditional and marginal distributions are defined analogously. We require Assumption 10.
Assumption 10. The following hold for a set of control outcomes C C [p] and for any a:

1. (Negative control outcomes) (Yee, X) 1L Y | U.

2. (Equivalence) any f(yc, u) that solves f(yc;a) = [ f(yc, u; ) du can be written as f(yc, u) =
f(ye, v~ (u); a) for some invertible but not necessarily known function v.

3. (Completeness) for all u € U, f(u) > 0; for any square-integrable function g, E[g(U) |
Ye, X = z;a] = 0 almost surely if and only if g(U) = 0 almost surely.

The causal diagram under Assumption 101 is given by Figure 4.4. Assumption 102 is a high-
level assumption stating that at any level of covariates, the joint distribution of control outcomes
and confounders lies in a class where each model is identified upon a one-to-one transformation
of U. In contrast to Miao et al. [125, Assumption 2 (ii)] that concern the joint distribution of
(X,U,Ye), Assumption 102 only requires equivalence on the joint distribution of (U, Y¢); though
we also require an extra completeness assumption on U in Assumption 103 for recovering an
equivalent distribution of (X, U). The completeness property plays a pivotal role in statistics [100].
Intuitively, it precludes the degeneration of the (conditional) distribu-
tions on their supports, which guarantees the uniqueness of the solution
to certain linear integral equations. At different levels of X, Assump- a @
tion 102 requires that any infinitesimal variability in U is accompanied
by variability in Y, which implicitly requires the dimension of Y to be
larger than the one of U. The completeness is viewed as a regularity
condition, and more detailed discussions can be found in Miao et al. g
[125, Appendix 2]. Building upon the approach by Miao et al. [125], | U ’—’@
we propose a modified identification approach.
Theorem 21 (Nonparametric identification). Under Assumptions 9 Figure 4.4: Causal di-
and 10, for any adm1581ble distribution f(yc,u) that solves f(yc) = agram with negative con-

[ F( ye, u) du and let f(u) == [ fye,u)dye, there exist a unique solu- trol outcomes Y¢, from
tion f (:1: | u) to the equatlon which an embedding func-
tion Yo — U can be esti-
~ ~ mated.
= /f(a: | w) f(u) du. (4.2.2)

Let f(ye,u | 2) := f(ye,u)f(z | w)/f(z), then there exists a unique solution f(yee | #,u) to the
equation

fly | ) = / Flee | 2, u)Flye,u | ) du, (4.2.3)

Further, the potential outcome distribution is identified by

fy@ W /f yee | u, ) f(ye, u) du.
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Theorem 21 suggests that if the joint distribution of (Y¢,U) can be estimated up to inverse

transformation, then one can recover the joint distribution of potential outcome Y (z). Based on
Theorem 21, an operational strategy is given in two steps. The first step is to derive f(yc,u),
which retrieves a proxy of U using the information from multiple control outcomes Ye. Given
f (yc, u), the conditional treatment distribution f (ac | ) and the condition outcome distribution
can be obtained by solving integral equations (4.2.2) and (4.2.3). Even though f (yc, u) might not
be unique, the estimated condition distributions f(z | u) and f(yce | 2, u) are guaranteed to be
unique for any given f (yc, u). Motivated by the nonparametric identification condition presented
in Theorem 21, we will provide a detailed description of the deconfounding strategy for recovering
the true main effect under more relaxed assumptions in the next subsection.
Remark 6 (Deconfounding with negative control outcomes). The deconfounding strategy given
in Theorem 21 is similar to previous negative control outcome approaches [175, 189] under para-
metric modeling assumptions but somewhat different from Miao et al. [125, Theorem 1] under
nonparametric modeling assumptions. More specifically, Theorem 1 of Miao et al. [125] aims to
recover the joint distribution of three variables (Z, X, U), where Z is an auxiliary variable that
satisfies exclusion restriction condition Z 1l Yee | (X,U). When Z is negative control outcome
Ye, we are able to factorize the joint distribution into two conditional distributions of X | U and
Ye | U. This property allows us to derive nonparametric identification with weaker assumptions
in Theorem 21.

Another related approach is the proximal causal inference framework that uses both negative
control outcomes and negative control exposures [126]. The key to their method is a bridge
function b(Ye, a) such that

p(Yee |U;A=a) = /b(yc,a)p(yc |U,A=a)dyc = /b(yc,a)p(yc | U) dyc.

If the bridge function b is known, then the counterfactual distributions of Y¢e(a) can be recovered
under classical causal assumptions. The proximal causal inference framework aims to bypass
the estimation of the unmeasured confounders by estimating the bridge function using other
extra information (e.g. negative control exposures), while our strategy relies on multiple control
outcomes to estimate the distribution of confounders (up to invertible transformation) directly.
With multiple negative control outcomes as in Figure 4.4, one can also split these outcomes into
two nonoverlapping sets to serve the role of negative control outcomes and exposures in order to
apply the proximal causal inference method; however, our approach avoids the splitting.

Remark 7 (Deconfounding with multiple treatments). When there is a single outcome, and
the information of confounders solely comes from multiple treatments, we can marginalize the

unknown conditional distribution f(u | y,z) over the response y to obtain f(u | z) = [ f(u |
y,x)f(y | )dy. This suggests a two-stage procedure as in [125] for successively identifying
solutions f(u,z) and f(y | u,z) from two integral equations: f(z) = [ f(u,z)du and f(y | z) =

J fly | w,2)f(u | z)du. The information used to estimate the confounders in their setting is
from multiple null treatments instead of multiple outcomes. For this reason, they require strong
assumptions to distinguish the set of confounded treatments associated with confounders.

4.2.2 Assumption-Lean semiparametric inference

The nonparametric identification results aim to reveal the counterfactual distributions from con-
founded observational data, which is useful for designing general deconfounding strategies, yet
remains impractical. When restricted to semiparametric models, however, one can design more
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efficient estimation and inferential procedures. A leading example of semiparametric regression
models is the partially linear regression [66, 144]:

E[Y | X,U] = 8" X + h(U), (4.2.4)

where Y is a high-dimensional vector of response, X is a low-dimensional vector of covariates (in-

cluding the treatment of interest), U € R" is a low-dimensional latent vector, i.e., an unmeasured

confounder, B € R?*? is the coefficient to be estimated, and h : R” — RP is an unknown function.

In the past decades, much attention has been on estimating and testing partially linear models.
When U is known, the coefficient 8 can be obtained with the double

residual methodology [144], by noting that a @

ElY | X,U]-E[Y |U] = 8"(X —E[X | U)),

More specifically, the double residual methodology proceeds in two 1

steps: (1) regressing Y on U to obtain the residual Y — E[Y | U], and ;

regress X on U to obtain the residual X — EX|U J]; and (2) regressing U\\

the residual ¥ — E[Y | U] on the residual X — E[X | U]. Here, the \_ - ( )

notation E denotes the estimated regression function. The resulting

regression coefficient is an estimator of 8. Intuitively, this procedure

removes the confounding effect of U by taking the residuals, so that

the final regression only captures the relationship between X and Y

conditional on U, which is 8 under the partial linear model assumption.

In the special case with binary treatments, the resulting estimator is called E-estimator [142].
Even when the model (4.2.4) is misspecified, the estimator from the two-step procedure is

directly informative about the conditional association between X and U. Under mild moment

assumptions on the conditional covariance matrix of X given U, it returns a meaningful estimand

Figure 4.5: The causal
relationship between X
and U in Figure 4.4 can be
further relaxed.

B =E[Cov(X | U)]'E[Cov(X,E[Y | X,U] | U)]
=E[Cov(X | U)]'E[Cov(X,Y | U)], (4.2.5)

which itself does not crucially rely on the restrictions imposed by the outcome model (4.2.4).
Remark 8 (Relexation of causal relationship). Under the causal setting in Section 4.2.1, when
U is not a confounder but a moderator as in Figure 4.3, adjusting for U can also help to reduce
the variance. If U is a confounder, it is necessary to adjust for U to have a proper interpretation
of the main effect of X on Y. However, when U is missing, in general, we will not be certain
whether U is a confounder or not. In particular, each entry of U can either be a confounder, a
mediator, or a moderator (as in Figure 4.5). When targeting the estimand (4.2.5), we do not
need to impose specific causal assumptions. In contrast, (4.2.5) allows us to relax the relationship
between U and X, as long as the variability of X given U persists.

In summary, statistical inference targeting at projected direct effect (4.2.5) is model-free and
assumption-lean. Because U is unmeasured, we rely on the strategy offered by Theorem 21 to
estimate and perform inference with negative control outcomes. Our deconfounding procedure is
summarized in Algorithm 3 for general link functions. Below, we describe the main steps of the
procedure with an identity link as a special case.

(1) Reduction Suppose that C C [p] is the set of negative control outcomes such that fc = 0.
In the first step, we aim to estimate U from the negative control outcomes Y; independently of
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Algorithm 3 Post-Integrated inference (P11) with negative control outcomes

Input: A data set D that contains N i.i.d. samples of (X,Y) € R? x RP, a set of control genes C C [p],

and a user-specified link function g.

1: (Optional) Split sample D = Dy U Dy with |Dg| = m,|D1| = n and N = m + n; otherwise set
D=Dy=Dy and N=m =n. R

2: Estimation of the embedding functional: Based on samples in Dy, obtain an estimate f, : RI¢l —
R" for the embedding map f. : Yo — U. PR

3: Extract estimated latent embeddings: Compute U = f.(Y¢) on D;.

4: Semiparametric inference of the main effect estimand: Use Algorithm C.5.7 to estimate

B =E[Cov(X | U)] 'E[Cov(X, g(E[Y; | X,U]| U)))), jec*

and the empirical variance. Construct the confidence interval or compute p-values according to the
asymptotic distribution of 5.
Output: Return the confidence intervals or p-values.

X. To distinguish from the previous causal setting, we call U as the embedding of Y. This
typically involves learning some (nonlinear) embedding map f. : Rl — R" with Yp — U.

One can use the same set of data to learn the embedding function jAg and obtain the trans-

formed embedding U= J/”;(Yc). For example, perform the principle component analysis and use
the first few principal components as the estimation embedding U. In a more general scenario, we
can also borrow extra datasets to estimate the embedding function. For genomic studies, many
single-cell atlas of healthy cells can be used to estimate it, which helps to improve the estimation
of latent embedding and is commonly used in practice for transfer learning [64].
Remark 9 (Negative control genes). For genomic studies, housekeeping genes can serve as neg-
ative control outcomes. Furthermore, even though most of the genes are measured, typically only
the top thousands of highly variable genes are used for the subsequent differential expression
testing. It is believed that the remaining genes with low expression behave similarly under differ-
ent experimental conditions. As we demonstrate later in Section 4.5, we can ideally utilize these
extra genes as pseudo-negative control outcomes to improve statistical inference. Of course, there
are chances that some of the genes with low expression are indeed affected by the conditions;
our framework would still provide reasonable interpretability as well as robustness against such
misspecification of the negative controls.

(2) Estimation In the second stage, recall that our target estimand is 5 in (4.2.5). Because
U is unobserved, the best we can do is to use U as the estimated embedding and focus on the
estimand:

B =E[Cov(X | U)'E[Cov(X,Y; | U)], jecC" (4.2.6)

This estimand quantifies the conditional associations of X and Y given U. One would typically
restrict the estimation of main effects to the complement set of control genes C¢, while for nota-
tional simplicity, we simply set B.c = 0Ogx|c| and present the main effect matrix 5 € R¥P in its
whole. Note that for j € C, one always has 3.; = 04, because E[Y; | X,U] = E[Y; | U] does not
depend on X and the conditional covariance between X and E[Y; | X, U] is always zero.

(3) Inference In the last step, to provide uncertainty quantification, we rely on the efficient in-
fluence function for 3, similar to E-estimator [32] and two-stage least squares estimators [142, 171].
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The details of semiparametric inference will be given later in Section 4.3.2 and Appendix C.5.3
for linear and nonlinear link functions, respectively.

Remark 10 (Assumption-lean and model-free inference). The above procedure is minimally
dependent on assumptions regarding the data-generating process. It operates independently of
any underlying data model, making it truly model-free. To compute an estimate of (4.2.6),
arbitrary nonparametric methods can be employed to estimate the nuisance regression function.
Inference can then be performed using the efficient influence function within the semiparametric
framework [171]. As we will see in the next section, this approach only requires mild moment
conditions on the true regression function and consistency assumptions on the nuisance function
estimation.

The procedure is straightforward and easy to understand. However, caution is warranted for
nuisance regression functions and variance estimation [171]. To understand the exact conditions
under which this method is effective, a more sophisticated analysis is required to quantify the
bias using estimated latent embeddings. Additionally, theoretical guarantees of valid inference
need to take into account the presence of multivariate covariates and multiple outcomes. The
next section serves these purposes.

4.3 Statistical properties with estimated embeddings

4.3.1 Bias of main effects

Before presenting our analysis of the estimation errors, we introduce several technical assump-
tions. To begin with, we consider a common probability space (£2,.#,P) and let Un, explicitly
indicate the dependency of U on m € N, which is the sample size used to estimate the embed-
ding functional fe In general, U can have different dimensions than U; to ease our theoretical
analysis, we will treat the latent dimension r as known so that Um € R". As we will see later,
such a requirement can be weakened under certain working models. Let {.%,, }nen be a filtration
generated by {ﬁm}meN such that .%,, = U(ﬁm) and %#; C %5 C ---, and define the sub-o-field
Foo = 0(UnFm) C F. We require the following assumption.

Assumption 11 (Latent embedding estimation). There exists a .#,,-measurable and invertible
function v such that Uy, == v(U). Further, £y, := ||Up, — (U, < oc.

In many scenarios when we have prior information on the embedding function f., both the
number of latent dimensions and the embedding can be consistently estimated. For example,
consistent estimation of the number of latent variables has been well established under factor
models [9] and under mixture models [25]. Generally, a rate of ¢, = Op(m_%) can be obtained
for factor analysis when there are sufficient many negative control outcomes such that |C| > m [8].
For mixture models, this reduces estimating the cluster membership because one can treat the
one hot vector of cluster memberships as the embedding and the cluster centers as the loading,
akin to factor analysis. When f, is estimated nonparametrically by ]/“;, the estimated embedding
Um can be viewed as nonparametrically generated covariates. In this context, Assumption 11 only
requires the (conditional) Lo-norm of the estimation error fe — fe decays to zero in probability to
ensure meaningful and accurate estimation of U, which is weaker than Assumption 2 of Mammen
et al. [115] that requires the (conditional) Leo-norm of fo — f. is op(1). Finally, we also remark
that one can use extra data sources to obtain a better estimate of f. with a larger sample size m.
In many applications, such as single-cell data analysis, the embedding function can be derived
from previous alas studies so that m will be sufficiently large enough.
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The following Assumption 12 imposes boundedness condition on the population quantities,
and Assumption 13 imposes smoothness assumption on the regression function.
Assumption 12 (Regularity conditions). There exists constants ¢ > o > 0 and M > 0
such that oy < E[Cov(X | U)] <X dly, olg < E[Cov(X | ﬁm)], 1Bll2,00 < M, HXHL2 <
M, maxece [V, < M.
Assumption 13 (Lipschitzness of regression functions). The regression functions satisfy Lips-
chitz conditions:

|E[X | U =uw] —E[X | U = ug]|| < Lx|lu1 — uz||
IE[Y; | X,U =w] = E[Y; | X,U = ug]|| < Ly|lu1 —wu2l|, VjeC,

almost surely for all uy,us € U and some constants Lx and Ly.

Assumption 13 imposes certain smoothness restrictions on the conditional expectation. In
certain applications, the Lipschitz condition holds for many continuous multivariate distributions.
For example, suppose W and V are jointly normally distributed with

()~ () (5 %)
\%4 v ’ Z%V EV ’
Then h(v) = E[W | V = v] = puw + SwySy,' (v — py) is L-Lipschitz in fo-norm, with L =
HZW‘/Z;IH. Other examples of such a regression function include the posterior mean of the ex-
ponential and Poisson distributions under their conjugate prior, as in Bayesian inference. Similar
conditions have been employed for nonparametric regression with generated covariates; see, for
example, Assumption 4 in Mammen et al. [115]. In particular, Mammen et al. [115] require dif-
ferentiability and Lipschitz condition in £, of the condition expectation, which is much stronger
than Assumption 13.

Consider two population coefficients 5 and B as defined in (4.2.5) and (4.2.6), respectively.
We next quantify the difference between the two in Theorem 22.

Theorem 22 (Bi/z}s for two-stage regression with estimated covariates). Under Assumptions 11—
13, when ||E[X | U] — E[X | U]HL2 < o/(2M), it holds that

~ 1 1 1
w3 = 51 (10, (24 + 28) + mael151,, 24 ) .

Theorem 22 suggests that the upper bound of estimation error using estimated embeddings
is related to the second moments of X and Y, as well as the accuracy of latent embedding
estimation. This deterministic result only concerns the population quantities. Given i.i.d. samples
of (X,U,Y), the corresponding estimator of 3.; based on finite samples is given by

by = (Ba{(X —E[X | U)P)'P{(X ~EIX | UD(Y; ~ElY; [ U)), (43

where A%2 := AAT denotes Gram matrix of AT, and E[X | U] and E[Y | U] are the estimated
nuisance functions. Because U is unobserved, we treat U as the truth and estimate 3.; with:

by = (P{(X —E[X | U])**}) 'R {(X — E[X | U)(Y; - E[Y; | U])}. (4.3.2)

As an example, we consider a special case when the regression functions are linear models.
To distinguish from previous notations, we use bold font to indicate the latent embedding matrix
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U € R™" and its estimate U € R™ " where the latter may have a different dimension 7 than
the truth r. Lemma 23 below shows that we are still able to quantify the empirical estimation
error of the main effects in terms of the estimation error of linear projection matrices in finite
samples.

Lemma 23 (Empirical bias with estimated embeddings under linear models). Define S =
P.{(X — E[X | U])®?}, § = P,{(X — E[X | U])®2}, and T = diag(P,{YY T}). Assume S and S
have full rank, and m(S)HPé — Pg|| < 1, where for any matrix 4 € R™P, Py = A(ATA)"1AT
denotes the projection matrix and x(A) = || Al[[A~ 1|| denotes the condition number of matrix A.
When E[X | U], E[X | U], and E[Y | U] are lincar functions, it holds that

K(S)|PL — Pl
1—w(S)|PZ — P&’

jece

_1
e [5; — byl < <||b||2,oo+ ||sr|op2||r||oo)

where || Al|2,00 = max;ep) [| A is the maximum column euclidean norm for matrix A € R™*?.

Compared to Theorem 22, Lemma 23 suggests that the rate condition of U can be weakened to
the rate condition of the linear projection Pé. The conclusion of Lemma 23 is fully deterministic
and its proof relies on the backward error analysis in numerical linear algebra [166]. The dimension
of the estimated embedding is allowed to differ from the truth, as long as the column space of
U captures essential information of the column space of U. Analogously, it is possible to relax
Assumption 11 to varying latent dimension settings for Theorem 22 under general data models.
In this regard, one can consider a decomposition of lim,, ﬁm =T+ A, where T and A are a
sufficient statistic and an ancillary statistic, respectively, as when U is viewed as a parameter.
We leave such an extension as future work.

4.3.2 Doubly robust semiparametric inference

In the previous section, we showed that the target estimands E and [ are similar whenever U
is consistent to U up to any invertible transformation. Based on the estimated embedding U ,
our target of estimation and inference becomes B as defined in (4.2.6). To consider potential
nonparametric models for the nuisance functions, in what follows, we require the estimated nui-
sance functions E[X | U] and E[Y | U] to be computed from independent samples of P,. The
required independence is very standard in recent developments of double machine learning and
causal inference [84, 171], because sample splitting and cross-fitting can be used to fulfill this
requirement, though one can also restrict to Donsker classes to avoid sample splitting [84].

Before we inspect the estimation error of b to the target estimand B , we introduce one extra
assumption on the moments and consistency of nuisance estimation.

Assumption 14 (Bounded moments and consistency). There exists § € (0,1], M > 0, such that

VY —EY [ U]l <M,

2(146—1)

IX ~BIX | Ol , VIX - BX | D,

2(146—1)

IEIX | U] - E[X | ] Y | U] =E[Y | Ullsoll,,, ,, = or(1).

ey sy L

Let O = (X, U ,Y) € R? x R” x RP denote the observation when the estimated embedding
function fe is treated as fixed. The following theorem shows the linear expansion of the estimator
b and gives the error bound of the residual term with high probability.
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Theorem 24 (Linear expansion). Consider the above inferential procedure, suppose Assump-
tions 12 and 14 hold and two nuisance functions E[X | U] and E[Y" | U] are estimated from
independent samples of P,,. Then, the estimator b admits a linear expansion:

V(b = §) = VaZ T (Pn — P){B(O: )} + €,
where 3 := E[Cov(X | U)] and @ is the influence function of £ defined as
B(O5P) = (X —E[X | O((Y —E[Y | X]) - 57(X —~E[X | T]))", (4.3.3)

For any € > 0, there exists a constant C' = C/(e, 0, M, L), such that with probability at least 1 —e,
the remainder term ¢ satisfies that

I€l12,00 < CLI(Pn — PY{(X — E[X | U)®*}|op
+||E[X | U] - E[X | U] +IELY | O] - E[Y | Ol }

||L2(1+6)

+CVR{|E[X | U] -E[X | U]|2,
+ ML|E[Y | U] -E[Y | U]|?,
+||E[Y | U] - E[V | U]HLQ,OOHE[X | U] -E[X | U]],, }-

Theorem 24 provide a non-asymptotic uniform error bound for the residual terms over multiple
outcomes. With the law of large numbers and the consistency in Assumption 14, we know that the
first term of the upper bound is op(1). On the other hand, the secondary term is also negligible
under specific rate conditions on the estimation errors of nuisances. Considering an asymptotic
regime when viewing m and p as sequences indexed by n and n,m,p — oo, the above result
suggests the asymptotic normality, as presented in the following corollary.

Corollary 25 (Doubly robust inference with estimated emebeddings). Under conditions in The-
orem 24, if further, the estimation error rates of nuisance functions satisfy that HE[X | U] -E[X |
01112, = op(n™2), [E[Y | U] = ElY | OII2, o0 = op(n2), [ELY | U]~ E[Y | Olll,,.ccllEIX |

1

U] —E[X | U] ., = op(n”2), then the estlmator b is asymptotically normal:

HL27

V(b — B) S Ny(0, S7'V{G(O;PIETY),  j=1,....p.

Furthermore, if the conditions of Theorem 22 hold with ¢,, = o(nfé), then we have

V(b = 8) S N0, STV(E,O:B)ET),  j=1...p.

In the presence of estimated embedding ﬁm, the influence function ¢ implicitly depends
on the sample size m. Therefore, establishing the asymptotic normality requires verification

of the Lindeberg condition for triangular array of random variables. In Corollary 25, thelrate

of estimation for the two nuisance functions may be slolwer than the parametric rate n™ 2, as
long as each individual estimation rate is faster than n~ 1. This flexibility enables us to employ
more versatile machine learning algorithms for nuisance function estimation while maintaining
the validity of our inference. Furthermore, Corollary 25 suggests that efficient influence regarding
the true main effect 5 is possible when the rate of consistently estimating the embedding is
by, = OP(n_%). As discussed above, under factor models, one has ¢, = Op(m_%), this requires
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Algorithm 4 Semiparametric inference for main effects

Input: Reponses Y, covariate X, and estimated latent embedding U. N R R
1: Use machine learning methods to obtain nuisance estimates E[Y | U] and E[X | U].
2: Fit a linear regression of Y — E[Y | U] ~ X — E[X | U] without an intercept to obtain an estimate b
as defined in (4.3.2) of § as defined in (4.3.2).
3: Estimate the variance of b.; by S;/n based on Theorem 24, where 5; = £V, {%.;(O;P)}£~! and
S =P, {(X —E[X | U))%2}.

Output: Confidence intervals and p-values based on asymptotic null distribution b, i~ Ny (5 30

)

s

n = o(m), i.e., the factor loadings need to be estimated from more observations than those used
for the estimation and inference of b.

Based on Corollary 25, the data-adaptive procedure to obtain the confidence intervals and
p-values is given in Algorithm 4. To fulfill the independence assumptions, one can use cross-fitting
to ensure that different samples are used for step 1 and step 2. When this holds, the following
proposition shows that overall Type-I error control can be controlled at the desired level. In
Proposition 26, when the unit vector v is chosen to be the basis vector, it reduces to testing
whether a specific covariate has zero association with individual outcomes.

Proposition 26 (Multiple linear hypothesis testing). Let t; = \/nV,{%.;(O; I@)}%i_l (5] - BJ)
be the standardized vector. For any unit vector v € R%, consider the hypothesis Hoj : v’ B.; = 0.
Let Np = {j | v"B; =0, = 1,...,p} be the true null hypotheses. Under the assumptions of
Corollary 25, as m, n, p, | Np| — oo such that £,, = o(n~1/2), it holds that |N,| ! D jeN, 1{jvTt;| >
zg} LA

Remark 11 (Multiple testing). The condition |[|E[Y | U] — E[Y | (7]||oo||L2(1+5)
Assumption 14 controls the envelope of the regression function estimation errors. This is useful
when the number of outcomes p grows in the number of sample size n, when multiple testing
procedures based on multiplier bootstrap can be applied to control both the family-wise error rate

and the false discovery rate [49]. Alternatively, one can simply apply the Benjamini-Hochberg
procedure for multiple testing corrections.

= op(1l) in

4.4 Simulation

We generate the data from generalized partial linear models. The covariate X € R is sampled
from AN(0,1); the latent variable U = Xa + € € R" is a linear function of X, where r = 10,
a1j ~ Unif(—1,1) and ¢; ~ N(0,02) independently for j € [r]; and the response is generated
from generalized linear models with a Logistic link logit(E[Y | X,U]) = X + Un, where 1; ~
2 x Bernoulli(0.2) and /7 - n;; ~ Unif(—1,1) independently for ¢ € [r] and j € [p]. We set the
total number of outcomes to be p = 1000, and use 500 null outcomes as the negative outcomes.

We evaluate four methods: (1) GLM (X): naive generalized linear models that use Logistic
regression that only uses observed covariate X to predict Y; (2) GLM (X,U): oracle Logistic
regression that uses both observed covariate X and latent variable U to predict Y; (3) Pu
(X,U): the proposed post-integrated inference method that uses observed covariate X and latent
embedding U to predict Y; and (4) P11 (X, U): the proposal method that uses the first r PCs of
the outcome matrix are selected as U.

For P11, we use the random forest to estimate the nuisance functions E[X | U], E[Y | X, U],
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Figure 4.6: Simulation results with 500 negative control outcomes out of a total of 1000 outcomes.
For P11, the nuisance functions are estimated using random forests. The data model is the Logistic
regression model. The first and second rows have noise levels 0. = 0.8 and o, = 1, respectively, for
the latent variables.

and E[g(E[Y | X,U]) | U] and apply extrapolated cross-validation (Ecv) [44] to select the hy-
perparameter that minimizes the estimated mean squared error. ECVv allows us to use a smaller
number of trees for estimating the out-of-sample prediction errors based on out-of-bag observa-
tions and extrapolate the risk estimation up to a larger number of trees consistently without
sample splitting. In our experiment, we use 25 trees to perform ECV and the hyperparame-
ters we consider include: ‘max_depth’ in {1,3,5} for the depth of each tree, ‘max_samples’ in
{0.25,0.5,0.75,1} for bootstrap samples and the number of trees in {1,...,50}.

To compare the performance of different methods, the power, type-I error, and false discovery
proportion (FDP) for hypothesis testing are analyzed. For both the type-I error and power, we set
the significance level to be 0.05. For FDP, we use the Benjamini-Hochberg procedure with FDR
controlled at 0.05. As shown in the first two columns of Figure 4.6, the GLM-NAIVE regression
method fails to control the inflated type-I error, resulting in numerous false positives. Further-
more, as the sample size increases, this method becomes even more anti-conservative. Conversely,
the GLM-ORACLE regression method exhibits tight control over type-I error, as expected. When
the latent embedding U is known, we observe that P11 also effectively controls type-I error. Ad-
ditionally, under certain conditions, PII provides greater power than the GLM-ORACLE. This
may be attributed to Pir’s ability to address the effect of collinearity between X and U on the
nonlinear outcome models through a two-step procedure, whereas GLM-ORACLE does not, leading
to conservative results.

When the latent embedding U is unknown, we evaluate the performance of the estimated
U. As shown in the third panel of Figure 4.6, the error of embedding projection matrix ||Pﬁ —
Pyllop decreases rapidly as the sample size n increases. When U can be well approximated, P11
experiences a slightly inflated type-I error because it targets the modified main effect 5 instead
of the true effect 5. However, the statistical error remains reasonable, the FDP is controlled at
the desired level, and P11 achieves greater power compared to the oracle GLM in many cases.
Lastly, P11 exhibits greater power when the conditional variation of X given U is large (i.e., V(e)
is relatively larger than the linear projected signal strength ||7v]|). One could potentially use the
ratio of these two quantities as a metric to quantify the level of confounding.
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Figure 4.7: Histogram of t-statistics of PTEN perturbation by different methods. PCA with 50
components, Ruv4, CATE-NC, and CATE-RR.

4.5 Application on single-cell CRISPR data analysis

Background In a recent study by Lalli et al. [93], the molecular mechanisms of genes asso-
ciated with neurodevelopmental disorders, particularly Autism Spectrum Disorder (ASD), were
investigated using a modified CRISPR-Cas9 system. Experiments focused on 13 ASD-linked gene
knockdowns in Lund Human Mesencephalic neural progenitor cells, with gene expression changes
assessed through single-cell RNA sequencing. The progression of neuronal differentiation was
estimated via a pseudotime trajectory (Figure C.62), revealing that some genetic perturbations
impact this progression.

Confounders significantly affect the interpretation of single-cell CRISPR, perturbation results,
as these experiments often resemble observational studies. Variables like cell size, cycle stage,
and microenvironment heterogeneity can alter gene expression patterns, obscuring true genetic
effects. To address these challenges, we use 4000 lowly variable genes as negative control outcomes
for adjustment, focusing on 4163 highly variable genes for differential expression analysis on 8320
cells. The data preprocessing procedure is detailed in Appendix C.6.2.

Compared methods and embedding estimation. We compare the proposed method with
four methods for hypothesis testing: (1) GLM: Score tests based on generalized linear models
with Negative Binomial likelihood and log link function. The covariance matrix is estimated
using the HC3-type robust estimator. This method does not adjust for potential confounding
effects. (2) Ruv4: A heuristic method proposed by Gagnon-Bartsch and Speed [56] that uses
principle components on the residual matrix of regressing the negative control outcomes on the
covariate of interest to estimate the latent embeddings. Based on heuristic calculations, the
authors claim that the RUV-4 estimator has approximately the oracle variance. (3) CATE-NC:
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Figure 4.8: Summary of significant genes (p-values< 0.05) associated with PTEN perturbation by
different confounder adjustment methods. (a) Upset plot of discoveries by three methods: Ruv4,
CATE-NC, and CATE-RR, as in Figure C.64. (b) Upset plot of discoveries by P11 with embedding
estimated by three methods: Ruv4, CATE-NC, and CATE-RR, as in Figure 4.7. (c¢) The Venn plot of
two sets of discoveries. One set includes 276 common discoveries by Ruv4, CATE-NC, and CATE-RR,
while the other includes 203 common discoveries by P11 with the same estimated embeddings given
by the three methods. (d) Gene ontology analysis of 137 distinct discoveries by PII.

The deconfounding method CATE proposed by Wang et al. [175] with negative controls, which
uses maximum likelihood estimation to estimate the latent embedding. Under simplified Gaussian
linear models, they show that their estimator has asymptotical type I error control when the
number of negative controls is large. (4) CATE-RR: A variant of CATE method [175] with robust
regression, which is similar to the heuristic algorithm LEAPP [160] and utilizes the sparsity of
effects to estimate the latent embeddings.

For P11, we use four methods to estimate the cell embeddings, including PCA, Ruv4, CATE-
NC, and CATE-RR. The first three methods use negative control to estimate the embedding,
while the last is only valid under the sparsity assumption on the effects. Before running PCA, we
follow the preprocessing procedure in single-cell data analysis to adjust the library size of each
cell to be 104, add one pseudo count, and take the logarithm. We then select the top 50 principal
components as the estimated embeddings. For the last three embedding estimation methods, we
supply all 13086 genes as input, specify the set of pseudo-negative control genes when applicable,
and set the number of factors to 10, a value commonly used by researchers based on empirical
evidence. Though not presented in the paper, we observed similar results with higher numbers
of factors.
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Results. The study by Lalli et al. [93] indicates that some perturbations affect changes in gene
expressions along pseudotime, potentially altering development speed. Using pseudotime as a
covariate allows us to examine if perturbations explain effects beyond developmental changes; see
Appendix C.6.2 for the extended background of the data. Biologically, we expect more signals
on pseudotime states (Figure C.63) than on perturbation conditions.

We focus on the target gene PTEN, which is crucial in neural development and differentiation
and influences other genes in a cascading manner when it is knockdown [93]. Examining the
empirical distribution of test statistics for perturbation conditions using GLM reveals conservative
results for genes like CTNND2, MECP2, and MYT1L (Figure C.64). This suggests that GLM
without adjusting for hidden confounders leads to biased hypothesis testing. PiI corrects these
biases (Figure 4.2, Figure 4.7), and even PCA-based simple embedding estimation effectively
calibrates test distributions. Comparing methods Ruv4, CATE-NC, CATE-RR with PII, we see
P11 reduces distinct discoveries from 45.6% to 38.8% (Figure 4.8(a)), indicating more coherent
outcomes with Pi1.

To further assess the biological significance of the discoveries, we examine 276 and 203 common
discoveries (Figure 4.8(a) and Figure 4.8(b)). Significant discrepancies are noted (Figure 4.8(c)).
The associated gene ontology terms on biological processes using clusterProfiler package with
default false discovery control threshold [181] reveal that unlike the 210 genes from Ruv4, CATE-
NC, and CATE-RR, which had no associated GO terms, the 137 genes unique to P11 align with
ribosome-related processes (Figure 4.8(d)), supporting studies on PTEN’s impact on these pro-
cesses [34, 103].
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Chapter 5

Discussion

In Chapter 2, we presented novel estimation and inference procedures for multivariate general-
ized linear models with unmeasured confounders in the high-dimensional scenarios when both
the sample size n and response size p tend to infinity. Our approach consists of three main steps.
In the first step, we disentangle the marginal effects from the uncorrelated confounding effects,
recovering the column space of latent coeflicients I' from the latter. We provide non-asymptotic
estimation error bounds for both the estimated natural parameter matrix (:)0 and the projection
onto the column space of I'. In the second step, we estimate both latent factors Z and primary
effeActs B by solving a constrained lasso-type problem that confines B to the orthogonal space
of I'. From the column-wise estimation error of the latent components, we obtain the estimation
error for the primary effects in the presence of nuisance parameters. In the third step, we design
an inferential procedure to correct the bias introduced by /¢i-regularization and establish Type-I
error and family-wise error rate controls. Numerically, we demonstrate the usage of the proposed
method with Poisson and Negative Binomial likelihoods for bulk-cell and single-cell simulations,
respectively. Compared to alternative methods, the proposed method effectively controls the
Type-I error and false discovery proportion while delivering enhanced statistical power and pre-
cision as the count data get sparser and more over-dispersed. Furthermore, our analysis of real
single-cell datasets underscores the importance of accounting for confounding effects when major
covariates are unobserved. Notably, our proposed method consistently outperforms alternative
techniques, demonstrating superior precision and specificity, thus establishing its suitability for
high-dimensional sparse count data.

The present study, while offering valuable insights, is not without its limitations and oppor-
tunities for future exploration. Some of these include the development of hypothesis testing for
confounding effects, the theoretical guarantee of the FDR, and more robust criteria for selecting
the optimal number of latent factors. Recent works by Dai et al. [35] and Chen and Li [26]
offer promising insights that may contribute to resolving some of these challenges. Although we
have briefly touched upon the applicability of our proposed method under non-canonical link
functions in Appendix A.6.4, comprehensive theoretical guarantees remain an area deserving of
further research and investigation.

In Chapter 3, we inspect more flexible semiparametric approaches. The rapid growth of
high-throughput single-cell technologies has created an urgent need for robust causal inference
frameworks capable of disentangling treatment effects from confounding influences. Existing
methods, such as CINEMA-OT [38], have advanced the field by separating confounder and treat-
ment signals and providing per-cell treatment-effect estimates. However, these methods rely on
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the assumption of no unmeasured confounders, which is often violated in observational studies
and in vivo experiments. Additionally, many confounder adjustment methods, such as RUV
[140], depend on linear model assumptions that do not directly model count data or provide
robust differential expression testing at the gene level. Addressing these limitations, causarray
introduces a doubly robust framework that integrates generalized confounder adjustment with
semiparametric inference to enable reliable and interpretable causal analysis.

causarray directly models count data using generalized linear models for unmeasured con-
founder estimation, overcoming a key limitation of RUV in DE analysis. Unlike CINEMA-OT [38]
and CoCoA-diff [134], which rely on optimal transport or matching techniques, causarray employs
a doubly robust framework that combines flexible machine learning models with semiparametric
inference. This approach enhances stability and interpretability while enabling valid statistical
inference of treatment effects. In an in vivo Perturb-seq study of ASD/ND genes, causarray
uncovered gene-level perturbation effects that were missed by prior module-based analyses. It
identified biologically relevant pathways linked to neuronal development and synaptic functions
for multiple autism risk genes. Similarly, in a case-control study of Alzheimer’s disease using
three human brain transcriptomic datasets, causarray revealed consistent causal gene expres-
sion changes across datasets and highlighted key biological processes such as synaptic signaling
and cell development. These findings underscore the ability of causarray to provide biologically
meaningful insights across diverse contexts.

Despite its strengths, causarray has certain limitations. Its performance depends on the ac-
curate estimation of unmeasured confounders, which may vary with dataset complexity and ex-
perimental design. Furthermore, while causarray provides robust DE testing, its integration with
advanced spatial or trajectory analysis frameworks remains unexplored [43, 188]. Future research
could focus on extending causarray to incorporate prior biological knowledge or extrapolate to
unseen perturbation-cell pairs, similar to emerging methods like CPA [108]. Such advancements
would further enhance its applicability in single-cell causal inference on general omics.

In Chapter 4, a potential concern of the proposed method is whether the estimated embeddings
might act as colliders, especially if U is influenced by both X and Yge. However, our fundamental
assumption is that Y¢ is driven by a low-dimensional embedding U but not the covariate X, which
inherently mitigates the risk of U becoming a collider. If this foundational assumption does not
hold, the direct effect estimand (4.2.5) might not align with researchers’ interests, necessitating the
use of domain knowledge to identify and investigate alternative target estimands. Despite design-
free deconfounding with negative control outcomes, other strategies exist (detailed comparison in
Appendix C.2). While our framework allows for flexible machine learning algorithms, it introduces
computational complexity, especially with increasing outcomes and hyperparameter tuning. For
practical applications, specialized models like variational autoencoders for joint outcome function
fitting [39, 127] and efficient cross-validation methods can be beneficial.

Further extensions involve incorporating interaction effects [171], developing tests for nonpara-
metric confounding [124]. Explorations into settings with high-dimensional latent embeddings and
covariates [125, 183] could also be of interest. In real data analysis, we use pseudo-negative control
outcomes, which can be viewed as one variant of the synthetic control approaches [1]. Provid-
ing theoretical guarantees for the valid construction of negative control outcomes and selective
importance features [46] in the presence of correlations from data remains an area of practical
interest.
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Appendix A

Simultaneous inference for
generalized linear models with
unmeasured confounders

A.1 Proof of Proposition 1

Proof of Proposition 1. Because the one-parameter exponential family is minimal, the natural
parameter space is convex, and the log-partition function A is strictly convex. Based on the
information of the first moment of y and the log-partition function A, we can identify Bx+T'z =
6 = A~'(Ely]). Because I'w has zero mean and is uncorrelated to x, Cov(T'w) = I'S,I'" can
be identified as the residual covariance of regression of 6 on x.

Because A\, (T'E,I'") > 7, T and X, have full rank. Let U,A,U,” be the reduced eigenvalue
decomposition of I'S,,I' T where U, € RP*". Note that

Pr =Is/2(=/2r'rel/2)-tsl/2pT
1 1 1 1
= U, A2 (AU UA2)IAZUT
1 1 1 1
= U, AZ(AZA2) AU
= U, U/ .

Thus, Pr can be recovered.
By the orthogonal decomposition, we have B = PI%B + PrB. Let ep; = (dir)1<e<p and
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edq; = (0j¢)1<e<q- We consider the (i, j)-th entry of PrB:

le,iPrBeq;| = e, TS/ (ST TS/?)"'S1/°T " Be|
< HFE}JQ(211/21“T1“211U/2)_12%0/21“Tep,¢Hoo _ HBed,jHI

= max |e/ TZ,/*(8,*T T E,) 2T eyl - | Beasln
€lp

max 13T T epllz - [[(Ba’D T2 T SUPT ey illz - | Bea|ln

IA

< max IZ2T Tepllz - (B *T T2  op - 120/°T T epillz - 1 Bjlh
< max [0 ey llo - AP2TT) BT il - 1By
o (I!Bj\h)
Tp
= o(1), (A.1.1)

where the first two inequalities are from Holder’s inequality; the third inequality holds because of
the sub-multiplicativity of the operator norm; and the last inequality holds because 211,)/ 2FTI‘E}U/ 2
and I'S,,I'T have the same non-zero eigenvalues. Then we have

VPl Bl

< T Nl <
[PrB|r < \/ﬁg%DHB Prepill2 < -

Thus, the conclusion follows. ]

A.2 Estimation error of natural parameters by alternative max-
imization

In this section, we gather useful results to bound the estimation error for the natural parameter
matrix. Let Ec = {©* € R’} be the event that all the natural parameters are bounded. From
Assumption 1, we know that P(E¢) = ¢, — 1 as n — oo. Under event E¢, because A is strictly
convex and trice continuously differentiable, we have that

k1 = inf A”(0) >0 and ko := sup A”(#) < . (A.2.1)
0eRc R

These facts enable us to derive Theorem 2, which will be used in Appendix A.3 for proving
Theorem 3 and in Appendix A.4 for proving Theorem 5.

A.2.1 Estimation error of natural parameters

Proof of Theorem 2. We split the proof into two parts under event F¢.

Part (1) Bounding HC:)O — ©*||p. From the assumption of Theorem 2, we have

L(©*) — L(Og) > 0,
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which also holds when @)0 is the maximum likelihood estimator. From Lemma A.2.1 it further
follows that

* o * K2\ *
0 < V2Ad+ 7)Y = A(67)]|op]|©0 — O [ — =[O0 — O
Thus, we have

160 - ©°flp < 2 Dy o)

[op-

Next, we bound the operator norm of Y — A’(®*). Conditional on X and Z*, observe that
eij == yij — A'(0F;) (i € [n] and j € [p]) are independent, zero-mean, and sub-exponential with
parameters v = /k2 and a = 1 /C?%. To see this, note that its moment generating function
is Elexp(tei;)] = exp(A(6}; +1) — A(0];) — tA'(0};)) = exp(A”(0]; + tt2/2) for some |t'| < |t
By Assumption 1, we have E[exp(te;;)] < kot?/2 for all [t| < C2, which shows that e;; is sub-
exponential. By Lemma A.2.2, for any § > 0, with probability at least 1 — (n 4 p)~° — (np)~°, it
follows that

~ 24/2(d +
1 - 0l < 22 ET 4y i 1 263 V(v ) Log(mp) ios(n + 1)
2
SV(d+7r)(nVp).
Part (2) Bounding max;<;<) H(@o)j —©7]2. Similarly to Part (1), by union bound, we have

~ . 2v/2(d+r .
wax [(©0); — O < max 22Ty pe),

1<j<p T1<5<p K2
2 2(d + 7“) 3
< —~———(dvy/n+2(0 + 1)2/c(a Vv)log(n)y/log(n + 1)),
K2

with probability at least 1 — p(n +p) ™"t — p(np) "t > 1 — (n+p)~° — (np)~?, for any & > 0.
For § > 1, taking union bound over the above two events and FE¢ finishes the proof. O

A.2.2 Technical lemmas

Lemma A.2.1 (Upper bound of likelihood difference). Suppose that @, € R,,,02 € R,, with
r; = rank(®;) for j = 1,2. Define k; := infyer A”(#). Then it holds that

£(83) — £(01) < Y2 Y — 4/(05) opl| @1 — ©2 s — 5101 — €33,
and
£(8:) - £(1) < YL Y — 4/(61) op |01 — @2l + 5201 — €3
Proof of Lemma A.2.1. Recall that £(©) = n~![—tr(Y T O) + tr(1,x,A(©))]. Then we have
£(@:) - £(81) =~ tx((Y — 4(©2)) (1 — ©)

- %uapm(A(@l) — A(@,)) — A'(©)T (01 — ©5)). (A.2.2)
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Next, we analyze the two terms separately.
For the first term, we have

tr((Y — A'(02)) ' (8, — ©y)) (A.2.3)
<Vrank(©1 — ©,)[|Y — A'(02)]|op||©O1 — Ozl
</rank(0;) + rank(0,)||Y — A’(03)|lop||©1 — O3]l (A.2.4)

where the first inequality is from the matrix norm inequality | tr(A" B)| < /rank(B)||Allop | Bl/¥
and the last inequality is due to the fact that rank(A + B) < rank(A) + rank(B).
For the second term, note that each entry inside the trace takes the form

A((81)i5) — A((©2)i5) — A/((©2)i5)((O1)ij — (©2)i5) = ! "(0)((1)i — (©2)ij)?

“((©1)i5 — (©2))?

X o

>

|

where the first equality is from Taylor expansion with 6 lies between (©1);; and (©2);; and the
definition of k1 := infyper A”(0) > 0. Thus we have

t1(1pxn(A(O1) — A(©2)) — A'(@2) ' (01 — ©2)) > %H@l ~ Ol (A.2.5)

Combining (A.2.2), (A.2.4), and (A.2.5) finishes the proof of the first inequality. Similarly,
we have

£(02) ~ £(01) = tx((Y ~ 4(©1))(0; - ©))
(L (A(©2) — A©1)) —~ 4(01)T(8; — ©1)

\/T1+ 79 K2
<Y = A(O1)op |01 = B2l + o~ [|O1 — Oy,
which completes the proof of the second inequality. O

Lemma A.2.2 (Operator norm of matrices with sub-exponential entries). Let X = (2j)ic[n] jelp|
be a matrix with independent and centered entries such that z;;’s are (v, «)-sub-exponential
random variables! with parameters v, o > 0:

Elexp(tz;;)] < exp(t*v?/2), V|t < l
a

Then for all § > 0, there exists a universal constant ¢ > 0 such that, with probability at least
1—(n +p)_5 — (np)_‘s, when n, p are large enough, it holds that

| X [lop < 4v/n Vp + 2052 /c(a V v) log(np)y/log(n + p).

Proof of Lemma A.2.2. We define a symmetric matrix

Z = (z)) = ( XQT i)( ) e Rp)x(np)

"Here we adopt the definition from Wainwright [174, Definition 2.7]. In some literature, the term ‘sub-gamma’
is used interchangeably with ‘sub-exponential’ to refer to this definition.
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where X := (zi5) = X — X" and X' = (x;]) is an independent copy of X. Because Z;j;’s

have symmetric distribution and are independent, it follows that z;;’s are also independent and

symmetric random variables, and || Z||op = ||3(v\|op. Because the tail event 1{||X — X'||op > t} is
a convex function on X', by Jensen’s inequality we have

{[| X lop > t} = U{|| X — Ex+[X"|lop > t} < Ex[1{[| X = X'[lop = t}] = Ex[1{[| X [|op > t}].
By Fubini’s theorem, it follows that
P X lop = t) < Ex x/[1{[| X[lop = t}] =P([[ X [lop = t) =P([| Z]lop > 1).
Then, it suffices to bound the tail probability of || Z||p.
We define a truncated random matrix Z(\) of Z,
Z(\) = (Zij()‘))1<z<n 1<j<p — (ZZ] (’Zij’ < A))lﬁiSnJSJSP

whose entries are independent, symmetric random variables bounded by A. By Bandeira and van
Handel [11, Corollary 3.12], there exists a universal constant ¢ > 0 such that

3 np ° t2
P12 228 e | 3 BRSOV ) ¢ <t e (- 53).
Note that
1
TL-‘rp 2 n+p 1/2

2 2
s, | LB < s | 3B
J= J=

= max { max E E[@Q]] max
1<i<n

SIS
—
IA
<.
IN
kS
/—\
M=
=
2
S
N——
(SIS

N|=

< max{/p, vVn} ma.XE[f?j]
< \/mmaxE[ ]%
<v\/2(nVp),

where the first inequality is from the definition of the truncated variable, the second and the third
inequality is by Cauchy-Schwartz inequality, and the last inequality is because z;; is (v, «)-sub-
exponential. Thus, the above two inequality yields that

2
P (1Z(N)lop > 4v/A VD +t) < (n+p) exp (‘m) ,
Then we have

P(quopzzlm/nvwrt)gP(Hz(A)Hg24u\/an+t)+JP>< max \zm>A>

1<i,5<n+p

g(n+p)exp< ) ) P(lEgl >N

1<i<n 1<j<p

o () o o (- 25) e (1),
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i 1s (202, a)-sub-exponential. For all
§ >0, let A\ =2(0+1)(a Vv)log(np) and np > 3, the second term is bounded by (np)~?. Let
= A((6 4 1)clog(n +p))'/2, the first term is bounded by (n+ p)~°. Combining these yields that

P (I Zllop > 4y/mVp+25%2e(a v ) log(np)/log(n + ) ) < (n+p)~* + (np) %,

which completes the proof. O

where the last inequality follows because Z;; = z;; —

A.3 Estimation of latent coefficients

A.3.1 Preparatory definitions

Recall that W and T are derived from the SVD of WOI‘O from the first-stage optimization and we
have WT = W,T'y. Analogous to Bing et al. [20], we define Hy := (np) " 'W*T W*I*TTx-3/2
and

I :=T*Hy= (np) ' T"W* W*T* Tx"%/2, (A.3.1)

which is identifiable because it depends on both the data T'S-3/2 and the identifiable quantity
D*W*TW*I'*T. Note that
Pr=T('T)"'T"
— T WTW T TV (VT W W T W T WA T V)LV T W T W)
— (T )T
— Pr. (A.3.2)

because both T* T and W*'W*I*TV e R™ " have full rank. Thus, to quantify the error
between Py and Pr=, we can first analyze the error between T and T.

A.3.2 Proof of Theorem 3

Proof of Theorem 3. We split the proof into three parts by bounding the operator norm, column-
wise fo-norm, and the sup norm consecutively.

Part (1) Bounding the operator norm. From (A.3.2), we have that Px = Pr+ for T defined
n (A.3.1). Then we have

[P — Pr+llop

=[|Pg — Pgllop

=|T@'T)'TT —T(T'T)'T " lop

<(T-T)YT'T) T fop + [T(T D)™ = (CTT) T lop + ITTT) T = T) " lop,
where the last ineqllality is from the triangle ingquality. ANext, we bound the three terms
separately. Recall T' is defined in (A.3.1) with ||T'|op < ||Tlop =< /P by Assumption 3 and
Lemma A.3.2. Then by Lemma A.3.1 and Assumption 3, for all 6 > 0, the first term in the above
display is bounded

1

IT =T)T L)' lop < |IT = Tlop/|(TTT) " lop I Tllop < C'(n Ap)~2,
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with probability at least 1 —2(n+p)~% —2(np)~% —exp(—n), for some constant C’ > 0 and § > 0.
Similarly, the third term is also bounded by Op ((n vp)~V 2). It remains to bound the second
term:

IT(@TT)~ = (TTT) )T op
=TT D) NTTT T )T D) 'T  op
<ITET) ™ op - |(TTT =T TT)T D) T o

1 ~
<— | @'T-T'O)' D) T’

ﬂm )JTTT) T op

§7HFT(F T)(T'T)" 1l“THoer\TII(F L) T(T D) 'T lop
< [Pl (F — BT )~ 11‘T||op+\7||1‘ T op | Pgllop

Vb
).

<O
with probability at least 1 — (n + p)~% — (np) =% — exp(—n). The proof for the operator norm is
completed by combing the above inequality.

[NIES

(nAp)”

/N

Part (2) Bounding the column-wise /,-norm. Let e; € RP be the unit vector such that its
i-th entry is one if i = j and zero otherwise. Similar to Part (1), note that
I(Pg — Pr-)ejll2
<[ =T)@'D)7'T eyl + [I((@ L)~ = (C'T) ) T ejll2 + [T D) T = T) "o

The first term can be bounded analogously as

1
1Igjag<p|!(1“ L)(TT)'TTejfla < ||IT = Tlopl|(TTT) ™ 1Hop max ||F ejlla < C'[p(n Ap)] ™2,

for some constant C’ > 0, by noting that Hf‘Tej 2 = Op(1). The rest of the terms follow a similar
argument as in Part (1), under the same probabilistic events therein.

Part (3) Bounding the sup norm. The sup norm || ||max can be upper bounded analogously:

[P — Pr+|Imax
- Pg — Pr
Zf?é‘ﬁ,;‘e ( )€l

<ma[x} e/ (T—T)(T'T)"'T'"e;| + |/ T(L'T) —(T'T)"HT' Tej| +|e/ T(T'T)"{(T —T) e
1,J€[P

The first term can be bounded as

[un

lfgfgp!e (C—T)(T'T)'T e < [T = DeillopllTTT) " flop pax IT ejll2 < C'Ip*(n Ap)] 2,

by involving both Part (1) and (2). The rest of the terms follow a similar argument as in Part
(1), under the same probabilistic events therein. This completes the proof. O
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A.3.3 Technical lemmas

Lemma A.3.1 (Estimation error of I'). Under Assumptions 1-3 and event E¢, for all § > 0 and
sufficiently large n and p, there exists a absolute constant C’ > 0 such that

_ ~ o~ Vp
. < _ < nvp
1121&2{ 175 —ill2 < €7, T =Tlop <C \/T’

with probability at least 1 — 2(n + p)~° — 2(np)~° — exp(—n).

Proof of Lemma A.5.1. Define E = W*T*T and E = WT' T2 Then we have E=wTT +A
where A = (©g — ©*) — (XF' — XF*"). By the definition of E we have

1 ~Ar ~
—E'E=VXVT
np
Note that T' = \/13V21/2, we further have
1 A am
—E'"ET =T%?
np

and

— ETEVY32_T
ny/p

It follows that

-~ = 1
I'-T=——(ETA+ATE+ATA)VE?2
n./p

Because the operator norm is sub-multiplicative, the fo-norm of the jth row of T — T is bounded
by

1

17 = ill2 < \f(HETAJHQ +IATEjll2 + AT A2V lop |27 lop
< 7(|!E|!opHAaHz + A llop I Ejll2 + A llopl1 A 112) £/ o, (A.3.3)
and
IT = Tllop < n\l/ﬁ(QHEHOpHAHop + [ ARIIETlop. (A.3.4)

To proceed, we split the proof into three parts.

2Throughout the manuscript, the notation e; is reserved for the unit vector and is not the i-th row of E. We
will only use the notations of E and E; to denote the matrix of latent components and its j-th column.
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Part (1) Bounding operator noms of ¥, E, and A. Note that E = WH*I*T and wy, ..., w,
are mean-zero sub-Gaussian random vectors from Assumption 3. From Lemma A.3.2, for any
0 > 0, there exists Cx. > 0, such that

1
[Ellop < 2Cs/np, Cs <M () <M (X) < O,
with probability at least 1 — (n +p) =% — (np)~° — exp(—n).
Because
A =E - E=Px(®" -0+ PxE,
we have

1Allop = [Px (O = B9) + PxE|op
< [IPx/lopl|©" = Gollop + [Px Ellop
< [|©" = Opllop + | Px E|op-
On the one hand, from Theorem 2, it follows that when n,p are large enough,
107 ~ Goflop < Ve(d+r)(nV p)

with probability at least 1 — (n 4 p)~® — (np)~° for some constant ¢ > 0. On the other hand,
notice that

XTXx ) T XTwe T

PxE =PxW' T = X < -

n

where X TW* = Yoy wiw;‘T is the sum of n i.i.d. sub-exponential random matrices with zero
means. By the matrix Bernstein’s inequality, || X T W*/n|op < v/log(nd)/n. Thus, the second
term can be bounded as

log(nd)

||PXEHOp§\/ﬁ‘1‘ n

VP
with probability at least 1 — n~9. The above results suggest that
[Allop < V/e(d +7)(nV p)
Below, we condition on the two events above, which hold with probability at least 1 — 2(n +
p) % — 2(np)~® — exp(—n) by union bound.
Part (2) Bounding ||E;||2 and ||Aj|2 From Lemma A.3.3 and Assumption 3, we have

_ * % *
max (1B ll2 = max W52 < [W lop max ;2 < 205V

On the other hand, because WTW = nX and 17ill2 < C’QC';/2 for all j € [p] from Lemma A.3.4,
we also have

5 e Sl < (232
max 1B = max [W, = max vl S C20Y V.

Thus, by triangle inequality, we have

Ao < . B < 2 .
oax [[Alla < max (| Ejfl2 + [ Ejll2) S (2+C )Csv/n
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Part (3) Combining the previous results. From (A.3.3), (A.3.4) and the previous two
parts, we have

max [|7; — ;|2

1<5j<p
(2C5/mp(2 + CH)Csv/n + \/eld+ r)(n V p)Cv/n + /e(d + 1) (n V p)(2Cs, + C)v/n)

n\fC
<2(2+C?)Cyx
and
T — Hg_nfc (4Cs/npy/c(d+7)(nV p) +c(d+7r)(nVp)) < 44/c,
which finishes the proof. O

Lemma A.3.2 (Spectrum of ¥). Under Assumptions 1-3 and event E¢, for all 6 > 0 and
sufficiently large n and p, there exists a absolute constant C's, > 1 such that
1
~ S )\T(Z) S )\1(2) S CZv
Cxy

with probability at least 1 — (n + p) ™% — (np) ™ — exp(—n).

Proof of Lemma A.3.2. By Weyl’s inequality, we have that for all k € [r],

(3 — \/}Tpxk(w*r”) _

1 .
— (Ak(WPT) (W)
np
< —— WL —=W*'T* o
np
1 1/ *
= HPX(GO -6 )||0p

/1P

1 -
< ——|®g — OF|op. A.35
_WII 0 llop ( )

We next bound A\ (W*I'*T) and ||@0 — ©*||op separately. Applying Lemma A.3.3 under Assump-

tion 3 yields that
1 1 * T * 1 * T * /
— SN =WEWE <N -WE W <.
Cy n n

with probablity at least 1 — exp(—n) for some constant C{; > 1. From Assumption 3 we further
have

1
C’C” No

On the other hand, from Theorem 2 we have for all § > 0, there exists C' > 0 such that

kgvk ]‘ kPvk
A (W) < \/—@Al(w ') <,\/CCy. (A.3.6)

L 18 . . r(nVp)
\TTPHGO - O%op < \/7”@)0 CA w Chp, (A.3.7)
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with probability at least 1 — (n + p) = — (np)~°.
Condition on the above two events, applying triangle inequality on (A.3.5) and combining
(A.3.6) and (A.3.7), we have

1
—— = Chp <A (B) <X (B) <\ /CCl+ Chp.
CCO P 2.

Note that C, ), = o(1) as both n and p tend to infinity. When n and p is such that C, ) <
1/2,/CCY{, setting Cy; = 3,/CC/2 gives the desired bound. By union bound, this holds with
probability at least 1 — (n + p)™° — (np) =% — exp(—n), which finishes the proof. O

Lemma A.3.3 (Spectrum of W*). Under Assumption 3, for sufficiently large n, there exists a
absolute constant C( > 0 such that

1 1 1
— <\ (W*TW*) <\ <W*TW*) <y,
Cy n n

with probability at least 1 — exp(—n).

Proof of Lemma A.3.3. Note that W* € R™ " is a random matrix whose rows wj,..., w; are
i.i.d. sub-Gaussian random vectors. From the concentration inequality of the operator norm of
the random matrices [172, Theorem 4.6.1, Exercise 4.7.3], for any u > 0 we have

r+u r+u
< CK? (\/ + ) [Zwlop:
n n

with probability at least 1 — 2exp(—u), where C' > 0 is some absolute constant and K =
maX;e[n] W} |ly,- When n is sufficiently large such that 20K?n~ 14 < 1, setting u = n'/? and
C' = 2CK?n~1/4Cy yields that

1
n

op

1
“wW -3, <CK? (n-% + n—%) IZwllop < C” < Co.

op

By Weyl’s inequality, we have that,

<.

op

max
ke(r]

1
i (W*TW*> — X\ (Zw)
n

1
< HW*TW* -3,
n

By triangle inequality and the boundedness of ¥,,’s spectrum from Assumption 3, it follows that

1
1 o < min g (1W*TW*> < max \g (W*TW*> <Co+ ',
Cy ke(r] n ke(r] n

with probability at least 1 — exp(—n). Setting C§ = min{Cy + C",(Cy ' — C")~'} finishes the
proof. O

Lemma A.3.4 (Boundedness of latent factors and loadings). Under Assumptions 1-3 and event
FE¢, for all § > 0 and sufficiently large n and p, there exists a absolute constant C's, > 1 such that

Al < 0201/2, with probability at least 1 — (n + p)~° — (np) = — exp(—n).
b
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Proof of Lemma A.3.4. Recall that ‘//I\fo and f‘o are the solutions to the alternative maximiza-
tion problems which satisfy that ||w |2 < C and ||703||2 <Cfori=1,....,nand 1,...,p. Let

WoIL'[ = /mpUSV T be the condensed SVD. Then ' is defined to be \[VEVQ ToW,JUSY2//n.
From Lemma A.3.2, with probability at least 1 — (n + p)~% — (np)~% — exp(—n), it holds that

Fillz < IWo/ValloplU llop 152 lopl 70,5112
< max ||W0z||2 1- 01/2 C

1<i<n
< oy*c?,
which finishes the proof. O

A.4 Estimation of latent factors and direct effects

A.4.1 Preparatory definitions

Towards proving Theorem 5, we first introduce the following notations. Recall that optimization
problem (2.3.2) is the multivariate lasso with nuisance parameter. Define the response vector
7 = vec(Y) € R, the design matrices X = (I, ® X) € R*Pd 3 = vec(B*), ¢ = vec(Z*T*T),
and the projection matrix 751“* = (Pr+ ® I) € RP¥P4 Here, symbol ‘®’ denotes the Kronecker
product. With slight abuse of notations, we use £(3, ¢) to denote the unregularized loss function
of (2.3.2). Let F = {(B,¢) € R x R™ | B = vec(B),{ = vec(ZT'") for B € RP*4 Z ¢
R T € RPX" such that PrB = 0, X8+ ¢ € R¢'} be the feasible set of 8 and ¢. Then the
joint optimization problem (2.3.2) is equivalent to
B, ¢ € argmin L(3, ¢) + A||B]]1.- (A.4.1)
(B,QeF

Let (8%, (%) = (vec(Pg B*), vec(X B*Pr« + Z*T*T)), (B*,¢*) = (vec(B*),vec(Z*T*")) denote
the tuples of target coefficients and note that (,@*, C~*) e F.

The organization of the following subsections is summarized as below:

e Appendix A.4.2 proves Corollary 4, which controls the column-wise £o-norm of the estima-

tion error of the latent component.
e Appendix A.4.3 proves Theorem 5. The proof of Theorem 5 consists of three main steps:

(1) Establish cone condition: We involve Lemma A.4.1 to show that the estimation from
the sequential optimization problems (2.3.4)-(2.3.5) obtain approximately optimality
condition to the joint optimization problem (2.3.2):

L(B,T,Z) +X|Blli1 < L(B*,T*, Z*) + M| B"[|1,1 + T,
for some small order term 7, , with high probability. This enables us to derive the
cone condition.

(2) Obtain upper and lower bound of the first-order approximation error: We involve
Lemma A.4.2 to derive the upper bound, and Lemma A.4.3 to establish the locally
strong convexity and hence the lower bound.

(3) Derive the estimation errors: We compute the fo-norm and ¢;-norm estimation error
based on the previous two steps.

e Appendix A.4.4 gathers helper lemmas used in the current section.
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A.4.2 Proof of Corollary 4

Proof of Corollary 4. Define E = ZT'T and E* = Z*T*". Let B = Argming gegpxd|p. B=0} L(XBT+

E) andA@ = XBT + E. Since £(©) < £(©*) as assumed in Corollary 4, from Theorem 2 we
have ||® — ©*|| < Op(y/n Vp). From Theorem 3, we further have

|E — E*|lp < [|(® — ©")Pglp + |©7(Pg — Pr-)llp S Op(v/n Vp).

Then from Lin et al. [104, Proposition 5.2] we have that, up to sign,

1 ~ . T2 < ,,,.4]627]914»4
n nAp

C

with probability at least 1 — n=¢— p~°.

Recall the invertible matrix R with \|R||Op = Op(1) from Assumption 4 and define the trans-
formed parameters Z* = Z*R' and I'* = I'* R, Because E;—E; = Z*(’yj i) +(Z - Z*)’yj,
with probability tending to one, it follows that

1 s 1 * %k - 7%\ 2
E N

IN

(Z — Z*)7; ]

max ;) |l2 + max

R
1<j<p \/ﬁH (5 — 1<j<p f”
< *
_1<Jg1191<z<n\fu ool — H1+ max \f”Z Z*||opl1A; 12
logn

S \f + vV
< v/n~tlogn Vv,

where the second last inequality is because that [|7[]2 < C from Assumption 3, [|7; — ;|1 <
VTl =75 ll2 < 2¢/rC from Lemma A.3.1, and z;’s are independent r-dimensional sub-Gaussian
random vectors from Lemma A.4.5 so that maxi<i<p |2} ]| scales in log (nr). O

A.4.3 Proof of Theorem 5

~

Proof of Theorem 5. Define Ag = B—B*, A= 6— ¢*, and § = supp(B*). Let gg = VBE(B, <),
and g = V¢£L(B,¢) and analogously define 95, 9¢-

(1) Cone condition. From Lemma A.4.1, we have the optimality condition

L(B,0) + MBI < L(B*,¢) + MBIl + T,

with 7, , defined in Lemma A.4.1. Rearranging the above display, it follows that

MBI < £(B%,¢*) — L£(B, C) + AlIB* |11 + Tuyp
< Ajgh+ AlgE+NB 1 + Tap
< |AslL g5 oo + AL gE + AIB* 11 + s (A.4.2)
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where the second inequality is from the convexity of £, and the last is from Holder’s inequality.
The term involves nuisance parameters can be further bounded as

1 & 4cC?alog(2n
= 15 5 - 4GB+ 1o <20 gt e < 8(2np) (A43)
/=1

n

3

where the last inequality is from Lemma A.4.2 (2), which holds with probability at least at least
1—(n+p)~¢—(np)~¢—exp(—n) for some ¢ > 0. On the other hand, the left hand side of (A.4.2)
is lower bounded as

1Bl = (18" + Aglh
=18s + Agsli + | Asse
> [1Bslly = 1As sl + [Apsell, (A.4.4)

where § = {j € [pd] | 8] # 0} is the active set of the true coefficients. Combining (A.4.2),
(A.4.3), and (A.4.4) yields that

4¢cC?%alog(2np
(= 13l 1Al < O+ gl 1A + (0B 4 ),

Note that under the same probabilistic event above, from Lemma A.4.2 (1), we have
195 ]lse < 407/ clog?(2nd)/n. (A.4.5)

When \* = 8v24/clog?(2nd)/n > 2||g5lloc, this implies the approximate cone condition Ag €
C(3,S), where

C(¢,S) = {Ag € R¥d

[Agsell < €llAgsll+ T;,p} : (A.4.6)

and

. C%a [clog?(2np) vn N (sd)?
mP 12\ nlog?(2nd)  (n A p)log(2nd) nApl—k

From the cone condition (A.4.6), the £;-norm bound follows by observing that

[Asll1 < [Agsll + [Assellr
<4|lAgsli+ 7,
< 4Vsd||Agslz+ 7,
< 4Vsd| Agllz + 7 (A.4.7)

(2) Upper and lower bound of the first-order approximation error. To quantify the
estimation of the coefficient, we next analyze the first-order approximation error of the normalized
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likelihood: & (,8 B*; C ¢*) = A—Br (98 — gg) By the first-order optimality condition of convex
optimization problem (2.3.3), we have

(/3 B*; C ¢ < Bgﬁ
< HAB||1”95”00

2
WJFAICQQ\EW, (A.4.8)

< || Agl21602

where the second inequality is from Holder’s inequality, and the last inequality is from (A.4.5)
and (A.4.7). This establishes the upper bound for £ (B B C S ).

On the other hand, Lemma A.4.3 implies that £ (,8 B*; C ¢*) is locally restricted strongly
convex over an augmented cone C,(3,S,7;,), defined in (A.4.20):

. X . N mC n [logn
! EB"+ Ap, BT3¢+ A¢¢7) 2 Agllz - C Vil Aglli, (A49
stz s S RSB AGC) 2 ] sllz - - Vil Agll, (A4.9)

for some constant C’ > 0, with probability at least 1 — 2 exp(—3logn).

(3) Estimation error. From Part (2), (A.4.8) and (A.4.9) imply that

mC csdlog (2nd)
1Asl5 < [ Aglla | 160° | ———— C”,/

Cl/ 4ko—k1+4

*

/n/\p 7p

over C4(3,S,7m,). This implies that, with probability at least 1 — (n+ p)~¢ — (np)~¢ — exp(—n)

for some ¢ > 0,
1612 csdlog?(2nd) Lo sd
n nAp
\/7 402 log an) C«//7q4k2—kl—&—4,/—r>;7
VRAD

1/4
< \/(sdlog (nd)) V log(np) n n — Sdl_k, (A.4.10)
n (n A p)3/2log / (nd) nAp

+4C%an/e log(s”p +

2
A <
184l < =

To establish the ¢1-norm bound, from (A.4.7) and (A.4.10), we have
1Aslh < 4Vsdl|Agll2 + 75,
log? 1 2
) \/ Jsdlog?(nd)) viog(np) [ (sd) i o

~ n nApt=k + (n A p)log(nd)’

which completes the proof. O
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A.4.4 Technical lemmas

Lemma A.4.1 (Sequential and joint optimization). Under the same conditions in Theorem 5,
for any constant § > 0 it holds with probability at least 1 — (n + p)~° — (np)~° — exp(—n) that

~

LB, Q) + MBI < £(B%,¢7) + MIB" 1 + T,

B 1 (sd)?
Tup = O (n/\p A n/\pl_k> '

Proof of Lemma A.4.1. From Assumption 1, the entry of B* is bounded because ||B*||pax =
maXj<i<p,1<j<d ‘bU’ < maxi<i<p Hszoo < maxi<i<p HblHQ < C. From PI‘OpOSitiOH 1 and Assump—
tion 1, we further have that

1PeB* e S V/5d/pll B lmax S v/5/p. (A4.12)

Thus, from the assumption of Theorem 5, we have that

where

|Pr«B*||1,1 = Op*?||Pr«B*||p) < Vsdp~ /2. (A.4.13)

This ensures that ||3*| 1,1 is close to ||B*||1.1.
From optimality condition of optimization problem (2.3.5), we have

LB, 8) + MBI < £(B, &)+ N|B ||,

where 3 = VeC(’P%‘B*) and ¢’ = vec(@*Pg). It follows that

L(B,¢) + MBIl < L(© — Z'T*TPL) + \|B* T PL 11 (A.4.14)

We next bound the first term in (A.4.14). From the proof of Lemma A.2.1, we have

L(©" - Z T PL) — £(©") < ~u(Y - 4@ N'ZT T7>§)+£||z TP

T1 T2

Let A = n_1Z*I‘*T73fL‘. From Lemmas A.4.4 and A.4.5, the second term 75 can be upper bounded
as

T = ZnllAlR = ZNZTTPE < 22715, ITTPEE = 0 (n ;p) ,
with probability at least 1 — (n 4+ p)~% — (np) =% — exp(—n). In the equality, we use the fact that
Z* is a matrix with independent sub-Gaussian rows to obtain similar results as Lemma A.3.2.
For the first term 7%, note that y;; — A’(;;) is mean-zero (v, a)-sub-exponential random
variable when conditioned on (X*, Z*), where v = \/k3 and a = 1/C?, as shown in the proof of
Theorem 2. To bound the first term 77, we apply Bernstein’s inequality [172, Theorem 2.8.2] to
obtain

12 t
P(T1| > t| X*, Z") < 2exp (— min{ , })
2V2HA”% 206”A||max
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From the proof above, we have that ||Allmax < [|Allr = Op((nr(n A p))~1/2). Therefore, by
choosing t =< (nr(n A p))~1/2log(np), we further have

=0\ arm)

with probability at least 1 — (np)*‘s. The above results imply that

* kx| /J\_ < * r 4.
L(©" — Z*T PF)_£(®)+O<nAp>, (A.4.15)

with probability at least 1 — (n + p)™° — (np)~° — exp(—n).
Consider the second term of (A.4.14), from Theorem 3 we also have

1B* " Pall1s — 1B* Pt

11 < BN (P& = PiH)lla

d
<M NPE - P By
/=1

< dsC P —Pil)e;
<ds ?é%”( = — Pr)ejlh

d
o) e E— (A.4.16)
p(n A p)
under the same probability event above.
Finally, combining (A.4.14)-(A.4.16), we have

L R 1
< * *TpL -
L(B.Q) + MBI < L(©) + M| B P11+ Oz <nAp> ’

o _ 1
— (B )+ B+ 0e ()

1 d)?
= L(B%,¢7) + AlIB*[[1 + Op (Tb/\p +A n(/fp)l—k) :

where the last inequality is from (A.4.13). This completes the proof. O]

Lemma A.4.2 (Infinity norm of the gradient). Under the same conditions in Theorem 5, for
any constant ¢ > 0 it holds that

(1) [[VBL(B, CF)[loo < 4p?y/ e 2nd).

(2) [[VeL(B*,¢)]|oo < 2etoslznn)
with probability at least 1 — (2nd)~¢ — (2np)~°.

Proof of Lemma A.4.2. Recall that

np
VeL(B*,¢) = %Z[ﬂz — A(@] B+ )@ (A.4.17)
/=1
Ve, L(B",¢) = %[ﬂe ~ A @B+, L€ np, (A.4.18)

where x; is the ¢-th row of X. We split the proof into different parts.
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Part (1). Conditioned on X and Z*, the term gy, — A'(z} B* + (}) is a zero-mean (v, a)-
sub-exponential random variable, where v = /ky and o = 1 /C?, as shown in the proof of
Theorem 2. Let C" = maxycpnp) [|€;]|. Because x; are sparse vectors with |[z}[o = d, we
have that [y, — A’ (2] B* + (})]7s; is a zero-mean (v, C’a)-sub-exponential random variable for
j=kk+p,....,k+p(d—1) and zero otherwise, where k = |p/d]. By Bernstein’s inequality, it
follows that

1< i n o (2 ¢
P<n;[yg—x4/(iﬂg,6 +Q)]5L‘£j <t> >1—2exp <_2mm{u2’0’a}>'

Applying union bound over j = k,k +p,...,k + p(d — 1) yields that

2t
*CH <t)>1-— —nming ~—,=~—¢ | -
P([[VBL(B",{")||oc <t) > 1 —2dexp ( nmln{QVQ, 20,@})

By setting t = C’+/21v2clog(2nd)/n for some fixed constant ¢ > 1, we have
2v2clog(2nd
P (Hvﬁﬁ(ﬂ*,C*)Hoo < f“”) > 1 (2nd)',

when n is large enough such that ¢ < v2/(C’a). By Lemma A.4.6, we also have C’ = || X ||max <
2v/2v+/clog(nd) with probability at least 1 — (2nd)'=¢. It follows that

2
log”(2nd) } | _ o(anayi—, (A.4.19)
n

P | IVaL(B", ¢l < 4rPc

which finishes the proof for Part (1).

Part (2). Because g, —A'(z] B*+(})’s are zero-mean (v, a)-sub-exponential random variables,
by union bound, we have

2«

1. (t? ¢
P(n||VC£(,3*,C*)Hoo <t)>1-—2npexp <—2 mln{ }) ,

or equivalently,

v ok 1 . [(nt)® nt
PUIVCL(" ¢l < 1) > 1= 2upexp (g min { 57, 2 1)
=1-—-2npexp (nt)
2a

when t > v?/(an) is sufficiently large. Choosing ¢ = max{2ca/log(2np),v?/a}/n for any constant
¢ > 1 yields that

<1-(2np)'~c.

P <||vc£<ﬂ*,c*>||oo < Zealog(@np) 105(2”1”))

Finally, we obtain the tail probability as the lemma states by taking the union bound over
the above events. O
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Lemma A.4.3 (Locally restricted strongly convexity). Under the same conditions in Theorem 5,
define the augmented cone

Ca(&,8,1m0) = {(Am Al ERFEXR™ | Ag € C(E,S),

lo A.4.20
max fHny] Z* *HQ < ogn V 1, such that ¢ = vec(ZI‘T)}, ( )
JEI N n
where the cone C(¢,S) defined in (A.4.6) and 7, = o(1). Then, it holds that
inf 518*+A7/3*7 >|<—i_A7 = C” 7’1_1\/ nA )
o sy EBTH AL+ AT ViV il Aglh

for some constant C’ > 0, with probability at least 1 — 2 exp(—¢logn).

Proof of Lemma A.4.3. For all (Ag, A¢) € Ca(§,S,mn), let B = 3"+ Ag and ¢ = (" + A¢. Let
Ap, € R? be the sub-vector containing the (j — 1)d-th to (jd — 1)-th entries of A € RP?. Tt is
also equivalent to b; — b7, the j-th row of vec (B — B*) e RP*?, Let E = vec ' (¢) € R™ P and
E* = vec™1(¢*) € R™P.

We begin by decomposing the error into different terms:

p
£(B,8%¢,¢") = &(B,8%¢,¢),
7j=1

where

* * 1 = * * *
Ei(B.8:¢.¢") =~ D [ @b + =l yy) - Al ] + 2Tyl A,
=1

1 n
= =D [ (@] by + 2 y) — A6 + 2 )] Ay,
=1

1 = * * *
;Z (@] b + 2 7)) — A'(2] b + 27} )w] Ag,

:*ZAH i) (@] Ag,)? ZA” (z v — 2 Tv))e] Ag,
= le -+ ng, (A421)

where 0;; is between xb; + 2+, and cch* + z'v;, and 0;; is between chb* + z'v; and

T T A%
x; bj + 2z ;.

For the first term, because by Assumption 1, k1 := infgper A”(6) > 0, we have

1 _1
A (zx PXTXS, ) 1As, 2
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where the last inequality is from Assumption 2. From Vershynin [172, Lemma 10.6.6], we further
have that when n = logd

c’
Ty > ’“

1A, 13 (A.4.22)

over C(£,S) (which contains C,(&, S, Cp)), with probablhty at least 1 — 2exp(—¢logn) for some
absolute constant C’ > 0.
For the second term, by Holder’s inequality, we have

1 T 2
12| = |~ (B — E;) " diag(A"(©))) X Ag,

1
*IIXTdiag(A"((a‘))(E' —E7)o - [|1Ag 1 (A.4.23)

| A

= - _E E* Td A,/ ®/ X A j
1r£?<xdn|( ) diag(A™(0;)) X - [[Ag; |1,

where ©) = (67, ... ,9;”) . Recall that E = ZI'" and E* = Z*T"*" are such that max; < ;<4 ﬁHEj—

Eil2 < V/(n~tlogn) V n,. From Corollary 4, we have

. 1
T < Ko ma |Ej — E|l2 - [ X llop - [[A8; 11

f NG
< Vo Tog)v Tl A 1, (A4.24)

where the last inequality is because || X |lop < /1.
By combining (A.4.21), (A.4.22) and (A.4.24), we have that

. o K1C’
Ei(B.87:6.¢) = 5 [18g,[15 — C"Vn TV | Ag |1,

for some constant C” > 0. Thus,

£(B,8%¢.¢") = = C"V/nmt V|| Aglly,
over the cone C,(&,S,1np). O

Remark 12 (Neyman orthogonality). By coincidence, the proof above on T5; actually verifies the
uniform Neyman orthogonality of the empirical loss in semiparametric models [33, 53]. This relies
on the estimation error rates for the nuisance parameters E7 by using the consistent estimation
for the latent factors Z* with rate 7,, as assumed in the cone condition (A.4.21). To see this, recall
that the pathwise derivative map of the gradient Vbjﬁ(ﬁ*, ¢*) evaluated at the true parameter
B* and nuisance component value ¢* (when t = 0) is given by

a 1 * * *
= Z A" (2] bF + ef)(ei; — ez

ACECR AL DY

1 . k *
- ngdlag(A"(@j))(Ej ~ E)).

Compared to (A.4.23), up to a constant factor, (A.4.24) also suggest that the pathwise derivative’s
infinity norm vanishes with a rate of \/n=!V n,. In other words, at the true parameter value,
local perturbations of the nuisance component around its true value have a negligible effect on
the gradient of the loss with respect to the primary parameter, with high probability; see [33, 53]
for more detailed discussions about the Neyman orthogonality.
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Lemma A.4.4 (Bounds related to projection). Under assumptions in Theorem 5, it holds that

L2 = r
”PF HF o n/\p )

with probability at least 1 — (n —I-p)*‘S - (np)*‘S — exp(—n).

Proof of Lemma A.J.4. From the proof of Theorem 3, the result follows by noting that
IPATIf = I(Pg — P )T

4 p

:Z ZPA — P )e; - Ve

=1 ||j=1
< 2 L plye 2
<rpC gggpo(Pr Pr)e;lls

=O(r(nAp)™h),

with probability at least 1 — (n + p)™° — (np)~° — exp(—n). O

2

Lemma A.4.5 (Sub-Gaussianity of Z). Under Assumptions 1-3, z1,.. ., 2, are independent and
identically distributed sub-Gaussian random vectors.

Proof of Lemma A.4.5. Recall that z7 = D*x} + w] is the linear function of two independent
sub-Gaussian random vectors. The mean is given by E[zf] = D*E[z}]. It suffices to bound the
operator norm of D*. From ©* = XB*T + Z*T*T, we have X '®* = X' XB*T + X" Z*T* .
Taking expectation over X and Z* yield that E[X '©*/n] = ,(B*" + D*'T*T). Rearranging
the formula yields that

1
D= ~Ee* X|x;! - B*
n

and

D* — (F*Tr*)—ll-\*T (1E

n

By the sub-multiplicative property of the operator norm, we have

* * *\ — * 1 * - *
1D*[lop < (T T*) 71T o <nHE[@ "X lopll =5 Hlop + 1B Hop>

< ;ﬁ (E1© lunl X sl + v5)
< (U )
<1

where in the second inequality, we use Jensen’s inequality and the norm inequality ||B|lop <
V/P||B|lmax- This finishes the proof. O

Lemma A.4.6 (Infinity norm of the covariates). Under Assumption 2, it holds that HB\(/ || max
2v/2v+/clog(2nd), with probability at least 1 — (2nd)~¢ for any fixed constant ¢ > 0.

IN
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Proof of Lemma A.4.6. Let vec™!(e;) = envlep] where e, ; is the unit vector of dimension n and
ep,; is defined analogously. Note that

2=, X) e
= vec(X "vec ™! (ef)I,)

= vec(X e, Ze;])
= vec(:cie;j).

Because x;’s are v-sub-Gaussian random vectors, we have
[ X ||max = max 12|00
Len;
= xz;e
iy 1 pal
< max [|z; ||
i€[n]
< max |zl
i€[n],j€(p]

< 2v2v+/clog(2nd)

with probability at least 1 — (2nd) ¢ for any fixed constant ¢ > 0. O

A.5 Asymptotic normality of the debiased estimator

A.5.1 Proof of Theorem 6

Proof of Theorem 6. Condition on Dy, Theorem 3 and Theorem 5 imply that the following event
holds:

12 150
& = {lrgfgp |(Ps = Proejllz < (p(n Ap) V2, ~112%; = Z* %113 < 7nps
1B~ B 14 £ Vsdrap, 1B~ Bllp Sy}

where 7, j, is defined in Theorem 5.
Recall that

bl =11 +a fzwzmz yi — A'(6;)) v (A5.1)
where v; = diag(A”(éi))_lpffej. By Taylor expansion of A’(6;;) at @;j = a:jgj + 2z 4;, we have

~

* n n * 1 * n
AN0) = A'(0i3) + A" (0i) (055 — 0i3) + 5 A" (i) (05 — 0i)°,

for some 1);; between (/9\@' and 9;}. Then, the residual of the ith sample can be decomposed into
three sources of errors:

;oA
— A'(6;) = €; + Di + qi (A.5.2)
~— ~— ~—
stochastic error  remaining bias approximation error
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where the three terms of errors read that

e =y — A'(6;)
A"( ) © (6; - 6;)
q = —5[14'"(%)(92} — 0i)%)jepn)-

Substituting (A.5.2) into (A.5.1) yields that

~ ~ 1 n 1 n 1 n
d T T T T T T
b51 — b5 = (bj1 —bjy) +u - Zwiwiei vitu Zwiwipi vitu Zwimiqi v;

i=1 i=1 i=1
1 ~
=u' — szw € v + (uTn szwzw: — ef) (b; — bj)
i=1
uTEinwiTB*T( — Pi.)ej — Pr-e;)
+ul = Z x;q; v;, (A.5.3)

In the second equality above, we use the properties that B and B* are in the column spaces
of the orthogonal projections P% and 771%, respectively. Denote the four terms in the right-
hand side of (A.5.3) by T4j,Tbj, T35, T4, respectively. We will analyze each of them separately,
conditioning on Dy and X. Then the randomness is from €;’s and w. We will show that the T3
inherits /n-convergence rate and is asymptotically normally distributed, while the others have
faster convergence rates.

Part (1) T1;. From Lemma A.5.2, it follows that

Va4 aro,1),
0j

Part (2) Tb;. By Holder’s inequality and the constraint of optimization problem (2.4.4), it
follows that

[Ta;] < Anllb} = st S

log(nd) ,
n n,p’

with probability tending to one. Thus, we have /n|Th;| 5 0asn,p— oo
Part (3) T5;. From Theorem 3 and (A.1.1) in the proof of Proposition 1, we have that

(1B*lopll(Pg = Pr-)ejll2 + 1 B* Pr-e;]2)

1 n
T3] < ||ul|2 - Hanzm:
i=1

p(nAp)  p

op
)

with probability tending to one. Thus, if v/n/p — 0, we have /n|T3] 2 0as n,p— oo
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Part (4) Ty;. The higher-order term is bounded as below:

n

n
k2 T 1 T 1
Taj| < 5~ max |u x| - EZZICCZ- (bj — b)) - |Pre;ll2

T 2K 1<i<n Pt
T B3R 2

S max [u xi*| B — B

< 7_372

~ 'n'n;p>
with probability tending to one. Thus, if n/(log(nd)p*?) — 0 and /n/p'~% — 0, we have
Vn|Ty;| 2, 0as n,p— oo
We are now combining the above four terms. Because when n/log(nd) = o(p*/?) and n =

o(p* 1R, Ty, ..., Ty = op(1//n), we have \/n(b% — b%)) /o; 4 N(0,1). 0

A.5.2 Proof of Proposition 7
Proof of Proposition 7. By the definition of ¢; and (A.5.3) we have the decomposition

t; = 19]‘ + <5,
where
~T1 noo~ neg \—1
u - Z-, Wi €; A (01 )
9 =+/n n =1 - J J ,
i=vn 5,
STl ~ T q; g \\—1(pL
w' =" Wixie; diag(A”(6;)) " (P — Ip)e; Toi + Ty + Ty
G = Vn—"— = r VT
J J
For the first component, note that ¥, for j = 1,...,p are independent conditional on {(x;, 2})}1_;

and Dy. Furthermore, 9, 4 N(0,1) for j € N, from Lemma A.5.2 by noting that 7; is also con-
sistent to the conditional variance of ;. For the second component, from the proof of Theorem 6
and Lemma A.5.3, we know that

max y/n—————— = op(1).

On the other hand, from Theorem 3 and Assumption 3, we also have

aT IS Diaie] diag(A”(8;)) " (PA — I)e;

r
max \/n —
1<j<p vn aj
o naT% S @imieg—diag(A”(Hi))_l(P% — P )e;
1<j<p 0,
+ max \/ﬁaT% Yoy @iwie;rdiag(A”(Gi))_IPr* €;
1<j<p oj

— 1 1o,
~0e (V5 max (PE — Pies 1)

~T1 noo~ T3 g\ — 1
u'=> " Wixe; diag(A”(6; r T .
+ s ||y iz G Bog O T gt pey oty e,
1<j<p 0j )
1
=Op(p~2) + Op(y/rp-p~ ' - 1)
=op(1).
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where we use the subexponential concentration of €;; conditional on {(x;, 2})}7_; and D,. There-
fore, we have that maxi<j<y[s;| = op(1).

The rest of the proof follows similarly to the proof of Wang et al. [175, Theorem 3.4]. We
present here for completeness.

Overall Type-I error control. Let o = |[N,|™! ZjeNp 1 <\tj] > z%> To prove the overall

Type-I error control, we will show the expectation of o tends to a and its variance tends to zero.
For the expectation, for any ¢ > 0, we have

Blo) = ey 3 (11> )

JEND
1
SﬁZ[P<|19j|>z%—6>+P(|§j‘>6)]
Pljen,
1 1
:ﬁzp(|§3|>2%—€)+|N|Z |gj’>6
p ]ENp p
1
Sﬁz (|19]>za—e)+l[”<rg;tx]§j\>e>
Pl jeN,

—>2(1—q>(z%—e)),

where the last convergence is because the Cesaro mean converges to the same limit as lim,, ,, P <|19j| > za — 6) =
2 (1 - d <z% - 6)) and the second term P(maxi<;<p [sj| > €) varnishes. Similarly, we can also

show that liminf, , .o E[o] > 2 (1 -0 (z% — e)) for all e > 0. This implies that E[g] — « as
n,p — oo.

Next, we analyze the second moment. For any ¢ > 0, the second moment can be upped
bounded as

1
E[QQ} — I P (‘tj‘ > zg, ti| > Z%)
| p‘ j’ke/\/’p
1
=g L F (> 25) + o 20 Pl > 25,10l > =3)
p JEN, ‘ p‘ 3, k€N, jH#k
< 2 Pl > =)
JEND

+
gH
(]

P (0] > 25 — €[04 > 25 — ) + P (Il > €) + P (los] > ¢)

1
:’N‘Q Z P ’19]’>Zg—€,\19k\>Z£—e>+0(1)
Pl jkeEN,, j#k
1
AL S EP(I9] > 25 — €| OP(i0x] > 23 — €| C)] + (1)
p j,kel\/p,j;ﬁk

SRO-e( )
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where the last equality is from the independence of ¥; and ¥, condition on C = {(x;, ;) }}_; UD».
We can similarly obtain the lower bound. This implies that E[0?] — a? and V() — 0 asn,p — oo.
Combining the previous results yields that o 2.

FWER control. To prove the second statement, note that
P(ble > 1) =P (x| > 071 - o/ (20) )
JEND
= (g 0;+51 > 071~ o/20))
JEND
<P (maxld,] > (1~ o/ 20) - max

< , ~11 _ _ .
_P(lrg?gpwjlwb (1—a/(2p)) }g%kﬂ),

which is asymptotically upper bounded by «, after applying Gaussian approximation [30, Lemma
2.3] and the valid control of Bonferroni correction for i.i.d. normal random variables, by noting
that @~ (1— a/(2p)) — oo as p — oo, and the result that max;jen;, |s;| = op(1).

O

A.5.3 Technical lemmas

Lemma A.5.1. Under the same conditions as in Theorem 6, suppose event £ holds, then the
solution to optimization problem (2.4.4) exists with probability at least 1 — 2(nd)~¢.

Proof of Lemma A.5.1. Define the matrix S = E[@;x;z; ]. We next show that (1) S is invertible
and (2) the j-th column u* of §~! is feasible for the constraints of the optimization problem
(2.4.4) with high probability. We split the proof into two parts, as below.

Part (1) Because C~! < @; < C, we have C7'E[z;jz]/] < § < CE[z1z{]. On the other
hand, note that E[xix{] = X, = Anin(Zz)Iz. Thus, for any unit vector @ € RY, we have
a'Sa > C '\puin(E,) > 0. This establishes claim (1).

Part (2) Let u* be the j-th column of S~1. By definition, we have Su* = e;. Conditional on
Dy, we have that @iu*—rmimz—ek for i = 1,...,n are independent random variables with mean 0.
Because @; is bounded, we further have that @iu*TaziaziTek’s are independent sub-exponential
random variables. Applying Bernstein’s inequality as in the proof of Lemma A.4.2, we have with

probability at least 1 — (nd) ¢,

<A

s

1 n
- g @ZU*T:E“’E: —ej
n “

=1

(e 9]

where \,, < y/log(nd)/n. This also holds after taking account of the randomness of Dj.

On the other hand, because w; is bounded away from zero and infinity, and || X;|,p = O(1),
it follows that [|S]op = O(1) and ||u*||2 = O(1). By the sub-Gaussianity of x;, we also have
| Xu*||o = maxi<i<y, |2, w*| < 7, with probability at least 1 — n~¢. The above shows that u*
is feasible for optimization problem (2.4.4), which establishes the claim (2).

Finally, taking the union bound over the two probabilistic events finishes the proof. O

93



Lemma A.5.2 (Asymptotic normality). Under the conditions in Theorem 6, it holds that
n
\/ﬁz aj_lﬁTac,»eiTT)i i) N(O, 1),
i=1

where 0'J2~ =n 'V (u" Y0 mief v | {=i, 2}, Ds).

Proof of Lemma A.5.2. Note that when conditioning on the natural parameters ©*, ¢;;’s are
independent (v, a)-sub-exponential random variable as shown in the proof of Theorem 2. Define
& = aj_l'ﬁTaJieﬁJi for i € [n]. Then ¢’s are independent random variables with mean E[¢; |
D3, X] = 0 and variance V(§; | D2, X) = 1. It suffices to check the bounded variance condition
and Lindeberg’s condition.

Part (1) Boundedness of o;. We first show the boundedness of the variance
71 ~ ~ .
02 =u' — Zw dlag(A”(Gi)) Ldiag(A”(67))diag(A”(6;)) 1771%‘ej)wiwju.

Because A”(0) > k1 > 0 for all § € R, the quadratic term satisfies that
e;PLdiag(A”(8;)) " diag(A”(6]))diag(A"(8:) " Pe; > 0,
with equality holds if and only if Pléej = 0,. On the other hand, we have

[Pesla = le; ~ Prejlls 2 1~ [Presl 2 91— p72)

where the last inequality is because

1
IPgejllz < [[Pr-€jll2 + [(Pr+ — Prlejll2 S —=
from Assumption 3 and Theorem 3. This implies that, when n, p are sufficiently large,

¢! S@i(e?P%‘diag(A”(@)) 1dlag(A”(ﬁ?*))dlaug(A”( i)~ 177A e;) <c

for some constant ¢ > 1, under event 51 Thus, it is equivalent to show the boundedness of

6]2 — @' 84, where S = n‘l Yo Wiz, . From Lemma A.5.1, we know that S = E[S] has a

bounded spectrum with high probablhty The upper bound that 02 < §,; with high probability
then follows by the sub-exponential concentration results as in the proof of Lemma A.5.1.
Next, we proceed to show the lower bound. Because u satisfies the constraint \e;-r Su—1| <\,

we have that a > AT Su+t((1— M) — e}—gﬁ) for any ¢t > 0. Note that min,cga v Sv+t((1—
An) — ejTSv) = —t’e jTSej/4+t(1 — An) where the minimum is obtained when Sv = tgej/Z. We
further have EJZ > maxg>o —th;rS'\ej/ll +t(1—Ap) > (1— )\n)Q/(ejT./S'\ej). By the sub-Gaussianity
of x;, e;-rSej > Sj; +op(1). We then have 332- > 0.5/8;; when n and p are large enough.

94



Part (2) Lindeberg’s condition. On the other hand, because

~T 1~
max |6 < max @ @i ledlalo; ! |[5i S Vi

with probability at least 1 — 2(nd)~¢, the Lindeberg’s condition holds that
I IR
- . | > =
Jim_ — Z;E[éz 1{|&| > ev/n}] =0
for all € > 0. Applying Lindeberg’s central limit theorem yields that
\/ﬁz Uj_lﬁTaciei@ i) N(O, 1),
i=1

which finishes the proof. O

Lemma A.5.3 (Consistent estimators of ¢;). Under conditions in Theorem 5 and condition
(i) in Theorem 6, w; = A” (é\m) satisfies condition (ii) of Theorem 6. Furthermore, for the
variance estimate defined in (2.4.6) using sample splitting procedure Algorithm A.5.5, it holds
that 5; 2 ;.

Proof of Lemma A.5.3. The boundedness of W; follows from (A.2.1).
By the sample splitting procedure Algorithm A.5.5, we know that for a given response j € [p],
Y, - A (@*) € R" is independent of u, B I‘ and Z when conditioning on X. However, noted

that B , 1"7 and Z may be specific to each j € I. For the sake of simplicity, in the following proof,
we will assume that Y — A’(©*) is independent of @, and a common set of estimators B, T', and
Z when conditioning on X; or equivalently I = [p]. Note that, however, the proof still works for
the cases in Algorithm A.5.5, except the constructed debiased estimators only use responses in
the index set I; namely, b]1 = bﬂ +at IS Syl — [A(6,)); )TPA e;.

Recall that

02 =u' — ! Zw dlag(A"(OAi))*1diag(A”(0;‘))diag(A”(éi))ﬂpli:ej)wiw;ﬁ,

and

~ 71
Q—UT—E wlmlac u.

&)

Let a; = W; ( Tpd dlag(A”(@))_1diag(A”(Of))diag(A”(é\i))_17?f%ej) and a, = @;. We begin by
bounding the dlfference between the two:

n

1
|a —a|: —z:a—aZ (ux;)?
nzzl

1
n

IA
|
M:
S
§
S
7
<
|
&
e
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where the first inequality is from Holder’s inequality and the second inequality is due to the
second constraint of the optimization problem (2.4.4). For the second factor above, note that

1~ 2
" Z(ai - ai)
=1
1< ~ . .
:m?)](@;* . EZ(eJTPffdiag(A"(Oi))_1diag(A”(0;‘))diag(A”(0i)) "Ple; — A"(6:))*.  (A5.4)
€n =1
Each term inside the square can be decomposed into
e] Padiag(A”(0:)) ' diag(A” (6}))diag(A"(6:) ' PEe; — A" (0y)
—e] PLdiag(A”(6;)) " diag(A"(8]) — A”(8;))diag(A"(8;)) ' Pe;
— [2¢] PrA"(6; )Pze; + e PrA"(8;)Pre;]

Now note that
lzn:TQ <£i A// 9* A”(é\-'))Q
n 4 L~y K
=1 =1
=—(©; — ©))diag(4"(0}))(©; — ©7)
<-1©; - 13, (A.5.6)

where the first inequality is due to the boundedness of A” on R, and the bounded spectral of the
projection matrix P, and noting that [Prejllz S Op(p~/?); the second equality is from Taylor

expansion with (—); = (9’1], .. ,9;1]) and 923- being between @j and 0f; for i = 1,...,n; and the

second inequality is from the continuity and boundedness of A” on R¢.
On the other hand,

1 n
STy (A.5.7)

by noting that ||Pge;|l2 S Op(p~'/?) again.
By applying triangle inequality on (A.5.4) and combining (A.5.5)-(A.5.7), we further have

PICEL
< max &} ( ZT1+ ZT2>

1€[n]

*Il@ S
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Algorithm A.5.5 Data splitting procedure.

Input: Data (x;,1y;) € R? x RP for i =1,...,2n.
1: Split the full data into two disjoint datasets Dy = {(x;,y;) | i =1,...,n} and Dy = {(x;, y;) |
i=n-+1,...,2n}.
2: Apply Algorithm 1 on Dy to obtain the estimates B andT.
3: for j=1,2,...,pdo
4 Select a subset I C [p| N {j} and set I¢ = [p] \ I. R
5. Based on B and T, use partial data (X,Y7c) to estimate Z, where X = [z1,...2,],
Y = [yi,...y] " and Yie = [Yileere. o
(Alternatively, Step 2-5 can be combined such that B, I', and Z are estimated jointly for
gene j.) R
6: Based on B, T, and Z, estimate &;’s and u on (X, Y7).
7. Calculate the test statistics z; for gene j.
8: end for
Output: A set of test statistics {z; | j =1,...,p}.

where in the last inequality, we also use the boundedness of &;. This implies that

~ IR
52— o2 S 72/~ 185 - 33

1 ~ 1 ~
N Tﬁ\/nllX(bj - b5 + ~IEj = Ex|3
S Tr%Tn,p

= Op(l),

where 7, , is defined in Theorem 5. Here the concentration of || X (B] - b;‘)||% is from Theorem 5
and the one of HE’] - EJ*H% is from (A.4.24) as in the proof of Lemma A.4.3. This implies that

6'\]2- LN 0]2-. The conclusion then follows by applying the continuous mapping theorem. O
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A.6 Computational aspects

A.6.1 Exponential family

Some commonly used exponential families, the exact formulas of the log-partition functions and
other statistics, are summarized in Table A.61.

. . . Extra Base Sufﬁ.cu?nt Domain Lo.g.- Mean Variance
Distribution arameter  A€asure statistics dom(A(6)) partition — A'(9) A"(0)
P h(y) T(y) A(6) "
_ =2 2
Gaussian variance o> € 202 ¥ R o~ 0 1
V2no 7 2 3
Bernoulli 1 y R log(1+ €%) - w(l — )
1+e?
. R number of 0 m m
m _©
Binomial trials m (y) y R mlog(l+e”) T3 o= U (1 m)
Poisson i' Y R e’ e? e?
y!
Negative number of 0 0
+od—1 _ _o? e e
Binomial failures ¢ (y ;Zj ) Y R- ¢log(1 — €7) ¢’1 — o0 ¢ (1—e%)2

Table A.61: Summary of exponential family in canonical form.

A.6.2 Optimization details

Initialization. Our initialization procedure for optimalization problem (2.3.4) is inspired by
Lin et al. [105].

¢ Initialize the marginal effects F' by solving a generalized linear model without considering
the latent variables. When the fitting of GLM is numerically unstable, one can also add a
small ridge penalty A = 107°.

e Initialize W and T using the SVD of the matrix log(Y + 1) = Uy Xy V;! for Poisson
likelihood or Negative Binomial likelihood with log link. Let W = (Pj‘(UyE;/ 2)1;T and
= (VyZ;/ 2)1;7, be the first  columns of the corresponding matrices. Here the projection
P)JZ ensures that W is uncorrelated with X. In particular, when the intercept is included
in the covariates, the initial value of W also has zero means per column.

To initialize variables for optimization problem (2.3.5):

e Initialize the direct effects B as 77%1?'

e Initialize Z and T using the SVD of the matrix XﬁTPf +WIT =U'SV'T. Let Z =

(U'"/?)., and T = (V'E'1/2),.,. Because the latter has the same column space as T, we
simply treat the latter as I' in optimization problem (2.3.5) with a light abuse of notation.

Alternative maximization The alternative maximization Algorithm A.6.6 is used to perform
nonconvex matrix factorization. In our setup where the objective function is convex in the
natural parameter, each iteration of Algorithm A.6.6 is simply solving two convex optimization
subproblems.
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Algorithm A.6.6 Joint maximum likelihood estimation by alternative maximization

Input: DataY € R™*P from exponential family with log-partition function A, the regularization
parameter \, and initial value lgo) €Dy, r](o) € D, fori € [n] and j € [p].
1: Initialize the iteration number ¢ = 0.
2: while not converged do
3: t+—t+1.
4: fori=1,2,...,ndo
5

1< _ _
lgt) € argmax — Z (yz-lerj(t D _ A(lTrJ(-t 1))>
lep;, P =
end for
for j=1,2,...,pdo

@ @

n

(© 1 0T T
r.’ € argmax — il —Al r) ) = Allr
) amma D @ ")) = Al

9: end for
10: end while

Output: L = [lgt)]”;[n} and R = [rj(.t)]jTe[p} with LR" being the estimated natural parameters.

By default, we use the inexact line search algorithm with an initial step size of 0.1 and a
shrinkage factor of 0.5 for each iteration. The search is stopped if the Armijo rule is satisfied with
tolerance 10~ or the number of iterations reaches 20. We early stop the alternative maximization
if the objective value does not increase more than a tolerance of 10~* for 20 iterations.

Estimation of dispersion parameters 7To estimate the dispersion parameter, we first fit
GLMs on the data and obtain the estimated mean expression of gene j, denoted as fi; for j =
1,...,p. Note that when y;; comes from a Negative Binomial distribution, its variance is given
by
V(yij [ 0ij) = 1 (1 + a;p)

where p = Ely;; | ;5] is the conditional mean while o is the dispersion parameter of the NB1
form. In the form of exponential family in Table A.61 parameterized by the parameter ¢;, «;
is the reciprocal of ¢;, namely, o; = 1/¢;. By methods of moments, we can solve the following

equation to obtain an estimator ¢; for ¢;:
1 n
=3 (o — ) = i (1 + o).
=1
Finally, we clip @, to be in [1072,102] and set ¢; = 1/a;.

A.6.3 Choice of hyperparameters in practice

The main text provides theoretical results for the proposed method under certain assumptions.
The proposed algorithm Algorithm 1 requires the choice of hyperparameters, such as the rank
r, the regularization parameters A in optimization problem (2.3.5), and (7,,, \,) in optimization
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problem (2.4.4). Although the theoretical orders of some parameters are provided for consistency
and asymptotic normality, the choice of hyperparameters in practice is crucial for the performance
of the proposed method. Below, we discuss the choice of hyperparameters in practice.

Boundedness constant C. The boundedness constant C' is a reasonably large constant that
ensures a finite solution to optimization problems exists. In our simulations, estimating the
model parameters is not sensitive to the choice of boundedness constant as long as it is set to be
sufficiently large; see also Chen and Li [26, Appendix D] for detailed discussions. Therefore, in
our implementation, instead of restricting the parameters to be bounded, we project the gradient
at each step of the alternative maximization onto the Ls-norm ball with radius 2C” for some
constant C’. A smaller value of C’ equals decreasing the learning rates while improving the
numerical stability. We set C’ to be 10° and 10® for experiments with Poisson and Negative
Binomial likelihoods, respectively.

Lasso penalty A. For the lasso penalty A = ¢1+/logp/n, one can use cross-validation to tune the
lasso penalty for optimal log-likelihood. However, because the estimation results are insensitive
to the choice of this penalty, we simply set ¢; to be 0.02 and 0.01 for experiments with Poisson
and Negative Binomial likelihoods, respectively.

The number of factors . For the number of factors r, the joint-likelihood-based information
criterion (JIC) proposed by Chen and Li [26] can be utilized to select a proper number of latent
factors. The JIC value is the sum of deviance and a penalty on model complexity:

JIC(®™) = deviance + v(n,p,d + 1)

r d+7)log(n A
=-2 > 10gp(y¢j!§§j))+cm.( ) log( p))

A\
iclnl jelp) AP

where (™) is the estimated natural parameter matrix with r latent factors and d observed co-
variates, and cjic > 0 is a universal constant set to be one in all our simulations. As shown by
Chen and Li [26], minimizing the empirical JIC yields a consistent estimate for the number of
factors in generalized linear factor models. As an illustration, we compute the values of JIC at
different numbers of factors on simulated datasets and visualize them in Figure A.61. When the
unmeasured confounding effects are strong, the default choice of cjjc = 1 gives reasonable esti-
mates for the number of factors under both Poisson and Negative Binomial likelihoods. Because
the complexity term is a linear function in r, one can also inspect the increment of log-likelihood
compared to the increment of the complexity term as a function of r, as shown in the right panel
of Figure A.61. For real-world datasets, this can help to adjust the penalty level cjic to select
a suitable value of r to achieve a sufficient reduction of negative log-likelihood while avoiding
overfitting.

Debiasing parameters (7,,\,). For inference, two parameters (7,,\,) are to be specified.
However, the parameter 7, is less important because as long as both the covariate x; and the
projection direction u are bounded in L,-norm, the second constraint in Equation (4.4) will
always be satisfied. For this reason, we can ignore the second constraint and solve the relaxed
optimization problem, similar to the implementation of Cai et al. [21]. Therefore, one only needs
to determine the parameter \, = ca4/log(n)/n.
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Figure A.61: The left panel shows the deviance and the complexity penalty v at different numbers
of factors r. The JIC is the sum of deviance and v. The right panel shows the decrement of the
deviance and the complexity at different numbers of factors r. The values are computed from one
simulation in Section 2.5 with n = 100 and r* = 2 underlying factors.

To address this, Cai et al. [21] only implemented a single value for c¢o. However, we propose a
more effective heuristic method to guide the selection of cs. Specifically, we enumerate different
values of ¢y € {0.001,0.002,...,0.01,0.02,...,0.1,0.2,...,1} and compute the median and me-
dian absolute deviation (MAD) of the corresponding empirical z-statistics. We then generate the
scree plot of the two summarized statistics. As shown in Figure A.62, as A, increases, both the
median and the MAD of the empirical null distribution change. Specifically, as A, increases, the
median decreases, while the MAD increases and then decreases. Therefore, when A, is too small,
the empirical null distribution concentrates around 0, and the resulting tests will be conserva-
tive. On the other hand, when )\, is too large, the tests will be anti-conservative. Therefore, a
reasonable choice for A, is such that the absolute value of the median is not too large while the
MAD of the corresponding test statistics is near one.

For simulations with Poisson likelihood, according to the scree plot, the adaptive choice of
the value ¢ would be the largest value that makes the median deviate from 0 by no more than a
threshold of 0.1. Analogously, we set the median deviation threshold to be 0.025 for the Negative
Binomial simulations. Note that any value below the selected )\, also provides valid inference
results but with lower power.

A.6.4 Negative binomial likelihood with non-canonical link

While theoretically nice, the canonical link function for Negative Binomial distributions (NB-C)
is not recommended in general because its natural parameter value is always negative, but linear
predictors ought to be unbounded in general. Numerical instability may occur in the boundary
of the natural parameters. Furthermore, the NB-C model is sensitive to the initial values and
may converge to a local solution.

The common choice of a link function for generalized linear models with Negative Binomial
likelihood is the log link [3]. Below, we show how to incorporate non-canonical ink into our
framework.

For Negative Binomial distribution, recall that ¢ is a parameter that represents the number
of failures as in Table A.61. Define the Negative Binomial canonical link A’~! and log link L~!,
such that A’(6) = ¢e?/(1 — %) and L(¢) = €£.
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Figure A.62: The median and MAD of the z-statistics as a function of the regularization parameter
An computed from one simulation in Section 2.5.1 with n = 100 and r = 2. The shaded region
indicates feasible values of \,,, for which the absolute values of the medians of the corresponding test
statistics are less than 0.1.

Let 8 and £ be the natural parameter and its representation under the log link; namely, the
mean p can be obtained from them through the corresponding link functions:

p=A'0) = L(§)-

This gives rise to the transformation equations:

€§ = ¢) ee 0 = 76§
1—ef’ o+ e’
and
0=A"1L) =1 < (A.6.1)
= = log o .6.
Note that the negative log-likelihood is given by
1(€) = —y - (A) (L)) + A((A)HL(©)))
et 0]
= —yl — ¢l
ylog 7 ¢og¢+€5,
which has gradient and hessian:
oL oloo ; 0]
5 = e =~ AO) T (A6.2)
FL_non oo
02 902 0¢ 06 02
90\> 90
_ 14 il 7
=40 (3¢) + gy
et
~ LI A.6.
¢+ €f (A.6.3)

102



where the last line is because the conditional expectation on y — A’(0) given 6 is zero, E[0l/00 |
0] = 0, so that the second term is ignorable. The latter approximation approach is also used in
classic GLM to derive the asymptotic variance of the estimates.

For n ii.d. samples (x;, z;,¥y;), the linear predictor reads that 2= X B 4+ ZT'T when using
the log link. Based on the relationship (A.6.1), we can perform estimation and inference for the
log link function, as described below.

For estimation, the objective function (2.2.3) now becomes:

Z(E) Z(I‘ Z, B = —— Z Z yle/ 1 ‘SZJ)) (glj))

ZE[n] J€lpl

Even though the new objective is now nonconvex in the parameter =, the alternative maximization
algorithm Algorithm A.6.6 is still applicable to it, because the gradient can be computed based
on (A.6.2). If we initialize F' from GLM estimates and treat it as fixed, then solving optimization
problem (2.3.2) reduces to a nonconvex matrix factorization problem. Under this setting, there
is a rich literature on establishing the estimation error for W* and I'* given that the initial value
is close to the truth; see Lin et al. [105], Wang et al. [176] among the others. In other words, we
may also obtain error bounds on ||E* — EH% by imposing additional conditions.
For inference, we simply apply the chain rule and (A.6.2)-(A.6.3) to rewrite (2.4.1) as

~ oo
Ve oy ' xi(y; — A'(6;)) " di { } v;,
]1 Jl Z )) 188 ( 85’& fu jg[p]

with
00 -
= w;dia diag(A” é\z _173}6',
g<{8§’£ &J}]e[p}) BN Pre;

Y o0 2 et
w; = [852‘5 @J] A<6><a§\g @) =S

Because when R¢ is bounded, the derivative function 96/9¢ is Lipschitz continuous, the estima-

tion error of it:
p

z;@e/aagg;; —00/0¢|,_)* S 1€ — &ill3

J:

can be bounded if £ can be well estimated. Similarly, the estimation error of ®* can be controlled
because 9;} is a Lipschitz continuous function of 5:} Thus, Theorem 6 also applies if

|= - B2 < vavp (A.6.4)

max Z T —ZT] ||p S (A.6.5)

1
195;7%”

1
/A D

2

IB —B*|11 <

A.6.
— (A.6.6)

1
VU AD
where (A.6.4) requires an analysis tool from nonconvex matrix factorization, (A.6.5) is a direct

consequence from (A.6.4) similar to Corollary 4, and (A.6.6)-(A.6.7) requires non-asymptotic
analysis as in the proof of Theorem 5 but for nonconvex objectives instead.

1B = B[lp S

(A.6.7)
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A.7 Extra experiment results

A.7.1 Efficiency loss of sample splitting

To evaluate the efficiency loss caused by sample splitting described in Algorithm A.5.5, we con-
duct the experiments with different splitting proportions and compare their results. To apply
Algorithm A.5.5, we split the p genes into 2 groups with equal sizes, so that I = {1,...,p/2} and
Iy = {p/2+1,...,p}. For each of the groups I, the optimization is jointly conducted based on
X, Y;e and Do, and the inference is conducted for genes in I. As summarized in Table A.72, the
performance on Type-I error and FDP control is similar across different splitting ratios. How-
ever, the power and precision are affected when the ratio of observations reserved for inference
is too small. This suggests that one should leave more observations to conduct the debias step.
Lastly, we see similar performance even without sample splitting, suggesting that the validity of
the inferential procedure could be true even without sample splitting.

ratio split type-I error FDP power precision

0.2 0.050  0.200 0.454 0.610
0.4 0.049 0.193 0.755 0.920
0.6 0.050 0.191 0.901 1.000
0.8 0.051  0.195 0.963 1.000
no splitting 0.051 0.219 0.987 1.000

Table A.72: Performance with varying ratios of observations reserved for inference, under the same
data setup in Section 2.5.1 with n = 250 and r = 2. The values are medians over 100 simulated
datasets.

A.7.2 The blessing of dimensionality

p=1500 p =3000

Slope: -0.76 Slope: -0.73

Mean square error of B
H

100 250 500 750 100 250 500 750
Sample size n Sample size n

Figure A.73: The mean square error of B with varying outcome dimension p and sample size
n, displayed on the log-log scale. When the outcome dimension p is sufficiently large (not growing
exponentially in n), the estimation error of B is mainly driven by the sample size n. The slope is
estimated using sample sizes larger than 100. The data generating process is given in Section 2.5.1.
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A.7.3 Information about lupus data

Table A.73: Summary statistics of the preprocessed lupus datasets in each cell type. The last
column represents the proportion of non-zero count in the gene expression matrix.
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Cell type Number of samples n Number of genes p  Proportion of non-zeros
T4 256 1255 0.398
cM 256 1208 0.434
B 254 1269 0.417
T8 256 1281 0.471
NK 256 1178 0.385
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Figure A.74: Histograms of expressions of 5 genes on the T4 cell type. The first row shows the raw
pseudo-bulk counts and the second row shows the counts after library size normalization and loglp
transformation, which is used for CATE. Due to the sparsity of the gene expressions, some genes are
not distributed like normal after transformation.

A.7.4 Extra results on lupus datasets
Sensitivity analysis for the number of latent factors

We inspect the sensitivity of GCATE-subset to the number of latent factors r. By utilizing JIC
(2.3.1), we have selected » = 7 for the T4 cell type, which is close to the number of major
covariates we drop. In Table A.74 and Table A.75, we examine the performance of GCATE-subset
and GCATE-full for different values of r. Remarkably, the resulting distributions of z-statistics
generated by GCATE, across varying numbers of factors r, are similar to the standard normal
distribution when r > 3 because the MAD is close to one. Thus, JIC can serve as a valuable
criterion for determining the appropriate number of latent factors for GCATE. Furthermore, it is
noteworthy that the number of discoveries remains consistent when r falls within a reasonable
range. These observations collectively suggest the stability of GCATE’s inferential outcomes within
this range of reasonable factor selections.
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r mean median mad num_sig deviance JIC
1 0.348 -0.018 1.551 302 3.578 3.600
2 0.361 -0.040 1.539 313 3.565  3.592
3 0.141 -0.001 1.145 57 3.553 3.586
4 0.140 0.063 1.087 37 3.546  3.584
5 0.130 0.043 1.067 33 3.539  3.582
6 0.140 0.051 1.084 39 3.532 3.581
7 0.128 0.057 1.033 22 3.526  3.580
8 0.139 0.069 1.044 18 3.521  3.580
9 0.143 0.073 1.032 18 3.516  3.581
10 0.155 0.095 1.038 20 3.513 3.583

Table A.74: The summary of the z-statistics and model fitness for a varying number of latent factors

r for GCATE-subset analysis.

(mad), and the total number of significant genes of g-value less than 0.2. The last two columns show
the deviance (2 times the negative log-likelihood) and the JIC model selection criteria (2.3.1) with

Cjic = 0.25.

The metrics include the mean, median, median absolute deviation

r mean median mad num_sig deviance JIC
1 0.242 -0.014 1.350 200 3.552  3.650
2 0.163 0.013 1.192 93 3.542  3.650
3 0.108 0.010 1.111 21 3.534 3.653
4 0.143 0.052 1.119 20 3.528  3.658
5 0.151 0.066 1.071 23 3.523 3.664
6 0.165 0.071 1.119 24 3.518 3.670
7 0.174 0.077 1.104 29 3.514 3.676
8 0.170 0.092 1.067 25 3.510 3.683
9 0.170 0.100 1.070 38 3.507 3.691
10 0.178 0.103 1.075 38 3.502 3.697

Table A.75: The summary of the z-statistics and model fitness for a varying number of latent factors
The metrics include the mean, median, median absolute deviation
(mad), and the total number of significant genes of g-value less than 0.2. The last two columns show
the deviance (2 times the negative log-likelihood) and the JIC model selection criteria (2.3.1) with

r for GCATE-subset analysis.

cyic = 0.5.
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Figure A.75: The first and second rows show the results for GCATE-subset and GCATE-full, respec-
tively. The right panel shows the deviance and the complexity penalty v at different numbers of
factors r, computed on the T4 cell type of the Lupus dataset. The JIC is computed with cj;c = 0.25
and 0.5, respectively. The right panel shows the decrement of the deviance and the complexity at

different numbers of factors r.
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Figure A.76: The median and MAD of the z-statistics as a function of the regularization parameter
An computed from the T4 cell type of the Lupus dataset for GCATE-subset and GCATE-full analyses,
respectively. The shaded region indicates feasible values of \,, for which the MADs of the corre-
sponding test statistics are less than 1.13.
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Results on all cell types
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Figure A.77: Histograms of lupus z-statistics of CATE on T4, cM, B, and T8 cell types, when
restricted to the top 250 highly variable genes. The preprocessing procedure is as described in
Section 2.6, but with genes expressed less than 5 subjects excluded. The result on the NK cell type
is not included because the fitting of CATE fails due to sparsity of the gene expressions.
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Figure A.79: The precision and specificity for four methods computed across 5 major cell types on
the lupus datasets.
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Figure A.710: The treemap plot produced by rrvgo [151] of GO enrichment analysis results on (a)
significant genes by the GLM-oracle method; (b) significant genes by both the GLM-oracle and GCATE
methods; and (c) significant genes by the CATE-mad method but not the GLM-oracle method.
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Figure A.712: The treemap plot produced by rrvgo [151] of GO enrichment analysis results on 24
significant genes by both the GLM and GCATE methods with all covariates included.
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Appendix B

Causal Inference for Genomic Data
with Multiple Heterogeneous
Outcomes

B.1 Related work

In the context of causal inference, assessing causal effects on multiple outcomes requires account-
ing for the association among outcomes [148]. Earlier work on this problem relies on outcome
modeling approaches based on linear mixed models or latent variable models [48, 113, 162, 163]
and scaled linear models [106, 146]. Pocock et al. [138], Yoon et al. [180] study hypothesis test-
ing of the treatment effects with the adjustment for multiplicities. Mattei et al. [117], Mealli
and Pacini [121], Mealli et al. [122], Mercatanti et al. [123] use multiple outcomes, coupled with
conditional independence assumptions, to address identification problems in causal studies with
intermediate/post-treatment variables. In most of the aforementioned work, the number of out-
comes is typically assumed to be low-dimensional.

The focus on multiple outcomes also shifts from outcome modeling to more general setups.
Flanders and Klein [52] propose a general definition of causal effects, showing how it can be
applied in the presence of multivariate outcomes for specific sub-populations of units or vectors
of causal effects. For randomized experiments, Li and Ding [102] establish finite population
central limit theorems in completely randomized experiments where the response variable may
be multivariate and causal estimands of interest are defined as linear combinations of the potential
outcomes. For observational studies with derived outcomes, Recently, Qiu et al. [139] propose
an inverse probability weighting estimator for testing multiple average treatment effects (ATEs),
which relies on the correct specification of the propensity score model and fast convergence rate
of the propensity score estimation.

Although ATE is the most fundamental and popular causal estimand [70, 167], other estimands
could be more robust to quantify the treatment effect between the counterfactual distributions.
In the canonical setting with a single outcome, Athey et al. [6] explore the application of quantile
methodologies to estimate the overall treatments within the context of randomized trials with
heavy-tailed outcome distributions. For studies based on observational data, Belloni et al. [14] and
Kallus et al. [81] introduce localized debiased machine learning techniques for quantile treatment
effects (QTEs), which incorporates multiple sample partitioning. Concurrently, Chakrabortty
et al. [23] study the estimation of QTEs within a semi-supervised framework. For a comprehensive
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overview of QTE estimation literature, the reader is directed to the references contained therein.
The above methods require sample splitting and/or metric entropy conditions to validate the
asymptotic normality of the proposed estimators, even for a single outcome.

For the analysis of multiple outcomes extending beyond ATEs, Kennedy et al. [85] propose
DR estimators designed to evaluate both scaled average treatment effects and scaled quantile
effects. These estimands are used to rigorously test the global hypothesis that all treatment
effects are equal. However, the asymptotic properties of the quantile-based estimators are not
analyzed. Further, they only consider a low-dimensional set of outcomes. In contrast, the current
paper focuses on high-dimensional settings when the number of outcomes could be potentially
exponentially larger than the sample size. This also requires correctly addressing the issue of
multiple hypothesis testing.

B.2 Proof in Section 3.2

B.2.1 Proof of Lemma 8

Proof of Lemma 8. Denote the scaled empirical process y/n(P, —P) by G,. By Lemma B.2.1, it
follows that

E {max 1Gny;l
p

/a
< , (logp) 74
;jax 91,...gp] S logplrél]agpIIQJHL2 a1, IGl|L,

Dividing y/n on both sides finishes the proof. O

Remark 13. We note that Lemma 8 also provides a probabilistic bound:

logp\ /2 logp ' 1
(B, Pyl = e ( (F52) o oo+ (“22) 6, ).

Jj=1,...p 1<5<p

by applying Markov inequality on the non-negative random variable max;—1,., [(Pn — P)gj|.
Remark 14 (Donsker condition). Without an independent sample, similar bounds on the empir-
ical process term can still be derived, provided certain complexity measures of the function class
Fj that g; belongs to are properly bounded. The complexity measure is related to the covering
number of F; under the Ly norm induced by distribution @, denoted by N (e, Fj, L2(Q)). In
particular, if for some envelope function F',

/ sup \/log N (e]| Fllg 2. Fj, L2(Q)) de < oo,
0o Q

and the supreme is taken over all probability distributions () on Z, then F; is P-Donsker for every
probability measure P such that P*F? < oo under certain measurability conditions; see van der
Vaart and Wellner [170, Theorem 2.5.2] for the exact conditions. To control single empirical
process terms, a sufficient condition is that each F; has a polynomial covering number:

K\"
sup N (g, Fj, L2(Q)) < <€> , VOoi<e<l,
Q

where K,V > 0 are constants, which is similar to Chakrabortty et al. [23, Assumption 3.4]. If
further the functions g; = ¢;(Z;P) — ¢;(Z;P) are uniformly bounded, by using a Bernstein-type
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tail bound on the empirical process (e.g., van der Vaart and Wellner [170, Theorem 2.14.9]) and
a union bound argument, we can obtain a similar upper bound on max;—1,., |(P, —P)g;| as in
Lemma 1, with maxi<;<p [|g;[|z, replaced by maxi<j<psupyer, [|9]/L,. When the function classes
Fj = F for all j are the same, this can be further improved to sup,c||g||z,. However, verifying
such assumptions on metric entropy in practice is challenging, and training the nuisance functions
on an independent sample avoids this issue. Hence, in this paper, we use sample splitting instead
of Donsker-type conditions.

If the Donsker class condition is assumed, Theorems 12 and 16 can be established without
an independent sample. More specifically, the bias term Ty ; in the decomposition (3.2.2) can
be bounded under the same rate conditions on the product of two nuisance estimations in Theo-
rems 12 and 16. This does not rely on independent sample splitting. Sample splitting is mainly
used to control the empirical process term T§ ; via Lemma 8 for the proof of Theorems 12 and 16,
as described in Section 2.

B.2.2 Proof of Lemma 9

Proof of Lemma 9. Below, we condition on the event when conditions (1) and (2) hold. We begin
by decomposing the error into two terms:

7 — 05 = Va($)) = Vig]
= Pu[(@ — Pul?])?] — Plly; — Ples))?)
= P.[7] - (Pal@3])” — P[0]] + (Ples))?
= Pal@} — @3] + (P — P)[0]] — (Bal$5] — Plios]) (Pul?s] + Plis])
=Tyj + Toj + T3;.

For the first term, we have

wax |T] = max [Pn[(Z; — ) (@5 + )| S max[Pul|5; — illl
ISP J

where we use the boundedness of (¢ + ¢;)’s envelope.
For the third term, we have

ax [Ti;| S max|(Pn — P)p;]| + max [(Pn — P)[2; — ;]| + max [P[2; — &;]].

Combining the above results yields that

max 67 — 07| < max |(P, — P)[3; %]Hmaxl(ﬂ" —P)[|&; — @5l
<j<p J

+ max max |(P,, — ]P’)[QOj] + max P[|@; — 5],
k=124 J

with probability tending to one.
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Define ¥ = maxi<j<, |p; — ¢;| and ® = maxi<;<p |¢;|. By Lemma 8, it follows that

o < (logp\'? logp '~/
wox 62 - 021 S (F50)  maxllgs - gl + (ME2) ol

1<5j<p
. ( ogp) max max |i5]|, + ( ng) max [ @" 1,
k=12 j n

n k=1,2

-4

+ max 125 — @illL,

n

logp) ' k
#(SE2) (1l + g9, )

which holds with probability at least 1 — n—°. O

logp 1/2 N —~
= (E) (16 sl + g ) + oo 6 —

B.2.3 Helper lemmas

Lemma B.2.1 (Maximal inequality adapted from Proposition B.1 of Kuchibhotla and Patra
[90]). Let Xi,...,X, be mean zero independent random variables in RP for p > 1. Suppose
there exists ¢ € N such that for alli € {1,...,n}

E[¢]] <oco where & := 1r2]a§p|X ijl

and X = (Xi,. o, Xip) | 1 Vo 1= maxi<jcp Y1y B[ X2, ], then

max
1<5<p

n 1/‘1
ZX” ] < \/6Vn,plog(1 +p) + vV2(3log(1 +p))' 9 <2ZE[£3]> -

i=1

B.3 Identification conditions

B.3.1 Proof of Proposition 10
Proof of Proposition 10. Note that

EY |A=a,W)

=E(Y(a) | A=a,W)

=E(Y (a) | W)

=E[E[Y (a) | W, S(a) ! W]
=E[Y (a) | W]+ E[Ap(a) | W],

where the first equality is from the consistency and positivity assumption, and the second equal-
ity is from the unmeasured confounder assumption. From the asymptotic unbiasedness as in

Definition 1, it follows that
E[E]Y | A= a, W]] = E[Y (a)] + E[A,(a)] = E[Y (a)] + o(1), (B.3.1)

where the little-o notation is with respect to m and uniform in p. This completes the proof. [
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B.3.2 Proof of Lemma 15

Proof of Lemma 15. Define ]\%(9) = E[F;(Yj(a),d)]. From the assumption, we have that

max | M. (0) — M;(0 = max |E[A,,;(a, 0)]].
je[p]! §(0) — M;(0)| jeml[ i(a, 0)]]

By Taylor expansion, we have

Mj (gaj) - Mj(eaj) = Mgl’(éaj)(gaj - eaj)'

for some éaj between 5[1]- and 0,;. These two results imply that

- 1 ~
max |0y — 04| = max ———=——|M;(0,:;) — M (0,
j€[p]| J ]’ JE[]?} |M],(9a])|‘ ]( ]) ]( ])’
1 -
< = M;(0,;
= c?é?;f‘ 3(0aj)]
1 - - -
= —max [M;(0q;) + M;(0q;) — M;(0q;)|
C j€lp]
1 - — -
= gljié?;f\Mj(%) — M;j(0a;)|

Similar to the proof of Proposition 10, we have that
M, (6) = E[E[F;(7;,6) | A = a, W] = M;(0) + E[Amj(a,0)]
Thus we have

~ 1 ~ 1
max |0, — 04| < —max|E[Ani(a,04)]] < —max sup |E[An(a,0)]] <6n —0
s o — s < s By 0B )| < s sup B[ 0)]

as m — Q.

B.4 Doubly robust estimation

B.4.1 Proof of Lemma 11

Proof of Lemma 11. For all it = 1,2, and j = 1,...,p, define
Yaij = E[Yj(a)], i/;aij = E[E[?f | A=a, W]].
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From Proposition 10 we have that t4;; = {/;aij +o(1) as m — oo. It follows that

~_ EE(Y;|A=1,W)]-E[E(Y;|A=0,W)

P JEEE? | A= 0, W) - BT | 4= 0, W)
_ Y11y — oy
\/ Woz; — ngj
_ Yy — Yoy +o(1)
Vo2 = 01+ (1)
_ Y — Yoy +o(1)
Yo2j — Vb,
=T7; +o(1),
where the second last equality holds because V[Y;(0)] = tg2; — d)glj > 0 as assumed. O

B.4.2 Proof of Theorem 12

Proof of Theorem 12. In this proof we will abbreviate T]-STE as 7; and denote

- _ _BEY|A=1W)-EE{Y;[A=0W)
" EE(? | A=0,W)] - EEY; | A=0,W)

We split the proof into three parts, conditioned on the event when the assumptions hold (which
holds with probability tending to one).

Part (1) Individual ATE estimators. Let 3; = (ﬁoj,ﬁlj,ﬂgj)T with
Boj = E[Y;(0)], p1; = E[Y;(1)], Ba; = E[Y;(0)?],
- ~ ~ =~ \T
Let B; = (50j,ﬁ1j>52j) with
Boj = E[E(Y; | A=0,W)], Bi; =E[E(Y; | A= 1, W)], By = E[E(Y} | A=0,W)],
and define the corresponding estimator Bj = (30]‘, Blj, BQJ')T for
Bo;’ =Py {501]'(Z;%7 ﬁ)}v //B\lj =Py {gnj(z;%, ﬁ)}, sz =Py {502]'(Z; ﬁﬁ)}-

Let ¢; = (¢~501j,<l~511j,$02j)T and

Omo = jnax IE[Am1;(0)]], Om1 = ax [E[An1; (D], Om2 = Joax [E[A2;(0)]]-

Similar to Lemma B.4.1, we can show that

B —Bj = (Pn—P)[¢;(Z;m, )] +¢
where maxi<j<p ||€j]/cc = O(rpnp) and

rp = (log p)/2n~(1/2TeM8) L 1og p/n 4+ n~(@FF),
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Part (2) Bounding 7; — 7;. Now since 7; = h(Bj) = (Bl - B\O)(B\Q - 33)—1/27 an application
of Taylor’s expansion yields

= (B, —P) [VA(B) &y(Z;m )| + Vh(B)) e; + Ox(11B; — By13)

_p, | SO0 o ) oot Py = 2P0itois Ll g5 Te; 1 0p(1; - Bl (BA)

\/§2j - ng ’ 2 (523' - Egj)

We denote the first term by P,{¢;}. For remainder term Vh(,gj)Tej, by proof of Proposition 10
we have

ax 185 = B2 < \/511%1%) 18; = Bjlle = V30m
Thus, from the bounded variance assumption that V[Y;(0)] = 82 — 5]2'0 > ¢ and

[nax IE[Amkj(a)]] = 6m — 0,

when m is large, maxi<;<p HVh(Bj)Hg < C for some constant C'. We have
IVA(B;) "€l < IVR(B))llzllesll2 < V3C|ejlloo,
3;)Te:| < , =
e [V4(3) e;| S B | uax 1| = O
The second-order remainder is bounded as
185 = B3 S (Pn —P) [0;(Z: 7, w)] I3 + ll€s 15
where we have

1(Pn = P) [(Z; 7, )] I3
= [(Bn = P) [0y (Zim, )] P+ [(Ba = P) [115(Z3 7, )] 12+ (B = P) |Gy (237, )] 2

Since 50”', ;glljv &mj are all bounded, by Lemma 8 with ¢ = co we have

1<j<p n

max |[(P, —P) [&01j(z;w,u)] =0 <logp>

and same bound holds for &U,&iﬂj as well. This together with E[maxi<j<p|/€jlloc] = O(rnp)
implies (note that 7y, includes the log p/n term)

~ ~ lo
wax (1B — Bl = O ( 8P ) = Ot (B.42)

1<j<p
Combining the above bounds with (B.4.1) implies that
75— 75 = Pu{@;} + € (B.4.3)
where the residual terms satisfy max ;e [€}] = O((log p)'/2n=(/2+ar8) 4 1og p/n + n=(@+h)),
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Part (3) Bounding 7; — 7;. By Taylor expansion, we also have
7 — 75 = h(B;) — h(B;) = Vh(B;) (B; — Bj)

where 3; lies between Ej and h(B;) so it also lies in the ball B;(8;, drn) where 0y, = max{dimo, dm1, om2}
is the maximum bias of derived outcomes. When m is large, we also have ||Vh(3;)||2 < C. This
implies

max |7 — 7| < 18; = Bill2 < .-

1<5<

Combining the above bounds with (B.4.3), we have

7y — 1 = Pu{®j} + ¢,
where the residual terms satisfy max;cp, [e;| = O((log p)/2n=(/2HeMB) 4 logp/n + n=(@+h) 4
Om,)- O
B.4.3 Proof of Proposition 14

Proof of Proposition 14. We next verify that the conditions in Lemma 9 hold the event when the
assumptions hold. Recall the centered influence function ¢; = @?TE defined in Theorem 12. We

write ©;(Z;P) = ¢;(Z; 7, pn) and @(Z;I@) = ¢;j(Z;7, p). By the boundedness assumption, we
have that

max |;(Z;P) + ¢;(Z;P)| = O(1).

J€lp]

From the proof of Lemma B.4.1, the individual influence functions satisfy that

12122( ||¢ak](z P) gakj(Z;P)||L2 = O(n_a/\ﬁ)7 a=0,1, £=0,1,2,

The estimation error ||¢;(Z; ) ©;(Z;P)|2 then depends on the slowest rate among H,B] -

/\

BjHQ, 7; — 7; and qbak]( P) — gbakj(Z P). By the proof in Appendix B.4.2, we have

~ logp
joax 18; — Bjlla =0 (\/ + np) ;
=0 logp n
e 17 =Tl = O\ == e |-

Combining this with the positivity assumption of V[}N/J (0)] implies that

1<5<p

~ logp 4
max [|3;(Z;P) - 3;(Z;P)||L, = 0< —=+n Aﬂ) . (B.4.4)

Therefore, by applying Lemma 9, we have that max;ep, |3j2 - UJZ\ = Op(y/logp/n + n=o"F)
as m,n,p — oo such that log p = o(n™n(z:20:28)), -

119



B.4.4 Proof of Theorem 16

Proof of Theorem 16. We condition on the event when the assumptions hold. In the proof of
Proposition 15, we show

max B — Oaj < ~max  sup [E[Amg(a,0)]] < G
JE[p] J€(p] 0eB(0, a0 0)

We first inspect the estimation error of counterfactual quantiles for a € {0,1}. Note that Condi-
tion 2 implies that

P(NG_ {0" € B(6as, 6)}) —

Also, Conditions 1 and 2 imply that

max fa] (emlt) = O(D (B.4.5)
JEP]
Lyp = gré?xlfa,w‘mt) — fuj(a)) 7Y = O(n™") (B.4.6)

We begin by writing the estimation error as

~ ~

~ . 1 ~
Oaj — eaj = eiln'lt + = Pn[ (Zv Q;mt)] eaj
S RE /

= fuj(0a;) " Pulwej(Z, 045)]
+ fag O) 7 (P — P)[Baj (2, 035") — way (2, 635")]
+ Foj (O "' P(G0j (2, 05Y) — waj (2, 015)]
+ (O = 0ag) + Fag (O0) " Pulwaj (2, 05")] = faj(0ag) " Pulwas(Z, 0ay)]
= fuij(0aj) "Pulwa;(Z,00))] + Tj1 + Tja + Tjs.

Next, we analyze the three residual terms separately.

Part (1) Tj;. This empirical process term can be uniformly bounded using Lemma B.4.2 with
(B.4.5):

Tl =0 Pn—P Aa ’elnlt — Wy ’emlt
%ﬁfl il (ljg?;f!( H@ai(Z,055") — waj(Z,0457)})

_ 0 ( [logp —ans | 10gp> ‘
n n

Part (2) Tj2. This bias term can be uniformly bounded using Lemma B.4.2 with (B.4.5):

Tiol = O P Aa , 91n1t — Wy , elnlt
HéaX| J2| (Ijréa;]d {wj( aj ) wj( aj )}D
0 (n—(a+ﬁ)> _
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Part (3) T;3. This extra bias term can be decomposed into two terms:

Tjs = (025 — 0aj) + Foj (05 P fwaj(Z, 054)] — foj(0aj) ™ Prlwaj(Z, 0a;)]
= (023 — 0a) + faj(Baj) " Plwaj (2,05 — waj(Z,047)]
+ fai (0ag) " (o — P)[waj (Z, 0155 — waj(Z, 0a5)]
+ [Jag (B — £ (0ag) " Palway (2, 850)],

where we use the fact that P{w,;(Z, §aj)} = 0. From Lemma B.4.3 and (B.4.6), we have that

/1 1

max |T‘]3| = O(n_2’7) +0O ( ﬂn_7/2 + ng)

Jj€lp] n n

1 |
o (2 B8, )
n n
=0 (n—Q’Y 4 n—(’Y"‘H) 4 loﬂ 44 /bgn—ZM) .
n n

Combining the three terms yields

~

~ ~ _ 1/2
Haj - Haj = faj (gaj>_lpn [Waj(za eaj)] +0 < (1ng) + logp + n—(a+ﬁ)/\(’y+n)/\(27)> .
n

n1/2+aAﬂAnAg

Setting $F' = f1j(0aj) ' Pulwi;(Z,015)] — foj(Bo;) " Pulwo; (Z.00;)] gives that

1/2

N ~ ~ log p
TJQTE _ TJQTE _ Pn{SD;QTE} ) ( ( )

logp | —~(atB)AG+mAEY)
nl/2+anBARNS n

Recall we have

~ 1
max |0q; — b45] < —max sup |E[An;(a,0)]] < 0m,
JEp] C j€lpl 963(9(” 5)
which implies
max [F21F — 73| = 0(5,,).

JEP]

Because the above results hold with probability tending to one, it further implies that

1/2
_QTE _QTE _ 5 [~QTE (logp) logp | _(atB)A(y+m)A2Y)
7j -7 - ]P”{Soj }+Op <n1/2+a/\ﬁ/\n/\;’ n +ne T A om |

which finishes the proof. O

B.4.5 Proof of Proposition 17

Proof of Proposition 17. From Theorem 16, when logp = o(nQ(iAO‘ABA%)) the asymptotic nor-
mality follows immediately from the triangular-array central limit theorem in Lemma B.4.4.
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We next verify that the conditions in Lemma 9 hold under the assumptions. For simplicity,
we drop the superscript QTE from LE;QTE and write ¢;. By the boundedness assumption, we have
that R

max [p;(Z;P) + ¢;(Z; P)| = O(1).
J€lp]
Notice that

1
* iy

Then we have that

max P[|3;(Z;P) — ;(Z;P)|]
J€lp]

< max |3;(Z;P) — 3;(Z; P)||,
JEP]

< max [
J€lp) ac{0,1}

1 7ini 0
= Hwaj(Z7 gajt) _waj(Zveaj)”L2]

Nini 1 ~ Nini Aini
lwaj (Z, 055 | 1y + ——=—1@a; (Z,0,5") — waj(Z, 053 |
faj(0aj)

aj (eg}it) - faj (eaj)

_l’_
faj (Haj)

_ O(n—a/\ﬂ/\n/\% ) )

where in the last equality, we use (B.4.11) and Lemma B.4.3. Therefore, by applying Lemma 9,
we have that max;e, ]8? - 5?] = Op(logp/n + (logp)'/2n=(1/2HaABARNY/2) o p=anBARNY/2Y) g

m,n,p — oo such that logp = o(n2(17ABARAT)Y, =
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B.4.6 Helper lemmas

Recall that the uncentered influence function is defined as ¢;(Z;P) = ¢;(Z;P) + 7;(P). The
lemma below provides results for the asymptotic normality of the one-step estimator of E[Y}(a)]
in the setting of multiple derived outcomes. It can be analogously adapted to the one of ATE,
which we omit for brevity.

Lemma B.4.1 (Counterfactual expectation). For a € {0,1}, suppose that Assumptions 5-7
hold and Y(a) is asymptotically unbiased to Y(a). For j = 1,...,p, define To; = E[Yj(a)],
(W) =PA=a| W) and pq;(W) = IE[)N/] | A =a, W], the uncentered influence function as

1{A =a} &
W) T Has (W) + 11y (W),

and the one-step estimator as 7,; = Py[¢q;(Z;7, )], where PP, is the empirical measure over
D={Z,...,Z,} and (7, i) is an estimate of (m, p) from samples independent of D.

Assume additionally the following holds for j € [p] with probability at least 1 —n~¢ for some
constant ¢ > 0:
(1) Boundedness: }7j, taj(W) and [i,j(W) are bounded in [—C, C|] for some constant C.

(2) Bias of derived outcomes: Ap,j(a) := E[?J(a) | W, 8(a)]—Yj(a) satisfies max;¢, [E[A,;(a)]| =
Om = o(n~1/?).

(3) Strict positivity: The true and estimated propensity score functions satisfy m, > € and 7, > €
for some constant € € (0,1/2).

baj(Z;m,p) =

(4) Nuisance: The rates of nuisance estimates satisfy |7, — 7allz, = O(n™*), max;cp,) |fia; —
ttajllL, = O(n=F) for some a, 8 € (0,1/2), and a + B > 1/2.

Then as m,n,p — oo such that logp = o(nmin(%’zo"zﬁ)), it holds that

(1) Asymptotic normality:

\/ﬁ(?aj - Taj) = \/E(Pn - ]P))Qbaj(z; U .U) + \/ﬁej i> N(O') Ugj)?

where agj = V([pa;j(Z; 7, p)] and max;cp 6| = Op((log p)V/?n=(1/2+MB) L1og p/n+n—(@+h) 4
5.

(2) Uniform control of variance estimation error: max;¢p, |3c2zj - agj] = Op(n="?), where 332' =

Proof of Lemma B.4.1. We write 7,;(P) = E[¢pq;(Z; 7, pn)]. Note that 7,5 = 7o + E[A,(a)] from
(B.3.1) in the proof of Proposition 10.

From Kennedy [84, Example 2], ¢,; is the efficient influence function of 7,;. Then, from
(3.2.2), we have a three-term decomposition

7aj(P) = 7aj(P) = 7aj (P) — 7a;(P) + 7aj (P) — 7a; (P)
=T5; +Tp,; + Tr; + E[An], (B.4.7)
where
Ts; = (Pn — P){¢a;(Z;P)}
Tij = (Pn — P){60;(Z:P) - 60;(Z; P)}
Tr,j = P{6aj(Z:P) — ¢u;j(Z;P)}.

From assumption 2, we know that the last term can be uniformly controlled as 6, = maxe(,) [E[Ay;;(a)]]

op(n~1/?) as m,n, p tend to infinity.
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Part (1) Uniform control of empirical process terms. We next verify that the conditions
in Lemma 8 hold under the assumptions. Note that

$oi(ZiF) = $us(Z:P) = ( w> (Fiaj (W) — p1aj(W))
1{A=a} & ~
= W) 7~ e (W) (W) = Fu(W)).

Then, by the boundedness assumptions, we have that

A 1 1 ,a
max ¢aj(Z;P) — ¢paj(Z;P)||L, < ¢ max itaj — tajllr, + gl!ﬂa — TallL, = O(n ")
2C

S?a

Loo

max\(ba](Z P) — ¢u;(Z;P)|
JE(p]

From Lemma 8, when logp = o(nmin(%’Qa’Qﬁ)), it follows that

1 1
max |Tg ;| = O | 4/ D8P —ang 4 08P (n_l/Q) . (B.4.8)
Jj€lp] n n

Part (2) Uniform control of remaining bias terms. From Kennedy [84, Example 54], it

follows that
1 1 ~
TR,j =P { <7Ta - %a) (Maj - Maj)ﬂ'a} .

When 7 > ¢, conditioned on nuisance estimators, by the Cauchy-Schwarz inequality, we have

max | TR ;

1
*II?Ta — Tall 2, max [|faj — ttajllz, = O(n™ ) = o(n1/2), (B.4.9)
J€lpl J€[p]

where the second inequality is from the Cauchy-Schwarz inequality, and the last equality is from
the assumed rate for nuisance function estimation.
From (B.4.7)-(B.4.9), we have that

7aj(P) = 7aj(P) = (P — P){00;(Z; P)} + ¢;
such that max;cp, [€;] = O((log p)'/?n~1/2+arB) Logp/n 4 n=(@+8) 46,,) = o(n=1/2).
Part (3) Sample average terms. By Lemma B.4.4, it follows that
ViTs; & N(0,0%).
Part (4) Uniform control of variance estimates. We next verify that the conditions in

Lemma 9 hold under the assumptions. Denote gf)] i (Z; IP’) and ¢; = ¢;(Z;P). Note that by
the boundedness conditions, we have that

<1, | <1 B.4.1
max |65 + 651 < max 6; — 651 S 1, (B.4.10)
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which verifies the first condition of Lemma 9.
From Part (2), we also have

Dax l¢; — djlle, < nax. l¢j — billL, = O (H_QAB)

which verifies the last two conditions of Lemma 9.
Therefore, we are able to apply Lemma 9 to conclude that

~ 1 1
max ’0‘2 _ 02’ =0 ﬂ + @n—a/\,@ + n—a/\,B _ O(n_a/\ﬁ).
. J J
J€lp] n n

when logp = O(nmin(%ﬂaﬁﬁ))‘ .

Lemma B.4.2 (Error bounds of estimating equations). Under the event that the conditions in
Theorem 16 hold, it holds that

-~ 7ini Dini logp —a lng
max (B, — F){0a; (2, 05)") — waj (2, 05)} = O (\/7” S n)
5o Z. 0N — o (Z. N — @ (=)

i [P0 (2,035") — wos (2, 035) Y = © <n )

Proof of Lemma B.4.2. We begin by decomposing the estimation error as

~

~ Nini ini ]l{A = CL} ~ Nini Nini
Gug (Z,075%) — w0y (2,95 = ( - 1) (g (W T24) — gy (W, 5)

»Yaj ﬂ'a(W)
1 1 7init 7init
- (%G(W) B Wa(w)> 1{A = a}(va; (W, 055") = (Y5, 05"))
! 1 . /\mjt U /\iH.it
+ (%(W) - wa(W)> 1{A = a}(Vej (W, 055") — vaj(W,055"))

=: Dj1(Z) + Dja(Z) + Dj3(Z).

Next, we split the proof into two parts.

Part (1) From the boundedness assumption 1, we have that

~

-~ init
gg?pflwaj(Z, Og;) — waj(Z,0

~

o)l

1 4 4
§2(+1>++§C’,
Leo € € €

for some constant C’ > 0. This gives the Ls.-boundedness of the estimation error.
We next derive the upper bound of the Lo-norm by analyzing the three terms separately.
Condition 2 implies that

1 ~ —a
max || Dji ||z, < ~max  sup  [[vq;(W,0) — va;(W,0)|, = O(n™")
Jjelpl € J€lrl pep(@,;.6)

1

Diollr. < 7, — =0’

I-ré?zfﬂl j2llze < S lTa = 7allz, = O(n™7)
1

max || D; < =7, — =0 ?.
max 1Djsllze < S lITa = mall, (n™")
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Thus, we have

s [y (2, 035") = wai( 2,05 |2, = O(n~"?). (BA.11)

From Lemma 8, we have that

~

(P, — P){@0uj(Z,02%) — waj(Z,0

aj

~

i [logp _ log p
init _ anB ~
o =0 < - n + - .

which finishes the proof of the first part of the lemma.

Part (2) On the other hand, because E[1{A = a} | W] = m,(W), we have that
P{D;1(2)} = 0.

Similarly, because E[ih(Y;, 0) | W] = vy, (W, 02%), we also have that

7 Yaj ' Yaj
P{Dj»(Z)} = 0.

For the third term, we have that

1, _
max [P{Dj3(Z)}| < ~[|Fa — mallr, max  sup ||T; (W, 0) — va; (W, 0)|| L,
iclp) € €l 9e(8,;.0)

Combining the above results, we have that

~

s [P{@y; (2. 055") - w0y (2.055)}] = O(n™*)
JE

O]

Lemma B.4.3 (Error bounds of estimating equations evaluated with respect to the initial esti-
mators). Under the event that the conditions in Theorem 16 hold, it holds that

~

max | (028 — 0,5) + foj (0a)) 7 Pwaj(Z, 050) — wai(Z,045)]| = O(n™2)

j€lp) aj
Sini = [logp _ log p
Ij}é&{;}(’(]}pn—]P))[waj(Z79ajt)—waj(Z,eaj)” =0 ( Tn 7/24-7”

o~ log p log p _
P, {wa;i(Z,0m9} = O + +n7 .
%?;fl {waj(Z,655)}] ( - —tn

Proof of Lemma B.4.3. We split the proof into different parts.
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Part (1) By Taylor’s expansion, we have that

P{wai (Z,05")} = —P{(Yj(a), 05")}

= — foi (00)) (0 — G,5) + OB — ,4]%)
= — faj (00 (O — G,5) + O(n™2Y)
=0On™), (B.4.12)

which is uniformly over j € [p] by Conditions 1 and 2. Note that

P{wa;(Z

Then, we have that

) = wag (Z,005)} = —Pu{(Yj(a), 05"} + 0
= —Py{(Y;(a), 63"}

= — faj (0us) (O — G,5) + O(n=2).

GZI}it - gaj) + faj(gaj)_lp[waj( ’eg}lt) - wﬂj(Z’ gaj)”

= max (025 — 0) + faj(0a;) " (—F (Oug) (OB — 045))| + O(n=2)

JEP]

:O( _27)7

which finishes the proof of the first part.

Part (2) Note that
Dinit
E,réax HwCL]( ) ea]
= max
Jj€lp]
1{A=
N ‘ 1{A=a}
mo(W)
< max |||vg (W, ginit
]E[p] I a]( aj
Since 9“““

(]l{Y < elmt} ]l{Y < aaj})

) - waj(Za 5aj)‘|L2

H <]1{A =a} > (uaj(w nit) vaj(W,éaj))

(B.4.13)
Lo

|

) — uaj(W,éaj)HLz + [1475(0) < 8t} - 1{Tj(0) < %}HLJ . (B.A.14)

is estimated from a separate independent sample, in the following analysis, we condition

on 9;‘}“. By Jenson’s inequality, we have

E

IN
'ﬁﬁﬁﬁﬁ

[(vaj (W, 035" = vaj (W, 047))°)

[(B(Y; < 02 | W, A=a) —P(Y; <0, | W,A=a))?

[(E[L{Y; < 83 — 1{Y; < 0,5} | W, A = a)?]

[E[(1{Y; < 0"} = 1{Y; < 0a;})* | W, A = d]]

[E[L{Y; < 624 + 1{Y; < 0,5} — 21{Y; < 02 A by} | W, A = a]]
(

J = Yay

Vi(a) < B + B(V;(a) < Bu) — 2B(Vj(a) < 05" A By)
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where the last equation follows from the identification equation IE[IE(]I{}N’J <O} |W,A=a) =

IP’(}N/j(a) < #). Since faj is uniformly bounded in B(f4;,6) from Assumption 1, by Taylor’s
expansion we have

P(Y;(a) < 61%) + P(Yj(a) < O4) — 2P(Y;(a) < 613" A Bay)

=P(Y;(a) < O15%) — P(Y;(a) < 64;)]

S10a5" = Oajl = O(n 7).

The upper bound is uniform over j € [p|] and we have

~

Vai (W, 004 — 10 (W, %)H — O(n~?).

max aj L

JE[p]

Similarly, we have
~ ~ . ~ ~ 2
|1¥i(0) < "y 1 (V@) <},
=E[1{Y)(a) < 0"} + 1{¥}(a) < 0o} — 21{Y;(a) < 6"} 1{Y; () < ba;}]

=P(Y;(a) < 03") + P(Y;(a) < o) — 2P(Yj(a) < O A bay)
=0(n™)
v <A1n.it B v <~, _ —v/2
mas [|1{T) () < 65}~ 1{T(a) < O}]|, = O™,

From Lemma 8, we have that

-~ ~ N 1
max | (P, — P){waj(z’gg}lt) —waj(Z,04)} = O ( %n—vm + ng) ,

Jj€lpl n
which finishes the proof of the second part.
Part (3) Note that
Po{was(Z,0")} = (o — P)waj(Z,0") — waj(Z. 0uy)] + Pl (Z.00))] + Pleoas (2. 60)].

Since w is centered and bounded, by Lemma 8 we have

max |(P — P)waj(Z,0e;)]| = O <logp + 10gp> =0 ( logp) -

1<j<p n n n

Combining it with (B.4.12) and Part (2), we further have

. logp _ logp log p _
init 2
?éa[;]qpn{waj(z,%j =0 (\/Tn /2 4 n + " K

1 1
:O<0gp+ ogp+n_7>

n n

which completes the proof. O
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Lemma B.4.4 (Lindeberg CLT for triangular array). Let m = m, and p = p,, be two sequences
indexed by n. Consider the influence-function-based linear expansion for estimator 7; of 7;:

\/ﬁ(?]—TJ):\/E(PH—P){(pmnj}—f—ﬁan’ J:Lap

where ¢y, ; is the influence function that depends on m and the residual ¢;’s satisfy that
maxjep, |€m,;| = op(1) as n — oo. Let B2 = > icin] V(®m,;j(Z;)). Further assume that (i)
there exists a constant ¢ > 0, such that V((pmnj(Zl)g > ¢, and (ii) there exists a sequence
{Ln}nen such that max;c () [¢m,;(Zi)| < Lyn and Ly /By, — 0, then

T =T
V{(pmn]}l/z

Proof of Lemma B.4.4. Note that ¢, ; is the centered influence function such that E[pp,, j(Z)] =
0. Let Xpx = ¢m,;(Z)). From assumption (ii) that maxyep, [Xuk| < Ln and L, /B, — 0, we
have that, for any £ > 0,

vn 4 N(0,1)

n—oo

N PR
lim > E (X2 1{|Xuk| > £By}] =0.
" k=1

This verifies Lindeberg’s condition for a triangular array of random variables. From Billingsley
[18, Theorem 27.2], it follows that

n(Py —g’i{%@mnj} 4 N, 1),

as n — 0o. Because Z;’s are identically distributed, we have B2 = nV (¢, ;). This implies that

n ]P)n — IED M
ﬂwmnj)){lf? LN,

as n — 0o.
From assumption (i) that V(¢ ;) > ¢ > 0 and maxjep, |€m, ;| = op(1), we further have

|€mnjl
max ———=—— = op(1
J€Pn V(gomnj)1/2 P( )

as n — oo. Consequently, the conclusion follows. O
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B.5 Multiple testing

B.5.1 Proof of Lemma 18

Proof of Lemma 18. We present the proof for 7; = TJSTE, and the proof for 7; = T]QTE follows

similarly, which we omit for simplicity. From Theorem 12 and Proposition 14, we have the
following expansion on the statistic:

0} oj n pa a;
n
U Sy (f 1) \}Z%ﬁ Ve,
a; i=1 95 i=1
Vil &
=== et (B.5.1)
J =1
where e;- = <% — %) ﬁ o i+ \?;J . Note that the covariance matrix of the true scaled

influence function is given by

( N Z%S) = D;'EsDg",
J

=1

where Es = Elpisp.s] and Ds = diag((7;);es). The associated gaussian vector is defined as
gos ~ N (O, DglESDgl). We first consider one-sided test problems with the pair of maximum
statistics and the Gaussian vector based on linear expansion (B.5.1):

*

.
Me = We =
5 = max \f 5 5= meagi(gs)

and the pair based on the true influence functions and variances:

901]
Moys = — E Wos = i
0S = Ijne?gi f 0S T;Eleag(gos)y

We next show that the distribution function of Mg can be approximated by Ws uniformly.

Step (1) Bounding difference between Ws and Wys. From Theorem J.1 of Chernozhukov
et al. [30],

sup sup [P(Ws > z) — P(Wos >z | {Z;},)| 2 0. (B.5.2)
SCA* x

is implied if supsc 4- HﬁEIESﬁEI - D§1E3D§1Hmax = Op(n=°) for some ¢ > 0. Because
maXjes 07 > ¢ > 0, when logp = o(n2(7"8)) and 6, = o(n~Y/2), we have that max;jes [0 —
U;1| = Op(r,) from the proof of Proposition 14, where 7, = n=*" + | /logp/n. On the other
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hand, (B.5.1) also implies that,

Sup HES - ESHmax
SCA

= E E
GRS e = Bl

1
Jax |- ;_ (BikPie — Elpirpir)

1 ~ i~ ~
= max |~ > [Bik(Bie — wie) + (Bir — pir)pic + (Pirspic — E[%k%zm'

ke A*
1 1 n n
< i 5P — s — Dik — ;i . a )
< max |- ;1 Pik(Pie = @ie) | + mas |- ;l(w Pik)pie| + max |- ;1 vikpic — Elpinpir])

n
- logp
< masx max B - Z} [Bie = piel + max — Z @it — in| - max |ie] + O <\/ - )

= Op (1)

where in the last inequality we use (B.4.4) with r, = n~*8 4+ /log p/n and the sub-Gaussianity
of Y;rwie’s. Then we have

sup ||Dg'EsDg' — Dg'EsDg||max < Sup. |Ds'EsDg' — Dg'EsDg"||max

SCA*
+ sup |D5'EsDg' — D' EsDg" ||max
SCA*
+ sup |[Dg'EsDg' — Dg'EsDg" ||max
SCA*
=0p(ro+r75).

Under the condition that log?(pn) max{log®(pn)/n,n= (")} = o(1), we have that (logp)?(r, +
7) = 0(1). Then, from Theorem J.1 of Chernozhukov et al. [30], it follows that (B.5.2) holds.

Step (2) Bounding difference between Wys and Mys. Under Assumption 8 and the con-
dition that log(pn)”/n < Cen™, because ]E[np?j]/ojz = 1 and constant ¢, C is independent of S,
from Corollary 2.1 of Chernozhukov et al. [30], we have that

sup sup [P(Wos > z) — P(Mos > z)| — 0. (B.5.3)
SCA*

Step (3) Bounding difference between Mys and Ms. We begin by bounding max;es €.
Because o is uniformly lower bounded away from zero, we have [5; — o} = |(67 — 07)/(5; +
i) S \a] - 0]2| which implies that max;c,) [0 — 0| S 7, with probability tending to one from

the proof of Proposition 14. From the proof of Theorem 12 and the boundedness assumptions,
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we have

Vne;

0;

max [¢}| < max |€}] < max
JjES jeA* JEA*

+ max
JEA*

0350

\}Z (,02"(0]' - J)

=0Op (%i’f |oj — 0] né%f

\/15 zl: ij| + max I\/ﬁej!>

=Op (ra logp+n~ " \/logp + (log p) /v/n +n'/>~(*F9) \/ﬁém>
= Op (n‘(“w) logp + (logp)//n + n'/>~(+0) 4 \/ﬁém)

= op(&n);

where &, = [n~(@"8)/logp + (logp)/v/n + n'/2=(@+B) /s, log(n). Then,

sup P(|[Mos — Mg| > &,) <P (max = §n> — 0. (B.5.4)
SCA* JE

Then we have

P(Mos > z) — P(Ws > )|
<P(Mos <z, Ms > z) + P(Mos >z, Ms < x)

<P(Mos >z —&n, Mos < ) + P(Mos < x + &, Mos > z) + 2P <§g%§ €] > §n>
<P(x— &, < Mos <x+&,) + 2P (]rrel%g |€5] > fn)
<Pz —&, <Wys<z+E&,)+2P <ma)§ |€5] > §n> +2 sup sup |P(Wys > x) — P(Mos > )|
JEA SCA*
which implies that

sup sup |P(Mos > z) —P(Mgs > z)|
SCA* «

< sup supP(z —§, <Wos <z +¢&,) +2P <max |e | > §n>
SCA* «x

+ 2 sup sup |[P(Wos > x) — P(Mos > z)
SCA* «

&nn/1og(pn) + 2P <max €] > §n> +2 sup sup |P(Wys > z) — P(Mos > )|,
SCA* =

where the second inequality is from the anti-concentration inequality [30, Lemma 2.1]. Under the

condition that max{log(pn)” /n,log(pn)?n= (") | /nlog(pn)d,,} < Con=c2, we have &,/log(pn) <
n~logn = o(1). This implies that

sup sup [P(Mos > z) —P(Ms > z)| — 0. (B.5.5)
SCA*
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Step (4) Combining results from previous steps. Finally, combining (B.5.2)-(B.5.5) yields
that

sup sup |[P(Mos > x) — P(Wos >z | {Z;}1,)] oo,
SCA* =z

Analogously results also hold for M:g = max; —/n(7; — 75)/0;, W§ = max; —gj, ME)S =

max; —n~1/2 Yo pij/oj and W/g = max; —(go); , by applying the same argument. Thus,
we have

sup sup [P(Ms > x) = P(llgsllec > = [ {Zi}iL1)]

SCA* =
< sup sup [P(Ms > z) —P(Ws >z | {Z;}Ly))
SCA* =
+ sup sup [P(Ms < z) —B(W5 < x| {Zi}j-)| 0,
SCA* =
which finishes the proof. O

B.5.2 Proof of Proposition 19

Proof of Proposition 19. We split the proof into different parts.

Part (1) Exact recovery of the active set. From the proof of Lemma 18, we have

lréljaéipbj o;l = Op(rs). (B.5.6)

Recall A* = {j € [p] | sz- > c1}. From Assumption 8, minje 4 0]2 > ¢ for some constant ¢; > 0.
To screen out noninformative coordinates, define ¢, as in Proposition 19 for some constant
¢ >0 and

A= el |52 > en)
which is a random quantity because 8]2- is the empirical variance. Then we have
P(A* # Ay) :P< max A?- > cn> —|—IP’< min 3]2 <Cn> )
jEAl\A* jEA*\A1

For the first term, we have

IP’( max A220n> :]P’< max 02— min 62 >¢,— min 02>

jeA\Ax 7 jeA\A* T jeap\ar T T jeA\Ax 7

<P|( max \812- — 032-| > ¢y, — min 032-
jeA\A* jeAI\A*

<P <max ]8]2- - 0]2-] > ¢p — max 0’?) — 0,
j€lp] JEA*e
where we use the fact ¢, — 0, minjc 4 032» > ¢1 and max;e[y) |a]2~ - 3]2| = Op(ry) = op(cn) as

m,n,p — 00, from Assumption 8 and (B.5.6).
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For the second term, similarly we have

P( min EJZ < cp
JEA\A

<P ( min 8]2- < cn,max\ajz- — 8]2-\ < cn> +P (maxajz - /0\32-\ > cn>
JEA\AL J€lp] Jelp]

<P <min 0]2 < 20n> +P <max \GJZ - 8?-\ > cn> — 0.
JEA* Jjelp]

Thus, we have

P(A* = Ay) — 1.

Part (2) FWER. From Part (1), the family-wise error rate satisfies that
FWER = P(ANV* # @)
=P(ANV* £, A" = A1) + o(1).
Recall the maximal statistic is defined as My = max;_ 7, |v/n(7Tj—7;)/0;| and the null hypothesis is
rejected only if My > q1(«) where ¢ («) is the multiplier bootstrap quantile. From Lemma B.5.1,
we have that
limsup P(A N V* # @) < limsup P (m‘ix Wn(T; —717)/55] > qi(), A" = A1>
JjeAr
< a.

Since when A* = Aj, g1(«) is also the bootstrap quantile of max;e 4+ [v/n(7j —7;)/7;]. Therefore,
combining the above results yields that

limsup FWER < a,

which finishes the proof. O

B.5.3 Proof of Theorem 20
Proof of Theorem 20. We split the proof into different parts.

Part (1) FDPex. Recall V is the output of the step-down and augment processes, and M;
is the maximal statistic at step j. Let Vs be the set of discoveries returned by the step-down
process. From Proposition 19 (1), the active set A1 C Ay C A* for all £ =1,2,...,¢* — 1 with
probability tending to one. If Vy» N V* # @&, then for the first H(()J ) generating false discoveries,
()

from Lemma B.5.1 and Proposition 19, under the null hypothesis Hy'’, we always have

limsup FWER = limsup P(M; > gj(a)) < o

as m,n,p — oo. This shows that the step-down procedure controls the family-wise error rate.
By Genovese and Wasserman [58, Theorem 1], it follows that the FDP after the augmentation
step satisfies that

limsup P(FDP > ¢) < o,

which finishes the proof of the first conclusion.
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Part (2) Power. From the proof of Chang et al. [24, Corollary 1], the standard results on
Gaussian maximum imply that max,—; ¢+ (o) = Cy/logp + op(1) for some constant C' > 0.
We next show that if there exists a jg € Ap N V*, then the proposed maximum test on A« is
able to reject the null hypothesis that 7;, = 77 for 77 = 0, which implies the power is converging
to 1. Formally, Let gp+(c) be the corresponding estimated upper a quantile of the maximum
statistic from the multiplier bootstrap procedure at £*-th step. Let E denote the event that

stepdown process stops at £*-th step and by definition of ¢* we have P(E) = 1. Notice that
P(Ap NV #£ )
=P(Ap NV* # 2, E)
(max \FM > G (0), Ap NV £ 2, E) +P<max Voo ﬂ' < G0, Ap NV* £ @’E)

JEApx JEApx

By definition the stepdown process does not stop at £*-th step if My« = max;c 4,. \/ﬁ| J_l > qo+ ().
Hence, the first term is zero. For the second term, suppose jo € Ag N V* and we have

P<max \f‘ 7| < e (a ),Ae*ﬂV*#@>

JEAx 0

<P (ﬁ'fj(" < G (), Ape NV # @)

Tjo

*

‘TJO -
<P | V/n— > \F

Tjo Tjo

qe-(@) |

o1 /0 - (L+0p(1)) > c(log(p)/n)'/? for large m and n, under the assumed

minimal signal strength condition, by Lemma 18 we have

* =~ __ *
Because ’Tjo’ /i, = ‘7’

Jo Jo

P \/ﬁ‘ SV

.70
- qf*( ) — Oa
Tjo Tjo

as m,n,p — oo, when ¢ > C. Therefore we have
P(Ap NV 4 @) —0

and
P(V* C V) — 1.

Because the augmentation step only adds more discoveries, Vyp« C V, it does not decrease the
power. Therefore, the final set of discoveries V has power 1 asymptotically as m,n,p tend to
infinity. O

B.5.4 Helper lemmas

Lemma B.5.1 (Quantile estimation based on E}aussian approximation). Suppose the conditions
of Lemma 18 hold. For gs ~ N(0, DglEngl), define the conditional a-quantile gs(a) =
inf{t e R|P(||lgslloc <t|{Zi}} ;) > a}. Asm,n,p— oo, it holds that

sup  sup [P(Ms < gs(a) [ {Zi}=)) — o] 2 0.
H$:SCA* a€(0,1)
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Proof of Lemma B.5.1. From (B.5.4) in the proof of Lemma 18, we know that condition (14) in
Chernozhukov et al. [30] holds for Ajs = maxe(y] |Ms — Mys| uniformly over S C A*. On the
other hand, with probability tending to one,

AQS < AQA*
a2
= %514)*(]?“[(%]‘/0]‘ — $i/75)7]
~ N2/ 2 52 5:)?
< max Pul(pij = @ij)°)/ o + max Pu[@ij)(1/ 05 = 1/75)

~ \2 ~ \2
S max Pol(pij — i5)7] + }rel%g(aj —7j)
S Jr.ggg]?n[!s% — Bij] + max |0 — ;]
=0p(ry, +70),

which follows similarly as in the proof of Step (1) for Lemma 18. Under the conditions that
max{log(pn)7/n,log(pn)?n= (")} < Cn=¢, we have

sup P(log(pn)2Ags > n~°) < sup Plog(pn)*Ass > n~°/log(n)) = 0,
SCA* SCA*

which verifies condition (15) in Chernozhukov et al. [30]. From the proof of Corollary 3.1 in
Chernozhukov et al. [30], the conclusion follows. O
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B.6 Experiment details

B.6.1 Estimation of QTE
Initial estimator

The initial IPW estimator é\g}it of the quantile Y;(a) can be obtained by solving the following

estimating equation:
1{A=a} B
P, {me,m} =0

where 1) is defined in (3.4.4).

Counterfactual density estimation

Consider an unconfounded observational study with (W, A,Y) ~ P, where A is binary and Y is
continuous. Assume consistency, positivity, and exchangeability as usual. Below, we derive an
identifying expression and estimator for the density of Y (a) at a point.

Define V := 1{Y < y}. Noting that the density of Y (a) is simply the derivative of P (Y (a) < y).
Letting py(q)(y) and py (y) denote the densities of Y (a) and Y respectively, we have

Py () = di/P(Y(a) <)
d a _ d a
= B0V = EEV W)

d a B

= —dyE{E(V | W, A=a)}
d

= @E{E(V | W, A =a)}

d
—E! SPY <y|W. A=
{dy( <yl|W, a)}

=E{py(y | W,A=a)},

where the exchanging of integrals and derivatives is permitted by Leibniz’s integral rule combined
with the fact that V is bounded. As for estimation, we can reduce counterfactual density estima-
tion to statistical density estimation. A natural doubly robust analog for this problem [88] that
takes inspiration from one-step correction and kernel density estimation is given by

@m@VZ;%{ga;g(KCﬁf>_K<yﬂﬁéwu>+K<yﬁﬁmwv}

where K is a kernel and h is the kernel smoothing bandwidth. Similar pseudo observations could
be used with IPW [81, Remark 4] or plug-in style techniques as well, but we omit them for brevity.

SQTE

When comparing the quantile effects among genes with different scales, one can also consider the
standardized quantile treatment effects (SQTE):

SQTE, _ Q,(Y5(1)) — Q,(Y;(0))
7o IQR;(0)

(B.6.1)
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where for a random variable U, Q,[U] denote the p-quantile of random variable U, and IQR(U) =
Q(0.75) — Q(0.25) denote the median and interquartile range of U with quantile function Q.
Typically, when o = 0.5, the p-quantile equals to the median Q,(U) = Med(U), and we reveal
the standardized median treatment effects TJ»SQTE = (Med[Y;(1)] — Med[Y;(0)])/IQR(Y;(0)).
B.6.2 Extra experimental results

Simulation

Recall that A; is the mean of the couterfactuals X;(0) for j € [p] and X;(1) for j ¢ V*. To
generate the set of active genes V*, we draw a sample from a Multinomial with 200 trials and
p = 8000 categories with probability

softmax({log(sd(exp(A;)))}jelp))-

where the sample standard deviation across cells ¢ is used to estimate the above probability. The
setup suggests that genes with higher variations are more likely to be active. For a maximum
signal strength Onay, we first draw a relative signal strength r; ~ Beta(1, 3,) and set the final
signal strength to be s; := Opaxr;.

Then, we consider two simulation scenarios for X;(1) with j € V* in the treatment group.

(1) Mean shift with high SNR

In this case, we set (Omax, Sr) = (1,0.5) so that the more signals have magnitudes close to
Omax. Then, we adjust the effect sizes ();) by adding or subtracting a signal (#) with equal
probability. Specifically, this can be represented as:

X](l) ~ POiSSOD()\j + Sj(sj), j eV,

where §; ~ Bernoulli(0.5).
(2) Median shift with low SNR

In this case, we set (6max, Br) = (10,2) so that the more signals have magnitudes close to 0.
Then we draw
X;(1) ~ [LogNormal(X; — s7/2, 5;)], Jjevs,

which ensures that X;(1) has the same mean as X;(0), while their medians are different.
Above, [z] indicates rounding to ensure the generated expression levels are integers.

These DGPs aim to simulate complex data structures that reflect real-world phenomena, such
as varying levels of signal perturbation and the impact of such variations on statistical analyses,
particularly in the context of mean and median shifts in treated distributions.

We also inspect the effect of cross-fitting, which helps fulfill the sample splitting requirement
and improves the estimation and inference accuracy. More specifically, we randomly split n
observations into K disjoint folds N7,...,Ng. Then, for the kth fold N}, we compute the
influence function values @;; for i € N} with nuisance functions estimated from observations in
other folds My, ..., Ng_1, Nga1, ... Ng. We set the number of folds K = 5.

As shown in Figure B.62, the BH procedure for the ATE test controls the FDR at the desired
level. When a large sample size, the FDR for the STE test with the BH procedure also gets closer
to the desired threshold. This may be because the test statistics get more positively dependent on
cross-fitting. However, the BH procedure does not control the FDR for the QTE test. In terms
of FDX, the proposed multiple testing procedure gets tighter control, while the BH procedure
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still fails to control it. Finally, the power deteriorates with cross-fitting compared to results in
Figure 3.2.

Density of t-values Frequency of p-values Frequency of g-values
0.4
600 1200
0.3 500 1000
400 800

02 30

O |||
0.1 |
1 |
., s | . ulillll
00 02 06 08 1.0

Figure B.61: The histogram of different statistics in one simulation of Figure 3.2 under mean shifts
with n = 100. In this experiment, the number of true non-nulls is 200, while BH produces 258
discoveries with a g-value cutoff of 0.1, yielding 30% false discoveries.
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Figure B.62: Simulation results of the hypothesis testing of p = 8000 outcomes based on different
causal estimands and FDP control methods for detecting differential signals under (a) mean shifts
and (b) median shifts averaged over 50 randomly simulated datasets with 5-fold cross-fitting. The
gray dotted lines denote the nominal level of 0.1.

139



LUHMES data

Number of

gRNA Number of cells n Number of genes p perturbed cells

PTEN 1014 1444 458
CHD?2 756 1360 200
ASHIL 725 1360 169
ADNP 895 1416 339

Table B.61: The summary of sizes of data under different perturbations.

gRNA Common ATE only STE only

PTH2, PTGDS,
NEFM, EEF1A1,
C2lorfs9, MFAP4,
ALCAM, NEFL,

ITM2C, EIF3E,

PTEN CRABP2, SLC25A6,
EIF3L, WLS,
PPP1R1C, GNB2L1,
SVIP, RGS10, H3F3A,
DRAXIN, GNG3,
TCP10L, EIF3K

EEF1A1, NEFL,
CHD?2  GNG3, ID4, EEF2, PRDX1, TUBB4B PCP4
STMN2

MT-CO1, MT-CYB,
FXYD7

PCP4, MYL1, RAT14,
DNER, MAP7, SNCA, CCER2, PRDX1,
TSC22D1, NRP2, TCF12
SKIDA1

ASHIL PKP4

PTGDS, KLHL35,

ADNP  (C2lorf59, MAP1B LHX

Table B.62: Sigfinicant genes for different guide RNA mutation on the late-stage cells. The last
three columns show the discoveries that are significant in (1) both the ATE and the STE tests, (2)
only the ATE tests, and (3) only the STE tests.
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B.6.3 Perturb-seq data
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Count of cells under different perturbations
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Figure B.64: Additional results on the Perturb-seq dataset.
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a, Barplot of the number of

cells in each perturbation. b, Heatmap of the number of cells in each batch and perturbation. The
batch design and the perturbation assignment of the Perturb-seq dataset are highly correlated. c,
Clustermaps of GO terms enriched in discoveries (FDR< 0.1) from causarray and RUV, respectively,
where the common GO terms are highlighted in blue. Only the top 40 GO terms that have the most
occurrences in all perturbations are displayed. d, Barplot of GO terms enriched in discoveries under

MIl1 perturbation from RUV.
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Figure B.65: Estimation results of causarray on the Perturb-seq dataset. a, The JIC
criteria suggests a number of latent factor » = 10. b, Histograms of estimated propensity score for
the top 4 perturbations (Satb2, Cul3, Ddx3z, and Aszl3) with most significant genes (adjusted P
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B.6.4 Alzheimer’s data
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Figure B.66: Extra experimental results in AD datasets. a, Histogram of estimated propen-
sity score in three AD datasets. b, Estimated effect sizes of DE genes (FDR < 0.001) in SEA-AD
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Appendix C

Assumption-Lean Post-Integrated
Inference with Negative Control
Outcomes

Notation. Throughout our exposition, we will use the following notational conventions. We use
uppercase letters for random variables/vectors (e.g., Y, X,U) and lowercase for sample vectors,
respectively (e.g., y,x,u). For a matrix 3 € R?*P, its jth column is denoted by B.j. Sets are
denoted by calligraphic uppercase letters (A, C). Bold font is only used to denote design matrices
and response matrices (e.g., Y, X, U) whose first dimension equals the sample size. For p € N,
[p] :={1,...,p}. For aset A, let |A| be its cardinality.

For a random vector X € RP, Px denotes the projection in Ly. For any matrix A € R"*P
with full column rank, let Py = A(ATA)"*AT and P; = I, — P4 be the orthogonal projection
matrices on the A’s column space and its orthogonal space, respectively. For any square matrix
A € R™" \;(A) denotes its ith eigenvalue. The Gram matrix of AT is denoted by A®2 := AAT.
Matrix Hadamard product is denoted by ®. For two symmetric matrices A, B € R™"*", we write
that A < B (A = B) if B— A (A — B) is positive semi-definite. For a € R™, ||a||, denotes the

lg-norm for g =1,...,00. For a € R™, A € R™*", ||a|| and || A|| denote the ¢2-norm and operator
norm, respectively. The condition number of A is defined as x(A) = ||A]|||[A™!||. For any random
vector X, its Ly norm is defined as [ X/, = E[|| X||¢]*/9 for ¢ = 1,. .., 0.

For (potentially random) measurable functions f, we denote expectations with respect to Z
alone by Pf(Z) = [ f dP, and with respect to both Z and the observations where f is fitted on by
E[f(Z)]. The empirical expectation is denoted by P, f(Z) = % >oiey f(Z;). Similarly, the popula-
tion and empirical variances (or covariance) are denoted by V and V,,, respectively. The identity

map is denoted by I. We write the (conditional) L, norm of f as [|f|, = [ f(z)P dP(2)] VP for
p=>1

We use “0” and “O” to denote the little-o and big-O notations and let “op” and “Op” be
their probabilistic counterparts. For sequences {a,} and {b,}, we write a,, < b, or b, > a,
if ap, = o(bn); an < by or by 2 ay if a, = O(by); and a, < by, if a, = O(b,) and b, = O(ay).

Convergence in distribution and probability are denoted by «dn and “27 . For a,b € R, we write
a Vb= max{a,b} and a A b = min{a, b}.
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C.1 Related work

Batch correction and data integration. Large-scale single-cell transcriptomic datasets of-
ten include samples that span locations, laboratories, and conditions, leading to complex, nested
batch effects in data [111, 165]. Batch correction specifically targets the removal of unwanted
variation due to differences in batches within a single study, ensuring that the remaining data is
comparable and reflects true biological differences. On the other hand, data integration focuses
on combining and harmonizing multiple datasets to enhance statistical power and provide a more
comprehensive analysis, dealing with both batch effects and between-dataset heterogeneity. De-
spite these differences, batch correction and data integration share the common goal of removing
unwanted variation and preserving biological variation [186]. The integrated data is then used
for downstream analysis, such as dimension reduction, clustering, and differential expressed gene
testing. Integrated cellular profiles are typically represented as an integrated graph, a joint em-
bedding, or a corrected response matrix. The main focus of the current paper is on the last
category.

Despite the efforts from the computational biology and machine learning community to achieve
better predictive power and data alignment, most existing batch correction methods are shown to
be poorly calibrated [5, 114]. For statistical inference, many heuristic methods have been proposed
to remove the batch effects and unwanted variations in the past decade. Leading examples include
Remove Unwanted Variation (RUV) [56] and Surrogate Variable Analysis (SVA) [99]. RUV/SVA
uses estimated factors of unwanted variation from unadjusted data, which works even if the batch
design is unknown. When the batch design is known, two-step procedures for batch correction
have also been proposed under parametric or mixture models [101, 112].

Unmeasured confounders adjustment and negative control outcomes. Over the past
decades, researchers have been exploring methods to address the issue of unmeasured confounders
in statistical analysis. In the presence of multiple outcomes, deconfounding techniques primarily
employ two strategies: incorporating known negative control outcomes or leveraging sparsity as-
sumptions [175]; while there is also another line of research on proximal causal inference, which
uses both negative control outcomes and/or exposures for deconfounding [124]. For a comprehen-
sive review of the literature on sparsity-based methods, readers are directed to Du et al. [48] and
Zhou et al. [189]. This paper focuses on the negative control approach in the context of multiple
outcomes.

Most existing works on confounder adjustment presume the knowledge of causal structure
when the unobserved variable U is a mediator [175] and when U is a confounder Miao et al. [125],
corresponding to Figure 4.3(a) and Figure 4.3(b), respectively. Recently developed sparsity-based
methods by Bing et al. [20], Du et al. [48] have tried to relax this assumption to allow for a more
flexible relationship between X and U. In particular, each entry of U can belong to different
cases in Figure 4.3.

Negative control outcomes are used in observational studies under the key assumption that
exposure has no causal effect on these outcomes. Rosenbaum [145] demonstrated that negative
control outcomes can be employed to test for the presence of hidden confounding in observational
studies. By introducing an additional variable known as a negative control exposure, Miao et al.
[124] further showed that the average causal effect can be identified nonparametrically. Building
upon this work, Shi et al. [156] developed a semiparametric inference procedure specifically for
scenarios involving a categorical latent confounder and a binary exposure. Under linear latent
models, Galbraith and Zinde-Walsh [57] use principal components of a set of potential controls
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to adjust for unmeasured confounding effects. Under nonparametric models for a single outcome
and multiple treatments Miao et al. [125] derive nonparametric identification conditions.

Assumption-lean semiparametric inference. There is increasing interest in deriving assumption-
lean inference by using projection-based estimators [16] or semiparametric estimators [171]. The
inferential problems we considered are also related to two-stage inference problems, such as post-
sufficient dimension reduction inference [89], post-imputation inference [127], and inference with
substituted covariate [2] or nonparametrically generated covariates [115]. While these related
methods offer valuable insights into two-stage inference processes, they do not directly extend to
address the challenges encountered in post-integrated inference problems.

C.2 Comparisons with related deconfounding approaches

C.2.1 Design-based approaches

As mentioned in the introduction, our paper mainly focuses on design-free data integration ap-
proaches. However, it is possible to relate the design-based approaches to design-free approaches
so that the proposed method can be applied, as we discuss below. Design-based data integration
approaches, such as Combat [80] and BUS [112], are usually based on a linear model:

Y]:a]+XB]+’YB]+GB]7 j:17"'7p7

where «a;, 8; € R are coefficients for common variations while yg; € R is the location and ep; € R
is a mean-zero noise with scale differences across batches, respectively, for batch B € [np — 1]
(with group B = 0 being the baseline and vp; = 0) and np is the total number of batches. This
implies that

ElY; | X, B] = o + XBj + By j=1,...,p.

Let Up € {0,1}™8 be the one-hot vector with only the B-th entry being one and zero elsewhere.
Then, we can rewrite the above as

E[Y | X,Upl=a+ 3" X + f(Ug)

where f(Up) = v"Up and v = [yi;lpefnp]jep- 0 other words, the location-and-scale model
considered by Johnson et al. [80] and Luo and Wei [112] is a special case of partial linear models
with heterogenous noises, though they have utilized empirical Bayes shrinkage to improve the
estimates. For this reason, a generalized least square approach could be used to improve Combat,
as suggested by Li et al. [101].

In fact, when the additive noises are normal, we can decompose the noise as eg; = U, + Z; for

B > 0 such that Ue 1L €; and €] 4 €oj. To see this, define 72 = V(ep;) and 02 = V(ep;). Without
loss of generality, we assume €p; < minye[y ) €, S0 that 72 > 02, If we define U, := ﬁegj—i-Zj
and € := epj — Ue, where Z; ~ N(0, (723%)2) is independent of ep;, then U and ep; — U, are
independent because Cov(Ue, eg; — Ue) = (12(7% — 02)2) "'V (ep;) — V(Z;) = 0. Here, we use the
fact that two jointly normal random variables are independent if they are uncorrelated. In other
words, we can rewrite the above model as

E[Y | X,Ul=a+ 8" X + f(U),
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where f(U) = [y,1{B > 0}]'U and U = [Up,U.]. By absorbing part of the randomness of
the additive noises into U, we convert the problem with heterogeneous noises into one with
homogeneous noises studied in the current paper.

C.2.2 Unknown negative control outcomes

In this paper, we have focused on negative control outcomes to remove unwanted variations. When
the negative control outcomes are unknown in advance, there are still possibilities to estimate
the latent embedding and provide valid inferences. However, this typically requires extra sparsity
assumptions on the effects of the covariate on multiple outcomes rather than utilizing the negative
control outcomes. To illustrate the idea, we consider the following partial linear model:

E[Y | X,U] = 8" X + h(U).
Many methods start from the projected model
E[P+Y | X,U] = Pxh(U). (C.2.1)

If the function P)L{h has a good structure, then one may be able to recover U from P)L(Y. Al-
ternatively, we can linearize the problem and seek partial recovery of the effect, as demonstrated
below.

Example 1 (Linear models). If & is a linear function such that h: U + 5 U for n € R"™*P, then

v=s" ||+ £

With n i.i.d. samples, we obtain the following equation in matrix form:
Y =X3+Un+E. (C.2.2)

Early methods in the literature rely on the assumption of the functional relationship between X
and U. For example, Wang et al. [175] assume U to be a linear function of X with an additive
Gaussian noise:

U=Xa+W, (C.2.3)
in which case the sample counterpart of (C.2.1) reduces to
PxY = Px(Wn+ E). (C.2.4)

Because the orthogonal projection is rank-deficient, one can further eliminate d rows of the above
system of equations by elementary matrix transformation. For this purpose, Wang et al. [175]
use QR decomposition by Householder rotation to derive a linear system of n — d equations;
e.g., Equation (2.5) and Equation (4.5) in Wang et al. [175] for d = 1 and d > 1, respectively.
From this, 7 is recovered from quasi-log-likelihood estimation. In the second step, the unknown
coefficient («, 8) is estimated from (C.2.4) by plugging in the estimate 7.

Under more general confounding machinism when (C.2.3) does not necessarily hold, Bing et al.
[19, 20] rotate the original system to consistently estimate the marginal effect, under sparsity
assumption on [ and proper moment assumptions. They then use the residual from the lava
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fit to uncover the column space of 7. Finally, the partial coefficient ,6’PnL is recovered from the
rotated system:
Y P, = X3P, + EP;".

These results have been extended to generalized linear models by Du et al. [48] using joint
maximum likelihood estimation. When ( is sparse, then it can be recovered by some estimator
of ﬁPnL asymptotically. Note that the above approaches do not have too many restrictions
on the observed covariate X and the latent embedding U, except for certain bounded moment
assumptions.

Inspired by the success of methodologies development under linear models Example 1, one
strategy for an extension to a nonlinear model is by linearizing the estimation problem. Specif-
ically, suppose h(U) = Un + R(U) for some remainder term R that depends on U, similarly we
have a projection-based decomposition:

PxY = PxUn+ Px(R(U) + E)
1 1 1
Y P = XBP, + (R(U) + E)Py,

from which one may seamlessly use the methods by Bing et al. [19, 20] and Du et al. [48] when
the remainder term can be well controlled.

Another possible strategy aligned with the angle of the current paper is to detect “weak”
negative control outcomes and perform post-integrated inference based on such pseudo-negative
control outcomes, as in Section 4.5. This approach is very similar to weak instrument detection
and invalid instrumental variables selection; see, for example, Andrews et al. [4] and Windmeijer
et al. [177]. We expect the rich literature on these related problems could lead to new method-
ological advances in post-integrated inference problems.
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C.3 Nonparametric identification

Proof of Theorem 21. Under the equivalence assumption (Assumption 10 2), for any admissible
distribution f(yc,u) we must have some invertible function v such that f(yc,u) = f{Yc =
ye,v(U) = u}. Note that (4.2.2) has at least one solution f(z | u) = f(z | v™'(u)); when this is
the solution, define f(yce | z,u) := f(yce | z,v"1(u)). Then, f(yce | x,u) is also one solution to
(4.2.3).

Because v(U) is invertible, the ignorability assumption (Assumption 9 3) Y(z) 1L X | U
implies that Y (x) 1L X | v(U); the completeness assumption Assumption 10 3 implies that
f(u) >0onwuevUd)and f(u | ye, ;) is also complete in ye. Further, from Assumption 9 2,
the positivity condition fx @) (z | v(u)) € (0,1) also holds for all (z,u) € & x Y. Then, we have

fy@ () = /fY(:v)|U(y | u) f(u)du

= /fy(x)|U,X(y | u, z) f(u) du (Assumption 9 2-3)
- /f(y | u,2) f(u) du (Assumption 9 1)
= / flyee [w,z) f(ye | u)f(u) du (Assumption 10 1)

= /f(yCC ’ u,w)f(yc,u) du

_ / Flee | 2,w) Flye, w) du,

where the last equality follows from the same derivation of g-formula applied on random variables
(Y, X,v(U)). This completes the proof for the second conclusion.

We next show the uniqueness of the solutions to (4.2.2) and (4.2.3). For any candidate
solutions fi(z | u) and fa(z | u) to (4.2.2), we must have that

/ (i | u) — Faer | u)) Fw) du =0,

which implies that fi(z | U) — fo(z | U ) = 0 almost surely because of the completeness of Fuw).
Note that for any candidate solutions fi(yce | x,u) and fa(yce | z,u) to (4.2.3), we must have
that

/ (Fr(vee | 22u) — Falyee | ) (| yero) du- f(ye,z) = 0.

By the completeness property, this implies that fl(ycc | z,U) — fé(ycc | 2, U) = 0 almost surely.
Therefore, f(yce | z,u) is uniquely determined from (4.2.3). This completes the proof. O
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C.4 Nonlinear main effects with estimated embeddings

C.4.1 Proof of Theorem 22

Proof of Theorem 22. Denote A = E[Cov(X | U)], A = E[Cov(X | U)], B = E[Cov(X,E[Y |
X,U]|U)], and B= E[Cov(X,E[Y | X,U] | U)] From Lemma C.4.1, we know that the error of
two linear regression coeflicients ||3.; — 3.;|| is governed by [|A — A|| and | B.; E.jH, where the
subscript j indicates the jth column of the corresponding matrices.

Part (1) Covariance estimation errors. To apply Lemma C.4.1, we first derive the error
bounds for the two quantities. Note that Cov(X | U) = E[X®? | U] — E[X | U]®2. We have

1A — A
=|[E[Cov(X | U) — Cov(X | D)]|
=||E[E[X | U]*? — E[X | U]*?]|
<E[|E[X | U*? —E[X | [7]®2H] (Jensen’s inequality)

<E[|[E[X | U)(E[X | U] -E[X |T])"|| + [[(B[X | U] —E[X | UDE[X | U]
(triangle inequality)

=E[|E[X | UINIELX | U] —E[X | T]| + IELX | U]~ E[X | TIIIEX | O]
<(|E[X | UH]L2 + ||E[X | U]HL2)HE[X | U] — E[X | U]HL2 (Cauchy—Schwarz inequality)
<2[| X1, IE[X | U] - E[X | Ullly, - (Jensen’s inequality)

Similarly, the second covariance estimation error can be upper bounded as

1B = Bj
—|[E[Cov(X, E[Y; | X,U] | U) — Cov(X,E[Y; | X,0] | D)]|
=|E[E(X | UE[Y; | X,U] —E[X | U]E [Y Raulll
<E[|E[X | UJE[Y; | X,U] —E[X | UJE[Y; | X, U]||] (Jensen’s inequality)

<E[|E[X | UJ(E[Y; | X,U] - E[Y; | X,U)| + |(E[X | U] - E[X | U)E[Y; | X,U]|]
(triangle inequality)

=E[|E[X | U]I[E[Y; | X,U] - E[Y; | X,U]| + ||E[X | U] - E[X | D]|||E[Y; | X, U]

<|ELX | U]l I[E[Y; | X, U] = E[Y; | X, Ulll,,, + [E[Y; | X, Ulll,,, |E[X | U] = E[X [ U],
(Cauchy—Schwarz inequality)

<X, [E[Y; | X, U] = E[Y; | X, Ullly, + 1Yl [E[X | U] = E[X | U]]|,,,. (Jensen’s inequality)

Part (2) Coeflicient estimation error in terms of covariance estimation errors. When
IE[X | UT-E[X | U], <o/(2M), from Part (1) we have x(A)[|A—All/[|A] = [A7H][[A-A]| <
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1. From Lemma C.4.1, we further have that

BillllA— A B, — B,
maxjem(A)<\ ju'r'rA” I, -t il
max |5 — Bl < =
j€ 1 oy A— Al
A

S X, max 185IEY; | X, U] - E[Y; | X, U],
+ (X1, +5%%§||3GHL2)IIE[X | Ul -E[X [U]l,,,
where in the last inequality, we use the boundedness of A’s spectrum from Assumption 12.

Part (3) Coefficient estimation error in terms of covariate estimation errors. From
Lemma C.4.3, it follows that

~ 1 1 ~
w3 = 5115 (10, (24 + 28) + a1, ) 107@) = O,

with Ly = max;ep] Ly].. ]

C.4.2 Proof of Lemma 23 (linear models)

Proof of Lemma 23. For observations (X,Y,U) € Ri”d X R™P x R™" and an estimate U ¢
R™*" of U, we have S = XTPéX, S = XTPI%X, Y = P(}Y, and Y = PéY. Furthermore,

the regression coefficient on (Pg X, PY') can be expressed as
b= (X"PeX) ' XTPEY =571 XY /n,
and the regression coefficient on (PéX , PéY) can be expressed as
b=(X"P:X)'XTPLY =S XTY /n.
From Lemma C.4.1, we have

~ . b [ xT i} _Y.
m%XHb-j — by < k(S) maxjep [0S — Sl + | (Y J)/nH
Jece

< T5Tos 15— 5|
1—r(S)—
S 5Ten

This requires verifying the assumptions therein. Specifically, we verify (C.4.4) below. Because

(C.4.1)

IS =S| = 1X"(Pg — Pg)X /n]
< |1X "X /nll|Pg — Fgl
= ISllopll Pz — Porll

and f@(S)HPé — Pgr|| < 1 as assumed, we have

I5-51 _ 1
HSHOP 5(5)7
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which verifies (C.4.4) of Lemma C.4.1. On the other hand, we also have
IXT(Y = Y)20e = 1X T (P5 = P5)Y llz0 < 125 = PoillI X llop|| Y ll2.00-
Therefore, (C.4.1) implies that

200 T 1 X loplY ll2.00/n #(S)IIP5 — Poll
[E 1—k(S)|PL = P§|
K(S)IIPS — Pgl
L= ()| P% — P

1S lopll®

b — bl <
grgg!!g il <

_1 1
< ([1bll2.00 + 1S Top” ¥ Nl2.00m72)

whenever [|S||op # 0 and ﬁ(S)HPé — Pl < 1. O

C.4.3 Auxillary lemmas

Lemma C.4.1 (Backward error of perturbed linear systems). Let A € R™ ™ be nonsingular,
bec R and x = A~'b € R”. In the following, AA € R™ " and Ab € R" are some arbitrary
matrix and vector. We assume that the norm on A satisfies ||Ax| < ||A]|||z] for all A € R™*"
and all z € R™. Suppose (A + AA)Z = b such that

b:=b+Ab#£0 (C.4.2)
T=z+Az#0 (C.4.3)
ST
— < , C4.4
1Al < =(4) (C44)

where x(A) = ||A||||A~!]| is the condition number of A. Then, it holds that

If further, b # 0 (or equiavlently = # 0, then

18] [Ab]

2] _ 0 (5
Ci [A4]
1—k(A)—=—
D

Proof of Lemma C.4.1. We split the proof into two parts.

Part (1) We first show that when (C.4.4) is satisfied, A + AA must be nonsingular. If A+ AA
is singular, then exists nonzero v such that (A + AA)v = 0. Since A is nonsingular, we have
ATAAv = —v. So

loll = A7 AAw|| < AT AA]llo]],
which implies that

1

|AA| > ———.
A=
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On the other hand, since x(A) = ||A]|||A7!]], from (C.4.4) we have

[AA] 1
1Al IIANA=Y)
or equivalently,
1
AA] <
lA=t)”

This leads to contradictions. Therefore, A + AA must be nonsingular.

Part (2) Since (A+ AA)z = b+ Ab and Az = b, we have AAz + AAT = Ab. So Az =
A~Y(Ab — AAZ). Then we have

|Az]] _ [[ATH(Ab — AAZ)||

E El
LAY (L AA] ]| + [ A5])
< El
. AAl A
— A 1 A <|| + i
A=A T pamma

ST )
=kKr(A + — ],
( )< 1Al T AT

and
ST ) _
Azl < k(A < + . T
lael <O T * paman)
™ ||Ab||>
=K
4 )< TR
™ ™

< w(A) el + 1A 4+ w(4) P

Rearrange the above inequality, we have

CoplaaAny A [N
(1= s L2al ) jacy < e I oy 4 w120
180 < IR + S
N 1— k(4) el

When z # 0, we further have

1A4] | [|Ab
’“A)( fay ubn)

laay ||
|Ax] _ ST+ R
ol = 1_alEAl S BAL
AT 1= r(A) T
1A]
where the last inequality holds since ||b|| = [|Az|| < ||A||||=]- O
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Lemma C.4.2. Suppose X,Y are two random vectors in R? defined on probability space (Q2,.%,P),
and f : R? — R is a F-measurable and satisfies the L-Lipschitz condition (in £;-norm) almost
surely. Then it holds that

1F(X) = (), < LY X =Y,

Proof of Lemma C.4.2. Note that

IF(X) = fFWIT, = / 1f(X) = f(Y)[7dP

< /LHX =Y|idP (Lipschiz condition)
d
_ LZ/ X; = Y;|dP
j=1
—L|x -V,
Then the conclusion follows by taking the ¢~ !-power on both sizes. ]

Lemma C.4.3 (Error bound of regression function with estimated covariates). On a common
probability space (£2,.%#,P), consider a random vector W and a sequence of random vectors
{Vin}men adapted to a filtration {.%,, } men such that .%,, C %,,11. Suppose that (i) HVVHL2 < 00,
(ii) Vin 225 V, and (iii) the function h(v) = E[W | V = v] satisfies the L-Lipschitz condition in
ly-norm almost surely. Then, under (i)-(ii), it holds

B[W | Vi) = E[W | V],
and under (i)-(iii), it holds that
1
[EW [ Vin] = E[W [ V][l < 2L2[|Vin = V],

Proof of Lemma C.4.3. Define %, = o(UpFpm). There exists some Z-measurable function
h and .%,-measurable function h,, such that h(V) = E[W | V] and hp(Vin) = E[W | Vi)
almost surely. Notice that (E[W | Vi])men is a Doob martingale (because ||[W||, < oo). From
martingale convergence theorem, there exists Voo = E[WW | %] that is measurable with respect
to Foo such that [|V|,, < oo and E[W | V)] 2% Vio. On the other hand, because V,, =25 V

from Assumption (ii), we know that V %2V, is Z..-measurable. This implies that E[W | V] =
h(Vao) = (V) = E[W | V] almost surely. Thus, we conclude that E[W | V;,] 22 E[W | V]. By
Jensen’s inequality and Assumption (i), we have [[E[W | V||, < [[W]|,, < oo, which implies
that the set of functions {E[W | V},,] : m € N} is uniformly integrable. Thus, we further have
E[W | V] 2, E[W | V] from dominated convergence theorem.
Next, we need to derive the convergence rate. We have that
(Vi) = OV < W (Vi) = BVl + (V) =BV, (C45)
For the first term in (C.4.5), from the martingale property, the function representation
hin (Vi) = E[R(V) | %] gives that

= [E[A(V) | Fm] = h(Vin) o, < [R(V) = h(Vin) (C.4.6)

[ [
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where the last inequality is from Jensen’s inequality.
Combining (C.4.5) and (C.4.6) yields that

1
1P (Vin) = h(V) I, <200 (Vin) = h(V)l,, < 2L2[[Vin =V,

where the last inequality is from Lemma C.4.2 by noting that h satisfies the L-Lipschitz condition
from Assumption (iii). O
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C.5 Doubly robust semiparametric inference

C.5.1 Proof of Theorem 24 and Corollary 25

Proof of Theorem 24 and Corollary 25. Theorem 24 is a special case of Theorem C.5.1 with non-
linear link functions. The proof follows by applying Theorem C.5.1 with g being identity. Mean-
while, the assumption in Theorem C.5.1 can be relaxed under this special case by noting that
E[Y | X, U] can be replaced by Y because the residual Y —E[Y | X, U] is orthogonal to mean-zero
functions of (X, U) in the Ly space so that n(O) =Y — E[Y | U] under identity link. O

C.5.2 Proof of Proposition 26

Proof of Proposition 26. From Theorem 24, we have
Vb= B) = VX~ B — B){G(0:P)} +¢,

where the remainder term ¢ satisfies that ||£||2.oc = op(1) under the rate conditions in Theorem 24.
Recall that t; = \/ﬁVn{&j(O;@)}%i_l(g.j - B]) We have that

vty = Vv Vo {3,(0;P)}2 (P, — B){3;(0; P)}
+ (Vo (Va{@5(0: P)}2 = Vo {35 (0sP)}2)(Pr — PG, (0 P)} + 0TV, {3,5(0; P)}257¢ )
=: ﬁj + Sj-

For the first component, note that 9; for j = 1,...,p are independent conditional on (X, U)’s.
Furthermore, the self-normalizing term 9; Y (0,1) for j € N, . By the strong law of
large number, V,{7;(0;P)} 2% V{F,(0; P)}, Vo {F;(0; B)} == V{{,;(O;P)} and & =% 5
when both m,n,p — oo. This implies that max; ||Vn{@](0,1@)} — Vu{Z5(0;P)Hlop =2 0,
max; |V, {3 (0; P)} — V{Z,(O:P)}Hlop == 0, || — Ellop ~=5 0, which follows from Patil et al.
[136, Lemma S.8.6 (1)] by noting that the variables O’s are iid in the triangluar array. For the
second component, we have that

~ Sy L ~ 1 ~
ax [gj < max [Vo{@,(0;P)}2 = Vi{@(0;P)}2 lop - [IVn(Pn = P) {5 (O P)}2
<j<p 1<j<p

~ S ilao
+ max [[Va{$,;(0;P)}2 X lop €512
<j<p
= op(1)Op(1) + Op(1)op(1)
= 0]}»(1).
Let o = [Np|7! Zjej\fp ]l{‘thj‘ > z%}. To prove the overall Type-I error control, we will

show the expectation that ¢ tends to «, and its variance tends to zero. For the expectation, for
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any € > 0, we have

E[o] = V\Z,jg\;pl? <’Uth’ > zg)

1
<) 22 [P (0> 25 = ) +Plsl > 0]
1 1
— P([9;]> 22 —€) + = P (|;| > €)
= 2 F )t 2P

< E IP’(W | > zg —6) +P<max 51 >e> —>2(1—<1>(2g —e)),
|Np’ ] <j< 2
JEND
where the last convergence holds because the Cesaro mean converges to the same limit as

hmp(wj\ > za —e) —2 (1—@ (zg —e)),
n,p 2 2

while the term P(maxi<j<p |sj| > €) varnishes. Similarly, we can show that liminf, , .. E[g] >
2 <1 - <z% - e)) for all € > 0. Let € — 07, it follows that E[g] — « as n,p — .
For any € > 0, the second moment can be upped bounded as below:

Ble’) = WP 2 P() Tty > =5,

T ]. T
— § . a § . a

p‘ JEN, G k€N, j#k
P ("Uth‘ > ZQ)
2

v tk’ > 2a>

thk’ > zg)

Pl jeN,
1
+ A2 Z ]P)<|19j‘ > za — € |U] > 22 —6) +P(|s5] > €) + P (sk| > €)
Nol™ j kenen
1
= |_/\/' ‘2 Z ]P’(|’l9j’>Z%—6,‘19k|>Z%—6>+0(1)
p jukevajik
1

= ije%:#kﬂb(!ﬁjl > za —e| X, U)P(|0k] > 25 — ¢ | X,U) +0(1)
’ P

2

—>4(1—<I><z%—6>) ,
where the last equality is from the independence of ¥; and 9. We can similarly obtain the lower
bound. Let ¢ — 0%, it follows that E[¢?] — a2 and V(g) — 0 as n,p — oo. Combining the
previous results yields that o 5 O

C.5.3 Nonlinear modeling

The natural extension of partial linear models to the nonlinear cases is the generalized partially
linear models [65, 154]:

g(EY | X,U]) =BT X + h(U), (C.5.1)
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by introducing a proper link function g, applied element-wisely on the conditional mean of the
outcomes. Similar to the results in the previous sections, a nonlinear counterpart of the main
effect estimand (4.2.5) is given by

B(P) = E[Cov(X | U)]"'E[Cov[X, g(E(Y|X,U)) | U]]. (C.5.2)

Such an estimand has been considered in Newey and Robins [130], Robins et al. [141] with
the identity link and in Vansteelandt and Dukes [171] with a single treatment. When the model
(C.5.1) is correctly specified, (C.5.2) is equivalent to the regression coefficient under model (C.5.1).
On the other hand, when the model (C.5.1) is misspecified, estimand (C.5.2) still represents a
meaningful statistical quantity.

With a differentiable link function g, the influence function (for £3) analoguous to (4.3.3) is
given by:

P(0:P) := (X —E[X | U)(n(0) - 8" (X —E[X | U]))",

where the main effect estimand with estimated embedding is defined as:
B =E[Cov(X | U)]'E[Cov[X, g(E(Y|X,0)) | U], (C.5.3)
and the function 7 is defined as:
7(0) = ¢'(EY | X, 0) o (Y —E[Y | X,0U)) + g(E[Y | X,0)) — E[g(E[Y | X,0))| U].

The doubly robust semiparametric inference results in Theorem 24 and Corollary 25 can be
extended to accommodate nonlinear link functions, as shown in the next theorem.

Theorem C.5.1 (Doubly robust inference with nonlinear link functions). Under a nonparame-
teric model and a differentiable link function g, define the estimator of 5 in (C.5.2) as:

B=Pu{(X —E(X | U)**} 7 'P{(X ~E(X | U))- [ -P){g(E]Y | X,U)}"},  (C.5.4)

which depends on empirical measure P, and two nuisance functions E[X | U] and E[Y | X, U]
estimated from independent samples of P,,. Under Assumptions 12 and 14 and assume that
1. Local Lipschitzness: There exists L > 0 such that [|g(E[Y" | X, U])—g@[Y | X,U))—g (E[Y |
X,00) @ (BY | X,0)— BY | X,0))|x < LIE)Y | X,0] - B[y | X,0)2.
2. Boundeness and consistency: Assumptions 12 and 14 hold with additionally, ||7(O)||,
8 and [[(0) = n(O)llxll ., = 02D
3. Rate condition: ||[E[X | U] —E[X | U}Hiz, IE[Y | X,U] -E[Y | X, U]||§27OO, and ||E[g(E[Y |

EN ~ =0 ~ ~ ~ =~ ~ 1
X, U)) | Ul = E[g(E[Y | X,U]) | Ulll,,.l[E[X | U] = E[X [U]||,, are of order op(n™2).

Then, the estimator bis asymptotically normal:

2(146—1)

> d S— ~ S— .
Vil - B) S N0, STVIE,OBIETY),  j=L....p.
Furthermore, if the conditions of Theorem 22 hold with ¢, = o(n_%), then we have
7 d S— ~ <= .
V(b —B4) = Na(0, X7 'V{2;(0;P)}ETY),  j=1,....p.
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Algorithm C.5.7 Semiparametric inference for main effects with nonlinear link functions

Input: Reponses Y, covariate X, estimated latent embedding Ux and link function g.

1: Use machine learning methods to obtain nuisance estimates E[Y | X U ] and IE[X | U ]

2: Use a data-adaptive fit g( Y| X, U]) ~ U to obtain estimated regression function ]E[ ( Y |
U . X s categorlcal with finite support |X| < oo, this simply reduces to E[ ( Y | X,U ])
Soen 9B | X =0, OEX =2 0. i

3: Fit a linear regression of 7(O) ~ X — E[X | U] without an intercept to obtain an estimate b as defined
in (C.5.4) of § as defined in (C.5. 3)

4: Estimate the variance of b by S, i/n based on Theorem C.5.1, where S =5-1v, {gp ;(0; P)

Output: Confidence intervals and p-values based on asymptotic null distribution b ~ Nd(ﬁ I8

X,0))
0] =

o
S;

).

Compared to Theorem 24, Theorem C.5.1 requires additional assumptions regarding the Lip-
schitzness of the link function around the true regression function, as noted by Vansteelandt and
Dukes [171]. It also requires boundedness and consistency assumptions on the first-order expan-
sion term 7. Nevertheless, the overall conclusion is similar when both the estimators and the
influence functions have a different link function for a different target estimand. The double ro-
bustness still allows efficient semiparametric inference with data-adaptive estimation procedures.

Proof of Theorem C.5.1. From Lemma C.5.3, we have
V(b — B) = VaP{(X ~E(X | 1))} "\ (B, — P){F(O;P)} + €
where 3 is defined as
F(OsP) = (X ~E[X | T))(n(0) - B (X —E[X | T])T (C5.5)

and the remainder term ¢ satisfies that ||€]|2,00 = op(1). This proves the first statement.

When ||U — Ull, = OP(’I”L_%), from Theorem 22 we have || — f]j2.00 = o]p(n_%). Therefore,
we further have

V(b — B) = V(b — B) + V(B — B) = vVaP{(X — E(X | U))®*} (P, — P){F(O; P)} +¢,

with [|€]|2,00 = 0p(1).
To establish the asymptotic normality, we apply the triangle-array CLT in Lemma C.5.4. This
requires verifying the sufficient condition of the Lindeberg condition. Because V{X~'¢.;(O;P)} =

i_lv{@j (O;P)}i_l, we have
E[[[V{E713,(0; )} 72 (S 3.,5(0; B))[|**3]
—E[||V{3.;(0;P)} 25,(0; P)|>*5]
<IV{BH(O:B)} F g - EfIF5(0: )P+
<|V{G4(0:P)) 3|25 - B[I(X = E[X | O])n; (0)|2+3] + E[(X — E[X | D)®2B,112+3))
<IVIES(O B} Hliy * - B{IX —ELX | DY+ n(0)+3] + 13,023
<o T MEE 4|52

Now applying Lemma C.5.4 finishes the proof. O
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C.5.4 Auxillary lemmas

Lemma C.5.2 (Efficient influence function). Consider a random variable O = (X,U,Y) €
R? x R” x RP under a nonparameteric model and a differentiable function g, the main effect
estimand in RI¥P:

B = E[Cov(X | U)]"'E[Cov(X, g(E[Y | X,U]) | U)],

(where g is applied entry-wisely) has an efficient influence function u : R” x R% x RP — R4*P
given by:

p(0) = E[Cov(X | U)] (X —E[X | U)(n(0) = 8" (X —E[X | U])",
where 7 : R” x R% x R? — RP? is defined as:
n(0) =4 (E[Y | X,U])© (Y —E[Y | X,U]) + g(E[Y' | X, U]) - E[g(E[Y | X,U]) | U].

Proof of Lemma C.5.2. The proof follows similarly as in Vansteelandt and Dukes [171, Theorem
1] for a univariate treatment and a univariate outcome, and extends the previous results to the
multivariate cases. Below, we present a simplified derivation of the influence function.

Under the nonparametric model for the observed data O = (X, U,Y’). We first calculate the
efficient influence function of

0(8) = B[(X — B[X | U)(g(E[Y | X,0)) — 67 (X ~E[X | U]))"]
- / (X —E[X | U)((E | X,U]) - 87 X)dP(0),

where P(O) is the joint distribution of data. Note that by the definition of 3, we have 6(5) = 0.

Consider a one-dimensional submodel of p(O) indexed by a scalar parameter ¢, and let S¢(0) =
dlog dP;(0)/0t |1=o denote the score function of the submodel. Similarly, let S,(Y | X,U),
S¢(X | U) and S;(U) be the scores w.r.t. ¢ in that parametric submodel, corresponding to the
distributions p(Y | X, U), p(X | U) and p(U), respectively Taking the derivative of § w.r.t. ¢, we
obtain

39(5)’ _/9(X—Et[X [ U))

T t=0 - 8t ’t:()(g(E[Y ‘ X’ U]) - /BTX)TdP(O)

]
+ [ -Ex o) (s | xope EEEI ) aro)

Tapt(X, U)

ot ‘t:O do

+ [ (X - BIX | UD)6(EY | X,0) - 57X)
—— [(xX - EIX | U)ElG(ELY | X.U)) - 57X | UJTS,(X | U)dP(O)
+ [0 EX | UD)GEIY | XU) 0 (v~ BY | X.U)T8(Y | X,0)dP(O)
+ [(X =~ B1X | U))0(ELY | X.U]) - 57X)T8:(X,U)dP(O),
where in the first equality, we apply the product and chain rules [84, Section 3.4.3]; and in

the second equality, we use the identity Si(Z) = 0logpi(Z)/0t = (Ope(Z)/0t)/pe(Z) for score
functions.
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Note that
Si(0) =S (Y | X,U) + Sy(X | U) + Si(U).
From the zero mean properties of scores and 0(3) = 0, we further have

29(B) ‘

T =[x - EX | 0)EEY | X.0) - 57X | U)7S,(0)dP(O)

t=0

T / (X —E[X | U)(d(EY | X,U)) © (Y —E[Y | X,U])) 5,(0)dP(O)
+ [(X ~EIX | U))(9(ELY | X.U]) - 57X)T5:(0) dP(O)
— [ (X~ BLX | U))0(0) - 57(X - ELX | 1)) 5,(0) dP(O),

which implies that (X —E[X | U]))(n(0) — BT(X —E[X | U]))" is an influence function for 6.
From a similar argument in the proof of Theorem 1 in Vansteelandt and Dukes [171], it is also
the efficient influence function of §(5) under the nonparametric model. Consequently, by chain
rule 90/0t = (00/08)(08/0t), the conclusion follows by taking the inverse of 90/00. O

Remark 15 (Alternative expression of the estimand). Note that the first part of the influence
function also gives an alternative expression for f:

B =E[Cov(X | U)]"E[(X —E[X | U])n(0) ] (C.5.6)
because
E[(X —E[X |UN(JEY | X, U)o (Y —E[Y | X,U]))'] =0, (C.5.7)

by the law of iterated expectation.
Lemma C.5.3 (Doubly robust estimation). Consider the setting in Lemma C.5.2. Define a
plug-in estimator of §:

B=P{(X —E(X | U))’} "B {(X —E(X | U)) - (1= P){g(E[Y | X,UD}"}

which depends on empirical measure P, and two nuisance functions E[X | U] and IE[Y | X,U]
estimated from independent samples of P,. Define the population and empirical variance by

2= P{(X — E(X | U))%}
= Pu{(X — B(X | U)%},
the empirical influence function (for ¥5) by:
p(0;P) := (X —E[X | UD(H(0) - BT (X —E[X | U])".

Suppose the following conditions hold:
¢ (Regularity conditions) There exists o > 0 such that ¥ > olg, ¥ > olj.
¢ (Bounded moments and consistency) There exists ¢ € (0,1] and M > 0, such that

Bll200 V IX ~EX | Ulll,,,, VIX =BIX | Ul VIO, <M

~

IELX | U] = E(X | Ul - 117©) ~ 1Ol ,,, = o2(1)

[E
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¢ (Local Lipshitzness) There exists L > 0 such that

lg(E[Y | X,U)) — g(E[Y | X,U]) - ¢'(E[Y | X,U)) © (E[Y | X,U] -E[Y | X,U))|l
<L|E[Y | X,U] - E[Y | X,U])||%. (C.5.8)

Then, it holds that

V(B = B) = VnS~ (B, — P){p(O;P)} + &,
where for any € > 0, there exists a constant C' = C(e, o, M, L), such that with probability at least
1 — 3¢, the remainder term satisfies that
[€ll200 < CUIEBA ~ PI{(X ~ ELX | U} op + [ELX | U]~ BLX | Ul , + I10(O) ~ Ol ,,, }
+ CVn{[[E[X | U] -E[X | U]|I2,
+ML|E[Y | X,U] - E[Y | X,U]|I?,
+ [Elg(EY | X,U]) | U] - ElgE]Y | X,U]) | Ulll,,, ol[E[X | U] = E[X | U]]l,,},

When |[E[X | U] - E[X | U], |E[Y | X,U] - E}Y | X,U)|?, o, and |[E[g(E}Y | X,U])) |

U] - E[g(E[Y | X,U)) | Ullly,, OOHIE[X | U] - E[X | Ul||,, are of order o]p(n_%), we further have
that [|£]|2,00 = op(1) and hence

V(B — B4) S Ny0, S V(o (O:P)}),  j=1.....p.

Proof of Lemma C.5.3. From the definition of 3, we have P{¢(0; IF’)} = 0. Therefore, 3 is also
a one-step estimator. We begin with a three-term decomposition of the estimation error (see, for
example, Du et al. [49, Equation (2.2)] and Kennedy [84, Equation (10)]):

Sva(B — B) = vn(Bn — P){p(O; P)}
+ (P, — P){p(O;P) — p(O; P)} + (L — Z)(5 — B)

+v/nE(B - B) + VnP{p(0; P)}
= C+T+ Ty, (C.5.9)

where ¥ := P{(X — IE[X | U])®?}. By the central limit theorem, each entry of the first term C
is Op(1). We next derive finite-sample deviation bounds for the other terms and show that they
are op(1) under the extra rate conditions as assumed.

Part (1) Controlling the empirical process term 7). We begin by decomposing T;:

p(0:P) — ¢(O;P) + (X - E[X |U)®2(B - B)
=(X —E[X | U])#0) - BT (X —E[X | U]))" — (X —E[X | U])(n(0) — 87 (X —E[X | U]))"
+ (X —E[X | UN®*(B - B)
=[(X —E[X | U])®* - (X - E[X | U])®*B + [(X — E[X | UDA(0)" — (X —E[X | U])n(0)"]
=:51+ 5s.
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Note that each term above takes the form of b — ab = (b — b) + (@ — a)b, which we will next use
to derive the upper bound.
For the first term, we have

V(P —P)Sy
=Vnl|(B, — P)[(X - E[X | U])** — (X — E[X | U])**|B]l2,00
=Vn[|(Pn — P){A1}5]l2,00,

where
A= (X —E[X |U)®* — (X —E[X | U])®*
From Lemma C.5.5, we have

1 _1 1
V| (B = B)Si[l5,00 < € B[ 1|2, 11813 0] < € FE[|A1]|Z,]7[1Bll2.00,

with probability at least 1 —e. Now, it remains to derive the upper bound of the expected squared
operator norm:

E[| A1l13,)2 < E[IE[X | U] - EIX | U]I3(IX — EIX | Ullls + | X — E[X | U]]l2)%)2

< |E[X | U] - E[X | U] (X —E[X | U] + 11X —E[X | U] )-

[ Iy

HL2(1+6) 20146 1)

Therefore, we have

Vl[(P = P)S1 200 < 2M|E[X | U] — E[X | U]

[

with probability at least 1 — .
For the second term, similarly, we have

Vnl|(Pr — P)Sa|2,00

ge‘%%ﬁE[ll(X—ﬁ[XlU])[(ﬁ(O)—n(O))T]-j (E[X | U] - E[X | UD[(0)T],4]%)2
<e2(|X —E[X | U] o)

[

1
soss, NO) = n(ONTIEIIE,, + IE[X | U] — E[X | Ul ., I(O) "Il

<e 2 M(|IIH(0) = n(O)llosll, ,, + IELX | U] —E[X | U] )

2(146—1)’

o)

with probability at least 1 — e.
Combining the above results, with probability at least 1 — 2¢, we have

2
1T1]]2,00 < 2MZ||E[X | U] — E[X | U”|L2(1+5)

+ M(|[7(0) = n(O)llolly, ,, + IELX | U] = E[X | U]
< oM(MV1)|E[X | U] - E[X | U]

[

+ MI[(0) = 1(O) ol ., -

- (C510)

[
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Part (2) Controlling the bias term 75. For the third term 75 in (C.5.9), we have

Ty = V(5 — B) + VnP{p(O; P)}

= VnP{(X —E[X | U)A(0)"} — VnZp
= VnP{(X —E[X | U])(¢'E]Y | X,U]) o (Y —E[Y | X,U)) + g(E[Y | X,U]) - E[g(E[Y | X,U]) | U])"}
— V/nExTleg, (C.5.11)

where the last equality is because of Equations (C.5.6) and (C.5.7). Denote the second-order
remaining term by Q = g(E[Y | X,U]) — g(E[Y | X,U)) — ¢ (E[Y | X,U]) © (E[Y | X,U] — E[Y |
X,U]). Then, we further have
To = —VnP{(X — BIX | U)(9(E[Y | X,U]) + E[g(BlY | X,U]) | U] +Q)"}
+VnP{(X —E[X | U])(9(E[Y | X,U]) - E[g(E[Y | X,U]) | U)"}
+vn(l;— 28
= ViP{(X —E[X | U])Q}
+VnP{(E[X | U] - E[X | U)(E[9(E[Y | X,U]) | U] - Elg(E[Y | X,U]) | U])T}

+ /(X -3%)B. (C.5.12)
Because by the law of iterative expectation,
P{(X —E[X | U))(E[X | U]-E[X |U)"} =0, (C.5.13)

we have
1-32 ' =1-P{(X —E[X |U]+E[X | U] —E[X | U])®?}2!
= —P{(X —E[X | U])(E[X | U] -E[X | U)"} - P{(E[X | U] - E[X | U])(X —E[X | U])"}
+P{(E[X | U] - E[X | U])®*}x!
= P{(E[X | U] - E[X | U])**}57!

and
IZ = Sllop = 1(1a = E57")Sllop (C.5.14)
= |[P{(B[X | U] = E[X | U])®*}lop
< |P{(E[X | U] — E[X | UD®*Hlop (Jensen’s inequality)
< P{I(ELX | U] - BLX | U)lop}
= |E[x | U] - E[X | U]|I7, (C.5.15)

Combining Equations (C.5.8), (C.5.12) and (C.5.15) yields that
1T2ll2,00 < VAlIQl,, 00l X —E[X [ U],

+ VallElg(EY | X,U)) | U] - E[g(E[Y | X, U]) | Ulll, «|EIX | U] - E[X | U],
+ V1Z = EllopBllz,0

< VaML|E[Y | X,U] -E[Y | X,U]|}, «
+ Vnl|E[g(E[Y | X,U]) | U] - ElgE[Y | X,U)) | Ulll, «|E[X | U] - EIX | U]l

+ M/n|[B[X | U] —E[X | U]|7 . (C.5.16)
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Part (3) Combining the above results. Finally, from Equations (C.5.9), (C.5.10) and (C.5.16)
SVi(B — ) = V(Bn ~ P){p(O:F)} +
for some ¢ € R¥*P with
lellz.c0 < 2M(M v DIELX | U] - BIX | U]
+ M7O) = 1Ol
+VaML|E[Y | X, U] - E[Y | X,U]|?
+VrlElg(EY | X, U]) | U] =~ Elg@BLY | X,U]) | Uy, oollE[X | U] = BIX | U]l

+VnM|[E[X | U] - E[X | U]|I},

[

Note that
127 = S lop = IE7HE = D) op
< IE Hlop 2 = ZllllopIZ ™ lop
< 0?2 = Zlop
< o?[|(Pn — P){(X —E[X | U])**}lop + o*|E[X | U] - E[X | U]|Z,
where the first equality is from % (Z Y)r-t =yt — 571, the second inequality is from the

positivity assumption that ||§]_1Hop <o, [ op < o, and the last inequality is from (C.5.15).
We further have

V(B = B) = VS (P — P){p(0;P)} +¢,
with
¢ =Vn(E = ST (P, — P){p(0;P)} + 7.
By multidimensional Chebyshev inequality and union bound, with probability at least 1 — 3¢,
1€]l200 < ([P = P){(X — E[X | U])®*}op + [E[X | U] - E[X | U]|I2,)
B U] =B U, (19(0)
< 202 MP||(Pn — P){(X — E[X | U])®*}/|op
+2M (M V 1)||E[X | U] - E[X | U]HLW) + MI|II70) = n(O)eclly,, .,
+v/n2(o® V)M (M v 1)|[E[X | U] - E[X | U]|?,
+VaML|E[Y | X,U] - E[Y | X,U]|? .
+Vn|ElgEY | X, U)) | U] - Elg(E[Y | X,U]) | U]

oo F 18ll2,00) + o llsll2,00

I, liyrse

I, 0 l[BIX | U] = E[X | U], -

Under the extra rate conditions as assumed, we further have ||£[|2,0c = op(1). This completes the
proof. O

Lemma C.5.4 (Multivariate Lindeberg CLT for triangular array). Let m = m, and p = p, be
two sequences indexed by n. Consider the influence-function-based linear expansion for estimator
7; of 7; € RY:

\/5(7/:]—7']):\/ﬁ(Pn—P){QDan}—{—an], ]:1,,]?
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where ¢,,,,; is the influence function that depends on m and the residual ¢;’s satisfy that
llSmnll2,00 = op(1) as n — oco. Further assume that (i) there exists a constant ¢ > 0, such

that V(g (01)) > ¢ and (ii) maxgepn) E[V{@mni(Or)} ™2 @mni(Or)|[*T3] < M, then

1/2/~ d
ViV {pm, i} V2@ = 75) S Na(0,1a)
Proof of Lemma C.5.4. Note that ¢y, ; is the centered influence function such that E[p,,,,;(0)] =

0. Let X, = V{gpmnj(Ok)}_%gomnj(Ok). From assumption (ii) that maxj¢p, E[||Xnk||2+%] <M,
we have that, for any £ > 0,

1< 1 «— 2 n
= E (I Xkl 1{[| Xnure || > <—) ElIXul*5| < M—F 0.
I e e e = D [ ] e

This verifies Lindeberg’s condition for a triangular array of random variables. From the multi-
variate Lindeberg’s theorem (e.g., Billingsley [18, Theorem 29.5]), it follows that

V{2 (P — B){@m,;} S N(0, 1),

as n — oo. From assumption (i) that V(¢p,, ;) > ¢ > 0 and maxjep, ||Sm, ;|| = op(1), we further
have

1
max ||V{@m,,j} ™2 6m,l| = op(1)
J€Pn
as n — 0o. Consequently, the conclusion follows. O
Lemma C.5.5 (Matrix Chebyshev inequality). Let A denote a random matrix in R4 and
B € R™P such that E[AS3] = 0gxp. Then with probability at least 1 — €, it holds that
_1 1
Vil|(Pr — B){AB}H 2,00 < e 2E[|A]I5, 118113 0]
and
_1 1
V| (Bn = P){A}[lop < € 2E[||A]3,)2.
Proof of Lemma C.5.5. By Chebyshev inequality, we have
nE[||(P, — P){AB}H3 o]
t2
nE[||AS — E[AB]|I3 o]

<

- nt?

E[48I3,.)

=—
Choosing t = E[||Aﬂ||%,oo]%€% yields that, with probability at least 1 — e,

_1 1 _1 1
Vl|(Br — P){AB} |2,00 < € 2E[|AB)3 00)% < € 2E[AlI5, 11813 0]

which finishes the proof of the first statement.
Similarly, considering all unit vectors in the unit sphere S"~! (i.e., the set of vector v € R"
such that [|v||2 = 1), it holds that

P(v/n]|(Pn — P){AB} 2,00 > 1)

IN

A 2
P (v/7ll(Bn — B){Alop > 1) = P( sup Vill(P, — P){Av} ]z > t) < 2y,

veSr—1

The second conclusion follows by choosing ¢ = (E[||A[|2,]/ e)% O
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C.6 Extra experimental results

C.6.1 Simulation

As in Theorem C.5.1, the nuisance functions need to be estimated fast enough such that valid
inference can be guaranteed. We first examine the convergence rate of the nuisance estimations.
The Ly consistency of random forests has been examined in various studies; see, for example,
[17, 153]. The rate of convergence is closely related to the minimax rate of Op(n~2/(4+2)) for
nonparametric estimation involving ¢ features. In a simplified setting, Biau [17] demonstrated
that this rate can be improved to Op(n~=07/(s70.7)) "wwhere s represents the intrinsic dimension,
which can be substantially smaller than the total feature dimension ¢. By numerical exami-
nation of the convergence rate for nuisance estimation, our findings indicate a Lo convergence
rate of approximately n~/4 for both nuisance functions on the simulated data, as illustrated in
Figure C.61. This supports the appropriate use of doubly robust estimators in our experiments.

C.6.2 Real data

Extended background In a recent single-cell CRISPR perturbation study, Lalli et al. [93]
investigated the molecular mechanisms of genes associated with neurodevelopmental disorders,
particularly Autism Spectrum Disorder (ASD). Using a modified CRISPR-Cas9 system, they
performed gene suppression experiments on 13 ASD-linked genes in the Lund Human Mesen-
cephalic (LUHMES) neural progenitor cells. The experiment comprised 14 groups: 13 treatment
groups with individual gene knockdowns and one control group. Single-cell RNA sequencing was
employed to assess gene expression changes resulting from each knockdown. The authors esti-
mated a pseudotime trajectory, which approximates the progression of neuronal differentiation.
The analysis of Lalli et al. [93] suggests that some perturbations cause changes in pseudotime
(slow or speed development); see Figure C.62. A scientific question of interest not answered by
Lalli et al. [93] is whether some perturbation explains anything beyond the changes in expression
levels caused by cell development.

In single-cell CRISPR perturbation experiments, confounding factors can significantly impact
the interpretation of results. Unlike controlled experiments, these studies often resemble observa-
tional data, where confounding variables such as cell size, cell cycle stage, or microenvironment
heterogeneity may influence gene expression patterns. These confounders can mask or mimic the
effects of the intended genetic perturbations, potentially leading to erroneous conclusions about
gene function or regulatory networks. Addressing these confounding issues is crucial for the ac-
curate interpretation of CRISPR perturbation data and for distinguishing true biological effects
from technical artifacts.

To adjust for possible confounding effects, we may take advantage of the multiple negative
control genes. Even though tens of thousands of genes are measured, one typically restricts the
differential expression analysis to the top thousands of highly variable genes. For the remaining
genes with low variations, it is believed that there will not be sufficient power to differentiate the
response from the null distribution. But even with low power, it is likely that, in total, one can
detect the impact of confounding. For this reason, we use such genes as “pseudo-negative control”;
even if this choice is incorrect, we still target meaningful statistical estimands, provided that the
estimated embedding captures the common variability of all cells under control. Alternatively,
we can also use housekeeping genes as negative control outcomes. The main goal here is to
demonstrate a practical procedure for post-integrated inference and show that our asymptotic
results are reasonably accurate in real data.
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Figure C.61: Estimation error of the nuisance regression function on simulated data using random
forests. The axes are shown in the logarithm scale and the slope represents the estimated rate
of convergence. The data-generating process is given in Section 4.4, and we use the true latent
embedding U so that the ground truth regression function is computable. The errors are computed
based on 1000 test observations without irreducible additive noises.

Data. After filtering out low-quality cells and genes that expressed in less than 10 cells, we
retained 8320 cells and 13086 genes under 14 perturbation conditions (including control) from
Lalli et al. [93]. Following the routine selection procedure of highly variable genes in genomics
[64], we select 4163 genes whose standardized variance is larger than 1, and the last 4000 genes
with the lowest standardized variances are treated as negative control outcomes. The covariates
we measured include the logarithm of library sizes, cell cycle scores (‘S.Score” and ‘G2M.Score’),
batches (3 categories), and pseudotime states (normalized to range from 0 to 1). After one-hot
encoding of the categorical features, we have 19 covariates (including 13 perturbation indicators),
and 4163 genes for model fitting. For each highly variable gene, we aim to test whether its gene
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expressions vary along the pseudotime state under perturbation conditions.

MAP2
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Figure C.62: Expression levels of marker genes in different estimated pseudotime states. Genes

MAP2 and DCX are neuronal markers (expressed in more differentiated cells) while genes TP53 and
CDK are progenitor markers (expressed in less differentiated cells).
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Figure C.63: Histogram of test statistics for main effects of pseudotime states on the expressions of

4163 genes. Many genes are significant because the expression levels are expected to change during
neural differentiation.
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Figure C.64: Histogram of test statistics on 4163 genes for 12 different perturbation conditions.
Different rows represent the results of different methods: GLM: Score tests by generalized linear
models with Negative Binomial likelihood and log link function. The covariance matrix is estimated
using the HC3-type robust estimator. Pi1: The proposed post-integrated inference with 50 principal
components as the estimated embeddings.
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Figure C.65: Gene expressions of significant genes in the control group and the PTEN knockdown
group. Four genes with positive estimated effect sizes are selected with a p-value threshold of 0.01 for
both pseudotime states and PTEN knockdown for three P11 methods in Figure 4.8(b) and a median
expression level larger than zero.

When restricted to a small subset of significant genes discovered by P11, their expression levels
are visualized as a function of pseudotime states and perturbation conditions in Figure C.65. We
observe an increasing trend of the expression and the overexpression in the perturbed group at the
very late stage of pseudotime. The significance suggests that these genes could be affected by not
only the cell development but also the PTEN repression. NEFM is involved in neurite outgrowth

and axon caliber [34], TUBB2B and TUBA1A encode critical structural subunits of microtubules
that are enriched during brain development [72], HN1 is related to cancer and senescence [75].

Given the role of PTEN on neural differentiation and related processes, these genes could be
affected. Further research would be needed to establish any direct links between PTEN repression

and the expression or function of these specific genes during neural differentiation.
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