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Inferring causal relationships or related associations from observational
data can be invalidated by the existence of hidden confounding. We focus on
a high-dimensional linear regression setting, where the measured covariates
are affected by hidden confounding and propose the doubly debiased lasso
estimator for individual components of the regression coefficient vector. Our
advocated method simultaneously corrects both the bias due to estimation of
high-dimensional parameters as well as the bias caused by the hidden con-
founding. We establish its asymptotic normality and also prove that it is ef-
ficient in the Gauss—Markov sense. The validity of our methodology relies
on a dense confounding assumption, that is, that every confounding variable
affects many covariates. The finite sample performance is illustrated with an
extensive simulation study and a genomic application. The method is imple-
mented by the DDL package available from CRAN.

1. Introduction. Observational studies are often used to infer causal relationship in
fields such as genetics, medicine, economics or finance. A major concern for confirmatory
conclusions is the existence of hidden confounding [28, 45]. In this case, standard statisti-
cal methods can be severely biased, particularly for large-scale observational studies, where
many measured covariates are possibly confounded.

To better address this problem, let us consider first the following linear Structural Equa-
tion Model (SEM) with a response Y;, high-dimensional measured covariates X; . € R” and
hidden confounders H; . € RY:

() Y; <—,3TX,',.—|-¢TH1',.+61', and X;. <—‘IJTH,',.—|—EZ". forl <i <n,

where the random error e; € R is independent of X; . € R?, H;. € R? and E; . € R? and the
components of E; . € R? are uncorrelated with the components of H; . € RY. The focus on a
SEM as in (1) is not necessary and we relax this restriction in model (2) below. Such kind of
models are used, for example, in biological studies to explore the effects of measured genetic
variants on the disease risk factor, and the hidden confounders can be geographic information
[49], data sources in mental analysis [52] or general population stratification in GWAS [46].

Our aim is to perform statistical inference for individual components 8, 1 < j < p, of
the coefficient vector, where p can be large, in terms of obtaining confidence intervals or
statistical tests. This inference problem is challenging due to high dimensionality of the model
and the existence of hidden confounders. As a side remark, we mention that our proposed
methodology can also be used for certain measurement error models, an important general
topic in statistics and economics [11, 64].
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1.1. Our results and contributions. We focus on a dense confounding model, where the
hidden confounders H; . in (1) are associated with many measured covariates X; .. Such dense
confounding model seems reasonable in quite many practical applications, for example, for
addressing the problem of batch effects in biological studies [31, 36, 41].

We propose a two-step estimator for the regression coefficient B; for 1 < j < p in the high-
dimensional dense confounding setting, where a large number of covariates have possibly
been affected by hidden confounding. In the first step, we construct a penalized spectral
deconfounding estimator Bt as in [12], where the standard squared error loss is replaced
by a squared error loss after applying a certain spectral transformation to the design matrix
X and the response Y. In the second step, for the regression coefficient of interest 8;, we
estimate the high-dimensional nuisance parameters B_; = {B;;[ # j} by B\T}t and construct

an approximately unbiased estimator ,B’\j

The main idea of the second step is to correct the bias from two sources, one from esti-
mating the high-dimensional nuisance vector 8_; by ,B\T}t and the other arising from hidden
confounding. In the standard high-dimensional regression setting with no hidden confound-
ing, debiasing, desparsifying or Neyman’s orthogonalization were proposed for inference for
Bj [4, 14, 16, 22, 34, 58, 66]. However, these methods, or some of its direct extensions,
do not account for the bias arising from hidden confounding. In order to address this issue,
we introduce a doubly debiased lasso estimator, which corrects both biases simultaneously.
Specifically, we construct a spectral transformation P/) € R?*", which is applied to the nui-
sance design matrix X_; when the parameter of interest is B;. This spectral transformation
is crucial to simultaneously correcting the two sources of bias.

We establish the asymptotic normality of the proposed doubly debiased lasso estimator
in Theorem 1. An efficiency result is also provided in Theorem 2 of Section 4.2.1, showing
that the doubly debiased lasso estimator retains the same Gauss—Markov efficiency bound
as in standard high-dimensional linear regression with no hidden confounding [33, 58]. Our
result is in sharp contrast to Instrumental Variables (IV) based methods (see Section 1.2),
whose inflated variance is often of concern, especially with a limited amount of data [6,
64]. This remarkable efficiency result is possible by assuming denseness of confounding.
Various intermediary results of independent interest are also derived in Section A of the
Supplementary Material [29]. Finally, the performance of the proposed estimator is illustrated
on simulated and real genomic data in Section 5.

To summarize, our main contribution is twofold:

1. We propose a novel doubly debiased lasso estimator for individual coefficients B; and
estimation of the corresponding standard error in a high-dimensional linear SEM with hidden
confounding.

2. We show that the proposed estimator is asymptotically Gaussian and efficient in the
Gauss—Markov sense. This implies the construction of asymptotically optimal confidence
intervals for individual coefficients ;.

1.2. Related work. In econometrics, hidden confounding and measurement errors are
unified under the framework of endogenous variables. Inference for treatment effects or cor-
responding regression parameters in presence of hidden confounders or measurement errors
has been extensively studied in the literature with Instrumental Variables (IV) regression. The
construction of IVs typically requires a lot of domain knowledge, and obtained IVs are often
suspected of violating the main underlying assumptions [8, 30, 32, 37, 63, 64]. In high dimen-
sions, the construction of IVs is even more challenging, since for identification of the causal
effect, one has to construct as many IVs as the number of confounded covariates, which is
the so-called “rank condition” [64]. Some recent work on the high-dimensional hidden con-
founding problem relying on the construction of 1Vs includes [3, 19, 24, 26, 43, 48, 68].
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Another approach builds on directly estimating and adjusting with respect to latent factors
[62].

A major distinction of the current work from the contributions above is that we consider a
confounding model with a denseness assumption [12, 13, 55]. [12] consider point estimation
of B in the high-dimensional hidden confounding model (1), whereas [55] deal with point
estimation of the precision and covariance matrix of high-dimensional covariates, which are
possibly confounded. The current paper is different in that it considers the challenging prob-
lem of confidence interval construction, which requires novel ideas for both methodology and
theory.

The dense confounding model is also connected to the high-dimensional factor models [18,
21, 39, 40, 61]. The main difference is that the factor model literature focuses on accurately
extracting the factors, while our method is essentially filtering them out in order to provide
consistent estimators of regression coefficients, under much weaker requirements than for the
identification of factors.

Another line of research [23, 57, 60] studies the latent confounder adjustment models but
focuses on a different setting where many outcome variables can be possibly associated with
a small number of observed covariates and several hidden confounders.

Notation. We use X; e R" and X_; € R™*(P=D to denote the jth column of the ma-
trix X and the submatrix of X excluding the jth column, respectively; X;. € R” is used
to denote the ith row of the matrix X (as a column vector); X; ; and X; _; denote respec-
tively the (i, j) entry of the matrix X and the subrow of X;. excluding the jth entry. Let
[p1={1,2,..., p}. For asubset J C [p] and a vector x € R”, x; is the subvector of x with
indices in J and x_; is the subvector with indices in J€. For a set S, |S| denotes the car-

dinality of S. For a vector x € R?, the £, norm of x is defined as ||x|l; = (le:] |xl|‘1)$
for g > 0 with |[x]jo= {1 <! < p:x; # 0}] and ||x[lc = maxj<;<p |x;|. We use ¢; to de-
note the i-th standard basis vector in R” and I, to denote the identity matrix of size p x p.
We use ¢ and C to denote generic positive constants that may vary from place to place.
For a sub-Gaussian random variable X, we use || X|y, to denote its sub-Gaussian norm;
see definitions 5.7 and 5.22 in [59]. For a sequence of random variables X, indexed by n,

we use X, L X and X n “4 X to represent that X,, converges to X in probability and in
distribution, respectively. For a sequence of random variables X, and numbers a,, we de-
fine X,, = o0,(a,) if X, /a, converges to zero in probability. For two positive sequences aj
and b,, a, < b, means that 3C > 0 such that a, < Cb, for all n; a, < b, if a, < b, and
by, S ap, and a, <K by, if limsup,,_, . a,/b, = 0. For a matrix M, we use ||M||r, |M]||2 and
|M||so to denote its Frobenius norm, spectral norm and elementwise maximum norm, re-
spectively. We use A j (M) to denote the jth largest singular value of some matrix M, that is,
AMM) = (M) = --- = Ag(M) > 0. For a symmetric matrix A, we use Amax(A) and Apin (A)
to denote its maximum and minimum eigenvalues, respectively.

2. Hidden confounding model. We consider the hidden confounding model for i.i.d.
data {X; ., Yi}1<i<» and unobserved i.i.d. confounders {H; .}1<;<n, given by

) Y, = ,BTXL. + ¢TH,',. +e¢ and X;.= \I—’THZ',. +E;.,

where Y; € R and X; . € R”, respectively, denote the response and the measured covariates
and H;. € R? represents the hidden confounders. We assume that the random error ¢; € R
is independent of X; . € R”, H;. € R? and E;. € R? and the components of E;. € R” are
uncorrelated with the components of H; . € RY.

The coefficient matrices ¥ € R?*? and ¢ € R7*! encode the linear effect of the hidden
confounders H; . on the measured covariates X; . and the response Y;, respectively. We con-
sider the high-dimensional setting where p might be much larger than n. Throughout the
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paper, it is assumed that the regression vector B € R” is sparse, with a small number k of
nonzero components, and that the number ¢ of confounding variables is a small positive in-
teger. However, both k and ¢ are allowed to grow with n and p. We write £g or Xx for the
covariance matrices of E; . or X; ., respectively. Without loss of generality, it is assumed that
EX;.=0,EH;. =0, Cov(H;.) =1;,and hence ¥x = VTV + Xp.

The probability model (2) is more general than the structural equation model in (1). It
only describes the observational distribution of the latent variable H; . and the observed data
(Xi..,Y;), which possibly may be generated from the hidden confounding SEM (1).

Our goal is to construct confidence intervals for the components of §, which in the model
(1) describes the causal effect of X on the response Y. The problem is challenging due to
the presence of unobserved confounding. In fact, the regression parameter  cannot even
be identified without additional assumptions. Our main condition addressing this issue is a
denseness assumption that the rows W; . € R? are dense in a certain sense (see Condition (A2)
in Section 4), that is, many covariates of X;. € R” are simultaneously affected by hidden
confounders H; . € RY.

2.1. Representation as a linear model. 'The hidden confounding model (2) can be repre-
sented as a linear model for the observed data {X; ., ¥;}1<i<n:

3) Y; =(,3+b)TXi7.+€l‘ and X, Z\DTHL.—I—EI',.,
by writing
€ =e+¢TH;. —bTX;. and b=3;'WT¢p.

As in (2), we assume that E; . is uncorrelated with H; . and, by construction of b, €; is un-

correlated with X; .. With aez denoting the variance of e;, the variance of the error €; equals

o= O’e2 +oTdy — WE;I WUT)¢. In model (3), the response is generated from a linear model

€
where the sparse coefficient vector 8 has been perturbed by some perturbation vector b € R”.
This representation reveals how the parameter of interest § is not in general identifiable from
observational data, where one can not easily differentiate it from the perturbed coefficient
vector B + b, with the perturbation vector b induced by hidden confounding. However, as
shown in Lemma 2 in the Supplementary Material [29], b is dense and ||b||> is small for
large p under the assumption of dense confounding, which enables us to identify 8 asymp-
totically. It is important to note that the term bTX; . induced by hidden confounders H; . is
not necessarily small and hence cannot be simply ignored in model (3), but requires novel

methodological approach.

Connection to measurement errors. We briefly relate certain measurement error models to
the hidden confounding model (2). Consider a linear model for the outcome Y; and covariates
X ? € R”, where we only observe X; . € R” with measurement error W; . € R”:

(4) Yi=pTX) +e; and X;.=X) +W,. forl<i=<n.

Here, e; 1s a random error independent of X?. and W; ., and W; . is the measurement error
independent of X l(-). We can then express a linear dependence of Y; on the observed X; .,

Y, = ﬂTXiv. + (ei — ﬂTWl‘y.) and X; =W, .+ Xlo,
We further assume the following structure of the measurement error:

W,.=WTH,
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that is, there exist certain latent variables H; . € R that contribute independently and linearly
to the measurement error, a conceivable assumption in some practical applications. Combin-
ing this with the equation above, we get

(5) Yi=BTXi. +(e;—¢TH;.) and X; =WTH;, + X"

where ¢ = WS € R?. Therefore, the model (5) can be seen as a special case of the model (2),
by identifying X?_ in (5) with E; . in (2).

3. Doubly debiased lasso estimator. In this section, for a fixed index j € {1, ..., p},
we propose an inference method for the regression coefficient B; of the hidden confounding
model (2). The validity of the method is demonstrated by considering the equivalent model

(3).

3.1. Double debiasing. We denote by Ei“it an initial estimator of 8. We will use the
spectral deconfounding estimator proposed in [12], described in detail in Section 3.4. We
start from the following decomposition:

6) Y —X ;B =X;Bj+b))+X_j(B_j —B™)+X_jb_j+e forjefl,....p}

The above decomposition reveals two sources of bias: the bias X_;(B_; — ET?) due to the

error of the initial estimator A and the bias X _ jb_j induced by the perturbation vector b
in the model (3), arising by marginalizing out the hidden confounding in (2). Note that the
bias b; is negligible in the dense confounding setting; see Lemma 2 in the Supplementary
Material [29]. The first bias, due to penalization, appears in the standard high-dimensional
linear regression as well, and can be corrected with the debiasing methods proposed in [34,
58, 66] when assuming no hidden confounding. However, in presence of hidden confounders,
methodological innovation is required for correcting both bias terms and conducting the re-
sulting statistical inference. We propose a novel doubly debiased lasso estimator for correct-
ing both sources of bias simultaneously.

Denote by PU) € R"*" a symmetric spectral transformation matrix, which shrinks the
singular values of the subdesign X_; € R"*(P=1 The detailed construction, together with
some examples, is given in Section 3.3. We shall point out that the construction of the trans-
formation matrix () depends on which coefficient 8 j 1s our target, and hence refer to P
as the nuisance spectral transformation with respect to the coefficient 8;. Multiplying both
sides of the decomposition (6) with the transformation P/ gives

'p(])(Y _ X_j,BE‘}.t)
= P(j)Xj(,Bj +bj)+ 'P(j)X_j(ﬁ_j — Bﬁ_n}t) + 'P(j)X_jb_j + PWe.
The quantity of interest 8; appears on the RHS of the equation (7) next to the vector
PUIX j» whereas the additional bias lies in the span of the columns of PUX_ j- For this

reason, we construct a projection direction vector P)Z j € R" as the transformed residuals
of regressing X ; on X_;:

(8) Zi=X;-X_;7,

(7

where the coefficients ¥ are estimated with the lasso for the transformed covariates using

P,

> N Ry ~ 2 PV X1l
) Y= argmm{z—HP(f)Xj —POX_iyl5+4;) Thﬂ},
)/ERP71 n l#] n

with A ; = Ao j/log p/n for some positive constant A > V2 (for oj, see Section 4.1).
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Finally, motivated by the equation (7), we propose the following estimator for §;:
(p(j)Zj)Tp(j)(y — X_].B\i_n}t)
(P(j)Zj)T’P(j)Xj

(10) Bi =

We refer to this estimator as the doubly debiased lasso estimator as it simultaneously corrects
the bias induced by Ei“it and the confounding bias X_;jb_; by using the spectral transforma-
tion P,

In the following, we briefly explain why the proposed estimator estimates ; well. We
start with the following error decomposition of 8;, derived from (7):

. (p(j)zj)Tp(j)E

Bi— j_(P(j)Zj)TP(j)Xj
Variance
(11) . : gy . .
(PDZHNTPDX_ (B — Iggl}t) (PDZHTPDX_b_; .
PDZ)TPIX; T pazyox, T

Remaining Bias

In the above equation, the bias after correction consists of two components: the remaining
bias due to the estimation error of 32‘? and the remaining confounding bias due to X_;jb_;
and b ;. These two components can be shown to be negligible in comparison to the variance
component under certain model assumptions; see Theorem 1 and its proof for details. Intu-
itively, the construction of the spectral transformation matrix P/ is essential for reducing
PIZHTPDX_ib_; . . .

PNZ)TPIX, in equation (11) is of a
small order because P/) shrinks the leading singular values of X_ j»and hence PUX_ jb—j
is significantly smaller than X_ ;b ;. The induced bias X _;b_; is not negligible since b_;

points in the direction of leading right singular vectors of X _;, thus leading to || ﬁX —jb—jll2

the bias due to the hidden confounding. The term

being of constant order. By applying a spectral transformation to shrink the leading singular

values, one can show that || \/LEPU)X_jb_j l2 = 0,(1/4/min{n, p}).

(P(j)Zj)T’P(«")X,j B-j _B‘i_n}l)
(p(j)zj)rp(j)xj

the initial estimator 8™ is close to 8 in £; norm and PY)Z j and PUX_ j are nearly orthog-

onal due to the construction of ¥ in (9). This bias correction idea is analogous to the debiased

lasso estimator introduced in [66] for the standard high-dimensional linear regression:

(12) gon _ (27T - X_ B
J (Z]jDB)ij

Furthermore, the other remaining bias term

in (11) is small since

where ZPB is constructed similarly as in (8) and (9) with setting P as the identity matrix.
Therefore, the main difference between the estimator in (12) and our proposed estimator (10)
is that we additionally apply the nuisance spectral transformation P/,

We emphasize that the additional spectral transformation P%) is necessary even for
just correcting the bias of ET}‘ in presence of confounding (i.e., it is also needed for
the first besides the second bias term in (11)). To see this, we define the best linear
projection of X ; to all other variables X _; € R~ with the coefficient vector y =
[E(Xi,_inT’_j)]_lE(Xi,_in,j) e RP~! (which is then estimated by the lasso in the stan-
dard construction of ZPB). We notice that y need not be sparse due to the fact that all co-
variates are affected by a common set of hidden confounders yielding spurious associations.
Hence, the standard construction of Z})B in (12) is not favorable in the current setting. In
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contrast, the proposed method with P/) works for two reasons: first, the application of P/)
in (9) leads to a consistent estimator of the sparse component of y, denoted as y £ (see the
expression of y£ in Lemma 1); second, the application of P/ leads to a small prediction
error PU X _ i = ¥ E). We illustrate in Section 5 how the application of P"/) corrects the
bias due to ET}t and observe a better empirical coverage after applying P*/) in comparison
to the standard debiased lasso in (12); see Figure 7.

3.2. Confidence interval construction. In Section 4, we establish the asymptotic normal
limiting distribution of the proposed estimator B ;j under certain regularity conditions. Its stan-
362.2}(73(.0)42].
[Z] (PD)Y2X ;)2
of o,. The detailed construction of &, is described in Section 3.5. Therefore, a confidence
interval (CI) with asymptotic coverage 1 — « can be obtained as

dard deviation can be estimated by with &, denoting a consistent estimator

52-Z1(PUYZ; ] Jag.z}mmytzj)
jtzi-¢ )

(13)  CIB)) = (51 ZI%J [ZT(PD)2X, 2 P [Z](PU)2X ;)2

where Zj-g is the 1 — 5 quantile of a standard normal random variable.

3.3. Construction of spectral transformations. Construction of the spectral transforma-
tion P) € R"*" is an essential step for the doubly debiased lasso estimator (10). The trans-
formation P/) € R"*" is a symmetric matrix shrinking the leading singular values of the de-
sign matrix X _; € R"*(P=D Denote by m = min{n, p — 1} and the SVD of the matrix X_;
by X_; = UX_j))AX_)IV(X_)]IT, where U(X_;) € R™"™ and V(X_;) € Rp=Dxm
have orthonormal columns and A(X_;) € R™*™ is a diagonal matrix of singular values,
which are sorted in a decreasing order A1 1(X_;) > Ao 2(X_j) > = Apm(X—;) > 0. We
then define the spectral transformation P for X_j as P = UX_HSX_HIUX-_H]T,
where S(X_ ;) € R™*™ is a diagonal shrinkage matrix with 0 < §; ;(X_;) <1for1 </ <m.
The SVD for the complete design matrix X is defined analogously. We highlight the depen-
dence of the SVD decomposition on X_;, but for simplicity it will be omitted when there
is no confusion. Note that PU) X_ i =U(SA)VT, so the spectral transformation shrinks the
singular values {A; 1} 1<i<m t0 {S;1 A1} 1<i<m» Where Aj ;= Aj (X ).

Trim transform. For the rest of this paper, the spectral transformation that is used is the Trim
transform [12]. It limits any singular value to be at most some threshold r. This means that
the shrinkage matrix S is given as: for 1 <[/ <m,

t/A;p A>T,

S = .
1 otherwise.

A good default choice for the threshold 7 is the median singular value A /2], (m/2), SO
only the top half of the singular values is shrunk to the bulk value A\ 2, m/2) and the
bottom half is left intact. More generally, one can use any percentile p; € (0, 1) to shrink the
top (100p;)% singular values to the corresponding p;-quantile Ay im|,(p;m). We define the

pj-Trim transform PU) as
PY =UX_)SX_NUX-,]" with

(14) AijmLL,ijJ (X—j)
S1i(X—j) = Ap(X—j)
1 otherwise.

it 1< [pjm],
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In Section 4, we investigate the dependence of the asymptotic efficiency of the resulting
doubly debiased lasso B\] on the percentile choice p; = p;(n). There is a certain trade-off
in choosing p;: a smaller value of p; leads to a more efficient estimator, but one needs to
be careful to keep p;m sufficiently large compared to the number of hidden confounders ¢,
in order to ensure reduction of the confounding bias. In Section A.1 of the Supplementary
Material [29], we describe the general conditions that the used spectral transformations need
to satisfy to ensure good performance of the resulting estimator.

Other constructions of spectral transformations include the spectral transformation in-
duced by the LAVA estimator [15], the Puffer transformation [35], and the PCA adjustment
[50]. See more detailed discussions in Section 3.2.1 in [12].

3.4. Initial estimator B, For the doubly debiased lasso (10), we use the spectral de-
confounding estimator proposed in [12] as our initial estimator Einit. It uses a spectral trans-
formation Q = Q(X), constructed similarly as the transformation P") described in Sec-
tion 3.3, with the difference that instead of shrinking the singular values of X_;, Q shrinks
the leading singular values of the whole design matrix X € R"*?. Specifically, for any per-
centile p € (0, 1), the p-Trim transform Q is given by

Aom],pm] (X)
(15  Q=UX)SX[UX)]" with S ;(X)= A 1(X)
1 otherwise.

f1<|om],

The estimator A is computed by applying the lasso to the transformed data QX and QY:

12X.ll2

(16) ﬁmlt—arg mm —||Q(y Xﬁ)“z—i-)xz NG

BER et
where A = Ao,+/log p/n is a tuning parameter with A > /2.
The transformation Q reduces the effect of the confounding and thus helps for estimation

of B. In Section A.3, the £1 and ¢;-error rates of ,@init are given, thereby extending the results
of [12].

1Bjl,

3.5. Noise level estimator. In addition to an initial estimator of B, we also require a con-
sistent estimator 2 of the error variance > = E(e?) for construction of confidence intervals.
Choosing a noise level estimator which performs well for a wide range of settings is not easy
to do in practice [54]. We propose using the following estimator:

17 6_\2 _ X Qinit
(a7) 2= g |9y - X
where Q is the same spectral transformation as in (16).

The motivation for this estimator is based on the expression

(18) Qy — QXB™M = Qe 4+ QX (B — BMY) + QXb,

which follows from the model (3). The consistency of the proposed noise level estimator,
formally shown in Proposition 2, follows from the following observations: the initial spectral
deconfounding estimator Bt has a good rate of convergence for estimating f8; the spec-
tral transformation Q significantly reduces the additional error Xb induced by the hidden
confounders; || Qe ||% / Tr(Q?) consistently estimates 062. Additionally, the dense confounding
model is shown to lead to a small difference between the noise levels o and o2; see Lemma 2
in the Supplementary Material [29]. In Section 4, we show that variance estimator 83 defined
in (17) is a consistent estimator of 062.

>
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Algorithm 1 Doubly debiased lasso
Input: Data X e R"*P, Y € R"; index j, tuning parameters p, p; € (0, 1) and A > 0,

Ai>0

! Output: Point estimator ,B\j, standard error estimate 862 and confidence interval CI(8;)

1: Q < TRIMTRANSFORM(X, p) > construct p-trim as in (15)
2: B\i“it <« LASSO(QX, QY, 1) > Lasso regression with transformed data, see (16)
3 PU) TRIMTRANSFORM(X _;, o) > construct p;-trim as in (14)
4: 7 < LASsO(PU X _ j» PUIX j»Aj) > Lasso regression with transformed data, see (9)
5: POz j <~ PUIX j— PUX_ iV > take the residuals as the projection direction
6: Bj < DEBIASEDLASSO(B™!, P Xx_; PIX; PUZ))

> compute doubly debiased lasso as in (12)

83 < NOISELEVEL(X, Y, pinit, Q) R _ > compute noise level as in (17)
8: CI(B;) < CONFIDENCEINTERVAL(B;, PV X ;, PV Z; 52, )
> compute the (1 — «)-Cl as in (13)

~

3.6. Method overview and choice of the tuning parameters. The doubly debiased lasso
needs specification of various tuning parameters. A good and theoretically justified rule of
thumb is to use the Trim transform with p = p; = 1/2, which shrinks the large singular values
to the median singular value; see (14). Furthermore, similar to the standard debiased lasso
[66], our proposed method involves the regularization parameters A in the lasso regression for
the initial estimator B! (see equation (16)) and A ; in the lasso regression for the projection
direction PY)Z j (see equation (9)). For choosing A, we use tenfold cross-validation, whereas
for A;, we increase slightly the penalty chosen by the tenfold cross-validation, so that the
variance of our estimator, which can be determined from the data up to a proportionality
factor 062, increases by 25%, as proposed in [17].

The proposed doubly debiased lasso method is summarized in Algorithm 1, which also
highlights where each tuning parameter is used.

4. Theoretical justification. This section provides theoretical justifications of the pro-
posed method for the hidden confounding model (2). The proofs of the main results are
presented in Sections A and B in the Supplementary Material [29] together with several other
technical results of independent interest.

4.1. Model assumptions. In the following, we fix the index 1 < j < p and introduce the
model assumptions for establishing the asymptotic normality of our proposed estimator B j
defined in (10). For the coefficient matrix ¥ € R7*” in (3), we use W; € R? to denote the
Jjth column and W_; € RY x(P=1) denotes the submatrix with the remaining p — 1 columns.
Furthermore, we write y for the best linear approximation of X; ; € R by X; _; € RPL,
thatis, y = argmin,/cgp-1 E(X1,j — X1 —; ¥")?, whose explicit expression is

y =[E(X1,—;X] _ )] 'EX1,—; X1,)).

1 ) _j
For ease of notation, we do not explicitly express the dependence of y on j. Similarly, define

yE =[B(E1—,E] )] 'E(E) _jE\ ).

We denote the corresponding residuals by n; ; = X; j — Xl.T_jy and v; j = E; j — EiT_ij
for 1 <i <n. We use o; to denote the standard deviation of v; ;.
The first assumption is on the precision matrix of E; . € R? in (2):
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(A1) The precision matrix Qg = [I[*E(E,;.EiT’,)]_1 satisfies cp < Amin(RE) < Amax(QEg) <
Co and ||(2E).,jllo < s where Cp > 0 and cp > 0 are some positive constants and s denotes
the sparsity level which can grow with n and p.

Such assumptions on well-posedness and sparsity are commonly required for estimation of
the precision matrix [9, 38, 47, 65] and are also used for confidence interval construction
in the standard high-dimensional regression model without unmeasured confounding [58].
Here, the conditions are not directly imposed on the covariates X; ., but rather on their un-
confounded part E; .. In the high-dimensional linear model without hidden confounders, the
sparse precision matrix assumption can be relaxed using the technique in [34]. However, it
is unclear whether the method in [34] can be generalized to our model due to the additional
hidden confounding bias as in (11).

The second assumption is about the coefficient matrix W in (3), which describes the effect
of the hidden confounding variables H; . € R? on the measured variables X; . € R”:

(A2) The gth singular value of the coefficient matrix W_; € RY *(P=1) gatisfies

, ._ qp 3/4 1/4 3/8 }
19) A, (W_:)>1n. p.q) =maxi M. | 22q M 1 Janlog p!.
(19) Ag(W_;) > [(n, p.q) max{ V2 og )/, /Mg p!*(og pP%, Janlog p

where M is the sub-Gaussian norm for components of X; , as defined in Assumption (A3).
Furthermore, we have

(20) max{ |V (QE).

20 NGl Wi (QE)—j j |5, 1812} < /g (og p)°,

where W and ¢ are defined in (2) and 0 < ¢ < 1/4 is some positive constant.

The condition (A2) is crucial for identifying the coefficient 8; in the high-dimensional hidden
confounding model (2). Condition (A2) is referred to as the dense confounding assumption.
A few remarks are in order regarding when this identifiability condition holds.

Since all vectors W(Q2g). j, ¥;, W_;(QE)_; ; and ¢ are g-dimensional, the upper bound
condition (20) on their £, norms is mild. If the vector ¢ € R? has bounded entries and the
vectors {W. ;}1</<p € R? are independently generated with zero mean and bounded second
moments, then the condition (20) holds with probability larger than 1 — (log p) ~2¢, where c is
defined in (20). A larger value ¢ > 1/4 is possible: the condition then holds with even higher
probability, but makes the upper bounds for (32) in Lemma 1 and (35) in Lemma 2 in the
Supplementary Material [29] slightly worse, which then requires more stringent conditions
on Ay (W_;) in Theorem 1, up to polynomial order of log p.

In the factor model literature [20, 61], the spiked singular value condition A, (W) < ,/p
1s quite common and holds under mild conditions. The hidden confounding model is closely
related to the factor model, where the hidden confounders H; . are the factors and the matrix
W describes how these factors affect the observed variables X; .. However, for our analysis,
our assumption on A4 (W_;) in (19) can be much weaker than the classical factor assump-
tion A, (W_;) < ,/p, especially for a range of dimensionality where p > n. In certain dense
confounding settings, we can show that condition (19) holds with high probability. Consider
first the special case with a single hidden confounder, that is, ¢ = 1 and the effect matrix is
reduced to a vector W € R”. In this case, A1 (W_;) = ||¥_;||> and the denseness of the effect
vector W_; leads to a large A;(W_;). The condition (19) can be satisfied even if only a cer-
tain proportion of covariates is affected by hidden confounding. When ¢ = 1, if we assume
that there exists a set A C {1,2,..., p} such that {W;};c4 are i.i.d. and |A| > [(n, p,q)z,
where [(n, p, ¢) is defined in (19), then with high probability A, (¥) 2 /TA[ > [(n, p, q).
In the multiple hidden confounders setting, if the vectors {W;};c4 are generated as 1.i.d. sub-
Gaussian random vectors, which has an interpretation that all covariates are analogously af-
fected by the confounders, then the spiked singular value condition (19) is satisfied with high
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probability as well. See Lemmas 4 and 5 in Section A.5 of the Supplementary Material [29]
for the exact statement. In Section 5.1, we also explore the numerical performance of the
method when different proportions of the covariates are affected and observe that the pro-
posed method works well even if the hidden confounders only affect a small percentage of
the covariates, say 5%.

Under the model (2), if the entries of W are assumed to be i.i.d. sub-Gaussian with zero
mean and variance a&, , then we have A, (W_;) < ,/poy with high probability. Together with
(19), this requires

[gn1 yaM(log p)*/4
oy > maX{Mﬁ(log p)3/4, qn ng’ }
n p

pl/4

So if p > gnlog p and min{n, p} > ¢>(log p)>/>M?, then the required effect size oy of the
hidden confounder H; . on an individual covariate X; ; can diminish to zero fairly quickly.
The condition (19) can in fact be empirically checked using the sample covariance matrix
) x. Since Xx = WTW + ¥, then the condition (19) implies that X x has at least g spiked
eigenvalues. If the population covariance matrix Xy has a few spikes, the corresponding
sample covariance matrix will also have spiked eigenvalue structure with a high probability
[61]. Hence, we can inspect the spectrum of the sample covariance matrix Tx and informally
check whether it has spiked singular values. See the left panel of Figure 2 for an illustration.
The third assumption is imposed on the distribution of various terms:

(A3) The random error ¢; in (2) is assumed to be independent of (XI , HiT~)T’ the er-
ror vector E; . is assumed to be independent of the hidden confounder H; ., and the noise
term v; ; = E; j — EI_ij is assumed to be independent of E; ;. Furthermore, E; . is a
sub-Gaussian random vector and e; and v; ; are sub-Gaussian random variables, whose sub-
Gaussian norms satisfy max{|[| E; .|ly,, ll€;lly,, maxi<;<p [lvi/ll2} < C, where C > 0 is a pos-
itive constant independent of n and p. For 1 <[ < p, X; ; are sub-Gaussian random variables
whose sub-Gaussian norms satisfy maxj</<p | X; |y, <M, where 1 <M < /qlog p.

The independence assumption between the random error ¢; and (X lT, HI.T_)T is commonly
assumed for the SEM (1), and thus it holds in the induced hidden confounding model (2) as
well; see, for example, [51]. Analogously, when modeling X; . as a SEM where the hidden
variables H; . are directly influencing X; ., that is, they are parents of the X; .’s, the indepen-
dence of E; . from H; . is a standard assumption. The independence assumption between v; ;
and E; _; holds automatically if E; . has a multivariate Gaussian distribution (but X; . is still
allowed to be non-Gaussian, e.g., due to non-Gaussian confounders). Additionally, the inde-
pendence assumption between v; ; and E; _; holds if all elements of E; . are independent, but
not necessarily Gaussian. In Appendix D, we explore the robustness of our proposed doubly
debiased lasso estimator to the violation of this independence assumption; see Figure A2 for
details.

We emphasize that the individual components X; ; are assumed to be sub-Gaussian, in-
stead of the whole vector X;. € RP. The sub-Gaussian norm M is allowed to grow with
q and p. Particularly, if we assume H;. to be a sub-Gaussian vector, then condition (20)
implies that M 5 /g (log p)||H;..||;,- Furthermore, our theoretical analysis also covers the
case when the sub-Gaussian norm M is of constant order. This happens, for example, when
the entries of W are of order 1/,/q, since M < max;—1, .., [|W[2.

The final assumption is that the restricted eigenvalue condition [5] for the transformed
design matrices QX and PY) X _ j 1s satisfied with high probability.
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(A4) With probability at least 1 — exp(—cn), we have
ou (% XTO*X)w
lol3

= Ty,

1
1) RE(—XT Q2X> — inf min
n T<lpl weR?

IT1<k lloTelh <CM T

Z ‘L—*’

1 , oT(AXT (PDYX_j)w
(22) RE(—XI-(P(]))ZX_]-) = _inf min L d
no J TSipI\j) weRP~! lwll5
ITISs  Norcli=CMloT)h
where ¢, C, T, > 0 are positive constants independent of n and p and M is the sub-Gaussian
norm for components of X; , as defined in Assumption (A3). For ease of notation, the same
constants 7, and C are used in (21) and (22).

Such assumptions are common in the high-dimensional statistics literature; see [7]. The re-
stricted eigenvalue condition (A4) is similar, but more complicated than the standard re-
stricted eigenvalue condition introduced in [5]. The main complexity is that, rather than for
the original design matrix, the restricted eigenvalue condition is imposed on the transformed
design matrices P/) X _ j and QX, after applying the Trim transforms PUY) and Q, described
in detail in Sections 3.3 and 3.4, respectively. In the following, we verify the restricted eigen-
value condition (A4) for %X TQ?X and the argument can be extended to %X T F (PUN2x_ je

PROPOSITION 1. Suppose that assumptions (A1) and (A3) hold, H; . is a sub-Gaussian

random vector, g + log p < /n and k = ||B||o satisfies M*kq*log plogn/n — 0. Assume
further that the loading matrix W € R1*P satisfies |V |loo S V/10g(gp), A1 (W) /1y (W) S1
and that

VMp max{k!'/4g>/*, 1}log(np)
min{n, p}!/4 '

(23) Aq (W) >

If X\ pm) (%XXT) > cmax{l, p/n} for p defined in (15) and some positive constant ¢ > 0 in-
dependent of n and p, then there exist positive constants c1, co > 0 such that, with probability
larger than 1 — p~°2 — exp(—can), we have RE(%XT O2X) > ¢1Amin(Zx).

An important condition for establishing Proposition 1 is the condition (23). Under the
commonly assumed spiked singular value condition A, (¥) =< ,/p [1, 2, 20, 61], the condition
(23) is reduced to k < min{n, p}/(M 2q5 10g(np)4). As a comparison, for the standard high-
dimensional regression model with no hidden confounders, [53, 67] verified the restricted
eigenvalue condition under the sparsity condition k < n/log p. That is, if A,(V) < /p,
then the sparsity requirement in Proposition 1 is the same as that for the high-dimensional
regression model with no hidden confounders, up to a polynomial order of ¢ and log(np),

In comparison to the condition (19) in (A2), (23) can be slightly stronger for a range of
dimensionality where p > n3/?. However, Proposition 1 does not require the strong spiked
singular value condition A, (W) < ,/p. The proof of Proposition 1 is presented in Section B
in the Supplementary Material [29]. The condition A |, (%X XT) > cmax{l, p/n} can be
empirically verified from the data. In Section B.1 in the Supplementary Material [29], further
theoretical justification for this condition is provided, under mild assumptions.

4.2. Main results. In this section, we present the most important properties of the pro-
posed estimator (10). We always consider asymptotic expressions in the limit where both
n, p — oo and focus on the high-dimensional regime with ¢* =lim p/n € (0, co]. We men-
tion here that we also give some new results on point estimation of the initial estimator Ei“it
defined in (16) in Section A.3 in the Supplementary Material [29], as they are established
under more general conditions than in [12].
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4.2.1. Asymptotic normality. We first present the limiting distribution of the proposed
doubly debiased lasso estimator. The proof of Theorem 1 and important intermediary results
for establishing Theorem 1 are presented in Section A in the Supplementary Material [29].

THEOREM 1. Consider the hidden confounding model (2). Suppose that conditions
(A1)—(A4) hold and further assume that ¢c* =limp/n € (0,00], k := ||Bllo K ﬁ/(M3 X
logp), s == [1(RQEg).jllo € n/(M?*log p) and e; ~ N(O, 03). Let the tuning parameters
for Einit in (16) and y in (9), respectively, be L < o.+/logp/n + /qlogp/)%(\ll) and
Aj < oj/logp/n + \/q log p/ké (W_;). Furthermore, let Q and PY be the Trim trans-

form (14) with min{p, p;} > (¢ + 1)/ min{n, p — 1} and max{p, p;} < 1. Then the doubly
debiased lasso estimator (10) satisfies

RSN d
(24) W(,Bj —Bj)— N(@,1),
where
27T PUN4 7. 2 ()4
(25) = e % TP )]
[Z; (PUD)2X ;1? oF Tr?[(P1)?]

REMARK 1. The Gaussianity of the random error ¢; is mainly imposed to simplify the
proof of asymptotic normality. We believe that this assumption is a technical condition and
can be removed by applying more refined probability arguments as in [27], where the asymp-
totic normality of quadratic forms (P)e)TP)e is established for the general sub-Gaussian
case. The argument could be extended to obtain the asymptotic normality for (P)y j)TP(j e,
which is essentially needed for the current result.

REMARK 2. For constructing Q and P/, the main requirement is to trim the singular
values enough in both cases, that is, min{p, p;} > (¢ + 1)/ min{n, p — 1}. This condition is
mild in the high-dimensional setting with a small number of hidden confounders. Our results
are not limited to the proposed estimator which uses the Trim transform P in (14) and the
penalized estimators » and Bt in (9) and (16), but hold for any transformation satisfying the
conditions given in Section A.1 of the Supplementary Material [29] and any initial estimator
satisfying the error rates presented in Section A.3 of the Supplementary Material [29].

REMARK 3. If we further assume the error ¢; in the model (3) to be independent of X .,
then the requirement (19) of the condition (A2) can be relaxed to

hg(W_j) > max{M,/ %(log P g p' A (log p)*8, | (s M2 + ky/nMP)g 1ogp}.

Note that the factor model implies the upper bound A,(¥_;) < ./p. Even if n > p, the
above condition on A, (W_;) can still hold if p > kgM?>log p./n. On the other hand, the
condition (19) together with A,(W_;) < ./p imply that p > gnlog p, which excludes the
setting n > p.

There are three conditions on the parameters s, g, kK imposed in the Theorem 1 above.
The most stringent one is the sparsity assumption k < /n/[M?log p]. In standard high-
dimensional sparse linear regression, a related sparsity assumption k < 4/n/log p has also
been used for confidence interval construction [34, 58, 66] and has been established in [10] as
a necessary condition for constructing adaptive confidence intervals. In the high-dimensional
hidden confounding model with M < 1, the condition on the sparsity of f is then of the same
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asymptotic order as in the standard high-dimensional regression with no hidden confounding.
The condition on the sparsity of the precision matrix, s = || (Rg). jllo < n/(M 2log p),is mild
in the sense that, for M =< 1, it is the maximal sparsity level for identifying (2g)., ;. Implied
by (19), the condition that the number of hidden confounders ¢ is small is fundamental for
all reasonable factor or confounding models.

4.2.2. Efficiency. We investigate now the dependence of the asymptotic variance V in
(25) on the choice of the spectral transformation P/). We further show that the proposed
doubly debiased lasso estimator (10) is efficient in the Gauss—Markov sense, with a careful
construction of the transformation P/,

The Gauss—Markov theorem states that the smallest variance of any unbiased linear esti-
mator of B; in the standard low-dimensional regression setting (with no hidden confounding)
is aez / (ncrjz), which we use as a benchmark. The corresponding discussion on efficiency of
the standard high-dimensional regression can be found in Section 2.3.3 of [58]. The expres-
o2 Tr{(PYU)4
o T [(PW))2]
(see Theorem 1). For the Trim transform defined in (14), which trims top (100p;)% of the
singular values, we have that

G2Te[(PUYY o2 YL S

oFTE[(PU)]  of (L S7)*

sion for the asymptotic variance V of our proposed estimator (10) is given by

where we write m = min{n, p — 1} and §;; = §; ;(X_;) € [0, 1]. Since SZ4J < SZZJ for every [,
YL SH = (1—pjymand (XL S7)* <m - YL, S}, we obtain

e e

ajzm - 0]2 T2[(PW)2] ~ 1 —p; ' ojzm'

2 2 ()4 2
o <06Tr[(73 )]< 1 o

In the high-dimensional setting where p — 1 > n, we have m = n and then
2 2 4 2
o; _ o Tr[(P))4] 1 o

e e
cr]zn - ajz T2[(PW)2] ~ 1—p; ajzn'

(26)

THEOREM 2. Suppose that the assumptions of Theorem 1 hold. If p > n + 1 and p; =

2
pj(n) — 0, then the doubly debiased lasso estimator in (10) has asymptotic variance :2811’
J

that is, it achieves the Gauss—Markov efficiency bound.

The above theorem shows that in the ¢ < n regime, the doubly debiased lasso achieves
the Gauss—Markov efficiency bound if p; = p;(n) — 0 and min{p, p;} > (¢ + 1)/n (which
is also a condition of Theorem 1). When using the median Trim transform, that is, p; = 1/2,
the bound in (26) implies that the variance of the resulting estimator is at most twice the size
of the Gauss—Markov bound. In Section 5, we illustrate the finite-sample performance of the
doubly debiased lasso estimator for different values of p;; see Figure 6.

In general for the high-dimensional setting p/n — ¢* € (0, o], the Asymptotic Relative
Efficiency (ARE) of the proposed doubly debiased lasso estimator with respect to the Gauss—
Markov efficiency bound satisfies the following:

1 1
(27) ARE € [min{c*, 1}" (1 — p*) min{c*, 1}}

where p* =lim, .« pj(n) € [0, 1). The equation (27) reveals how the efficiency of the dou-
bly debiased lasso is affected by the choice of the percentile p; = p;(n) in transformation
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max{1/c*,1}

ARE

c* =limp/n

FIG. 1. The plot of ARE versus c* = lim p/n, for the setting of p* = 0.

PU) and the dimensionality of the problem. Smaller p ; leads to a more efficient estimator,
as long as the top few singular values are properly shrunk. Intuitively, a smaller percentile
pj means that less information in X_; is trimmed out, and hence the proposed estimator is
more efficient. In addition, for the case p* = 0, we have ARE = max{1/c*, 1}. With p* =0,
a plot of ARE with respect to the ratio ¢* = lim p/n is given in Figure 1. We see that for
c¢* <1 (i.e., p < n), the relative efficiency of the proposed estimator increases as the dimen-
sion p increases and when ¢* > 1 (i.e., p > n), we have that ARE = 1, saying that the doubly
debiased lasso achieves the efficiency bound in the Gauss—Markov sense.

The phenomenon that the efficiency is retained even in presence of hidden confounding
is quite remarkable. For comparison, even in the classical low-dimensional setting, the most
commonly used approach assumes availability of sufficiently many instrumental variables
(IV) satisfying certain stringent conditions under which one can consistently estimate the ef-
fects in presence of hidden confounding. In Theorem 5.2 of [64], the popular IV estimator,
two-stage-least-squares (2SLS), is shown to have variance strictly larger than the efficiency
bound in the Gauss—Markov setting (with no unmeasured confounding). It has been also
shown in Theorem 5.3 of [64] that the 2SLS estimator is efficient in the class of all lin-
ear instrumental variable estimators, and thus all linear instrumental variable estimators are
strictly less efficient than our doubly debiased lasso. On the other hand, our proposed method
not only avoids the difficult step of coming up with a large number of valid instrumental
variables, but also achieves the efficiency bound with a careful construction of the spectral
transformation P, This occurs due to a blessing of dimensionality and the assumption of
dense confounding, where a large number of covariates are assumed to be affected by a small
number of hidden confounders.

4.2.3. Asymptotic validity of confidence intervals. The asymptotic normal limiting distri-
bution in Theorem 1 can be used for construction of confidence intervals for ;. Consistently
estimating the variance V of our estimator, defined in (25), requires a consistent estimator of
the error variance 63. The following proposition establishes the rate of convergence of the
estimator 6‘3 proposed in (17).

PROPOSITION 2. Consider the hidden confounding model (2). Suppose that condi-
tions (A1)—(A4) hold. Suppose further that ¢* =1lim p/n € (0,00], k Sn/logp and q K
min{n, p/log p}. Then with probability larger than 1 — exp(—ct?) — %2 —c(log p)~ 12 —n—¢
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for some positive constant ¢ > 0 and for any 0 < t < \/n, we have

logp qlogp  pg/logp/n+ M?*kqlogp
+ + >
n P AZ(W)

e k]

t

6; — 02| S —=+ Mk
n

where M is the sub-Gaussian norm for components of X; . defined in Assumption (A3).

Together with (19) of the condition (A2), we apply the above proposition and establish

~2 2

P o ~ : .
62 — 02 5 0. As a remark, the estimation error |62 — 02| is of the same order of magnitude
as |62 — 02| since the difference o 2

> — o/ is small in the dense confounding model; see
Lemma 2 in the Supplementary Material [29].
Proposition 2, together with Theorem 1, imply the asymptotic coverage and precision prop-

erties of the proposed confidence interval CI(8;), described in (13).

COROLLARY 1. Suppose that the conditions of Theorem 1 hold, then the confidence
interval defined in (13) satisfies the following properties:

(28) %i%n_i)%gﬂb(ﬁj € CI(ﬂj)) >1—a,
. o2 TH(PDY\
29 i‘,r?i‘éEP(L(CI(ﬂf )= “)Z“ﬁl o2 Tr2[<7><f>)2]) o

for any positive constant ¢ > 0, where L(CI(B;)) denotes the length of the proposed confi-
dence interval.

Similar to the efficiency results in Section 4.2.2, the exact length depends on the construc-
tion of the spectral transformation P/). Together with (26), the above proposition shows
that the length of constructed confidence interval is shrinking at the rate of n~!/2 for the
Trim transform in the high-dimensional setting. Specifically, for the setting p > n + 1, if
we choose p; = p;(n) > (¢ +1)/n and p;(n) — 0, the constructed confidence interval has
asymptotically optimal length.

5. Empirical results. In this section, we consider the practical aspects of doubly debi-
ased lasso methodology and illustrate its empirical performance on both real and simulated
data. The overview of the method and the tuning parameters selection can be found in Sec-
tion 3.6.

In order to investigate whether the given data set is potentially confounded, one can inspect
the principal components of the design matrix X, or equivalently consider its SVD. Spiked
singular value structure (see Figure 2) indicates the existence of hidden confounding, as much
of the variance of our data can be explained by a small number of latent factors. This also
serves as an informal check of the spiked singular value condition in the assumption (A2).

The scree plot can also be used for choosing the trimming thresholds, if one wants to
depart from the default median rule (see Section 3.6). We have seen from the theoretical con-
siderations in Section 4 that we can reduce the estimator variance by decreasing the trimming
thresholds for the spectral transformation P, On the other hand, it is crucial to choose them
so that the number of shrunk singular values is still sufficiently large compared to the number
of confounders. However, exactly estimating the number of confounders, for example, by de-
tecting the elbow in the scree plot [61], is not necessary with our method, since the efficiency
of our estimator decreases relatively slowly as we decrease the trimming threshold.

In what follows, we illustrate the empirical performance of the doubly debiased lasso in
practice. We compare the performance with the standard debiased lasso [66], even though it
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F1G. 2. Left: Spiked singular values of the standardized gene expression matrix (see Section 5.2) indicate possi-
ble confounding. Right: Singular values after regressing out the ¢ = 65 confounding proxies given in the data set
(thus labeled as “unconfounded”). The singular values in both plots are sorted decreasingly.

is not really a competitor for dealing with hidden confounding. Our goal is to illustrate and
quantify the error and bias when using the naive and popular approach, which ignores po-
tential hidden confounding. We first investigate the performance of our method on simulated
data for a range of data generating mechanisms and then investigate its behavior on a gene
expression data set from the GTEx project [44].

5.1. Simulations. In this section, we compare the doubly debiased lasso with the standard
debiased lasso in several different simulation settings for estimation of 8; and construction
of the corresponding confidence intervals.

In order to make comparisons with the standard debiased lasso as fair as possible, we
use the same procedure for constructing the standard debiased lasso, but with Q =1,
PU) = I,,_1, whereas for the doubly debiased lasso, PU), Q are taken to be median Trim
transform matrices, unless specified otherwise. Finally, to investigate the usefulness of dou-
ble debiasing, we additionally include the standard debiased lasso estimator with the same
initial estimator Ei“it as our proposed method; see Section 3.4. Therefore, this corresponds to
the case where Q is the median Trim transform, whereas P) =1 p—1-

We will compare the (scaled) bias and variance of the corresponding estimators. For a
fixed index j, from the equation (11) we have

V=12(B; — Bj) = N(0, 1) + Bg + By,

where the estimator variance V is defined in (25) and the bias terms Bg and B), are given by

a ZT(PWH)2X ’ b= W
J / J J

Larger estimator variance makes the confidence intervals wider. However, large bias makes
the confidence intervals inaccurate. We quantify this with the scaled bias terms Bg, which
is due to the error in estimation of g, and B, which is due to the perturbation b arising
from the hidden confounding. Having small |Bg| and |Bj| is essential for having a cor-
rect coverage, since the construction of confidence intervals is based on the approximation
y—1/2 (B} —Bj) ~ N (0, 1). We investigate the validity of the confidence interval construction
by measuring the coverage of the nominal 95% confidence interval. We present here a wide
range of simulations settings and further simulations can be found in the Appendix D.
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Simulation parameters. Unless specified otherwise, in all simulations we fix ¢ = 3, s =
Sand B =(1,1,1,1,1,0,...,0)T and we target the coefficient 81 = 1. The rows of the
unconfounded design matrix E are generated from N (0, Xg) distribution, where Xg =1,
as a default. The matrix of confounding variables H, the additive error e and the coefficient
matrices ¥ and ¢ all have i.i.d. N(0, 1) entries, unless stated otherwise. Each simulation is
averaged over 5,000 independent repetitions.

Varying dimensions n and p. In this simulation setting, we investigate how the performance
of our estimator depends on the dimensionality of the problem. The results can be seen in
Figure 3. In the first scenario, shown in the top row, we have p = 500 and n varying from
50 to 2,000, thus covering both low-dimensional and high-dimensional cases. In the second
scenario, shown in the bottom row, the sample size is fixed at n = 500 and the number of
covariates p varies from 100 to 2,000. We provide analogous simulations in Appendix D,
where both the random variables and the model parameters are generated from non-Gaussian
distributions.

We see that the absolute bias term | Bp| due to confounding is substantially smaller for the
doubly debiased lasso compared to the standard debiased lasso, regardless of which initial
estimator is used. This is because P/} additionally removes bias by shrinking large principal
components of X_ ;. This spectral transformation helps also to make the absolute bias term
| Bg| smaller for the doubly debiased lasso compared to the debiased lasso, even when using
the same initial estimator ™. This comes however at the expense of slightly larger variance,
but we can see that the decrease in bias reflects positively on the validity of the constructed
confidence intervals. Their coverage is significantly more accurate for the doubly debiased
lasso, over a large range of n and p.

There are two challenging regimes for estimation under confounding. First, when the di-
mension p is much larger than the sample size n, the coverage can be lower than 95%, since
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and a solid line, respectively. In the top row, we fix p = 500, whereas in the bottom row, we have n = 500. Blue
color corresponds to the doubly debiased lasso, red color represents the standard debiased lasso and green color
corresponds also to the debiased lasso estimator, but with the same Bt g5 our proposed method. Note that the
last two methods have almost indistinguishable |Bp| and V .
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in this regime it is difficult to estimate B accurately, and thus the term |Bg| is fairly large,
even after the bias correction step. We see that the absolute bias | Bg| grows with p, but it is
much smaller for the doubly debiased lasso, which positively impacts the coverage. Second,
in the regime where p is relatively small compared to n, | Bp| begins to dominate and leads
to undercoverage of confidence intervals. By, is caused by the hidden confounding and does
not disappear when n — oo, while keeping p constant. The simulation results agree with
the asymptotic analysis of the bias term in (52) in the Supplementary Material [29], where
the term | Bp| vanishes as A, (W) increases, in addition to increasing the sample size n. In the
regime considered in this simulation, | By | can even grow, since the bias becomes increasingly
large compared to the estimator’s variance. However, it is important to note that even in these
difficult regimes, the doubly debiased lasso performs significantly better than the standard
debiased lasso (irrespective of the initial estimator) as it manages to additionally decrease the
estimator’s bias.

Toeplitz covariance structure for Xg. Now we fix n =300, p = 1,000, but we generate
the covariance matrix X g of the unconfounded part of the design matrix X to have Toeplitz
covariance structure: (Xg); j = «!'=Jl where we vary k across the interval [0, 0.97]. As we
increase «, the covariates X1, ..., X5 in the active set get more correlated, so it gets harder
to distinguish their effects on the response and, therefore, to estimate 8. Similarly, it gets as
well harder to estimate y in the regression of X; on X_;, since X; can be explained well
by many linear combinations of the other covariates that are correlated with X ;. In Figure 4,
we can see that the doubly debiased lasso is much less affected by correlated covariates. The
(scaled) absolute bias terms | B| and | Bg| are much larger for standard debiased lasso, which
causes the coverage to worsen significantly for values of « that are closer to 1.

Proportion of confounded covariates. In order to investigate how the confounding dense-
ness affects the performance of our method, we now again fix n = 300 and p = 1,000, but
we change the proportion of covariates X; that are affected by each confounding variable. We
do this by setting to zero a desired proportion of entries in each row of the matrix W € R7*7,
which describes the effect of the confounding variables on each predictor. Its nonzero en-
tries are still generated as N (0, 1). We set once again Xg =1, and we vary the proportion
of nonzero entries of W from 5% to 100%. The results can be seen in Figure 5. We can see
that the doubly debiased lasso performs well even when only a very small number (5%) of
the covariates are affected by the confounding variables, which agrees with our theoretical
discussion for assumption (A2). We can also see that the coverage of the standard debiased
lasso is poor even for a small number of affected variables and it worsens as the confounding
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FIG. 4. (Toeplitz covariance for ¥ g) Dependence of the (scaled) absolute bias terms |Bg| and |Bp| (leff),
standard deviation V/2 (middle) and the coverage of the 95% confidence interval (right) on the parameter K
of the Toeplitz covariance structure. n =300 and p = 1,000 are fixed. On the leftmost plot, |Bg| and |Bp| are
denoted by a dashed and a solid line, respectively. Blue color corresponds to the doubly debiased lasso, red color
represents the standard debiased lasso and green color corresponds also to the debiased lasso estimator, but with

the same B™ as our proposed method. Note that the last two methods have almost indistinguishable |Bp| and V.
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FIG. 5. (Proportion confounded) Dependence of the (scaled) absolute bias terms |Bg| and | Bp| (left), standard

deviation VY% (middie) and the coverage of the 95% confidence interval (right) on proportion of confounded
covariates. n = 300 and p = 1,000 are fixed. On the leftmost plot, |Bg| and |Byp| are denoted by a dashed and
a solid line, respectively. Blue color corresponds to the doubly debiased lasso, red color represents the standard
debiased lasso and green color corresponds also to the debiased lasso estimator, but with the same ﬁinit as our
proposed method. Note that the last two methods have almost indistinguishable |Bp| and V .

variables affect more and more covariates. The coverage improves to some extent when we
use a better initial estimator, but is still worse than our proposed method.

In Appendix D, we also show how the performance changes with the strength of confound-
ing, by gradually decreasing the size of the entries of the loading matrix W.

Trimming level. 'We investigate here the dependence of the performance on the choice of the
trimming threshold for the Trim transform (14), parametrized by the proportion of singular
values p;, which we shrink. The spectral transformation Q used for the initial estimator Einit
is fixed to be the default choice of Trim transform with median rule. We fix n = 300 and
p = 1,000 and consider the same setup as in Figure 3. We take © = Ay, m],|p;m| t0 be the
pj-quantile of the set of singular values of the design matrix X, where we vary p; across
the interval [0, 0.9]. When p; =0, 7 is the maximal singular value, so there is no shrinkage
and our estimator reduces to the standard debiased lasso (with the initial estimator ™). The
results are displayed in Figure 6. We can see that doubly debiased lasso is quite insensitive
to the trimming level, as long as the number of shrunken singular values is large enough
compared to the number of confounding variables ¢. In the simulation g = 3 and the (scaled)
absolute bias terms | By| and | Bg| are still small when p; ~ 0.02, corresponding to shrinking
6 largest singular values. We see that the standard deviation decreases as p; decreases, that
1s, as the trimming level 7 increases, which matches our efficiency analysis in Section 4.2.1.
However, we see that the default choice T = A ;;,/2),|m/2) has decent performance as well. In
Appendix D, we also explore whether the choice of spectral transformation significantly af-
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transform (see equation (14)). The sample size is fixed at n = 300 and the dimension at p = 1,000. On the
leftmost plot, |Bg| and |Bp| are denoted by a dashed and a solid line, respectively. The case pj = 0 corresponds

to debiased lasso with the spectral deconfounding initial estimator ,@“it, described in (16).



1340 Z. GUO, D. CEVID AND P. BUHLMANN

fects the performance, with a focus on the PCA adjustment, which maps first several singular
values to 0, while keeping the others intact.

No confounding bias. We consider now the same simulation setting as in Figure 3, where
we fix n = 500 and vary p, but where in addition we remove the effect of the perturbation
b that arises due to the confounding. We generate from the model (2), but then adjust for
the confounding bias: ¥ <— (Y — Xb), where b is the induced coefficient perturbation, as in
equation (3). In this way, we still have a perturbed linear model, but where we have enforced
b = 0 while keeping the same spiked covariance structure of X: Xy = ¥g + VTV as in
(2). The results can be seen in the top row of Figure 7. We see that doubly debiased lasso
still has smaller absolute bias |Bg|, slightly higher variance and better coverage than the
standard debiased lasso, even in absence of confounding. The bias term Bj equals 0, since
we have put b = 0. We can even observe a decrease in estimation bias for large p, and thus
an improvement in the confidence interval coverage. This is due to the fact that X has a
spiked covariance structure and trimming the large singular values reduces the correlations
between the predictors. This phenomenon is also illustrated in the additional simulations
in the Appendix D, where we set ¢ = 0 and put E to have either Toeplitz or equicorrelation
covariance structure with varying degree of spikiness (by varying the correlation parameters).

In the bottom row of Figure 7, we repeat the same simulation, but where we set ¢ =0 and
take X¥x = X g = I in order to investigate the performance of the method in the setting with-
out confounding, but where the covariance matrix of the predictors is not spiked. We see that
there is not much difference in the bias and only a slight increase in the variance of our esti-
mator and thus also there is not much difference in the coverage of the confidence intervals.
We conclude that our method can provide certain robustness against dense confounding: if
there is such confounding, our proposed method is able to significantly reduce the bias caused
by it; on the other hand, if there is no confounding, in comparison to the standard debiased
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FIG. 7. (No confounding bias) Dependence of the (scaled) absolute bias terms |Bg| and |Bp| (left), standard

deviation VY2 (middle) and the coverage of the 95% confidence interval (right) on the number of covariates
P> while keeping n = 500 fixed. In the plots on the left, |Bg| and |Bp| are denoted by a dashed and a solid
line, respectively, but By, = 0 since we have enforced b = 0. Top row corresponds to the spiked covariance case
Yx = WU+ 1, whereas for the bottom row we set £x = 1. Blue color corresponds to the doubly debiased lasso,
red color represents the standard debiased lasso and green color corresponds also to the debiased lasso estimator,
but with the same ,@mt as our proposed method. Note that the last two methods have almost indistinguishable V .
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FIG. 8. (Measurement error) Dependence of the (scaled) absolute bias terms |Bg| and |Bp| (left), standard

1/2

deviation V /< (middle) and the coverage of the 95% confidence interval (right) on the number of covariates p

in the measurement error model (4). The sample size is fixed at n = 500. On the leftmost plot, |Bg| and |Bp| are
denoted by a dashed and a solid line, respectively. Blue color corresponds to the doubly debiased lasso, red color
represents the standard Debiased Lasso and green color corresponds also to the debiased lasso estimator, but
with the same B\mit as our proposed method. Note that the last two methods have almost indistinguishable | Bp|
and V.

lasso, our proposed method still has essentially as good performance, with a small increase
in variance.

Measurement error. We now generate from the measurement error model (4), which can be
viewed as a special case of our model (2). The measurement error W = WTH is generated
by g = 3 latent variables H;. € R? for 1 <i <n. We fix the number of data points to be
n = 500 and vary the number of covariates p from 50 to 1,000, as in Figure 3. The results
are displayed in Figure 8, where we can see a similar pattern as before: The doubly debiased
lasso decreases the bias at the expense of a slightly inflated variance, which in turn makes the
inference much more accurate and the confidence intervals have significantly better coverage.

5.2. Real data. We investigate here the performance of doubly debiased lasso (with a
default trimming level of 50%) on a genomic data set. The data are obtained from the GTEx
project [44], where the gene expression has been measured postmortem on samples coming
from various tissue types. For our purposes, we use fully processed and normalized gene
expression data for the skeletal muscle tissue. The gene expression matrix X consists of
measurements of expressions of p = 12,646 protein-coding genes for n = 706 individuals.
Genomic data sets are particularly prone to confounding [23, 25, 42], and for our analysis
we are provided with ¢ = 65 proxies for hidden confounding, computed with genotyping
principal components and PEER factors.

We investigate the associations between the expressions of different genes by regressing
one target gene expression X; on the expression of other genes X_;. Since the expression of
many genes is very correlated, researchers often use just ~ 1,000 carefully chosen landmark
genes as representatives of the whole gene expression [56]. We will use several such landmark
genes as the responses in our analysis.

In Figure 9, we can see a comparison of 95%-confidence intervals that are obtained from
the doubly debiased lasso and standard debiased lasso. For a fixed response, landmark gene
X;, we choose 25 predictor genes X ; where j # i such that their corresponding coefficients
of the lasso estimator for regressing X; on X_; are nonzero. The covariates are ordered
according to decreasing absolute values of their estimated lasso coefficients. We notice that
the confidence intervals follow a similar pattern, but that the doubly debiased lasso, besides
removing bias due to confounding, is more conservative as the resulting confidence intervals
are wider.

This behavior becomes even more apparent in Figure 10, where we compare all p-values
for a fixed response landmark gene. We see that doubly debiased lasso is more conservative
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F1G. 9. Comparison of 95% confidence intervals obtained by the doubly debiased lasso (blue) and doubly
debiased lasso (red) for regression of the expression of one target landmark gene on the other gene expressions.

and it declares significantly less covariates significant than the standard debiased lasso. Even
though the p-values of the two methods are correlated (see also Figure 12), we see that it can
happen that one method declares a predictor significant, whereas the other does not.

Robustness against hidden confounding. We now adjust the data matrix X by regressing
out the g = 65 provided hidden confounding proxies. By regressing out these covariates, we
obtain an estimate of the unconfounded gene expression matrix X . We compare the estimates
for the original gene expression matrix with the estimates obtained from the adjusted matrix.

For a fixed response landmark gene expression X;, we can determine significance of the
predictor genes by considering the p-values. One can perform variable screening by consid-
ering the set of most significant genes. For the doubly debiased lasso and the standard lasso,
we compare the sets of most significant variables determined from the gene expression ma-
trix X and the deconfounded matrix X. The difference of the chosen sets is measured by the
Jaccard distance. A larger Jaccard distance indicates a larger difference between the chosen
sets. The results can be seen in Figure 11. The results are averaged over 10 different response
landmark genes. We see that the doubly debiased lasso gives more similar sets for the large
model size, indicating that the analysis conclusions obtained by using the doubly debiased
lasso are more robust in presence of confounding variables. However, for small model size

log(p-value)
-log(p-value)

index index

FIG. 10. Comparison of p-values for two-sided test of the hypothesis B; = 0, obtained by doubly debiased
lasso (red) and doubly debiased lasso (blue) for regression of the expression of one target gene on the other gene
expressions. The covariates are ordered by decreasing significance, either estimated by the debiased lasso (left)
or by the doubly debiased lasso (right). Black dotted line indicates the 5% significance level.
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FiG. 11. Comparison of the sets of the most significant covariates chosen based on the original expression
matrix X and the deconfounded gene expression matrix X, for different cardinalities of the sets (model size).
The set differences are measured by Jaccard distance. Red line represents the standard debiased lasso method,
whereas the blue and green lines denote the doubly debiased lasso that uses p = 0.5 and p = 0.1 for obtaining
the trimming threshold, respectively; see equation (14).

we do not see large gains. In this case, the sets produced by any method are quite different,
that is, the Jaccard distance is very large. This indicates that the problem of determining the
most significant covariates is quite difficult, since X and X differ a lot.

In Figure 12, we can see the relationship between the p-values obtained by the doubly
debiased lasso and the standard debiased lasso for the original gene expression matrix X
and the deconfounded matrix X. The p-values are aggregated over 10 response landmark
genes and are computed for all possible predictor genes. We can see from the left plot that
the doubly debiased lasso is much more conservative for the confounded data. The cloud
of points is skewed upwards showing that the standard debiased lasso declares many more
covariates significant in presence of the hidden confounding. On the other hand, in the right
plot we can see that the p-values obtained by the two methods are much more similar for the
unconfounded data and the point cloud is significantly less skewed upwards. The remaining
deviation from the y = x line might be due to the remaining confounding, not accounted for
by regressing out the given confounder proxies.

-log(p-value), Debiased Lasso
-log(p-value), Debiased Lasso

4 6 8 10
-log(p-value), Doubly Debiased Lasso -log(p-value), Doubly Debiased Lasso

FIG. 12.  Comparison of p-values for two-sided test of the hypothesis 8; = 0, obtained by doubly debiased lasso
and standard debiased lasso for regression of the expression of one target gene on the other gene expressions. The
points are aggregated over 10 landmark response genes. The p-values are either determined using the original
gene expression matrix (left) or the matrix where we have regressed out the given q = 65 confounding proxies
(right). Horizontal and vertical black dashed lines indicate the 5% significance level.
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6. Discussion. We propose the doubly debiased lasso estimator for hypothesis testing
and confidence interval construction for single regression coefficients in high-dimensional
settings with “dense” confounding. We present theoretical and empirical justifications and
argue that our double debiasing leads to robustness against hidden confounding. In case of
no confounding, the price to be paid is (typically) small, with a small increase in variance
but even a decrease in estimation bias, in comparison to the standard debiased lasso [66]; but
there can be substantial gain when “dense” confounding is present.

It is ambitious to claim significance based on observational data. One always needs to
make additional assumptions to guard against confounding. We believe that our robust doubly
debiased lasso is a clear improvement over the use of standard inferential high-dimensional
techniques, yet it is simple and easy to implement, requiring two additional SVDs only, with
no additional tuning parameters when using our default choice of trimming p = p; = 50% of
the singular values in equations (14) and (15).
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