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Abstract: Envelope method was recently proposed as a method to reduce
the dimension of responses in multivariate regressions. However, when there
exists missing data, the envelope method using the complete case observa-
tions may lead to biased and inefficient results. In this paper, we generalize
the envelope estimation when the predictors and/or the responses are miss-
ing at random. Specifically, we incorporate the envelope structure in the
expectation-maximization (EM) algorithm. As the parameters under the
envelope method are not pointwise identifiable, the EM algorithm for the
envelope method was not straightforward and requires a special decompo-
sition. Our method is guaranteed to be more efficient, or at least as efficient
as, the standard EM algorithm. Moreover, our method has the potential
to outperform the full data MLE. We give asymptotic properties of our
method under both normal and non-normal cases. The efficiency gain over
the standard EM is confirmed in simulation studies and in an application
to the Chronic Renal Insufficiency Cohort (CRIC) study.
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1. Introduction

Recently, a new dimension reduction method called the envelope method has
been proposed in the multivariate regressions [11]. Unlike the standard dimen-
sion reduction methods, the envelope method assumes the redundancy among
responses rather than among predictors. Specifically, it is assumed that there
exist some linear combinations of the response variables that do not contribute
to the regression. Under such a condition, the envelope method is shown to have
efficiency gain over the ordinary least squares which regresses one response at
a time ignoring other responses. Similar redundancy structures have also been
extended to hold among the predictors or among both predictors and responses.
It is known that the estimation of the central space may suffer from bias when
the correlations between variables are high [7]. The envelope conditions circum-
vent the challenge of identifying the central space in the standard dimension
reduction problem when the correlation between variables is high, at the cost of
obtaining a bigger space containing the parameters of interest, and thus makes
the envelope estimates more reliable.

Various envelope methods have been proposed in different settings, including
response envelope [11], inner envelope [41], scaled envelope [12], reduced rank
envelope [9], predictor envelope [10], simultaneous envelope [14], sparse envelope
[43], tensor envelope [31], model-free envelope [13], and mixed effects envelope
[40]. Algorithms such as 1-D algorithm [15] and envelope coordinate descent
[16] have also been proposed to effectively and efficiently estimate the envelope
models.

A prominent problem when a large number of responses and predictors are
collected is the missingness of responses or predictors. Missing data may arise
when a subject refuses to respond to certain questions or when the data is not
collected. The missing data mechanism is said to be missing at random (MAR)
or ignorable if it only depends on the observed data and it is said to be missing
not at random (MNAR) or nonignorable if otherwise. As [33] suggested, in most
MAR scenarios, a complete case analysis would lead to inefficient or possibly
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biased results. We assume the missingness mechanism is MAR throughout this
paper.

In this paper, we generalize the envelope method for data with missing pre-
dictors and responses. As the parameters under the envelope method are not
pointwise identifiable, such a generalization requires a special decomposition.
The importance of the research lies in several aspects. First, with rapidly ad-
vancing technology, it is common that high-dimensional responses are collected
to characterize multiple aspects of individuals. Biased and inefficient results
will be obtained if the analysis deletes all the observations with missing values.
Second, while the standard missing data methods typically suffer from an effi-
ciency loss, as compared to the full data analysis, the method that incorporates
dimension reduction can potentially recover substantial efficiency. Third, our
proposed method to recover the missing information can also be generalized to
the predictor envelope model where the redundancy is assumed among the pre-
dictors rather than the responses, as well as to the case where the redundancy
is present among both the responses and the predictors. And lastly, to the best
of our knowledge, our paper is among the first few in the dimension reduction
literature to discuss the case where both responses and predictors are subject
to missingness.

We organize the paper as follows. In Section 2, we introduce the notations and
review the envelope models. In Section 3, we present the observed data likelihood
and clarify the difficulty of applying the envelope method directly. In Section 4,
we propose an EM envelope algorithm. Simulations are given in Section 5, where
we compare the EM envelope method with the existing methods. In Section 6,
we apply the EM envelope to the Chronic Renal Insufficiency Cohort (CRIC)
data. In Section 7, we present a brief discussion. Section 8 contains the link to
our R package.

2. Preliminary

Let Y; = (Yi1,...,Y)? and X; = (Xi1,...,X;p)7 denote the multivariate
responses and predictors for individual ¢, where T denotes the transpose of
a matrix and ¢ = 1,...,n. Also, let Y = (Yy1,...,Y,) € R and X =
(X1,...,X,) € RP*" where Y € RP*™ denotes that Y is an element in the
set of all real matrices with dimension r x n. Consider the multivariate linear
regression model

Y; = BX,; + &y, (2.1)

where g; are identically and independently (i.i.d) distributed with mean 0
and variance X, and 3 € R"*P. We firstly assume the normality of the er-
ror when deriving the EM envelope estimator. We extend later (Propositions
2 and 3) the robustness property of our estimator when the normality is pos-
sibly violated. Let Rx,, = 1 if Xj; is observed and Rx,, = 0 if otherwise,
for 7 = 1,...,p. Similarly, let Ry, denote the missing indicator for Yj;, for
k=1,...,r. Let R; = (Rx,,,...,Rx,,, Ryi,»---, Ry,,)" denote the vector of
missingness indicators of all variables for individual ¢. Let Y; ;55 and X; pis
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denote the vectors of the missing responses and the predictors for individuals .
Let Y; 0ps and X, ops denote the vectors of the observed responses and pre-
dictors for individual 7. Under such notations, different individuals may have
different missing responses and predictors, i.e., the lengths and the components
of Y; ops and X ops differ from one to another. Let D; o5 = (Xi,ObS,Yi,ObS)T
and D yis = (Xi mis, Yimis)? denote the observed data and the missing data
for individual 4, respectively. Let y;; and x;; denote the possible value of Yy
and X;;. Then y; = (yi1,... i) and x; = (241, . .. ,xip)T are the possible
value of Y, and X;. Let X; ops and X; ;s denote the value of the observed and
missing predictors. Define y; o5 and y; mis similarly. We assume the missingness
is ignorable:

Assumption 1 (ignorability). R; 1L D; mis | Dy ops-

Assumption 1 implies that given the observed data, the failure to observe a
variable does not depend on the unobserved data. This particular type of miss-
ingness is called missing at random (MAR) or ignorable missingness. A complete
case analysis is inefficient and can be seriously biased [32]. Throughout the pa-
per, we assume both covariates and responses are missing at random, which has
also been assumed in [6] and [26].

In multivariate regression with fully observed data, the envelope method [11]
is motivated by the observation that some characteristics of the responses are
unaffected by the changes of the predictors. For example, in a randomized trial,
the difference between the repeated measures of the blood pressure of a patient
in the treatment group (or the control group) may only reflect the aging over
time rather than the treatment effect. A matrix O € R"*" is orthonormal if
and only if it satisfies OTO = I,., where I, denotes the identity matrix with
dimension r. Consider an orthonormal matrix (I',Ty) € R"*" such that

Condition 1. span(3) C span(T),
Condition 2. ¥ = T'QI7 + TyQeI7,

where T' € R"™** Ty € R"™*("=%) and 0 < u < r. The subspace span(T") satisfy-
ing Conditions 1 and 2 is not unique, but Cook et al. [11] defined the envelope
to be the smallest subspace satisfying these conditions. The dimension wu is
known as the envelope dimension. Notice the decomposition of X is equivalent
to cor(TYY,TTY | X) = 0. From span(8) C span(T'), the regression parameter
can be written as 8 = I'n, where np € R“*P. Therefore, the envelope model can
also be written as follows:

Y, =TnX; +e;, X=Tr? +1,Q,I7. (2.2)

Under Condition 2, we have Var(T'TY)= Q and Var(I'JY) = €. The matrices
Q and Qg can be thought of as the variance of Y under the new basis (T', T'p).
The null correlation only guarantees the information of ' Y is immaterial in the
first two moments. Under the normality assumption of the error, Conditions 1-2
are equivalent to the following two conditions:

Condition 3. T'7Y I X.
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Condition 4. TTY ITYY | X.

Conditions 3—4 are equivalent to TZY I (TTY,X).

Although the original envelope was developed using Conditions 1-2, we di-
rectly define envelope using Conditions 3—4. The envelope under Conditions 3—4
is in general no smaller than that defined by Conditions 1-2. We prefer Con-
ditions 34 because the interpretation of the envelope is more straightforward
especially when the normality is violated.

We give a simple example for the envelope model. Assume Y = (Y7,Y3).
Suppose Y7 = BX +¢1 and Yo = —3X + g5, where €1 and ey follow two normal
distributions, and they are independent of each other. The predictors X do not
affect the summation of responses Y7 + Y. Additionally, it can be verified that
Y1 —Y5 is independent of Y7 +Y5; thus, Y7 4Y5 can be completely discarded in the
regression. That is, the regression of Y on X can be replaced with the regression
of Y1 — Y5 on X. In this example, T' = (1, -1)7/v/2, and Ty = (1,1)7/+/2. The
combinations of responses that are involved in the regression, I'"Y, is called
the material part of Y, and the part that is uninvolved, T'lY, is called the
immaterial part of Y. Hence, the main focus of the envelope method is to find
the column space of T, i.e., span(T'), that fully contains the information of 3,
i.e., find an envelope of (3.

Once an estimate of the basis T, f‘, is obtained, ﬁem is obtained by projecting
the maximum likelihood estimator B onto the estimated envelope space, Bem, =
Pf,é', where P A stands for the projection matrix for the matrix A.

Figure 1 demonstrates the intuition of efficiency gain of the envelope method
when there is no missing data, or equivalently, with the full data. Consider
two groups of individuals (the group with X = 1 is denoted by triangles and
the other with X = 0 is by circle dots), where each point (triangle or circle
dot) denotes one individual. Two responses Y; and Y, are collected for each
individual. Suppose that we are interested in estimating the group difference on
Y7, the standard maximum likelihood estimation (MLE) projects all the data
onto the Y7 axis, ignoring information on Y5 completely. The density curves of
the two group distributions of Y; are given at the bottom in Figure 1(a). The
two curves are hard to distinguish as they almost overlapped. The full data MLE
for the group difference is 0.11 with the bootstrap standard error being 0.12 and
the p-value being 0.37. Thus, it is hard to distinguish between the two groups.
While the true difference between the two group mean of Y7, 0.32, is contained
in the 95% confidence interval of the full data MLE, the large variability of the
estimator makes the point estimate deviate from the true parameter value.

The idea of the envelope method is to reduce the noise in the original data by
projecting each observation onto the direction that contains all the information
related to the regression. The two groups are best distinguished along the di-
rection of the black solid line. In contrast, the two groups have almost identical
distribution along the direction that is orthogonal to the black solid line. That
is, the information orthogonal to the black solid line does not contribute to the
distinction between the two groups. Thus, eliminating that part of variation
does not sacrifice any relevant information for the regression, but instead makes
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the regression more efficient. An estimate of the black solid line is shown as the
purple dashed line in Figure 1(b). All the points are thus first projected onto
the estimated direction I'7Y, then projected onto the Y; axis. For example,
a data point A was first projected onto the estimated envelope direction with
an intersection B, and then projected onto the Y7 axis. [11] showed that the
envelope method can achieve substantial efficiency gain when the envelope di-
rection is aligned with the eigenspaces of 3 that correspond to relatively small
eigenvalues. In that way, linear combinations of Y with larger variances can
be eliminated by the projection. In Figure 1(b), the direction that can better
distinguish the two groups is aligned with the direction that the data has less
variability, so the envelope method is expected to provide substantial efficiency
gain. The density curves of the two groups under the envelope estimation are
shown at the bottom of Figure 1(b) and they have much smaller spreads. The
envelope estimator for the group difference is 0.32 with the standard error being
0.03 and the p-value < 0.001. Thus, it is much easier to distinguish between the
two groups.

Now, consider the case where the predictors X are fully observed but some
values of the responses are missing (see Figure 2). The missingness mechanism
is as follows. For an individual i for ¢ = 1,...,150, if X; = 1 and if Y;; is
among the largest 30 Y;; for ¢/ = 1,...,150, then Y;o is missing. If X; = 0
and if Y;9 is among the largest 45 Y5 for ' = 1,...,150, then Y;; is missing.
Such missingness mechanism is MAR, and the missing rate is 30% for Y7, and
20% for Y. The hollow triangle represents Y7 missing, and the hollow circle
dot represents Ys missing. The standard EM method is shown in Figure 2(a).
Although being an asymptotically unbiased method, the standard EM estimates
of the group difference is 0.11. Similar as the full data MLE, the point estimate
of the standard EM also deviates from the true parameter value due to the
large variability. The bootstrap standard error is 0.12 with the p-value being
0.37. The spreads of the two group densities are again relatively large, resulting
in a relatively inefficient estimate.

The existing envelope methods for solving I' all require the data to be fully
observed [11, 15]. Figure 2(b) shows the complete case envelope where all the
observations with missing data are deleted from the analysis. The estimated
complete case envelope direction is shown as the blue dashed line in Figure 2(b),
which is far from the true envelope direction (black solid line). This leads to a
severe bias: even the sign of the estimated parameter is incorrect. The complete
case envelope estimate is —1.63 with the bootstrap standard error being 0.15
and the p-value < 0.001.

Our method is shown in Figure 2(c). Different from the complete case anal-
ysis, we use both the complete cases and the partially missing information.
Our proposed method is asymptotically unbiased when the missing pattern is
MAR. The estimated envelope direction is shown as the red dashed line. Our
method recovers the envelope direction and achieves significant efficiency gain
over the standard EM as the density curves have much smaller spreads. The
EM envelope estimator is 0.31 with the bootstrap standard error 0.04 and the
p-value < 0.001. It is interesting to see that our method may even outperform
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the full data MLE as the efficiency gain by the envelope method outweighs the
information loss due to missing data in this illustrative example.

Full data MLE
Iy

T
Full Data Envelope it b
4 N/

A

2 ety "y 2. °
S0 >0
-2: 2
2 0 2 T2 0 2
Y4 Y4
(a) Full data MLE (b) Full data envelope

Fic 1. Intuitive illustration of the envelope method without missing data. Two groups are
shown using circle dots (X = 0) and triangles (X = 1). The solid line is the true envelope
direction, the dashed lines are the estimated envelope. The density curves of the two groups
using the envelope method are shown at the bottom of each subfigure.

Standard EM

2 0 2 -2 0 2
Y4 Yy
(a) Standard EM (b) CC Envelope (c) EM Envelope

Fic 2. Intuitive illustration of the envelope method in the presence of missing data. Two
groups are shown using circle dots (X = 0) and triangles (X = 1). Hollow circle dots or
triangles indicate one of the components of Y is missing: the hollow triangle has Y1 missing,
and the hollow circle dot has Yo missing. The solid line is the true envelope direction, the
dashed lines are the estimated envelope using different methods. The density curves of the
two groups using different methods are shown at the bottom of each subfigure.

3. The observed data likelihood

The envelope method proposed by [11] utilizes the full data likelihood function
Lywy =TIy f(yi | xi3m, T, 20, 2) to obtain the MLE of the parameters. In the
presence of missing data, we replace the full data likelihood with the observed
data likelihood

Lobs = H f(yi,obs | Xi,0bss T, Fv S107 Q)

i=1
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n
X H //f(yi,obsa Yimis ‘ XM, Fa QOv Q)f(xi,obsa Xi,mis; p)dxi,misdyi,misa
=1

where p is the parameter for the predictors’ distribution and « denotes pro-
portional to, i.e., a multiplicative constant is omitted. Let x; mis denote the set
of predictors X, that is missing for individual ¢. For example, if X; nis = Xi1,
then X mis = {Xi1}. Write Xi mis = 00 when all the p predictors are observed
for this individual. Since [ f(¥i obs, Yi,mis | Xi; M, T, Qo, Q)dYimis = [(Yi,obs |
x;; 1, T, Qp, Q), we can simplify the observed data likelihood as

Loso<  J[  f(iobs | xi5m,T,Q0, Q)
1€{Xi,mis=0}

H / f(Yi,obs | XN, I‘v Q, Q)f(xi,obsa Xi,miss p)dxi,mis~
iE{XiJnis#®}

The first part of the observed data likelihood corresponds to the likelihood
of individuals with fully observed predictors. The second part corresponds to
the likelihood of individuals with missing predictors. Hence, the observed data
likelihood utilizes more information than the complete data likelihood.

The observed data likelihood is in general hard to calculate as it involves
the multivariate integral. Closed form observed data likelihood exists under cer-
tain distributions. Example A1l in the Appendix derives the closed form of the
observed data likelihood when predictors and responses follow a joint normal
distribution. However, in general, the integral in the observed data likelihood
may result in a complicated form. [13] pointed out that the envelope method
performs poorly when the first order derivative of the objective function do not
have a closed form. Even when the observed data likelihood is available in a
closed form, the parameter is typically complicatedly intertwined in the likeli-
hood. Together with the fact that the parameter is not pointwise identifiable, it
is challenging to calculate the maximum likelihood estimates under an envelope
structure. Such a challenge was also identified in [13] in the context of gener-
alized linear models. In this paper, we propose an EM envelope algorithm that
can identify and estimate the envelope space with missing data.

4. The EM envelope
4.1. The EM updates

Let lpuu(¢ | L) = log Lyyu(¢ | L) denote the log of full data likelihood, where
¢ = (n,T,Q,9, p). Then, the logarithm of full data likelihood of (X,Y) is

lra(@ | x,y)

=315 log 5] — 5(yi — Bx) TS (i — xi) +logl ol | p)}] + C
i=1
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n 1 —
— Mgz - =S A,
2 Og ‘ ‘ 2 Zz:; T + C’
where A; = (y;—08x;) T (y;—Bx;)+2log{ f.(x; | p)} and C'=—(nrlog2n)/2.
In the E-step,

Q(¢ ‘ ¢t):E{lfull(¢ | L) | Dobs§¢t}:/lfull(¢ | L)f(Dmis | Dobs; ¢t)dDmis~

Recall that 1 = T'QI'T and ¥, = I‘OQOI‘(:)F, we can also use ¢ =
(n,T', 31,39, p) as the new parameters for the reparameterization. Hence, we
have

1 n
Q¢ | @) = —5 10g[B] = 5 D E(A: | Dyonei 1) + C:
i=1

Since E(YI'2Y;) = E{tr(ZY,;Y!)} = tr{ZE(Y,;Y))}, we have

E(A; | Djobs; ¢1)
=tr{ST'E(Y; Y] | Diobsi ¢1) + BT 7' BE(XiX] | Di obs; D1)
— 28T TE(Y X | Diobs; #0)} — E[21og{ f2(Xi|p)} | Diobs; Hr].

Let Ajiy = E(Y:Y! | Diobsi @), Ainy = E(Y;XT | Diobsi 1), Aizr =
E(XZXZT | Di,obs; (bt)a Aj,t = Z?:l Aij,tv .7 = 17 ey 3. Thus,

Q¢ | ¢1) = 5 108 |S[ + Y E(A | Diopi ) + C

i=1
n 1 3 n n n
=3 log || - §tr{2 Y ; A —2 ; Ai:B" + B ; A8}

+ Eflog{/fx(xi | p)} | Diobs; @] + C
x —nlog|Z| — tr{E " (A1, — 2A5,8" + BA;3.87)}
+ E[2log{fz(x; | p)} | Di,obs; P1] +2C.

After the E-step, we do the M-step. However, the parameters under the envelope
method are not pointwise identifiable [11]. That is, for any orthogonal matrix
A, replace I" with T'A results in a equivalent model. The EM algorithm for the
envelope method is not straightforward and requires a special decomposition
in the M-step. We imitate that of the full data likelihood in [11] to isolate the
parameter to be optimized from the other parameters. We decompose Q(¢ | ¢¢)
as Q(¢ | 1) = Q1(p | ¢¢) + Q2(B, X | @), where Q1(p | ) = E[2log{ f2(X; |
P)} | Dobs; 0] +2C, and Q2(B, X | ¢pr) = —nlog |X| —tr{E_l(Al,t—2A2’tﬁT—&—
BAs5:87)}. As Qi(p | ¢:) only involves p, the maximizer of Q1(p | ¢;) is
piy1 = argmaxperr E[2log{fz(x; | p)} | Dobs; ¢¢], where II is the parameter
space of p.

To find the maximizer of Q2(83, X | ¢:), note under the envelope conditions 3—
4, we have 3 = 31 4+ 3y, where 37 = PrXPr, 3y = QprXQr with 3,3, =0,
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and Span(3) C Span(X;). This implies 3o3 = 0. Additionally, by Theorem 3
n21], ¥t = EJ{ + E;, where t indicates the Moore-Penrose inverse. We can
write Q2 as:

Q2(B, 2 | ¢:) = —nlogdetoS; — tr{S] (A1, — 245,087 + BA;,87)}
— nlogdetyXy — tr(EEALt),

where detg(A) denotes the product of its non-zero eigenvalues. Further, we
have Q2(8,X | ¢) = Q21(8,31 | @) + Q22(X2 | ¢¢), where Q2:1(8,31 |
¢:) = —nlogdetoS) —tr{= (A1, — 245,87 +BA;,087)}, and Q22( | ¢¢) =
—nlogdetyXy — tr(E;ALt). Suppose for the moment, ¥ is fixed. Then, from

tr{Ei(ALt - 2A2,t5T + ﬂAS,tﬂT)}
=tr{=l (A, — Az As AT )}

1 _1 1 _1
+tr{(A7,87 - A;7 AT )EN(AZ,87 — A7 AT )T

the maximizer of Q21(3,31 | ¢¢) subjects to Span(8) C Span(X;) with 3,
fixed is Bi41 = Px,Baar = Px,AzAsy, where Byar = AsiAgz,. Since
Q. B! = 0, we have Q2,1(Bi41,51 | ¢) = —nlogdeto=; — tr{=](A;, —
A ASTAT Y

In order to maximize Q21(Bi+1, X1 | @1), Q2,2(X2 | @) over ;1 and X,
we use the Lemma 4.3 in [11], which is reviewed as Lemma 5 in the Appendix.
Suppose matrix I' is given, then by Lemma 5, we have ¥ ;41 = Pr(Aq; —
Az A5 ;AL )Pr/n and 25411 = QrAi1,Qr/n. Hence, Q21(Br+1,Z1,41 |
¢:) = C1 —nlogdeto{Pr(A1; — A27tAg7iAg7t)Pr}, Q22(Z2441 | @) = Co —
nlog detg (QFAMQF), where C; = nulogn — nu and Cy = n(r — u)(logn —
1). Finally, we find the matrix I' to minimize the function logdet{Pr(A;; —
AzytAngQT’t)Pp + QrA;:Qr}. The elements in I' are not pointwise identifi-
able; however, as the objective function above is a function of Span(T'), we only
need to estimate the span of the column space of I', which is identifiable. The
MLE of Span(I") can be obtained using full Grassmannian optimization [11, 8].

4.2. Selection of the envelope dimension

The selection of the envelope dimension can be viewed as a diagnostic or model
selection under the envelope framework. Model selection criteria for missing data
problem such as the likelihood ratio test and the information criteria including
AIC, BIC, typically involve the observed data likelihood. As mentioned, the
observed data likelihood may be complicated and not in a closed form. Hence,
it is ideal if the calculation of the model selection criteria could be obtained
directly from the EM output. [27] proposed the information criteria for missing
data problems. They used the fact that E{log f(Dobs | @) | Dobs; P1} = Q(¢b |
¢t) - H(¢ | ¢t)v where H(¢ | qbt) = E{log f(DmiS ‘ Dobs;(b) ‘ Dobs;(bt} and
Q(¢ | ¢+) was defined in Section 4.1. The @ function can be computed from the
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EM output and the H function can be analytically approximated as part of the
EM output.

[18] recommended using the BIC to select the envelope dimension, because
the AIC tends to over select the true dimension and the likelihood ratio testing is
inconsistent. Thus, we generalize the BIC for the missing data problem following
[27] as BICy ¢ = —2Q(¢ | @)+2H (¢ | ¢)+pulogn. The penalty term is pu log n
because under the envelope model, there are pu+r(r+1)/2 unknown parameters
in total, and only pu varies with dimension u. The asymptotic properties of
BICy g are given in [27].

The computation of the H function is not straightforward since it may not
have a closed form. [27] proposed a method for approximating the H function
through the truncated Hermite expansion with MCMC sampling. Alternatively,
an approximation of BICqg could be obtained by omitting H (q@ | $)7 where
BICq = —2Q(q.7> | qAb) + pulogn. When the proportion of missing information is
small, the use of BICy is adequate.

The information criterion relies on the correct specification of the distri-
bution. Alternatively, we can generalize a bootstrap method for choosing the
envelope dimension u, which is more robust to misspecification of distributions.
A similar bootstrap method was proposed by [45, 17] and has been widely used
for selecting the dimension of the central space in the dimension reduction liter-
ature [30, 46, 48]. We propose to first fix the dimension u for the basis matrix T’
and then bootstrap data b times to get a sequence of envelope space ... rb.
If the proposed dimension is u* > wu, then span(f‘) can be any space of di-
mension u* that contains span(T'), and thus, the estimate should suffer from
large variability as compared to the estimate of the original data I'. Therefore,
we choose the largest dimension u* such that the bootstrap estimated space
is the most similar to I'. To evaluate the variability of I't,..., I we use the
vector correlation coefficient ¢* proposed by [25]. Suppose A and B e R™" a
semi-orthonormal matrices, then

*(A,B) = | BTAATB|.

We see that ¢%(A,B) € [0, 1] and higher value of ¢? indicates higher correlation
between the two subspaces. When ¢%(A,B) = 1, span(A) = span(B). Hence,
we choose the largest dimension u* such that

b
> (T, 19) > 0.95.

4.3. Asymptotics

The following propositions guarantee the efficiency gain and asymptotic nor-
mality of the EM envelope estimator. Specifically, Proposition 1 establishes the
asymptotic property when the densities of both € and X are correctly specified
and that of € is normal. Proposition 2 extends the result to the case where the
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distribution of X is correctly specified but € has a misspecified normal working
density. Proposition 3 extends the result further to the case where € and X both
have a misspecified normal working density. Let {* denote the log-likelihood un-
der working model. Let s,(¢) = VI*(¢p) and M,,(¢) = —E{V?*(¢)}, where
V denote the gradient with respect to a general parameter ¢. We state our
regularity conditions first.

(A1) (Observed likelihood) Leps is unimodal, i.e, the probability distribution
has a single maximum, in the parameter space ® with only one point ¢q
such that 0Q(¢ | ¢¢)/0P|p=¢, = 0, and that 0Q(¢ | ¢;)/0¢ is continuous
in ¢ and ¢;.

(A2) (Finite moments) The error term &; and covariates X; have finite (4+6)-th
moment for some ¢ > 0.

(A3) (Eigenvalues) lim, A_{n~'Var(s,(¢))} > 0 and lim, A\_{n "M, (¢)} >
0, where lim and A_(-) stands for the lower limit and the smallest eigen-
value.

(B1) (Equicontinuous) Vs, (¢) is equicontinuous on any compact subset of ®.
(B2) (Uniqueness) lim,, o, E{n"1s,(¢)} = 0 has a unique solution at the true
parameter value.

Conditions (A1)—(A3), (B1)—(B2) are mild regularity conditions. For instance,
(B1)—(B2) hold in the following examples when X; follows normal or binomial
distribution and the working model for ; is normal. We give the proof in the
Appendix.

Example 1. Under Model (2.1), suppose Assumption 1 holds, if the distribution
of X; is normal, then reqularity conditions (B1)-(B2) hold.

Example 2. Under Model (2.1), suppose Assumption 1 holds, if X; follows
binomial distribution, then regularity conditions (B1)—(B2) hold.

Example 3. Under Model (2.1), suppose Assumption 1 holds, if X; =(X;1, Xi2)
where X;1 follows Binomial distribution, X;o follows normal distribution and
X1 L Xa, then regularity conditions (B1)—-(B2) hold.

In Examples 2 and 3 above, the observed data follows a Gaussian mixture dis-
tribution, which is multimodal and thus violates (A1l). However, condition (A1)
is only a sufficient condition for the EM algorithm to converge to the MLE. The
convergence of the EM algorithm under Gaussian mixture model is well studied
and therefore we can impose some alternative assumptions to substitute condi-
tion (A1) under this case. For example, if the conditions in Theorem 3.3 of Zhao
et al. [47] hold, the EM algorithm in Examples 2 and 3 converges to the MLE.

The parameter of the envelope model is ¢ = (n,T',€2,Q, p). We are in-
terested in the property of the parameters 3, ¥ and p, which are functions
of ¢. From (2.2), we have h(¢) = (8,%,p) = (I'n,TQT7T + Ty\Q I, p) =
{h;(¢), ha(¢),h3(¢)}. Let @ = h(¢) denote our parameter of interest, Oepm.cno
and éem.std denote the EM envelope and the standard EM estimators as the EM
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sequence converges. The following propositions can be proved using the results
in [39].

Proposition 1. Under Model (2.1), suppose Assumption 1, Conditions 3—4,
and (A1) hold, assume the distributions of &; and X; are both correctly specified
and €; follows a normal distribution, then \/ﬁ(éenustd —0) 4, N(0,Vgq) and

NZC ——) LN N(0,Venp) as n — oo, where Ve, = G(GTV_1G)IGT
and G is given by

I,oT nt 1, 0 0 0
0 2C, MR —TeLQIT) C.TRDE, C,.Tiy®@Ly\)E,., 0
0 0 0 0 I

Matrices C, and E, are defined in the Appendix. Hence, Veny — Vg
which indicates the efficiency gain of the EM envelope estimator.

Y

0,

When the envelope dimension u = r, the envelope reduces to the standard
maximum likelihood estimate. That is, even when the envelope assumptions
do not hold, the EM envelope estimator performs as well as the standard EM
estimator. Also, following a similar argument as in [11], if the variability of the
immaterial part is relatively large, then the efficiency gain would be substantial.

Propositions 2 and 3 below extend Proposition 1 and provide the asymp-
totics of missing data envelope estimator when the normality of €; is violated.
Lemmas 1-4 provide asymptotics for the standard estimator.

Lemma 1. Under Model (2.1), suppose Assumption 1 holds, when €; is mis-
specified to follow a normal distribution, if (A1)-(A2) and (B1)-(B2) hold, then

A p
Oun.sta — 0 as n — co.

Lemma 2. Under Model (2.1), suppose Assumption 1 holds, when €; is mis-
specified to follow a normal distribution, if (A1)-(A3) and (B1)-(B2) hold, then

V(Berm-sta—0) 2 N(0,V1q) asn—00, Verg=M,(0) ! Var{s,(6)}M,.(6) .
Proposition 2. Under Model (2.1), suppose Assumption 1, Conditions 34,
(A1)-(A3), and (B1)-(B2) hold, if the distribution of X; is correctly specified
and €; is misspecified to follow a normal distribution, we have /1(Ocm.cnyv —
0) 4, N(0,Veny) as n — oo, where Veny = G(GTIG)IGTI, G is defined
in Proposition 1 and the definition of the symmetric matriz J is given in the
Appendiz.

Lemma 3. Under Model (2.1), suppose Assumption 1 holds, when €; and X;

are misspecified to follow a normal distribution, if (A1)-(A2) hold, éem.std L0
as n — oo.

Lemma 4. Under Model (2.1), suppose Assumption 1 holds, when g;_and X;
are misspecified to follow a normal distribution, if (A1)-(A8) hold, \/n(Ocm.sta—

0) LN N(O,Vstd) as n — 0o, where Vg = M,,(0)~ Var{s,(0)}M,,(0)~L.
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Proposition 3. Under Model (2.1), suppose Assumption 1, Conditions 34,
(A1)-(A8) hold, if e; and X; are both misspecified to follow a normal distri-

bution, we have f( em-env — 0) 4, N(O,Venv) as n — oo, where Veny =
PG( )Vsth )7 and PG(J) G(GTJG)TGTJ.

5. Simulations
5.1. Normal errors

Jia et al. [29] compared the envelope method with some competitor estimators
such as ridge regression and Curds and Whey introduced by [3]. They concluded
that the envelope model has the best performance when u < p < r < n in the
classical domain. Therefore, to avoid duplication, we do not consider those com-
petitor estimators here. In this subsection, we compare six different estimators:
the EM envelope estimator ﬁem enw, the complete case (CC) envelope estimator
Bec-env, the full data envelope 3 full-env, the standard EM estimator Bem.std, the
standard complete case (CC) estimator ﬂcc-st(b and the full data MLE ﬂfu”.std.
The complete case estimators only utilize the observations that do not have
any predictors or responses missing, whereas the full data estimators use the
full data without any missingness. In practice, the full data estimators cannot
be calculated with the missing data. The full data envelope sets a theoretical
maximal efficiency possibly gained from incorporating the envelope structures.
We carry out the simulations in the following steps.

Step 1. Set the population size n = 500. Generate parameters I' € R"*%,
B € R"™P, where r = 20, p = 5 and u = 3, and the elements are
independently generated from U(0,1) and U(—10,10). By QR decom-
position, we get I' from f, where T satisfies I'TT = I,4,. Set the true
regression coefficients as 8 = Pr/3. Generate a matrix N € RP*? where
each element is independently from U(—10,10), and set 3, = NN7
3. =TOr7 + TyQeT'Y, where Q = 0.1L,., 4 = 1000L,..

Step 2. Generate the full data (X;,Y;) for each i, where X; i N(pz, X2)

and Y; | X; o N(BX,X.) and each element of p, is generated from
U(-10,10).

Step 3. Generate the missingness as follows. Set three missingness mechanisms
for the predictors as logitP(Rx,, = 1 | @1, %i2,%i3) = 1 — 21 —
21?2'72 — 31‘1‘73, logitf:)(]‘—ixi’3 =1 | ZZ?Z'71,{EZ‘,4) =1- Ti1 — 2331‘74, and
logitP(Rx,; = 1| ;1) = 1 — x;1. Also, set five missingness mecha-
nisms for the responses as logit P(Ry,, = 1, Ry, , = 1 | 21, v:8,¥i0) =
2 — i1 — Yig — i, 0gitP(Ry,, = 1| Ti2,0i4,Yi6) = 1 — Tip —
3Yia — Yie, logitP(Ry,, = 1,Ry,, = LRy, = 1| 4i1,¥i2,¥i3) =
2 — 2%‘,1 — Yi2 — 32-/1',37 lOgltP(RYZ =1 RYl 10 — xi,Q) =

1 — ;1 — 22 and logitP(Ry, , = 1,R}q,6 =1 21,22, Yi1,¥i10) =

1—2;1—242—Yi1—Yi10. For each individual, we randomly choose one
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missingness mechanism for the predictors and one missingness mecha-
nism for the responses. Then, we generate the missingness indicators
(Rx,,,.--,Rx,,,Ry,,, ..., Ry,,), for i = 1,...n. We obtain the ob-
served dataAfor predictors and responses. . .

Step 4. Calculate /Bem-en'ua ﬁcc-enva /Bfullenv; /Bem-stdy /Bcc~std7 and ﬂfull-stdy
where Bem.env is calculated from the EM envelope algorithm using BICq
to select the envelope dimension.

Step 5. Repeat Steps 24 for 1000 times.

Under the missingness mechanisms above, each predictor suffers from about
10%-15% missingness and each response about 5%-10%. In our simulations,
to simplify the calculation and reduce the computation burden, we apply the
1-D algorithm proposed by [15] to solve I'. The 1-D algorithm only provide
a y/n-consistent estimate of I' rather than the most efficient estimate. How-
ever, we still find good performance of EM envelope method with 1-D algo-
rithm. Details about the algorithm are in the Appendix. The median MSEs
are 4.44 x 1072, 2.00 x 1074, 1.02 x 107°, 5.34 x 1072, 0.69 and 5.23 x 1072
for the EM envelope, the complete case envelope, the full data envelope, the
standard EM, the standard complete case analysis and the full data MLE, re-
spectively. Detailed comparisons of the six estimators are given in Figure 3
below and Table 1 in the Appendix. For the EM envelope estimator, by using
BICq to choose the envelope dimension, out of 1000 times of simulations, we
correctly estimated the envelope dimension u = 3 at an accuracy of 98.6%.
The envelope dimension u = 2 is selected 12 times and u = 4 is selected
2 time. The overselection u = 4 still provides a correct model, although the
point estimate may not be as efficient as compared with that using the cor-
rect u. The underestimation of © = 2 could introduce some bias. As expected,
the standard complete case analysis suffers from both large variance and large
bias. In contrast, the EM envelope is asymptotically unbiased and the most
efficient among the four estimators using the observed data, despite the oc-
casional underestimation of w. In this simulation setting, the variance of the
immaterial part of the responses is relatively large. Thus, by eliminating the
variability of the immaterial part, the EM envelope estimate outperforms the
standard EM. This confirms the efficiency gain in Proposition 1. Similar to the
illustrative example in Section 2, the EM envelope also outperforms the full
data MLE in this simulation, emphasizing the advantage of incorporating a di-
mension reduction method to recover the efficiency loss due to missing data.
The performance of the EM envelope is close to the full data envelope in this
case.

In this specific setting, the complete case envelope outperforms the standard
EM. This is an interesting case as the complete case envelope is biased but the
standard EM is not. However, the ordering of the two is not certain in general.
The complete case data may not have an envelope structure, although in finite
sample cases we can usually find one. Intuitively, if the proportion of missingness
is low, the complete case envelope estimate resembles the EM envelope estimate,
and thus outperforms the standard EM. If the proportion of missingness is high,
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F1G 3. Histograms of the MSEs of the EM envelope estimator, the complete case (CC) envelope
estimator, the full data envelope estimator, the standard EM estimator, the standard complete
case (CC) estimator, and the full data MLE when Q¢ = 10001,.

the complete case envelope is both biased and inefficient while the standard EM
is still unbiased although inefficient. When the bias of the complete case envelope
dominates the MSE, the standard EM outperforms the complete case envelope.
When the proportion of missingness is not at extremes (too high or too low),
the complete case envelope is not necessarily better or worse than the standard
EM. The standard EM estimate may have a smaller bias but a relatively larger
variance while the complete case envelope may have a larger bias and a smaller
variance.

We carried out another simulation study, where the steps were the same as
above, except we replaced 2o = 10001, with 29 = 101, in Step 2. This is a case
where the variance of the immaterial part is not as large. The median MSEs
of the EM envelope, the complete case envelope, the full data envelope, the
standard EM, the standard complete case analysis and the full data MLE are:
1.06 x 1074, 6.16 x 1074, 8.58 x 107°, 5.42 x 1074, 6.81 x 1072 and 5.24 x 10~%.
Detailed comparisons of the six methods are given in Figure 8 and Table 2
in the Appendix. Out of 1000 simulations, the envelope dimension is correctly
estimated as u = 3 with an accuracy of 89.8%, while the rest 10.2% yields
an estimated envelope dimension v > 3. As mentioned, overselection can still
provide us with the correct model but may lead to inefficient estimation. The EM
envelope and the standard complete case analysis remain the best and the worst
estimators using the observed data in terms of the MSEs, the standard EM now
outperforms the complete case envelope. Again, the EM envelope outperforms
the full data MLE.
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5.2. Non-normal errors

In order to investigate the performance of our estimator under the scenario
of Propositions 2 and 3, we carried out four additional sets of simulations to
compare ﬁem.em} and Bem.std as well as other estimators when the error term €;
is not normally distributed. Specifically, we consider two scenarios: (i) Correctly
specified the distribution of X; and (ii) Misspecified the distribution of X;. The
simulations under scenario (i) are carried out in the following steps.

1*. Set n = 500, r = 10, p = 5, and u = 2. Generate parameters I' € R"*",
B € R™*?_ where the elements are drawed independently from U (0,1) and
U(-10,10). By QR decomposition, we get I' from T, where T satisfies
I'’T =1,... Set the true regression coefficients as 8 = PFB. Generate a
matrix N € RP*? where each element is independently from U(—10, 10),
and set ¥, = NN7.

2*%. Generate the full data (X;,Y;) for each individual i. We generate X,; i
25Ber(0.5) where j = 1,...5. In order to satisfy the independence con-
ditions TZY,; I X; and TTY,; I T?Y; | X;, we firstly draw €;; €
R* and €;2 € R"™" independently from two distributions ¢5(0,I,) and
t5(0 ].OOOIT u) Then we set g; = FEM + I‘OEiQ and Yl = ﬁXZ +€;.

3*. Generate missingness same as Step 3.

4*. Calculate ﬂem env; ﬂcc env; /Bfull env) Bem stds ﬂcc stds and Bfull std- We
calculate ,Bem stq and Bem .envy Using normal working model for e; and
Bernoulli model for X; using the parameter updates derived in Exam-
ple A3. The dimension of the envelope of ,Bem envs ﬁfu” env and ﬁcc env
are obtained through the bootstrap method with 20 iterations.

5% Repeat Steps 2*—4* for 1000 times.

Using the above missingness mechanism, the predictors and responses suffers
from about 13% missingness. Although the normality of e; is violated, the
data was still generated under a nontrivial envelope structure defined by Con-
ditions 3—4 with the envelope dimension u = 2.

We use boostrap to choose the envelope dimensions for ,Bem env) ,Gfu” enw
and ,800 .env- All the envelope dimensions are correctly specified for ,Bem env and
ﬁ full-env- Following Theorem 2 in [41] and Proposition 2, once the envelope di-
mension is correctly specified, the full data envelope with a misspecified working
normal density is still consistent although it no longer provides the MLE. As
for Bcc.em, the correct envelope dimension u = 2 is selected 903 out of 1000
times, u = 3 is selected 94 times, and it chose u = 4 for the rest of 3 times. We
observe the bootstrap method requires more computational time than the likeli-
hood method, but is more robust in selecting the envelope dimension. It is worth
noticing that for the complete case, even if the envelope dimension is correctly
specified for most of the time, the resulting estimator usually suffers from bias.
Under current missingness mechanism, the bias for the complete case estimator
is relatively small. Therefore, all three envelope estimators have better perfor-
mances than the standard estimators with full, complete and all data, because
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the variance of the immaterial part is much larger than that of the material part.
The median MSEs are 4.84 x 1Q*4, 1.52 x 1072, 1.07 x 1AO*3, 0.11, 1.28 x 1074,
and 1.41 x 1072 for ﬁem-env, 6em-stda ﬁcc-enva ﬁcc-stda ﬁfull-env, 6full-std' De-
tailed comparisons of the simulation results are given in Figure 4 below and
Table 3 in the Appendix. We see that when the error term follows multivariate
t distribution, as long as the envelope independence conditions hold, our EM
envelope estimator empirically outperforms the standard estimator. Also, the
EM envelope outperforms the full data MLE, suggesting that in practice, our
method has the potential to recover the efficiency loss from missing data.
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F1G 4. Histograms of the MSEs of the EM envelope estimator, the complete case (CC) envelope
estimator, the full data envelope estimator, the standard EM estimator, the standard complete
case (CC) estimator, and the full data MLE when the error term €; follows t-distribution and
X, follows Bernoulli distribution.

The simulation under scenario (ii) is similar to that under scenario (i). In

Step 2*, we generate X; i t5(0,X,), where ¢, (p, X) represent the multivariate
t distribution with location parameter p, scale parameter 3 and degrees of free-
dom v, ¥, = NN7. and each element of N is independently from U(—10, 10).
In Step 4%, Bem.std and Bem.em, are obtained using normal working model for
both €; and X;.

All the envelope dimensions for ﬁem‘em} and [3 full-eny are correctly estimated
through the bootstrap method. The dimension for Bcc.em is selected correctly
for 90.5% of the time, while the rest 9.5% yields an estimated dimension u > 3.
All three envelope estimators have better performances than the standard esti-
mators with full, complete and all data because the variation of the immaterial
part is much larger than the material part. The median MSEs are 7.96 x 1074,
7.61x1072,1.38 x 1073, 0.50, 1.52 x 104, and 6.96 x 1072 for Bem.cnvs Bem-stds
Bcc.em,, Bcc.std, ,éfuu.em;, ,é'fu”.std. Detailed comparison of the simulation results
are given in Figure 5 below and Table 4 in the Appendix.
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Fic 5. Histograms of the MSEs of the EM envelope estimator, the complete case (CC) en-
velope estimator, the full data envelope estimator, the standard EM estimator, the standard
complete case (CC) estimator, and the full data MLE when the error term €; and X; follows
t-distribution.

We carried out another two sets of simulations where the data generating
steps were the same as above, but we changed the distribution of €;; € R* and
g2 € R, Firstly, we generate each element of €;1, €;2 independently from
U(-1,1) and U(-10,10). Under this setting, the median MSEs are 2.82 x 1074,
1.59% 1073, 1.37x 1073, 1.00x 1072, 2.14x 104, 1.45% 1073 for Bem.cnvs Bem.stds
Bcc‘envv ﬁcostdv ﬁfull‘envv ﬂffull‘std~ When each element of €i1, €42 are gener-
ated independently from Laplace(0,1) and Laplace(0,20), the median MSEs
are 1.45 x 1072, 3.75 x 1072, 2.92 x 1073, 0.246, 3.38 x 10~* and 3.41 x 10~2 for
ﬁemenvu Bem-stda /écc-envv /écc-stda Bfull-enva /éfull-std~ Detailed results are pro-
vided in Tables 5 and 6 in the Apendix. Under both settings, we see substantial
empirical efficiency gains by using our method.

6. Data analysis

In this section, we apply our proposed method to the Chronic Renal Insufficiency
Cohort (CRIC) study. The CRIC study recruited 3939 participants from April
8, 2003 through September 3, 2008 and continued through March 31, 2013 [19].
The study cohort was a racially and ethnically diverse group aged from 21 to 74
years with mild to moderate chronic kidney disease (CKD). Each study subject
was given extensive clinical evaluation, and the information collected included
quality of life, dietary assessment, physical activity, health behaviors, depression,
cognitive function, and blood and urine specimens.

To prevent the development of severe clinical events, it is important to iden-
tify CKD patients with a high risk of end-stage renal diseases (ESRD) in their
early stages. A variety of risk factors for ESRD have been identified in the
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literature [4, 23, 35, 2, 20, 1]. It is of interest to investigate the difference in
the distributions of baseline biomarkers among the patients who develop ESRD
versus who do not. Correlation among risk factors have often been observed
in the literature [5]; however, it has not been fully utilized in the statistical
analyses for predicting ESRD and CVD. Our method leveraged the correlation
among the risk factors and biomarkers to improve the efficiency of the analysis.
Additionally, it is of interest to explore modifiable biomarkers, which are the
biomarkers that are significantly differently distributed for patients who develop
ESRD adjusting for the established biomarkers.

The study participants were distinguished by the ESRD status (binary, 1 for
ESRD and 0 for no ESRD) within five years of enrollment. We assumed death
before the progression of ESRD and withdraw from the study were independent
of the ESRD disease status. Thus, we focused our analysis on the remaining 3205
patients. In our analysis, we also adjusted for gender, age, race, systolic, and
diastolic blood pressures, and hemoglobin. The biomarkers and risk factors are
urine albumin, urine creatinine, high sensitivity C-reactive protein (HS_CRP),
brain natriuretic peptide (BNP), chemokine ligand 12 (CXCL12), fetuin A,
fractalkine, myeloperoxidase (MPQO), neutrophil gelatinase associated lipocalin
(NGAL), fibrinogen, troponin, urine calcium, urine sodium, urine potassium,
urine phosphate, high sensitive troponin T (TNTHS), aldosterone, C-peptide,
insulin value, total parathyroid hormone (Total PTH), CO4, 24-hour urine pro-
tein, and estimated glomerular filtration rate (EGFR). We performed a log
transformation on the highly skewed biomarkers and risk factors. In addition,
we divided fetuin A by 10# as its scale was quite different from other biomarkers.

We first assessed the difference in the distributions of baseline biomarkers
versus the ESRD status, unadjusted for the established biomarkers. All the
biomarkers except the EGFR had some missingness ranging from <1% to 6%.
Also, as for the predictors, hemoglobin and BMI had a relatively low missing
rate (there are 15 observations with hemoglobin missing and 5 observations with
BMI missing). As the proportion of missingness was relatively low, we used the
BICq given in Section 4.2 to select the envelope dimension. The EM envelope
method reduced the dimension of the biomarkers from r = 23 to u = 15. The
point estimates, bootstrap standard errors, confidence intervals and p-values
for the mean difference of biomarkers among ESRD patients versus no ESRD
patients are given in the Appendix. The magnitude of the point estimates of
our method is in general slightly smaller than those of the standard EM. For
example, the coefficient for urine albumin is 0.56 using our method and 2.54
using the standard EM. This is because in each EM iteration, the envelope es-
timate is the projection of the standard estimates onto the envelope direction.
The reduction in the magnitude is interpreted as the noise subtracted from the
original estimates. As Louis [34] suggested, the closed form of the asymptotic
variance for the standard EM estimator is in general hard to obtain. Hence, we
carried out the nonparametric bootstrap for 1000 times, that is, we resample
individuals with replacement. The standard errors of our method is also gener-
ally smaller than those of the standard method. For example, Figure 6 further
shows the empirical cumulative density distributions of the estimated standard
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F1Gc 6. The empirical cumulative distribution of the ratio between the standard errors of the
standard EM and our method without adjusting for the established biomarkers.

errors of the standard EM versus our method. Again, the estimated standard
errors are in general smaller (on the right hand side of 1 in Figure 6) using
our method than using the standard EM indicating the efficiency gain using
our method, which aligns with our theory. The mean of the ratio is 1.24 for
coefficients corresponding to ESRD and 1.62 for all coefficients. That is, on av-
erage, our method is about 24% more efficient than the standard method for the
coefficients corresponding to ESRD and 62% more efficient for all coefficients.
The same set of biomarkers (all the aforementioned biomarkers except HS CRP,
fetuin A and insulin value) were found by our method and the standard EM, to
be significantly different among patients with and without ESRD. Table 7 and
Table 8 in the Appendix present details of the results.

It is found in the literature that although many novel biomarkers are found to
be marginally significantly associated with the ESRD status, such an association
often disappears after adjusting for the established biomarkers [22, 37, 28]. That
is, they are not as useful as modifiable biomarkers. We next assess the mean
difference of baseline biomarkers among patients with and without the ESRD
status, adjusted for the established biomarkers. The EGFR and the amount of
urine protein excreted are two established biomarkers for predicting the ESRD.
Thus, in the subsequent analysis, we use the two variables as predictors rather
than responses. The estimated envelope dimension is u = 17. The point esti-
mates, bootstrap standard errors, confidence intervals and p-values for the mean
difference of biomarkers for different ESRD status adjusting for the EGFR and
the urine protein are given in Table 7. The point estimates and the standard
errors are again in general smaller using our method as compared with using
the standard EM. Figure 7 shows the empirical distribution of the ratio between
the estimated standard errors of the two methods. The mean of the ratio is 1.92
for coeflicients corresponding to the ESRD and 1.86 for all coefficients. Compar-
ing Figure 6 and Figure 7, we see that the EM envelope method achieves even
higher efficiency gain when we adjust for the established biomarkers versus not.
As found in the literature, after adjusting for the established biomarkers, the
majority of biomarkers that have been investigated are no longer significant.
We observe the same phenomenon using both our method and the standard
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Fic 7. The empirical cumulative distribution of the ratio between the standard errors of the
standard EM and our method adjusted for the established biomarkers.

EM. However, among the few biomarkers that remain significant, there is some
discrepancy between the standard EM and our method: our method found HS
CRP, aldosterone, and C-peptide significant which were not shown in standard
EM; whereas standard EM found NGAL, which was not found in our method.
As our method is more efficient for finite sample, the results of which are more
precise than those of the standard EM.

7. Discussion

In this paper, we proposed the EM envelope method to achieve more efficient es-
timation for coefficients in the multivariate regression with missing data. Specifi-
cally, we assumed the redundancy exists in the response variables and thus could
be omitted in the regression to reduce noise. A similar redundancy structure may
also occur among the predictors or among both predictors and responses. Our
method can be similarly derived under those scenarios. For example, if we as-
sume there exists a linear combination of predictors that do not contribute to the
regression and assume the missingness mechanism of predictors and responses
are MAR, then our method could be adapted to gain efficiency by discarding
the immaterial part of the variance among the predictors. A similar derivation
can be made by changing the covariance matrix X in this paper to X, the
covariance matrix of predictors.

An alternative approach to calculate an envelope estimate with missing data
is to use the model free approach proposed by [13]. Specifically, we can calcu-
late the standard EM estimator together with its asymptotic variance using the
Louis formula. However, the calculation of the asymptotic variance of the EM
estimator requires calculating the conditional expectation of the outer product
of the complete data score vector, an inherently problem-specific task that usu-
ally requires much computational effort as discussed in [36]. Also, this method
requires estimating an envelope in RP? space instead of R?, which makes the
problem more challenging. A detailed comparison of the empirical performances
of such model free envelope based on the standard EM estimator versus the EM
envelope method is left for future work.
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Under model (2.2), we implicitly assumed the independence between the
predictor X and the error vector €. Specifically, we assumed there is no het-
eroscedasticity. Su and Cook [42] studied the heteroscedastic envelope when the
predictor is categorical. Our method can be easily adapted to their approach.
How to apply the envelope method under heteroscedasticity when the predictor
is beyond categorical is still an open problem, which we leave for future research.

Throughout this paper, our method is proposed assuming the missing data
mechanism is ignorable. When the data is nonignorably missing, a selection
model is needed to be specified. We also leave it as a future research topic.

8. Software

The corresponding R package is available at https://github.com/mlgmlqg/
missing_env.

Appendix A: The derivations of examples

In the following example, we show that if (X7, Y7)T follows a normal distribu-

tion, then (Y:F obs? XfObS)T also follows a normal distribution.

Example Al. Suppose the predictors and responses are normally distributed as
Y| X; i N(BX;,X) and X; i N(pe, B2). Then, (YL, XT )T follows a

i,0bs? “*i,0bs

normal distribution ./\/'(y,;‘, 37), where the explicit form of the parameter p} =
S;Bip and X7 = SiBiZBZTSiT where B;, S;, pp and 3 are given below.

Derivation of Example A1

Note that Y;|X; ‘% V(8X;, £) and X; "% N (pa, ,); hence, (XT,YT)T L7
.- _ < b 3.0
— (T ,,TA3T\T _ z x
N(N’>E)> where n = (“ma“x/ﬁ ) ’ and ¥ = (ﬁTZT E‘i’ﬁTzrﬁ) AISO,
there exists a unique permutation matrix B;, i.e., a square matrix that has
exactly one entry of 1 in each row and each column and 0Os elsewhere, such that

(Xz?:obs’ Yij:obs’ Xz:mis’ Yij:misN)T = BZ (XzTﬂ YiT)T; thllS, (X;_,‘Zjobs’ Yz?:oby Xz?mis’
Y/,.i.)" follows N'(B;fi, B;XB] ). Thus, by the property of normal distribution,
(XT e YT, )T ~ N(S;Bif1, S;B; BT ST), where S; = (Ii,, O, x (1—k,))> Oaxb

is a matrix of size a x b with all elements being 0, k; is the total length of
(XZObS,YZObS)T, and [ is the total length of (XT,YT)T. Hence, pu} = S;Bif,
and ¥ = S,B,XB7'ST.

The update of the parameters 3 and 3 have been discussed above. Here, we
present two examples focusing on the calculation of A;, and p;.

Example A2. Under Model (2.1) and assume X; i Np(ps, 35). Then, the
update of parameters are pg 411 = E(X;|Diops; 0:)/n and 2y 441 = {Asgy —
2E(Xi|Di,obs; et)uz,tJrl}/n + Hm,tJrlll'gﬂH-l .
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Derivation of Example A2

The likelihood of X can be written as

n

n 1 _
Wplx) = C" = 5 log || = 5 Y (xi — )Ty (x5 — paa) T
i=1
where C' = —(nplog 27)/2. Thus,
E{l(p|x) Dy obs; 0}
1 n
=C' — glog 2] = 5 D {2, B il Di obs; 00)} + 23, "E(x] Dy ons; 61)
=1
- pE ]
1
=C' — glog (B = S {tr(27 Agy) + 2033 Ay — B ), (A1)

where A4, = E(X;]|0;,D; ops) denote the conditional expectation of X, given
D; obs- Let pri1 = (41, Ba41). By Lemma 5, we have py11 = AJ,/n, and
Yot = (Ase — 2Au 1) /n+ i pesa.

Then, we calculate Aj ¢, Agy, As,. Since X; and Y;|X,; are normally dis-
tributed, following a similar derivation as the Example A1, given 8;, (XT, YI)T
also follows a normal distribution with mean (ugt, uf’tﬁtT )T and covariance ma-

trix
2 _ ( Eaz,t Eaz,tlgt )
! 32t B+ B Z0Be)’

For simplicity, for the derivation of the parameter updates below, we only focus
on the t*" step, and thus omit all the subscript ¢ for the parameter updates.
For different individuals, missing value occurs at different locations, so we rear-
range X;, Y; to separate missing variables from the observed variables. Write
(DE, ., DT )T = B;(XT, YT, where B; is a permutation matrix. Thus,

i,mis? " i,0bs
(DY, ;. DT, )T independently follows N{(ul,, ul,)7T, (g% 212> }, where
’ ’ ’ ’ 2 i3

Sa % <
(H%»HZQ)T = Bi(#fvﬂaT:ﬁT)Tv and (E’li 2;) = BZEBZT Hence, Dz’,mis |
i 2

D; ops follows N {pti1 + B2 355" (Diobs — fi2), Bit — BiaXy5' B}, Therefore,
E(Di mis/Diobs; 0) = pig + Zio X5 (Diobs — Hi2),
E(Di,misDZ:obs|Di,obs; 9) = {m,l + 27:22;31 (Di,obs - m,z)}DZobs,

and
]E(Di,misDZ:mis |Di,obs; 0)
= E(Di,mis |Di,ob5§ H)E(Di,mis |Di,obs; a)T + Var(Di,mis|Di,obs; 0)
= i1 + i {35 Diovs — pi2) Hpin + BieZ55 Dions — pi2) ' + Zi
— 3252l
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Then, we can obtain A;;, Az and A;3 through

E{(vaY?)T(X?’Y;T)‘Dl,obsa 0}

_ (E(XiXT |Diobs;0) E(Xi Y] |Dsobs; 0)) _ (Ais Al
T \E(YiX! Dicbs;0) E(Y:Y{|Diobsi0))  \Aiz A
_BT (E(Di,misDZmis|Di,obs; 0) E(Di,misD;robJDi,obs; 0)) B.
21 \EMDi06sD s Disobsi0)  E(DiopsDL oy [Diobsi0) )

The last equation holds because for a permutation matrix B;, we have B;l =
BT. After getting A;1, Ao and A;3, we can obtain Ay, Ay and A by summa-
tion over 1.

Example A3. Under model (2.1), assume p = 1 and X; ey Ber(w). The
update of parameter is m41 = Z?:l 7it/n. The form of T; v and the formula of
A are given below.

Proof of Example A3

Let B;0ps denote the submatrix of 3 where the rows corresponds to the ob-
served responses Y, ops. Let X; 555 denote the submatrix of 3 with the elements
corresponds to the covariance of Y; op5. Let €; ops denote the random error cor-
responds to Y o,s. Hence, we have Y, ops = Bi obsXi + €i,obs Where €; ops inde-
pendently follows N (0, X; 5ps)-

First, we derive the distribution of X;[Y; ops given 6 = 6.

f(‘ri|yi,obs; et)
OCf((E“ yi,obs; et)

7 (1 — )l 1 _
:(n—l) eXp{_i(yi,obs - xi/@i,obs,t)zi’gbs’t (yi,obs - xiﬁi,obs,t)T}
(2m) 2|37

1,obs,t‘

1 T
-1 T T -1 T T T;
O<exp{_5xiﬂi,Obsvtzi,obs,tﬂi,obs,t‘ri +yi,ObSEi,obs,tI@i,obs,txi (1 — 7_(_) ‘

-1 —1
_ |:7T exp{,@i,obs,t2i70bs7tygjobs - ﬁivobsvtEi,obs,tlg"fobs,t/z}:| Ti
N 1—7 '

The last equation holds because for a Bernoulli variable, we have 22 = z;. Then,

2 —
Xil(Yiobs = Yiobs) follows a Bernoulli distribution with parameter
Tqt _ _
71 - i 7‘['tqt7 where qr = eXp{,Bi,Obs,tEivjb&tygjobs - /Gi’Obs»tEi,olbs,tlgg,ﬂobs,t/2}‘
The likelihood function of X can be written as

l(plx) = in logm + (n — le) log(1 — 7).
i=1 i=1
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Hence,

]E{l(p|X) ‘Di,obs; 0t}

= E(Xi[Di obs; 01) log 7 + {1 — Y E(X;[D; 0bs; 0;)} log(1 — 7).

i=1 =1
For an individual ¢, if X; is observed, E(X;|D; obs) = X, and E(X;|Dj ops) =

1-Rx,
T T i )
— T if otherwise. Denote T = S XiR ¥ we have
1—m +mqe 1—m +mqs '

]E{l(p|X)|Di,obs; 0t} = Z?:l 7~ri,t IOg’iT + (n - Z?:l 7’i—i,t) IOg(l - ﬂ—)'

By taking derivative with regard to 7, we get the update for parameter w11 =
217‘;1 7~Ti,t/ n.

For simplicity, we again omit the subscript ¢ in the following derivation. Next,
we calculate the conditional covariance matrices A1, As, Az. For an individual 4,
if x; is not missing, A;1, A2 and A;3 can be computed trivially. Hence, we only
need to demonstrate the case when x; is missing. There exists a permutation
matrix B;, such that (Y[, .., YT, )T = B;Y;. Then, Var(y}, ., yg:obs)T =

i,mis’ ~ i,0bs
Yo X
B,YB! = <27i EZ)’ where 31 = Var(Y; mis), iz = Cov(Yimis, Yimis),

and ;3 = Var(Y; ops)-

EYT Yzmis ios.e ]EYT ; ios'e i.0bs
Because A71—BZT( ( 1,mts ’ |y’b7 ) ( z,mzs‘y,ba )y,b)Bi’

yz:obsE(Yi,mis |y¢,obs; 0) yg:obSYi,obs
we only need to compute E(YfmsYi’mis\yi,obs; 6) and E(Yg;mis\yi,obs; 0). Since
E(Yij:mis‘yi,obs; 0) = {ﬁ(),mis + 7~1—2'/62',77%'5 + (yi,obs - ﬁ(),obs - ﬁ—i/@i,obs)zélzg}T7

E(YF

iomis Yimis|Yiobs; 0) =21 — 2122%123;
+ E(yz:mw |yi,obsa O)E(yi,mis |yi,obs§ 0),

the form of A;; can be obtained.
To calculate A;s, by the law of total expectation, we have

A =E(YiXi|Di obs; 0)
=E{E(Y:Xi|Xi,¥i0bs;0)[¥iobs; 0}
:BiT]E[]E{(YiT,mz‘sv YiT,obs)T|Xi7 Yi,obs; G}Xi|}’i,obs; 0]
=Bl E[{Bi,misXi + (Viobs Xi — Bi2X53" Bi.obs Xi)s Yi,obs Xi } - Vi obs; 0]
=B {Bi misTi + (Yi.obsTi — Eizziglﬁi,obsﬁi), Yz‘,obsﬁi}T-
Since X;|y; obs follows Bernoulli distribution with parameter 7;, we have A;3 =

;. After obtaining A;1, A;o and A;3, we can obtain A1, As and A3 through a
summation over 7.

Proof of Example 1

Firstly we prove the case where X; follows normal distribution. Since the work-
ing model for €; is also normal, the estimator ,ps.5¢4 is obtained by maximizing
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the following observed data likelihood under the working model:
H// 2m) T E B E[%,] 2 eXP{——( i —xiB)" S (yi — x:8)}

eXp{——( Hl)Tz ( ,u’w)}dxi,misdyiﬂniw (AQ)
From Example 1 and notations therein, we have
n B 1 B
0) x H IS;B,=B7 ST |2 exp{—i(Di,obs —-8,B;i)T(S;B,xBYST)~!

i=1

(Di7obs - S’LBlI]‘)}
By denoting S;B;ft = p; ops and SiBifJBiTSiT = 3, obs, We have
L(e) X |2i,obs|7% eXp{(Di,obs - Hi,obs)TEi_,olbs(Di,obs - Hi,obs)}~

The estimator éobs.std is the solution to the following generalized estimating
equation (GEE):

ol n T
W aeT Z’L/} %, obsa - Oa

where [; is the log—likehhood of each observation under the working model, and
Y(Dijops, @) = 0l;/00. During the proof, we are calculating the expectation
given the observed data pattern.

op on dvec(X) dvec(X)
enote My =5 0 Mz = 757 M = Goeamyr M = —gar - and
dvec(X)
M; = ——5=. h
> dvech(X,)T We have
ol;
8“{ = (Di,obs - l"/i,obs) i absS B Mla
Al 1 1 TQT QT 1 T
__VeC(E,L obs) (B’L SZ ® BZ SZ )M5 + _(Di,ObS — I_,Li’obs) ®

Ovech(X2,)T T2 2
(Di,obs - ;U'i,obe) (21 (}bs ® 22 obs)(BzTSzT & BzTS,zT)M57
811 _ 1 1 TQT TQT 1 T
W 2V€C(Ez obe) (Bl Sz ® Bz Sz )MB + §(Dz,obs - /-l/z,obs) ®
(Di,obs - ,"”i,ObS) (21, (}bs ® E'L obs)(BTS/LT ® BI,TSZ-‘)MB’

ol; _ ol; 8V6C(2i7obs) al; a.Uli,obs
a,BT B 8Vec(2i,obs)T 8/BT al‘l’;ljobs a/BT
1
= ——vec(E L VT (BIST @ BI'STYMy + (D obs — tiobs) 2 i, obsSiBiM2

2 i,0bs

1 T T
+ i(Dz obs — Mi obs) ® (Di,obs - Ni,obs)
(E . ® Zz obs)(BzTSzT ® BZTS;T)M%

i,0bs
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and

ol; ol; ol; o, \"
Y (Diobs, 0) = <8u£’ Ovech(3;)T" dvech(X)T” 8,6T)

We need to show (B1) hold for any compact subset of the parameter space. That
is, for any ¢ > 0 and sequence {D; o5 }52, satisfying ||D; ops|| < ¢, the sequence
of functions ¥(D; s, @) is equicontinuous on any compact set of the parameter
space.

By taking the derivative of 1(D; obs,8) with respect to 6, we will see that

0
a—z is continuous in @ and D; ,s. Hence, when the parameter space © is com-

0
pact and ||D; ops|| < ¢, 8_1; is uniformly bounded. Therefore, ¥(D; ops, 0) is

equicontinuous. That is, regularity condition (B1) holds.
Next, we prove condition (B2) holds. That is, the solution of

1
nlggon ZE‘W i,0bs )} =0 (A?))
is unique at € = 6. Since we assumed a fixed missing mechanism and (X;,Y;) is
of length p+r, there are at most 2P™" — 1 observed data patterns. Let m denote
the total number of observed data patterns, D7 . denote the i-th observed
data pattern with probability p; for ¢ = 1,...,m satisfying Z;n 1 p; = 1. For
example, if for the i-th observed data pattern only X1 is missing, then D} , - =
(X2,...,X,,Y). Hence,

nh~>nolon ! ZE{w i ob57 } = ZP:E{w i,0bs? )} (A4)

=1

Let 60 = (10x, X0z, X0, Bo) denote true parameter value, fig=(ul,, ud, BT
< 3oz 060
and ¥y =
0 <ﬁoTon 0 + B¢ 0260
matrices in Example 1 for the observed data Df .. Let [ denote the log-

likelihood of the i-th observed data pattern under the working model, then

). Let S;, B} denote the corresponding

[* -
aaﬂzT = (D} s — S7B; )" (S;BEB;"S;") 'S/ B;
By E(D; ) = S;Bjfto and (A.4), we have
s « 8[;" * T * * *T qxT 1Q*x*
> piE T (fro — f sz S'BHT(S:B:EB:’ST)"'S'B!
i=1

= (o — )" Zlffplg;rTs;rT(i)271 =0,

=1

where Pg(s) = B(BYSB) 'B”'S represents the projection onto span(B) rela-
tive to 3. In order to show the above estimating equation has a unique solution
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at fu = fio, we only need to show 3 ", p/Pg.rg.r (s, is full rank. Let g denote
the probability of X; is observed if ¢ < p, and the probability of ¥;_, is observed
if ¢ > p. Then

p+r

ZPL B:TS:T(2) = Z‘J:P (=)

where e; is the vector of length p+r where the i-th index equals 1 and equals
0 otherwise. Since there is no predictor or response with missing rate 100%,
g > 0 for all 1 < i < p+r, the above matrix is full rank. That is, gt = f1o is
the unique solution.
Since i = (ud,, ud,BL)T, the solution for g, must be unique and g, = po,.
Recall that

E( zobs) S; B*HU H;i,obsﬂ

and
Var(D; ,5) = S;B;Z0B;"S;" = %5, .,
we have
E{(D; o5 = H5,005)" @ (D5 o5 = Hi.055) " (=7 hs © Z; obs)}
=vee (3] 5, B 0bs i obs) -
Therefore,

oL
8vech(§~))T A=fioz

i,0bs i,0bs i,0bs

1
=5 {vee(3] 0 Bhi00s T ons) " — Ve )} (BT ST @ BIST)

1
:§V6C{22 obs(EOz obs — obs)z* 3 T(BTST B?S?)

i,0bs

1
:ivec(zgi,obs E;,k obs) (2: obls ® 20, ) )(BIZTS? & BZTSZT)

i,0bs

1 - N
= vec(Zo — )T(S/B; @ S{B;)(Z} 5, @ /) (Bl S} @ B S)

i,0bs
1 - ~ -
=5 vee(3 3)7{S:B;(S;B;¥XB;7s:T)"'BIST
® 7B} (STB/EB;"s;")'B] 8]}
1 - -
=§VCC(20 — E)T(PB*Ts*T( >)) ® PB*Ts*T(E))

Hence, we have
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Similarly, >3, p} (Pg.rg.r(5) ® Pgurg.r(s) is full rank. Hence, the above

equation implies > =3 is the unique solution. That is, 3, = Xg., 2 = 3o,
and 3 = (B¢ are unique solutions.
Therefore, the solution for (A.3) is unique, so that (B2) holds.

Proof of Example 2

When X; follows binomial distribution with m trials and success probability p.
Without loss of generality, among the n samples, we let the first ng samples
to be the case where the covariate X; is not missing. Then, the observed data
likelihood can be written as

H /(QW)_% Dok eXP{—%(yZ‘ —2:8)" Sy — :8)}

(2m)~5|=| zexp{,,( —2,8)"E  (yi — 2:8)}
I [ fe
: (Z)p“(l = p)" T i dy s

no

Criay 1 1 _
= H(Qﬂ-) 2 |E| : CXp{_E(Yi,obs - ziﬁi,obs)Tzi’;bs(Yi,obs - xiﬁi,obs)}

i=1

H Z |2| 2 exp{__(yi,obs - kﬁi,obs)TE;;bs(yi,obs - kﬁz}obs)}

i=no+1 k=0

GER -
L

Hence, L(6) can also be expressed using normal densities:

L(0) = ﬁ {d)(xiﬁi,obs, 2 obs) (Z:)pm(l B p)m_mi}

i=1
H {Z ¢(k/8i,ob3a 2:i,obs) (ZZ)pk(l - p)mk} )
i=no+1 (k=0

is continuous

which is a Gaussian mixture model. It is easy to show that

in @ using the same technique. Hence, following the same proof procedure, we
know that (B1)-(B2) holds when X; follows binomial distribution.
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Proof of Example 3

Without loss of generality, the first ng out of n observations have covariate X;;
is not missing. Then, the observed data likelihood can be written as

H /(27r)75 |2\7% exp{—%(yi — 2B — xi22) B (yi — zi1B1 — xi282)}
=1

m ) s 1 _
<x'1>px” (1- p)m T eXp{—i(Xiz — Na:)TEz 1<Xi2 — Ba) }dXi2,misdYi,mis
n . a1 1 _

11 /(27r) 2|%|7 2 exp{—i(yi — 21 — xi232)" B (yi — 21181 — Xi232)}
i=ng+1

m Ti1 (] m—wz;y 1 ) Tzfl ) drii1dx; dvi o

- P ( —p) exp{—i(ng — /,Lz) z (Xz2 - Hz)} Li1AXi2,misAQYi,mis

m

—H¢<az~,~m(;>wl<1 —pm e I e da) (’,’j)m -p"

i=1 i=ng+1 k=0

where «;, v;, a;r and 7, are functions of the observed data and can be com-
puted in closed form following the same approach as in the proof of Example 1.
We see that the observed data likelihood is still from a Gaussian mixture model.
Hence, (B1)—(B2) holds.

Appendix B: Proof of propositions
Proof of Proposition 1

The parameter of the envelope model is ¢ = (n,T',Q,Qp, p). A more rigor-
ous notation would be ¢ = {vec(n), vec(I'"), vech(R2), vech(€y), vec(p)}, where
the vectorization operator vec : R™*? — R"P stacks the columns of the ma-
trix. Also, for symmetric matrices € and €2y, we use the “vech” operator:
R — R7("t1/2 which stacks the unique elements lies on or below the di-
agonal by column. Following the notations in [24], we let C, € RT(r+1)/2x7* apq
E, € R *r(r+1)/2 denote the “contraction” and “expansion” matrices such that
vech(A) = C,vec(A) and vec(A) = E,vech(A) for any symmetric matrix A of
size r.

Recall we let ¢ = (n,T,Q,Q0,p) and 8 = (8,X, p) denote the parame-
ters under the envelope model and the standard model. Since regularity con-
dition (A1) holds, by Corollary 1 of [44], we know Ocm.sta and Opp.eny are the
observed MLE.

We can find function h such that

vee(03) vec(nTTT)
h(6) = | vech(Z) | = [ vech(TQIT + T, IT'Y)
vec(p) vec(p)
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oh(6
By matrix differentiation, the gradient matrix G = 3 O(T) have the following
form
I,®T nT @I, 0 0 0
0 2C,(IT2RL —T®LQI{) C.(IT'®TE, C,(To®I¢)E,, 0
0 0 0 0 1

Because of the over-parameterization of 8, the gradient matrix G is not of full
rank. By Proposition 3.1 in [39], we have

Veno = G(GTV_,G)IGT.

Hence,

1 _1 1 1
Vita = Veno = Vsztd{I - Vst; G(GTVs_uliG)TGTvstfl }V;td'

_1 _1
Since I - V_,2G(GTV_1G)IGTV_2 is the projection matrix onto the orthog-

1
onal complement of span(V_,2G), it is positive semi-definite. Hence, V¢, <
Vstd-

Proof of Lemma 1
Under Model (2.1), since condition (A1) holds, Oum.sta is the the same as the
observed data MLE. Since regularity conditions (A2), (B1)-(B2) hold, by Propo-

sition 5.5 in [38], Ocrm.std = 0 as n — 0.

Proof of Lemma 2

In additional to the conditions in Lemma 1, we also have condition (A3) holds.

Hence, by Theorem 5.14, V1 (Ocrm-sta — 0) 4 N(0, V) as n — oo, where
Va = M, (0)"Var{s,(6)}M,,(0) 1.

Proof of Proposition 2

From Lemmas 1 and 2, we know that éem.std is consistent and asymptoti-
cally normal. Then, we can use Proposition 4.1 in [39] to prove this proposi-
tion.

Shapiro’s € in our context is € = (3,3, p). Following the proof in [41], we
give the minimum discrepancy function as fy;pp = lmax — [, where [ is the
logarithm of the misspecified likelihood function (A.2), and l,,.x is obtained by
substituting éem.std for 8 in (A.2). There must be one-to-one functions f; from
0 to € and f5 from 0.1 stq t0 X SO that &= f1(0) and x = fz(éem.std). As fupr
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is constructed by the normal likelihood, it satisfies the four conditions required
102

by [39]. Let J = —fLDTF

fumpr, by Proposition 4.1 of [39], we have

\/ﬁ(éem-env - 00) i N(07 Venv)7
where Vi, = G(GTIG) GTIV,,,JG(GTIG) GT.

. Then, because O¢,,.stq is obtained by minimizing

Proof of Lemma 3

We use Proposition 5.5 in [38] to prove consistency. In the proof of Example 1,
we showed the regularity conditions (B1)—(B2) hold when X; is modeled using
a normal distribution.

Moreover, since both e; and X; have finite (4 + J)-th moment from Con-
dition (A2), we have E{supgcg [|[¥i(Di,obs, 0)||}* < 00, and E|D; ops| < oo.
Therefore, the conditions of Lemma 5.3 in [38] holds. Since the observed data
MLE éobs.‘gtd is always O(1), by Proposition 5.5 in [38], éobs.std 2 9, as
n — oo.

Proof of Lemma 4

In order to prove the asymptotic normality of éem.std, we only need to show

V1 (Oops.sta — 0) LN N(0, Vstd) because of condition (A1l). We prove that using
Theorem 5.14 in [38].

Since Dj ops has finite (4 + 6)-th moment, sup; ||¢i(Di,obs,9)H2+% < 00.
Then, by condition (A3), liminf, A\_{n"'Var(s,(0))} > 0 and
liminf, A_{n"'M,, ()} > 0 holds. Therefore,

\/E(éem-std - 00) i) N(Oa vstd)~

Proof of Proposition 3

From Lemmas 3-4, we know the standard estimator éem.std is consistent and
asymptotical normal under the normal working model. Hence, the proof of
Proposition 3 is the same as the proof of Proposition 2. We omit the proof
here.

Appendix C: Lemma and algorithms
Review of Lemma 4.3 in [11]

Lemma 5. Let & denote the set of all positive semi-definite matrices in R™*"
having the same column dimension k, 0 < k < r, and let P be the projection
onto the common column space. Let U be a matriz in R™*" and let [(B) =
—ndeto(B) — tr(UBTUT). Then, the optimizer of I(B) over & is the matriz
n~PUTUP, and the mazimum value of [(B) is nklogn —nk —ndeto(PUTUP).
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The 1-D algorithm

[15] proposed the 1-D algorithm to calculate the envelope estimates. We review
it as follows:

Algorithm 1: The 1-D algorithm
1. Initialization: go = Go = 0;
2. Fork=0,1,...,u—1,
(a) Let G = (g1,.--,8k) if k> 1 and let (Gg, Gox) be an orthogonal basis for R”.
(b) Define the stepwise objective function

Dy (w) = log(w” Mw) + log{w” (M}, + Up) " 'w},

where My, = GT, (A1+ — At A ;AT )Gk, U = GJ, Az 1 AT AT Gy and
w € Rk,
(c) Solve Wy 1 = arg min,, Dy (W) subject to a length constraint w”w = 1.
(d) Define g1 = GorWg1 to be the unit length (k + 1)th stepwise direction.

The EM envelope algorithm

We summarize the EM envelope algorithm as follows, where § can be chosen
depending on the accuracy to achieve.

Algorithm 2: The EM envelope algorithm
fork=1,2 ..., udo
Initialization: t = 0, 3¥g =14, Bo =0, Op = (2110, Zgyo,’r[o,ro,po),
Po = (Pop,» PO, ), Pop, =0, pox, =Ip, Ao = co.
while A; > 6 do
1. Calculate Al,t = Z?:l Ail,t, Agyt = 2?21 Aig’t, A3yt = 2?21 Aig’t based
on O¢;
2. Using Algorithm 1 to calculate I'¢, then
¥1,t41 =Pr, (A1, — A2,tA;%A£t)Prt/n;
3. Update: pty1 = argmaxper Ellog{ fz (x:|p) } /Dobs; 01,
Bitr1 = ljz:LH_lAz,tt'\;}7 Y11 =%1,¢41+Qr,A1:Qr,/n;
4. Set Apt1 = [|Be+1 — Btll1, Or41 = (Bit1, Bet1, pr+1), t—t+ 15
end

BICHqk = —2Q(6:|0:) + 2H(6:|0:) + pulogn, B = Bi11

end
Select k which minimize BIC @ . Corresponding By is the EM envelope estimator.
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Appendix D: Additional tables and figures

TABLE 1
Summary of MSE when €; and X; are correctly specified using a normal distribution and
Qo = 10001,
Min. 1st Quartile  Median Mean 3rd Quartile Max.
Bem-env 1.64e-05 3.58e-05 4.44e-05  1.03e-03 5.70e-05 8.66e-02

Bec-env 3.80e-05 1.04e-04 2.00e-04 0.21 0.32 1.96

Brull-env  3.90e-06 8.30e-06 1.02e-05  3.05e-02 1.23e-05 2.59
Bem.std 2.37e-02 4.41e-02 5.34e-02  5.47e-02 6.38e-02 0.12
Bee.std 0.15 0.54 0.69 0.73 0.87 1.85

Bruii-sta  1.99e-02 4.32e-02 5.23e-02  5.40e-02 6.23e-02 0.13

TABLE 2
Summary of MSE when Qg = 1014
Min. 1st Quartile  Median Mean 3rd Quartile Max.

Bem-env 4.54e-05 9.08e-05 1.06e-04  1.36e-04 1.25e-04 1.05e-03
Bec-enw 2.16e-04 4.95e-04 6.16e-04  1.69e-03 9.42e-04 2.02e-02
ﬁfull-env 3.28e-05 7.32e-05 8.58e-05  9.36e-05 9.97e-05 1.10e-03
Bem-std 2.17e-04 4.52e-04 5.42e-04  5.62e-04 6.49e-04 1.34e-03
Bee-sta 1.49e-03 5.40e-03 6.81e-03  7.32e-03 8.80e-03 2.35e-02
,éfu”sm 2.00e-04 4.33e-04 5.24e-04  5.40e-04 6.23e-04 1.28e-03

TABLE 3
Summary of MSE when €; follows t-distribution and X; follows Bernoulli distribution

Min. 1st Quartile = Median Mean 3rd Quartile Max.
Bem-env 1.39e-04 3.64e-04 4.84e-04  5.32e-04 6.60e-04 1.90e-03
Bec-env 1.66e-04 7.42e-04 1.07e-03  6.11e-03 1.54e-03 0.236
ﬁfu”f,w 2.89e-05 9.80e-05 1.28e-04  1.36e-04 1.64e-04 5.50e-04
Bem.std 6.21e-03 1.27e-02 1.52e-02  1.56e-02 1.77e-02 3.61e-02
Bec.std 4.80e-02 9.32e-02 0.115 0.123 0.143 0.518
Bfull-std 6.60e-03 1.17e-02 1.41e-02  1.44e-02 1.66e-02 3.26e-02

TABLE 4
Summary of MSE when €; and X follows t-distribution

Min. 1st Quartile  Median Mean 3rd Quartile Max.
Bem-env  2.14e-04 6.00e-04 7.96e-04  8.50e-04 1.04e-03 3.72e-03
Bee-env 3.48e-04 9.93e-04 1.38¢-03  1.53e-03 1.89e-03 5.67¢-03
Bruteny  3.41e-05 1.17e-04 1.52e-04  1.62e-04 1.96e-04 4.98¢-04
Bem-std 2.36e-02 5.79e-02 7.61e-02  8.29e-02 0.101 0.407
Beo.std 9.37e-02 0.363 0.500 0.567 0.683 3.70
Bfull-std 2.11e-02 5.24e-02 6.96e-02  7.56e-02 9.10e-02 0.338
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Summary of MSE when €; follows uniform distribution and X; follows t-distribution

Min. 1st Quartile  Median Mean 3rd Quartile Max.
Bem-enwv 7.05e-05 2.14e-04 2.82e-04  3.00e-04 3.61e-03 1.00e-03
Bee-env 1.70e-04 9.89¢-04 1.37e-03  1.54e-03 1.93e-03 6.53e-03
/éfulbenv 5.34e-05 1.59e-04 2.13e-04  2.29e-04 2.83e-04 7.99e-04
ﬁem-std 4.22e-04 1.24e-03 1.59e-03  1.68e-03 2.06e-03 4.81e-03
Bcc-std 2.27e-03 7.64e-03 1.00e-02 1.11e-02 1.34e-02 4.45e-02
ﬁAfu”.Std 4.48e-04 1.14e-03 1.45e-03  1.53e-03 1.84e-03 4.12e-03
TABLE 6

Summary

of MSE when €; follows Laplacian distribution and X; follows t-distribution

Min. 1st Quartile  Median Mean 3rd Quartile Max.
Bem-env 3.59e-04 1.10e-03 1.45e-03  1.57e-03 1.94e-03 5.85e-03
Bee-enw 5.40e-04 2.16e-03 2.92e-03  3.20e-03 3.98e-03 1.09e-02
Brutleny 9.61e-05  257e04  3.38¢-04 3.56e-04  4.40e-04  9.8le-04
Bomsta  TAle-03  2.92e-02  3.75e-02  4.07e-02  4.97e-02 0.101
Bee-std 5.33e-03 0.179 0.246 0.274 0.340 0.908
Brull-std 9.38e-03 2.74e-02 3.41e-02  3.71e-02 4.56e-02 9.87e-02
75 65 90
2 2 2
3 50 g 20 ' 60
Q Q Q
T 25 T 10 B 30
0 [ R U B 0 b i 0 S - e .
2e-04 4e-04 5e-04 1e-03 2e-04 4e-04
MSE MSE MSE
(a) EM envelope (b) CC Envelope (c) Full data envelope
o 40 40
230 230 30
g 20 g 20 g 20
® 10 © 10 © 10
0 hd o " I.Ih.. LT 1] "o
5e-04 1e-03 0.005 0.010 0.015 0.02 5e-04 1e-03
MSE MSE MSE
(d) Standard EM (e) Standard CC (f) Full data MLE

F1c 8. Histograms of the MSEs of the EM envelope estimator, the complete case (CC) envelope
estimator, the full data envelope estimator, the standard EM estimator, the standard complete
case (CC) estimator and the full data MLE when 2 = 101,.



TABLE 7. The point estimates, bootstrap standard errors, confidence intervals and p-values for the difference among patients with and without ESRD

on biomarkers adjusted for the established biomarkers

Our Method Standard EM
B SE 25%  97.5%  p-value B SE 2.5%  97.5%  p-value
log(Urine albumin) | —0.05 0.03 —0.12 3e-3 0.12 —0.09 0.05 —0.18 4e-3 0.06
Urine creatinine —2.68 1.68 —5.97 0.55 0.11 —2.53 1.67 —5.79 0.70 0.13
log(HS-CRP) —-0.04 0.02 —0.07 —2e-3 0.05 —0.12 0.07 —0.28 0.02 0.10
log(BNP) 0.14 0.03 0.09 0.20 < 0.01 0.36 0.07 0.22 0.49 < 0.01
CXCL12 98.22 3141 3897 160.83 < 0.01 99.34 31.35 38.43 158.59 < 0.01
Scaled FETUIN_A —0.85 0.64 —2.10 0.37 0.18 —0.85 0.63 —2.11 0.36 0.18
Fractalkine 0.05 8e-3 0.04 0.06 < 0.01 0.09 0.02 0.05 0.13 < 0.01
MPO 24.28 16.27 —7.13 59.23 0.14 2232  16.81 —9.90 58.22 0.18
log(NGAL) —0.01 0.03 —0.07 0.04 0.69 0.18 0.07 0.06 0.31 < 0.01
Fibrinogen 0.05 0.02 0.02 0.09 < 0.01 0.28 0.06 0.15 0.40 < 0.01
Troponini 4e-3 2e-3 3e-4 8e-3 0.06 5e-3 2e-3 le-4 9e-3 0.04
log(Urine calcium) | —3e-3  0.02 —0.04 0.03 0.88 —0.03 0.06 —0.15 0.09 0.60
Urine sodium —1.41 1.63 —4.58 1.89 0.39 —1.33 1.62 —4.49 1.86 0.41
Urine potassium 0.25 0.61 —0.96 1.46 0.68 0.18 0.60 —1.03 1.39 0.76
Urine phosphate —-0.36  0.93 —2.14 1.49 0.70 —0.28 0.92 —2.05 1.51 0.76
TNTHS 10.07 1.64 6.89 13.30 < 0.01 9.93 1.59 6.83 13.12 < 0.01
log(Aldosterone) 0.06 0.02 0.02 0.09 < 0.01 0.04 0.04 —0.04 0.13 0.31
C-peptide —0.10 0.04 —0.17 —0.03 < 0.01 0.21 0.12 —0.02 0.44 0.08
Insulin —2.12 1.25 —4.58 0.38 0.09 —2.08 1.25 —4.52 0.40 0.10
TOTAL PTH 27.29 4.81 18.43 37.26 < 0.01 27.16 4.78 18.31 36.96 < 0.01
COq —0.04 0.05 —0.14 0.06 0.47 —-0.24 0.18 —0.58 0.12 0.18
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TABLE 8. The point estimates, bootstrap standard errors, confidence intervals and p-values for the difference among patients with and without ESRD
on biomarkers unadjusted for the established biomarkers

Our Method Standard EM
3 SE 2.5% 97.5%  p-value ] SE 2.5% 97.5%  p-value
log(Urine albumin) 0.56 0.06 0.44 0.68 < 0.01 2.54 0.08 2.38 2.69 < 0.01
Urine creatinine —11.98 1.33 —14.79 —9.30 < 0.01 —11.88 1.33 —14.69 —9.29 < 0.01
log(HS-CRP) 0.02 0.04 —0.04 0.11 0.54 —0.02 0.06 —0.12 0.10 0.76
log(BNP) 0.45 0.04 0.38 0.54 < 0.01 0.49 0.06 0.38 0.61 < 0.01
CXCL12 266.41  27.17 21250  318.62 <0.01 | 265.34 27.12 210.83 316.36 < 0.01
Scaled FETUIN_A —0.69 0.51 —-1.75 0.26 0.17 —0.72 0.51 —1.77 0.23 0.16
Fractalkine 0.16 0.01 0.14 0.18 < 0.01 0.22 0.02 0.19 0.26 < 0.01
MPO 43.04 16.99 11.20 78.69 0.01 43.07 16.95 11.28 78.69 0.01
log(NGAL) 0.30 0.06 0.14 0.38 < 0.01 0.83 0.06 0.73 0.95 < 0.01
Fibrinogen 0.29 0.04 0.23 0.39 < 0.01 0.76 0.05 0.65 0.88 < 0.01
Troponini 0.01 2e-3 3e-3 0.01 < 0.01 8e-3 3e-3 2e-3 0.01 < 0.01
log(Urine calcium) —0.41 0.03 —0.47 —0.36 < 0.01 —0.58 0.045 —0.67 —0.48 < 0.01
Urine sodium —7.51 1.33 —9.82 —4.82 < 0.01 —7.49 1.32 —9.78 —4.79 < 0.01
Urine potassium —3.40 0.50 —4.40 —2.44 < 0.01 —3.33 0.4 —4.32 —2.37 < 0.01
Urine phosphate —4.33 0.74 —5.77 —2.81 < 0.01 —4.34 0.73 —5.79 —2.87 < 0.01
TNTHS 20.22 1.64 17.19 23.58 < 0.01 20.12 1.63 17.12 23.48 < 0.01
log(Aldosterone) 0.08 0.02 0.04 0.13 < 0.01 0.14 0.03 0.08 0.21 < 0.01
C-peptide 0.37 0.06 0.24 0.49 < 0.01 0.64 0.10 0.45 0.84 < 0.01
Insulin 1.31 1.05 —0.74 3.37 0.21 1.27 1.05 —0.79 3.34 0.23
TOTAL PTH 54.48 4.68 46.19 64.22 < 0.01 54.42 4.69 46.11 64.22 < 0.01
CO2 —0.99 0.19 —1.17 —0.80 < 0.01 —1.41 0.15 —1.69 —1.11 < 0.01
log(24-hour urine protein) 0.44 0.04 0.36 0.53 < 0.01 2.06 0.06 1.94 2.19 < 0.01
EGFR —13.07 0.47 —13.98 —12.13 <0.01 | —12.95 047 —13.88 —12.00 < 0.01
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