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Abstract

Paired data often arise in medical studies, with a correlation between responses of paired
organs or parts. Under an intra-correlated model, this paper proposes a generalized linear
model to investigate probable confounding factors of the individual response rates in
paired data. The main link functions include logistic, log-log, complementary log-log,
probit, and double exponential. The estimators of model parameters are calculated through
the Newton-Raphson, quadratic lower bound, and Fisher bounded algorithms. Then, three
tests (i.e., likelihood ratio test, Wald-type test, and score test) are constructed to analyze
whether covariates significantly affect the response rate. Finally, the proposed methods are
illustrated by numerical simulation and visual impairment data from Iran.

Keywords: paired data; generalized linear model; parameter estimation; hypothesis test

MSC: 62F03; 62F05; 62F10

1. Introduction

In medical studies, paired data (i.e., eyes, ears, and arms) are often encountered from
paired organs or parts of patients. For each individual, the outcomes for paired organs
may be neither, only one, or both responses. A specific correlation is usually considered
to avoid biased results. Until now, various intra-correlated models have been proposed
to investigate dependent properties, such as Ronser’s model [1], Dallal’s model [2], and
Donner’s model [3]. The first two models reflect response dependence through conditional
probabilities, which may be inapplicable in some extreme cases, while Donner’s model
is based on a correlation coefficient p. Thompson [4] considered that Donner’s model is
more effective than others. Significant progress has been made in the study of response
rates under these intra-correlated models [5-10]. However, existing research primarily
focuses on whether confounding factors significantly impact response rate risk measures.
For example, Zhang and Ma [11] analyzed the homogeneity of differences between two
proportions for stratified data across strata. Hua and Ma [12] assessed the significance
of treatment effects on the ratio of response rates. Sun et al. [13] proposed three testing
methods to evaluate the homogeneity of the risk difference in stratified data. These results
cannot provide the effect of various factors on response rates.

The generalized linear model is an extension of the traditional linear regression model,
designed to accommodate a broader range of data types and distributions [14-16]. Logistic
regression is widely used to investigate binary data [17,18]. The classical logistic regression
model assumes that the observations are independent. Taking into account the correlated
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data [19-22], Lin et al. [23] constructed a logistic regression model to explore the relationship
between the incidence of ophthalmic disease and the covariates under Donner’s model.
However, the dependency curve between the response rate and confounding effects is
often unknown. Although logistic regression can solve such correlated data, it may result
in inadequate model fitting in the context of complex relationships, failing to fully capture
the nonlinear associations between these variables. Based on the preceding analysis, the
innovations of the article are summarized below:

(i) A generalized linear model with correlated data is proposed to investigate the rela-
tionship between the response rate and confounding effects, so the logistic model is a
special case [23].

(i) The Newton—-Raphson (NR) iterative algorithm calculates maximum likelihood es-
timators (MLEs) of unknown parameters. Considering the complexity of the link
function, the quadratic lower bound (QLB) and the Fisher bounded algorithm are
further introduced.

(iii) The likelihood ratio test, Wald-type test, and score test are constructed to analyze
whether the confounding effects significantly impacted the response rate.

(iv) Numerical simulations compare the performance of algorithms and statistics. Real
data is studied to illustrate the proposed methods.

The rest of the paper is organized as follows. In Section 2, we first introduce the
generalized linear model and the log-likelihood under the Donner framework. Then, three
iterative algorithms for parameter estimation and hypothesis testing are conducted. The
main results are provided in Section 3, and an application is used to illustrate the theoretical
results in Section 4. Section 5 gives the discussion and a brief conclusion.

2. Methods
2.1. Generalized Linear Model with Correlated Data

When each individual in the study contributes the measurements of paired organs,
the overall outcome may be neither, only one, or both responses; this is called bilateral
data. If a certain correlation exists between paired organs’ responses, it is called bilateral
correlated data. Let Zj = 1 if the k-th organ of the i-th individual has a response, and
Zix = 0 otherwise fork =1,2,i = 1,...,n. Suppose that Z;, are independent and Bernoulli-
distributed with probabilities 7;, that is, Z;y ~ Bernoulli(1, ;). Thus, E[Zy] = P(Zy =
1) = m(i =1,...,n). Under Donner’s model, we have Corr(Zy, Z;3_y)) = p fork=1,2,
andi = 1,...,n, where p(|]p| < 1) reflects the correlation of the paired data. Denote by
pii the corresponding probability of I = (0,1,2) response(s) of the i-th individual. By
calculation, the probabilities of neither, one, or both responses can be obtained by

poi = p(1—m) + (1= p)(1 — )%, pr; = 2mi(1 — p) (1 — ), poi = pri + (1 — p) 715,

fori =1,2,...,n,satisfying 0 < p;; <1, and 212:0 p1i = 1. The detailed calculations are
provided in the Appendix A.1. Let Y; be the response variable of paired organs of the
ith individual, and take the values 0, 1, 2, where Y; = 0 indicates that neither of the two
organs has the response, Y; = 1 indicates that only one organ has the response, and Y; = 2
indicates that both organs have the responses. Denote 7w = (7y,...,7,). Based on the
probabilities p;;(I = 0,1,2), we obtain the likelihood function

L 1(Y:=0) _I(Y;=1) I(Y;=2
L(m,p) = HPOS‘ )P1g )pZz(‘ g
i=1
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U(m,p) =

where I(-) denotes the indicator function. Take the natural logarithm of both sides of
L(r,p) , thereby obtaining the log-likelihood function:

{I(Yz‘ = 0)log[(1 — ;) (p7t; — /i + 1)] + I(Y; = 1) log[277;(1 — p) (1 — 717)]

+1(Y; =2) log[ﬂi2 + p7i(1 — 713)] } 1)

To investigate the relationship between response rates of n different individuals and
confounding factors (e.g., age), we introduce a generalized linear model (GLM) as follows:

g(ﬂ’l‘):X;-Tﬁ, izl,...,f’l, (2)

where x; = (1, xj(1), - - -, xi(q_l))T is the covariate vector of interest, B = (Bo, B1, ..., Bg—1)"
is the vector of unknown regression coefficients, and g(-) is a monotonic and differentiable
link function. In this work, we mainly use the following link functions:

(i) Logistic link function. The logistic link function is typically used in the model (2) to
analyze the relationship between a binary response variable and linear predictor
variables. Take the link function ¢(7t;) = In(77;/ (1 — 717)).

(i) Log—log and complementary log-log. When the response probability exhibits asymmetry
or there is a high likelihood of extreme events, the log-log or complementary log—
log link function can better capture the characteristics of the data. The log-log link
function g(77;) = log(—1log(1 — 7;)), and the complementary log-log link function
8(m;) = log(—log(7;)).

(iii) Power family. Considering that the response rate falls within the (0, 1) range, a power
family distribution with a shape parameter is appropriate as a link function [24]. Its
distribution is indexed by shape parameters as follows:

pey’”

_ P9 [T el
Fy(x) r(1/2;7)./_006 PINTdt,

where p is the shape parameter, w, = 1/2p, and I'(-) is the gamma function. Specifically,
the power family derives two link functions: the double exponential (DE) link function
= % f f';ﬁ e tldt and the probit (Pt) link function g(7;) = o1 (7t;), which correspond
top =1/2and p = 1, respectively. As the distribution is symmetric, it can be used as a
symmetric link function to describe symmetric response characteristics. Table 1 provides a
summary of the five link functions.

Table 1. Comparison of five link functions.

Link Function TT; Applicable Data Advantages Algorithm
. X B Symmetric response Interpretable, widely
L el ) :
Logistic (L) = Lo B probabilities used QLB-NR
_B Right-extreme (near 0 to Asymmetric
— — — et -
Log-log (LL) mi=1-e increasing) right-skewed data FB-NR
Complementary log-log _ B Left-extreme (near 1to ~ Asymmetric left-skewed
T =e¢ . FB-NR
(CLL) decreasing) data
. _ 1 xIB - Symmetric, extreme
Double exponential (DE) ;= 5 [ e tldt events Strong symmetry FB-NR
Probit (Pt) n; = ®(x! B) Symmetric, near-normal  High accuracy, low errors FB-NR

Note. QLB-NR: Quadratic lower-bound-based NR algorithm; FB-NR: Fisher-bound-based NR algorithm.
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Denote h(x! B) = ; = g~ !(x] B); the function (1) can be rewritten as

2 {1(Y; = 0)log[(1 — h(x] B)) (oh(x] B) — h(x] B) +1)]

+1(Y; = 1) log[2h(x] B) (1 — p) (1 — h(x] B))] (3)
+I1(Y; = 2) log[h*(x] B) + ph(x] B) (1 — h(x] B))]}-

Given the link function ¢(71;), we can estimate the unknown coefficient vector g and
the correlation coefficient p. Some studies have demonstrated that maximum likelihood
estimation (MLE) remains valid even when there is correlation between parameters [25]. By
fixing one parameter and computing the partial derivative of the log-likelihood function (3)
for the other parameter [26], we obtain easily computable derivatives to § and p. Setting
these derivatives to zero, that is, gé =0, M = (. Thus, the MLEs are the solution of the above
equations. However, since closed-form solutions do not exist, specific algorithms must be
proposed to address this issue. In the following section, we focus on these algorithms to
estimate the values of unknown parameters for different link functions.

2.2. Parameter Estimation

Based on the link functions, the NR algorithm is first used to estimate the correlation
coefficient p. For the regression coefficient vector B, the NR algorithm may fail to converge
in certain situations, particularly for complex link functions. In such cases, the QLB
algorithm is proposed for the logistic link function, while the Fisher-bounded algorithm is
proposed for the remaining link functions.

Newton—Raphson algorithm. Given the t-th approximations ") and p®), the (t + 1)th
approximation of the MLE § can be calculated via the NR algorithm:

7

(t+1) — (1) _ (), pt)) _135(”(”/P(t))

where

ml(Y;=0)  I(Y;=1) (1-m)I(Y;=2)
7Tz‘(P—1)+1+ p—1 * i +p(1— ) }

Pump) [ AAY%G=0)  1(vi=1)  (m-12Y=2)
“Zlm A2 (12 T (ot 1

Although the MLE of p can be obtained, the parameter vector  cannot be directly
calculated by the NR algorithm. We use the assembly and decomposition (AD) approach
proposed by [27] to construct a surrogate function Q(7r|7t(*), o) as follows:

Q|7 p) = Y- {ai(m", p)log (;) + bi(r", p) log (1 — ) + " (o) },
i=1

O]

where us

(f)(

is the tth approximation of 77;, ¢; ' (p) is independent of 77;(i = 1,...,7n), and

ai(m,0) = 1Y, =1) + 1(Y; =2) +

(v, =2)m 1y =0)pn”
®) +p(1— 711.“)) pnl-(t) +(1- 71.(t))’

bi(m,p) = 1(Y; = 0) +1(Y; = 1) +
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The detailed construction process is provided in Appendix A.2. The function
Q(7rt|®, p) satisfies the condition £(7r, p) — Q(n’| ), p) > 0. Replacing 7; in the surro-

gate function with 7; = i(x] B), we have

QUBIBY,p) = Y- {ai(n?, 0)10glh(x )] + bi(", p) og[1 — K< B)] 4+ (o) ).

i=1

Given (B!, p(")), the (t 4 1)th approximation of the MLEs B can be obtained by
U =argmaxQ(p | B, p1"). @
BeR1

Thus, we can use the NR algorithm to calculate Equation (4) by

ﬁ(l”rl) _ l;(f) _

pop B=p * B=p

In practice, the NR algorithm may be unsuitable for all link functions since it may fail
to guarantee the monotonic increase in the objective function Q(| ﬁ(t), p) in each iteration.
Based on this, we can adopt the QLB algorithm to estimate the MLEs.

Quadratic lower-bound-based NR algorithm. The QLB algorithm improves the NR algo-
rithm using a parameter-independent quadratic lower-bound matrix, replacing the negative
observed information matrix [28]. The key idea is to find a negative definite matrix B,
independent of the unknown parameters, such that azaQﬁ(a’g; ) > B for solving the extreme
value problem (4) as follows:

_ (288", p)
ﬁ(tﬂ) — ﬁ(t) _ B! < Yz )

Thus, the algorithm avoids computing the inverse of the observed information matrix
at each iteration to reach a maximum. Compared with other algorithms, such as the
Broyden-Fletcher-Goldfarb—Shanno (BFGS) algorithm, the QLB may be computationally
more straightforward and efficient. The detailed process of the QLB-based NR algorithm is
given in Algorithm 1.

Algorithm 1: QLB-based NR algorithm

Input: Initial value ,3(0) ; Initial value p(t) ; Sample size n; Covariate x;, for i,...,n;
thresholds ¢4, €3
Output: MLEs ﬁ(k) and p)
1 k<+0;
2 Compute a negative definite B;

3 while |[VQ(BY, p®)|| > &1 or ||ﬁ(k) B > e, do
s | gy Z gt g ( Q(B! a\l; 0 ));
5 fori < 1tondo
k
6 L 711( ) — h(xiT,B(k));
7 | Update Likelihood function £(7t®¥), oK), where () :(ngk), . n,(qk)) ;

-1
2 (k) (k) (k) (k)
s | pktD) = pk) — {a f(ﬂapzw )} M(”ap’p ).

9 k< k+1;

10 return B and pk)
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For the logistic link function, the MLEs of 8 can be calculated:
n
Q(ﬁLB(t)/P)logistic = Z{m(n}f),p)xfﬁ - [ai(nl-(t),p) + bi(ﬂ'l-(t),P)] log(1+ X B) + cl(t) (0) }
i=1
Then
Q(ﬁ'ﬁ(t)/p(t))logistic
9P

p=p i

=

{latn", ) — 2} = XT [y —2m ],

1

where y(®) = (ay(rr{",p1), ..., au(7), 00T, Xog = (31, %), and w0 =(r)”, ...,

t
7T, Moreover,

0 é {2 (1 - 7"y xaxl } = —2XTNX,

aZQ (:B | :B(t)/ p(t) )logistic
9pop’

where N = diag(ngt)(l — ngﬂ), nét)(l - nét)), e, nﬁ,t)(l — n£,t>)). For the inequality

mi(l—m) < 1/4 (i = 1,...,n), the bound value of the logistic link function is 0.25.
So, B = —(1/2)XTX. Further, the MLEs of B are calculated as follows:

ﬁ(t+l) —_ ﬁ(t) + Z(XTx)fle [y(t) _ Zn(t)i| .

Note that the above iterative formula applies to low- and high-dimensional scenarios.
Regularization techniques can be used to avoid overfitting and promote stability in high-

dimensional cases. For other link functions, a;(7t; ®) ,p) and b(ni(t),p) are not constant,

making %w variable and the lower bound matrix B hard to determine. Therefore,
the Fisher-bound algorithm is proposed to estimate regression coefficients.
Fisher-bound-based NR algorithm. The Fisher scoring method is usually sensitive to
injtial values, and consequently, there may be difficulties in obtaining convergence. Under
certain general conditions on the information matrix, the bounded algorithm [27] has been
shown to consistently converge to the MLE, independent of the initial values. The specific

iterative process of this algorithm is as follows:
ﬁ(l”rl) - l;(f) + Bilsc(ﬁ(t)).

For a random variable 7 € (—c0, +-00), with the inverse function of the link function
h(n), where ag(q”) = f(n), the vector S, (,B(t)) satisfies

T
i1 leixm ,0) —2n(x" B)]

Sc(ﬁ(t)) = ’
f{B) (1)
" W[”i(ni ) — 2h(xiTﬁ)]xi(fF1)

[a; (7T

and B is an upper bound positive definite matrix satisfying B > I( ﬁ(t) ), defined as follows:

1 a i=1 Xi(s) o Lis X
B=nb im1 Xi(s) i1 xf(s) e Xl Xigs)Xig-1) | -

_Z?:l Xig-1) o0 Lita Xi(s)Xig-1) i1 xz'z(qfl)
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The pseudocode of the Fisher-bound-based-NR algorithm is shown in Algorithm 2.
2£2(y)

IOIEIOE For both

the log-log and complementary log-log link functions, the bound b is 1.2952. For the power

family, Devidas and Georege [29] proved that the least upper bound of the function C(7)
1/2

is given by C(0) = 4c3, where ¢, = p* p[F(l/Zp)]_l and wp = 1/2p, for 0 < p < 1. For

p > 1, the bound is obtained by solving the equation

afy(n)  2fn)
1-2F,(n)  Ep(n)[1—Fp(n)]

The bound b can be obtained by bounding the function C(7) =

where 9F,(17) /91 = f,(17). With shape parameters p = 4 and p = 1, the corresponding
link functions are double exponential and probit, with b values of 1.2732 and 2, respectively.

Algorithm 2: Fisher-bound-based NR algorithm

Input: Initial value ,3(0) ; Initial value p(o) ; Sample size n; Covariate x;, fori,...,n;
thresholds ¢4, €3
Output: MLEs ﬁ(k) and p®)
1 k<+0;
2 Compute a negative definite B;
s while [ VQ(BY, o) | > &1 or [|p%) — B~V > e2 do
s | pUY = gl 1 g1 (g1,
5 fori + 1tondo
6 L 7Ti(k) = h(x?ﬁ(k));
7 Update likelihood function E(rr(k),p(k)), where 7r(*) :(ngk), e, n,(lk))T,'

-1
s | pkt) = o) _ {W(n(” p%} (B p))

8p2’ ap ’

9 gk(—k—i—l;

10 return ,B(k) and p(k)

When the global maximum likelihood estimates 8 = (BT,p)T are calculated, the
standard errors () of each parameter can be obtained using the square root of the diagonal
elements of the inverse Fisher information matrix I~1(8) in the Appendix A. Hence, the
asymptotic 95% confidence interval can be expressed as 8 4 1.96 x¢.

In large sample settings, jointly estimating B and p with the NR algorithm incurs an
overall time complexity of O(2k(ng? + %)), where 7 is the sample size, g is the covariate
dimension, and k is the number of iterations. The QLB-based NR algorithm only inverts the
matrix B once during the initial estimation of 8, which reduces the total time complexity to
O((k +1)(ng* + ¢°)). The time complexity of the Fisher-bound-based NR is approximately
the same as that of QLB-based NR. The three algorithms have consistent performance in

terms of space complexity. We list the computational complexity of the three algorithms in
Table 2.

Table 2. Comparison of algorithmic computational complexity.

Algorithms Space Complexity Time Complexity

NR O(nq +q%) O(2k(nq* + q°))
QLB-NR O(nq + %) O((k+1)(ng* +4%))
FB-NR O(nq + %) O((k +1)(ng* +¢°))

Note. QLB-NR: Quadratic lower-bound-based NR algorithm; FB-NR: Fisher-bound-based NR algorithm.
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2.3. Hypothesis Test

In this section, we propose three statistics to test the following hypothesis:
HO : Cﬁ = Om, VS. Hl : Cﬁ 75 Om, (5)

where C is an m X g matrix with rank (C) = rand r < q.
Likelihood ratio test. The likelihood ratio statistic can be constructed through the global
and constrained MLEs as follows:

Ty = 2[¢(B,p) — L(By, )]s

where (B,§) is the global MLEs of B,p through the algorithm described above. And
(B Ho PH,) are the constrained MLEs of (B, p) under Ho, which can be obtained by

'B(t—i-l) (t+1) (t)

Ho =argm;XQ(ﬁ|ﬂ§§3,p§§f))r PHy = = PH) ~

-1
el ol

9p> dp

We employ the built-in fmincon function in MATLAB (Version R2023b) to solve
Equation (6). The likelihood ratio test is asymptotically distributed as a chi-square distribu-
tion with r degrees of freedom.

Wald test. Denote A = [C,0] and 8 = (B7,0)". Then the null hypothesis Hy can be
changed to A8 = 0. The Wald test Tyy is given by

Ty = (AB)T[AI1(8)AT] " (AD),

where 8 = ( BT, 0)T denote the global MLEs of 8 and 1(8) denotes the Fisher information
matrix in the Appendix A. The Wald test is asymptotically distributed as a chi-square
distribution with r degrees of freedom.

Score test. Define a score function s(6) = (3¢(B,p) /3o, -..,0L(B,p)/9Bg—1,0) . The
score statistic is given by

Ts = [s(Br,)]" T (B, )s(Bry, ),
where 0y, = ( BITLIO, pr,)T denote the constrained MLEs of 8. Under H, the score test is
asymptotically distributed as a chi-square distribution with r degrees of freedom.
According to the convergence analysis [5], the MLEs obtained using QLB and Fisher
bounded algorithms are asymptotically equivalent to the exact MLEs. Therefore, the
proposed test statistics still follow asymptotic chi-square distributions.

3. Main Results

First, we analyze the estimators” accuracy for given parameters under various link
functions. Subsequently, we compare the algorithms. Then, we investigate the likelihood
ratio test, Wald test, and score test under different link functions in terms of the type I error
rates (TIEs) and powers.

3.1. Accuracy of the Estimators

In this subsection, we apply bias, average standard errors (ASE), and coverage prob-
ability (CP) to assess the point and interval estimates of the parameters (B, p). The bias
measures the difference between the average MLEs of the parameters (B, p) and the cor-
responding actual values. The average standard errors mean the average of the standard
errors of the MLEs. The coverage probability is a proportion of the asymptotic 95% confi-
dence intervals for the parameters (B, p).
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Take the sample size n = 200,400 and correlation coefficient p = 0.3,0.5,0.7. Other
parameter settings are given according to the cases below:
Case (1). 4 =2, = (=1,2)T, x; = (1,x;1)) T, where {x;4)}1; 4 N(0.4,2.25 x 1072).

1.1

Case (2). g =4,8=(-1,2,-1,2)T, x; = (1, xi(l),xi(z),xi(g,))T, where {x;q)}/_; =~

N(0.4,2.25 x 1072), {x;0) Y14 "4 N (0.45,0.01), and {xi3) 0.3 4 0.06 x £(5).

The samples {Y;} are generated randomly from the discrete distribution Y; ~
Fpiserete((0,1,2)T, p;), where p; = (pio, pi1, pi2)* depends on the specified link function.
Once the samples are generated, the MLEs of the parameters (B, p) are computed following
the estimation procedures detailed in Section 2 for each corresponding link function. In
addition, the standard errors associated with the MLEs are also calculated to assess the
variability of the parameter estimates. This simulation process is repeated 10,000 times for
each link function, and the resulting values for bias, average standard error (ASE), and
coverage probability (CP) are presented in Tables 3 and 4.

Table 3 shows that the values of the three evaluation metrics, bias, ASE, and CP, fall
within acceptable and reasonable ranges. As the sample size increases, while keeping other
parameters constant, both the bias and ASE of the parameters (B, p) decrease under all five
link functions. A closer analysis of the three metrics across different link functions reveals
that, for a fixed sample size and correlation coefficient, the logistic link function tends to
exhibit the highest ASE for the parameter . However, when using the Fisher bounded
algorithm to estimate §, the ASE is lower than the other link functions, suggesting that the
Fisher bounded algorithm performs better than the QLB algorithm in estimation accuracy.

Further examination of the probit link function shows that the estimated parameters
(B, p) demonstrate smaller bias and lower ASE, with the CP ranging from 94% to 96%,
which is within an acceptable range. In contrast, under the DE link function, when p = 0.7
and n = 400, the bias and ASE for the parameters (B, p) are higher. Additionally, for smaller
sample sizes, under the log-log and complementary log-log link functions, the CP for the
parameters (B, p) ranges from 93% to 97%, which is slightly wider than the CP observed
for the probit link function.

As shown in Table 4, the overall performance for Case (2) is quite similar to that
observed in Case (1). The logistic link function shows the largest ASE for B. The three
metrics demonstrate a more pronounced advantage for the probit link function than other
link functions. While the CP for (B, p) improves under the complementary log-log link
function, the bias and ASE are still higher than those for the probit link function. The
performance of the double exponential and log-log link functions remains similar to that
observed in Case (1), with comparable results for the three metrics.

In summary, all five link functions perform within an acceptable range, validating
the algorithm’s convergence. The probit link function demonstrates the most robust
performance and can be considered the preferred choice. The logistic link function exhibits
a higher ASE related to the algorithm. The performance of the CLL and LL link functions
fluctuates significantly, reflecting each link function’s characteristic suitability for extreme
event probabilities. The DE link function shows poor stability under high correlation and
large sample sizes.
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Table 3. Three metrics (%) of MLEs under the different link functions for Case (1).
n =200 n =400
P MLEs Index
LL CLL L DE Pt LL CLL L DE Pt
Bias -217 -115 =258 =213 -1.09 -213 0.05 —254 123 —-0.65
BO ASE 31.8 23.7 111 24.0 20.8 24.8 17.3 85.2 18.2 15.9
cr 95.5 95.4 95.5 95.6 95.3 95.1 94.7 95.3 94.9 95.2
Bias 5.27 2.65 6.94 443 2.33 4.97 0.25 6.30 3.16 191
0.3 [%1 ASE 67.9 54.5 277 529 471 59.4 39.1 210 40.1 36.1
cr 93.6 95.3 95.6 95.7 95.3 94.9 94.3 95.4 95.1 95.4
Bias -076 -071 -052 -053 -049 -044 -031 -029 -—-033 —-0.32
4 ASE 10.3 7.18 6.94 6.97 6.96 6.90 4.71 4.86 4.94 5.00
CcP 95.2 93.0 94.3 94.7 94.6 95.5 95.3 94.2 94.7 94.4
Bias —-2.03 —-0.84 0.56 -241 -110 -0.03 —-007 —-0.06 —-0.65 —0.16
BO ASE 26.9 26.7 145 30.1 26.6 17.6 18.5 90.5 18.7 16.3
cr 95.2 94.8 95.1 94.6 94.8 95.3 95.2 95.1 94.4 94.8
Bias 4.28 1.76 —-0.29 5.04 2.31 —0.34 0.35 —-1.29 1.20 0.25
0.5 Bl ASE 60.1 59.5 356 65.0 59.2 38.5 40.9 224 41.0 37.2
cr 94.9 94.8 94.5 94.6 95.0 95.2 95.2 94.7 95.2 94.4
Bias -330 -036 —-035 —-022 —-0.22 —0.1 -023 -023 -017 -0.21
4 ASE 6.35 6.36 6.22 6.24 6.19 4.45 4.46 4.32 4.47 447
cr 93.3 94.7 94.3 95.6 95.6 95.2 94.8 94.5 94.7 94.9
Bias -119 -174 -140 -080 -136 —-0.65 —-144 —-098 —-1.81 —-0.59
.BO ASE 26.5 29.3 39.3 27.7 254 19.6 19.3 29.3 20.1 17.3
cr 94.5 93.9 95.2 94.0 94.9 94.3 95.2 94.9 95.0 95.1
Bias 2.88 3.78 2.67 4.07 2.61 1.80 291 2.22 2.24 0.95
0.7 Bl ASE 60.4 64.9 90.1 61.2 59.7 43.8 425 68.7 44.8 39.3
cp 94.5 95.3 95.2 93.9 94.7 94.2 94.7 95.1 94.7 94.9
Bias —0.32 0.05 -023 -021 —-0.16 —-0.25 0.04 0.01 —-0.02 -0.07
4 ASE 5.19 5.13 6.00 6.63 5.21 3.61 3.68 3.59 4.59 3.79
cr 94.8 94.3 94.4 93.9 94.6 95.0 95.1 94.5 94.9 94.5
Note. LL: Log-log, CLL: Complementary log-log, L: Logistic, DE: Double exponential, Pt: Probit.
Table 4. Three metrics (%) of MLEs under the different link functions for Case (2).
n =200 n =400
Y MLEs Index
LL CLL L DE Pt LL CLL L DE Pt
Bias -262 =303 —-837 353 -117 -146 —-154 —1.85 -3.3 -0.77
BO ASE 59.1 452 74.3 53.5 53.4 37.3 36.9 55.5 34.2 33.9
cr 93.7 95.2 94.6 94.9 94.5 95.6 95.1 95.3 94.9 94.8
Bias 2.15 3.59 442 6.59 3.23 1.43 1.33 3.35 2.04 2.68
Bl ASE 61.7 53.9 73.1 57.7 51.1 36.9 56.4 57.2 37.8 34.7
cpP 94.5 94.8 95.1 94.9 94.6 95.1 94.5 94.7 94.5 94.7
Bias 1.14 0.94 -208 -279 -301 -032 -087 -211 —-0.63 —0.06
0.3 .BZ ASE 79.5 74.9 124 72.6 76.9 56.4 52.1 83.3 499 54.6
cr 94.8 94.8 94.3 95.3 94.6 95.3 94.7 95.4 95.7 94.5
Bias 6.98 7.65 23.9 6.92 248 0.75 2.09 5.64 3.83 1.99
33 ASE 105 96.4 137 100 97.6 71.7 70.7 111 70.4 68.4
cpP 95.0 95.1 95.8 95.3 94.8 95.1 95.6 95.7 95.2 94.7
Bias -122 -119 -087 -097 -070 —-045 —-028 —-045 -0.69 —0.34
4 ASE 7.29 6.96 6.79 7.15 7.10 5.21 5.17 4.78 5.05 4.88
cr 94.4 95.3 95.6 94.3 94.9 93.8 94.7 95.2 94.9 94.8
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Table 4. Cont.
n =200 n =400
P MLEs Index
LL CLL L DE Pt LL CLL L DE Pt
Bias —-3.8 —-283 —-550 —-595 -—-156 —-216 -279 -—-114 —-147 -0.11
BO ASE 53.2 56.3 81.5 54.2 54.2 38.7 39.3 60.0 39.8 39.1
cp 94.9 95.4 94.2 95.5 95.1 95.4 94.7 95.6 95.3 95.0
Bias 5.26 4.11 5.66 10.5 4.0 1.90 3.94 1.61 5.35 3.42
[% ASE 60.0 56.6 79.7 58.3 55.8 37.0 44.0 61.1 43.8 38.9
CP 94.2 94.8 95.4 94.3 94.5 95.8 94.4 95.1 94.3 94.6
Bias —1.68 —1.64 1.02 —485 —4.24 0.50 —-137 -0.83 -367 —-1.03
0.5 ‘Bz ASE 78.8 86.8 136 86.2 80.9 57.4 57.3 86.1 58.7 55.3
CP 94.2 95.0 94.9 95.1 95.3 95.2 95.3 94.7 95.3 94.8
Bias 6.69 6.25 12.5 12.3 2.33 4.94 5.86 0.19 3.05 1.29
Bg ASE 106 99.2 152 107 103 75.9 73.5 123 77.1 74.4
CP 94.4 95.2 95.4 96.0 94.5 94.6 94.7 94.2 95.5 94.8
Bias —-056 -072 —-066 —-047 -043 -051 —-032 —-032 —-040 -—-0.20
[y ASE 6.64 6.42 6.45 6.44 6.43 4.76 4.55 4.42 4.54 4.48
CP 95.1 95.6 93.6 94.4 94.7 95.0 95.1 95.3 94.8 95.3
Bias —437 -569 —-983 -541 —415 -113 -157 -—-252 —-1.83 —-0.33
BO ASE 60.3 59.5 84.0 57.6 56.9 42.9 38.6 63.8 42.6 38.1
CP 94.6 94.8 94.5 95.0 94.9 94.5 95.2 95.9 95.2 94.5
Bias 6.30 5.67 6.33 9.61 4.16 2.21 2.35 5.06 291 2.43
Bl ASE 57.7 64.1 84.9 66.7 65.3 45.0 42.3 65.1 42.8 40.3
CP 95.2 94.3 95.1 94.5 94.9 94.9 95.4 95.2 95.0 94.9
Bias -279 -019 —-413 -261 —-238 0.12 —1.34 —-343 0.60 0.27
0.7 Bz ASE 98.0 98.4 139 91.6 87.5 63.8 59.5 95.9 61.3 57.8
CP 94.4 94.5 95.3 95.0 94.8 95.3 95.7 96.2 94.9 95.7
Bias 5.76 11.3 29.1 6.93 5.97 5.71 4.58 7.35 3.91 1.19
Bg ASE 117 121 157 119 112 78.9 79.1 127 88.4 78.9
CP 94.5 95.4 96.4 95.2 94.8 95.8 94.7 95.6 95.0 95.0
Bias -038 -051 -054 -071 -057 -019 -021 -0.27 -037 -021
4 ASE 5.56 5.36 5.24 591 5.27 3.77 3.75 3.36 4.29 3.78
CP 94.1 94.6 94.7 95.0 95.1 95.4 95.2 95.1 94.5 94.7

Note. LL: Log-log, CLL: Complementary log-log, L: Logistic, DE: Double exponential, Pt: Probit.

3.2. Comparison of Algorithms

Under various link functions, we compare the effectiveness of algorithms by the
average iteration count and the computing time. An algorithm is considered more efficient
if it achieves a desired level of accuracy with fewer iterations or in less computation time.

Let m = 200,400, and p = 0.3,0.5,0.7, and the other parameter settings refer to
Case (1). The samples {Y;} are randomly generated from the discrete distribution Y; ~
Fpiscrete((0,1,2)T, p;), where p; = (pio, pi1, pi2)" depends on the specified link function.
Regarding parameter estimations, we use the QLB-based NR algorithm with the logistic
link function, while for the other four link functions, we employ the Fisher-bound-based
NR algorithm. All experiments were repeated 500 times.

Figures 1 and 2 provide the frequency distributions of the average iteration numbers
under the different link functions. The average number of iterations under the logistic
link function is significantly higher than that of the other four link functions across all
parameter settings. On the other hand, we fixed the iteration number to 100 and recorded
their time cost. The average iteration time for five link functions is shown in Table 5. Under
all parameter settings, the average iteration time for the logistic link function is also notably
longer than for the other link functions.
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Figure 1. Comparison of iteration frequencies under different link functions when the m = 200.

These findings suggest that the computational performance of the Fisher-bound-based
NR algorithm is substantially more efficient than the QLB-based NR algorithm. Through
comparisons across different link functions, we observe that both the average number
of iterations and the average computation time increase with the sample size and the
correlation coefficient. This demonstrates that both factors have a significant impact on the
computational burden of the algorithms. Moreover, it is worth noting that the Fisher-bound-
based NR algorithm with the CLL link function consistently exhibits the best performance
across all parameter settings.

Table 5. Comparison of the average iteration time (ms) under five link functions.

n p LL CLL L DE Pt

0.3 6.19 5.30 11.9 7.75 5.56
200 0.5 7.26 6.24 12.3 9.25 6.34
0.7 8.15 7.06 13.1 10.1 7.28
0.3 54.2 46.7 104 70.8 47.2
400 0.5 63.1 49.3 115 80.2 57.1
0.7 74.1 50.7 146 87.4 68.3

Note. LL: Log-log, CLL: Complementary log-log, L: Logistic, DE: Double exponential, Pt: Probit.
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Figure 2. Comparison of iteration frequencies under different link functions when the m = 400.

3.3. Comparison of Test Statistics

Under the hypothesis test (5), we evaluate the performance of the three statistics for
given link functions with parameter settings. Take the sample size n = 200,400 and the
correlation coefficient p = 0.3,0.5,0.7. The covariate vector x; is defined in Cases (1) and (2).
Other parameter settings are based on the two cases: (I) § = 2, B = (Bo, B1)", Bo = p1 =0,
C=(1,-1). ) q=4 8= (Bo P1,B2 B3)", po=P1 = P2 = 3 = 0,and

Similarly, the samples {Y;} are generated from the discrete distribution Fpjscrere ((0,1,2)T,
p;) for 10,000 times, where p; = (pjo, pi1, pi2) '~ The empirical type I error rate is calculated
by dividing the number of rejections of the null hypothesis Hy by the total number of
simulations, which is 10,000. The empirical TIEs are summarized in Table 6. Power refers
to the probability of correctly rejecting the null hypothesis Hy when it is false. We consider
sample sizes n = 50, 80, 100, 200, 400, and p = 0.3, 0.5, 0.7. The following two cases of
regression coefficient vectors are considered: (A) B = (—1,2)Tand (B) B = (—1,2,-1,2)T.
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The other parameter configurations remain consistent with Cases (I) and (II). For each
i=1,...,n,we generate Y; ~ Fpiscrere((0,1,2)T, p;) 10,000 times, where p; = (pio, pi1, pi2) -
The empirical power of each test is computed as the proportion of rejections at the 0.05
significance level over 10,000 simulations. Figures 3 and 4 display the empirical powers
of the three test statistics across five different link functions. A comparison of the results
shows that both the T}, and Ts¢ tests consistently maintain empirical type I error rates
(TIEs) close to the nominal level of 0.05 across all link functions considered (LL, CLL, L,
DE, and Pt), indicating robust performance. In contrast, the Tyy test tends to yield lower
empirical TIEs under the double exponential link, though its TIEs for other link functions
fluctuate around the nominal level. Furthermore, empirical TIEs are generally higher when
q = 4 compared to g = 2, with this effect being more noticeable for smaller sample sizes.

Table 6. Empirical type I error rates (%) for Case (I) and Case (II) under the different link functions.

Case (I) Case (II)
n p  Statistics
CLL L DE Pt LL CLL L DE Pt
17 5.0 53 4.8 4.7 5.6 5.4 4.7 4.8 52 5.0
0.3 Tw 5.3 5.4 4.8 3.3 5.0 4.8 4.8 47 3.7 47
Tsc 53 54 47 48 4.8 47 5.0 49 49 4.6
1L 54 45 52 5.0 51 53 4.8 5.0 52 4.8
200 0.5 Tw 54 51 49 3.7 53 5.3 4.8 49 4.0 49
Tsc 5.1 52 4.7 49 4.6 5.1 4.6 4.8 51 51
TL 4.8 5.4 47 47 52 52 51 4.8 5.5 4.8
0.7 Tw 52 4.6 5.5 29 52 52 5.0 4.8 41 4.8
Tsc 5.0 5.0 54 4.8 52 47 55 47 54 47
T 4.7 48 52 5.0 52 47 4.8 52 5.0 52
0.3 Tw 4.8 4.8 47 3.7 47 4.8 4.8 4.7 3.7 4.7
Tsc 47 5.0 49 49 4.6 47 5.0 49 49 4.6
T 53 48 5.0 52 48 53 4.8 5.0 52 4.8
400 0.5 Tw 54 51 49 3.7 53 5.3 4.8 49 4.0 49
Tsc 51 4.6 4.8 5.1 51 5.1 4.6 4.8 51 5.1
17 52 51 4.8 55 48 52 5.1 4.8 55 4.8
0.7 Tw 52 5.0 4.8 41 4.8 52 5.0 4.8 41 4.8
Tsc 47 5.5 47 5.4 47 47 5.5 47 5.4 47

Note. LL: Log-log, CLL: Complementary log-log, L: Logistic, DE: Double exponential, Pt: Probit.

Figure 3 illustrates that increasing the sample size enhances the power of all three test
statistics. Power decreases slightly for a fixed sample size as p increases. The Tyy statistic
demonstrates the best performance, while T} and Ts¢ produce comparable results across all
parameter settings. Among the link functions, the probit link generally yields the highest
power, especially for small sample sizes, whereas the logistic link results in the lowest. The
log-log, complementary log-log, and double exponential links exhibit similar power levels.

From Figure 4, we observe that the performance of the three test statistics for g = 4
is generally similar to that for g = 2, though there are some differences. Specifically,
compared to g = 2, the power of all test statistics decreases when g = 4, with the T and
Tsc test statistics showing a more pronounced decline across all parameter settings and
link functions.

In addition to the empirical findings, theoretical analysis suggests that the Wald test
achieves higher power under the probit link due to its derivative structure, which yields
greater Fisher information and a larger non-centrality parameter A [30].

Moreover, considering that the Tyy test statistic under the probit link function shows
robust empirical TIEs, it is recommended as the most effective test for assessing the signifi-
cance of confounding effects on the response rate.



Axioms 2025, 14, 500

15 of 23

Empirical Power

Empirical Power

Empirical Power

Empirical Power

Empirical Power

Empirical Power

Tr,p=0.5

o8l
s ]
£ & osl
= =
2 2
| g £
oal 5 5 o4
——=—Log - log - ——=—~-Log - log = ——=—Log - log
— -o- —Complementary log — log — -o- - Complementary log — log o — - —Complementary log — log
o2 ~ = - Logistic oz ~ - - Logistic o2 ~ = - Logistic
Double exponential Double exponential Double exponential
— o~ Probit — - Probit — —— — Probit
o o o
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
Sample Size Sample Size Sample Size
so.p = 0.3 Tsc,p = 0.5 Tsc,p = 0.7
1k 1 b
osf osf
] 5
= =
3 s
0.6 [ a Q- o6
= =
2 2
s a a
oaf 5 5 oaf
= ———~Log - log . ———-Log - log o ———-Log - log
— o~ —Complementary log — log — o - Complementary log — log — -o- —Complementary log — log
02| ~-o- - Logistic 02 ~ o= - Logistic ozl ~ -o- - Logistic
Double exponential Double exponential Double exponential
— o~ Probit — - Probit — —— — Probit
o o o
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
Sample Size Sample Size Sample Size
Tiw,p = 0.3 Tw,p =05 Tiv,p = 0.7

02

Empirical Power

- o~ —Complementary log — log
~ -o- - Logistic o2

Double exponential
— o~ Probit

——~-Log - log o

——~—~-Log - log
- -o- - Complementary log — log
~ o - Logistic

Double exponential
— - Probit

200 250 300 350 400 50
Sample Size

150

00 25

2 o 300 350 400
Sample Size

Empirical Power

——=+-Log - log
- o~ —Complementary log — log
024 ~ -o- - Logistic

Double exponential
— o~ Probit

200 250
Sample Size

Figure 3. Comparison of the power (%) under different link functions in Case (A).
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Figure 4. Comparison of the power (%) under different link functions in Case (B).

4. An Application

In this section, we analyze a dataset from a survey conducted in the Varamin region of
Iran, focusing on individuals aged 50 and above with visual impairment [31]. The dataset
includes nearly 3000 participants, categorized into seven groups (¢ = 1,2, ...,7). Responses
are recorded as no blindness, unilateral blindness, or bilateral blindness (I = 0,1, 2). The
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dataset’s structure is presented in Table 7. Since the response probabilities in our model
are defined at the individual level, we preprocess the data as follows to ensure analytical
accuracy and consistency:

(1) Use the midpoints of the age groups as a proxy for age to account for potential
confounding.

(2) Assume that individuals within the same group share identical covariates, resulting
in uniform response rates within each group;

(3) Scale all data values by a factor of 1/100 to reduce the impact of magnitude differences
on computation.

Table 7. Prevalence of blindness by age groups (g = 7).

Blindness (1)

Age () - -
None (0) Unilateral (1) Bilateral (2)

50-54 yrs 964 23 2
55-59 yrs 541 17 8
60-64 yrs 469 18 4
65-69 yrs 257 16 5
70-74 yrs 242 32 3
75-79 yrs 127 30 9

80+ yrs 104 29 10

We construct a generalized linear model to explore the relationship between age and
disease rates. The model incorporates five link functions specified in Section 2. The MLEs
of (B, p), their standard errors (SE), and the asymptotic 95% confidence interval widths
(CIW) can be computed using the method described in Section 3 under the corresponding
link function.

As shown in Table 8, p is approximately 0.273 under all link functions, indicating
a positive correlation between the responses of both eyes of a patient. Among them,
the Pt model exhibits the lowest standard errors and the narrowest confidence intervals,
demonstrating the most robust performance. The LL link function and the DE link function
yield similar results. Still, the LL link function is slightly better because it is more suitable
for modeling low probability events, which aligns with the dataset’s characteristics [32]. In
contrast, the CLL link function is designed for modeling high-probability events, leading
to inconsistencies between the model assumptions and the data characteristics, resulting
in a negative regression coefficient. The L link function has the largest standard error for
the intercept coefficient. As shown in Table 9, the Q-Q plots and residual plots under all
link functions show little difference. Overall, the models appear to provide similar fits.
Furthermore, according to the AIC and BIC results (Figure 5), the Pt model demonstrates
the best fitting efficiency among all the models. Given the low disease probability in this
dataset [32], which does not match the overall assumptions of the simulated data, different
link functions significantly impact the parameter estimation results, particularly for By and
B1. However, the conclusions drawn from the model comparisons are consistent with those
from the simulation study.
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Table 8. Parameter estimates under different link functions.

Index Parameters LL CLL L DE Pt

Bo —7.984 2.960 —9.003 —8.842 —4.401

MLE B1 0.084 —0.029 0.091 0.088 0.042

0 0.272 0.274 0.273 0.272 0.272

Bo 0.156 0.487 0.506 0.467 0.229

SE B1 0.242 0.453 0.073 0.066 0.034

0 0.041 0.041 0.041 0.077 0.041

Bo 0.612 1.910 1.980 1.830 0.898

CIW B1 0.948 0.178 0.286 0.259 0.133

0 0.159 0.159 0.159 0.159 0.159

Note. LL: Log-log, CLL: Complementary log-log, L: Logistic, DE: Double exponential, Pt: Probit.

Table 9. Values of AIC and BIC under different link functions.

Tests LL CLL L DE Pt
AIC 1540.8 1544.8 1540.9 1542.6 1540.7
BIC 1558.7 1560.6 1562.8 1558.9 1558.6

Note. LL: Log-log, CLL: Complementary log-log, L: Logistic, DE: Double exponential, Pt: Probit.

Lastly, we need to test the hypothesis (5), where C = (0,1) and B8 = (Bo, B1)*. The
values of the three statistics T;, Tyy, and Tsc are shown in Table 10. The test statistic Ty
values vary slightly with different link functions, and the test statistic T, exhibits a similar
pattern. In contrast, the Tsc test statistic remains consistent under all link functions. This
indicates that the choice of link function significantly impacts some statistics but has little
impact on others. Under all link functions, the values of the Tyy test statistic are greater
than the other two, indicating that the Tyy test statistic performs better. Since all p-values
are less than 0.05, we reject the null hypothesis and conclude that age significantly affects
disease rates. Similarly, this result is consistent with the observations in the simulation.
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Table 10. Values of three statistics under different link functions.
Tests Results LL CLL L DE Pt
T Statistic 152.404 158.871 158.713 158.967 156.832
L' pvalue 517x107% 200x 1073 216x 1073 190 x 10736 557 x 10~
T Statistic 226.148 223.229 215.056 213.505 232.597
W pvalue 413x10750 179 x 1070 108 x 107%8 190 x 10736 557 x 10736
T Statistic 178.743 178.743 178.743 178.742 178.743
S

p-value 9.2 x 1074 912 x 1074 912 x107* 912x 1074  9.12 x 104
Note. LL: Log-log, CLL: Complementary log-log, L: Logistic, DE: Double exponential, Pt: Probit.

5. Discussion and Conclusions

This paper develops a generalized linear model to investigate the relationship between
confounding effects and response rates. Since the log-likelihood function involving various
link functions is generally non-concave, we adopt a novel MM algorithm to construct a
surrogate function that approximates the logistic log- ikelihood, ensuring computational
feasibility and stability. Five specific link functions are considered: log-log, complemen-
tary log-log, logistic, double exponential, and probit. We also describe three parameter
estimation methods: the NR, QLB, and Fisher-bounded algorithms. Additionally, three
hypothesis testing procedures, the likelihood ratio test, the Wald test, and the score test, are
introduced to assess the significance of regression coefficients under different link functions.
Simulation results indicate that, regardless of the link function or estimation method, the
MLE:s closely approximate the actual values, and the corresponding confidence intervals
fall within reasonable bounds. In terms of convergence, the Fisher bounded algorithm
outperforms the others. Comparison of the test statistics reveals that the point and interval
estimates of (B, p) are the most accurate under the probit link function. Under the double
exponential link, the empirical type I error rate of Tyy is notably lower than the nominal
level, while Tj, and Tg¢ remain close to 0.05. All three tests control type I error for the other
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link functions. Furthermore, Ty consistently demonstrates the highest statistical power
across all scenarios, increasing power as the sample size grows. We therefore recommend
the use of Tyy. The logistic link yields the lowest power among the five link functions, while
the probit link yields the highest. Finally, the proposed method is applied to real data from
a study of visually impaired individuals in Iran, demonstrating its practical applicability
and effectiveness.

Lin et al. [23] used a logistic regression to study the relationship between ophthalmic
disease prevalence and patient covariates. It combines the fast QLB algorithm with coordi-
nate ascent to compute the unconstrained MLE of the parameters of interest. Compared
with the existing results, our proposed model offers greater generalization ability and
achieves better performance in terms of computational efficiency and applicability. Sim-
ulation studies and real-data analyses further validate this assumption, demonstrating
the practical advantages of our method. In addition, Li et al. [5] proposed a flexible beta-
kernel correlation model capable of fitting binary data with a wide range of correlation
structures. Compared to our method, their model only shows superior performance in
certain scenarios.

The method proposed in this paper can be extended to other intra-class models such as
Rosner’s or Dallal’s model and supports both unilateral and bilateral data structures. How-
ever, some unsolved problems exist, such as complex correlations, binary-only outcomes,
and small sample behavior. Moreover, the model dependence between random vectors is
conducive to more comprehensively capturing the information between covariates. How-
ever, our current method has not yet constructed the joint distribution of random variables,
and thus it is difficult to delve into the specific relationships between variables. Moreover,
we have only focused on the individual distributions of random variables. Future research
can further construct the joint distribution of random variables to explore the specific rela-
tionships between them thoroughly. Based on [33], we can model the dependence between
random vectors, thereby comprehensively capturing all the information between covariates.
These are important directions for future research, and we will further investigate these
interesting issues in the general case.
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Appendix A
Appendix A.1. Calculation of the Three Response Probabilities

Let Pr(Zy = 1) = m;(0 < m; < 1) be the probability of the ith patient’s kth organ
being cured. Thus, the variable Z;, follows a Bernoulli distribution, indicating the cure
status of the kth eye of the ith patient. Based on this, the expected value and variance
of Zj satisfy E(Zy) = m; and D(Z;) = m;(1 — 7;). Under Donner’s model, we have
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Corr(Zi, Zi;z—x)) = pfork=1,2,andi =1,...,n, where p(|p| < 1) reflects the correlation
of the paired data. Thus,

E(ZuZis-k)) — E(Za)E(Zi3 k) _
\/P(Zi)D(Zis )

Note that py; = P(Zn = 1,Zpp = 1) = E(ZuZiz—p) = P\/D(Zik)D(Zi(ka)) +
E(Zi)E(Zi3-x))- Then, py; = p7t; + (1 — p)7;. Moreover, p;; = P(Zy = 1,Zp = 0) +
P(Zy = 0,Zpp = 1) = 2(m; — py) = 2m(1 — p)(1 — m;). Since po;j + p1ij + paij = 1, we
have po; = p(1 - ;) + (1 — p)(1 — ;)

Corr(Zix, Zi3—x)) =

Appendix A.2. The Construction of the Q(rt|c't), o)

To derive the asymptotic expression of the log-likelihood function, we employ the
discrete version of Jensen’s inequality for concave functions:

where h(-) is an arbitrary concave function, & = (a1, . )T,z = (z1,...,2,)T and
z(t) = (zgt),...,zgf))T are three positive vectors. Define &y = (1,0)7, ap = (o, 1)7, z =
(71,1 — )T and h(-) = log(-). Based on this inequality and the model structure, py; and
po; are asymptotically approximated as follows:

(t) (t) (t)

4 W1 -

logpo; > log(1 — ;) + = PTT; (t) [pnl (1—m; )m]
prr;’ + (1 — )

(t) (t) 70
1—rm; 1
. i bg[pn +(<t> l>(1_7ﬁ4'
o, + (1 —m;”) 1—m;
(*) ® 4 o1 =
logpzl- > logT[i -+ B 77:1 0 log sz + P((t) 77:1 )HZ]
w4+ p(1 =)
(1) () (t)
1— . 1— 7
+ (t)P( i )(t) log il (t)nl )(1—ni)].
o +p(1—m) 1—-m

Hence, the log function (1) is expressed as

((re,p) = Zl {1108 = 0) -+ 100 = 1)}10g(1 — ) + 106 = 2) + 1% = D] g
= (A1)

+1(Y; = 0) log(pr; — 7+ 1) + (Y, >log[m+p<1—m>}+c§i)<p>},

where ¢;j; is a function of p but not depending on 7; for i = 1...n. By the asymptotic
approximations of pg; and py;, we derive

n 1(y; = 2)") 1Y, =
t(m,p) > {lI(Yizlﬂ—I(Yi:Z)—i— —— + log(7;)
5 m 4o - ) pn”+<1—nf”>
_ (1 _ (0
I(Y; =2)p(1 — I(Y; =0)(1—
+1m:m+um=n+(@ ol %)+(}”)( %ﬂb%u—mHA%m}
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Let
1(y; = 2)7" 1(Y; = 0)or")
() o) = 1(Y; = 1) + I(Y; = 2) + o 0 0 P 0N
w4+ o(l—m7) e +(1—m;)
_ () (1)
I(Y; = 1—rm; I(Y; =0)(1 —
bi(r),p) = 10%; = 0) + 1(Y; = 1) + 1 o ol 7(1;) ) X " i s )
) +p(l—m) prt;) +(1—m;")
We have
Q(BIBY,p) = Z{ﬂi(ﬂi(t),P) log(7;) + bi(nl-(t),p) log(1—7t;) + cl(t) (p)}.
i=1
Appendix A.3. Fisher Information Matrix
The Fisher information matrix I(6) is given by
H(B) 4(6)
q(0) 3p?
where
,t=0,1,...,9—-1,
(aﬁsaﬁt> ’ 7
20\
a‘Boap a‘Bq 1ap !
2 n 2 g L 1)\2 g
920 . G=1) , m(%;=0) 2 (7t — 1)21(Y; 22) it
902 Sl -1 (om—m+1) (o + i — p71;)
The elements of () are expressed by
02/ Z ol o, i 0%¢ om; i 0°m; 9
aﬁsap ap 1 07T a.Bs 1 0poTT; 8,35 1 dBsdp 8771
9?0 9 ol o "/ 9m; 0%/ 9?m; ol
8'32 a,Bs (; aT; aﬁs) - l;(aﬁs) ( > 2 8,32 aﬂz
P (F ) (o (7)o e
aﬁsaﬁt aﬁt i=1 ani 9Bs i—1 dBs 9Pt a,Bta,Bs om;’
where
P 1(Y;=2)(p+2m —2pm;) (m — 1) 10 = 0)(p + 2 — 2p7; — 2)(m; —pri — 1)
0paTT; 711.2(p + 71 — p71;)? (rt; — 1)2(prr; — 1 + 1)2

I(Yi=0)2m—1)  I(Y;=2)(1—-2m)
(mi = D(pmi —mi+1)  milp+7m—pm)
0 21(v;=1) IY;i=1)Qm—-1)* 21(Y;=2)(1—p) I(Y;=2)(p+2m —2p7;)?

o2 m(m—1) 2(m—1)? mi(p + i — pry) 2 (p + 7 — p7r;)?
_20(Yi=0)(1-p)  I(Y;=0)(2pm; — 27 — p +2)?
(i =) (i — i +1) (i = 1)2(pm; —m +1)2 7

2
and aa/sg = 0. Moreover, the specific forms of the derivatives g—gs’, %, and aﬁ a;s differ

under the log-log, complementary log-log, logistic, double exponential, and probit link
functions, as shown below:
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(1)  Log-log link function

871'1 72"1?".3 XT[; 827-[1 2 szﬁ XT 7EXIT‘B 827-[1 szﬂ XTﬁ 7eszﬁ
— = —¢ eXi Px;,, = x(eXiP —eXiP)e , = x;Xx;s (e P —eXiPe .
a‘Bs is aﬁ% 15( ) a,Bta,Bs it 15( )

2 Complementary log—log link function

P Y 108—108

ani 7€X1T'3 XTﬂ 82 TT; 2 XTﬂ szﬁ 76’(1'Tﬁ 82 7T; XTﬂ szﬁ 76’(;[/5
— = i Px;, —= = x5 (NP —eiP)e , = XX (X P — i Pe .
a‘BS 15 aﬁg ls( ) aﬁtaﬁs it ZS( )

(8)  Logistic link function

T T
om; xge X B 92w 2xke P xle X P o 2xyxice B xjxie X P

Bs  (1+e B2 9P (B L1)p (e NP1z 9Bofs (e MB 1) (e NP1

(4)  Double exponential link function

e M 2046
o1, @m | edpso 2n [T e
= — 1 l's’ = v ‘ x;rﬂ 2 = x;rﬁ
s 2 eofs | xuxtf  otherwise, 9P ET otherwise.
(5)  Probit link function
a7; T I 7 TavaTge2 7T T g\ T
a‘BS = (P(X,‘ ﬁ)xiS/ 8,32 = _¢(xi ﬁ)xi ﬁxis/ a,Bta,Bs = _(P(xi ﬁ)xi ﬁxitxiS/
S

where s # t. Based on these expectations:

E[I(Y; =0)] = pio=(1—m)(om —m +1),
E[I(Y; =1)] = pa =2m(1—p)(1 - ),
E[I(Y;=2)] = pp=mr?+pomi(1—m;),i=1,...,n,

we can obtain the Fisher information matrix (A2).
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