Stat Papers (2020) 61:1281-1307 @ CrossMark
https://doi.org/10.1007/s00362-018-0988-y

REGULAR ARTICLE

Quantile regression for nonlinear mixed effects models:
a likelihood based perspective

Christian E. Galarzal'? . Luis M. Castro@® -
Francisco Louzada® - Victor H. Lachos®

Received: 1 May 2016 / Revised: 3 February 2018 / Published online: 24 February 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract Longitudinal data are frequently analyzed using normal mixed effects mod-
els. Moreover, the traditional estimation methods are based on mean regression, which
leads to non-robust parameter estimation under non-normal error distribution. How-
ever, at least in principle, quantile regression (QR) is more robust in the presence of
outliers/influential observations and misspecification of the error distributions when
compared to the conventional mean regression approach. In this context, this paper
develops a likelihood-based approach for estimating QR models with correlated con-
tinuous longitudinal data using the asymmetric Laplace distribution. Our approach
relies on the stochastic approximation of the EM algorithm (SAEM algorithm), obtain-
ing maximum likelihood estimates of the fixed effects and variance components in the
case of nonlinear mixed effects (NLME) models. We evaluate the finite sample per-
formance of the SAEM algorithm and asymptotic properties of the ML estimates
through simulation experiments. Moreover, two real life datasets are used to illustrate
our proposed method using the grNLMM package from R.
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1 Introduction

Nonlinear mixed-effects (NLME) models are frequently used to analyze grouped,
clustered, longitudinal and multilevel data, among other situations. This is because
this type of model allows dealing with nonlinear relationships between the observed
response and the covariates and/or random effects, and at the same time, takes into
account within- and between-subject correlations in the statistical modeling of the
observed data. In general, NLME models arise as a consequence of the mathematical
modeling of biological, chemical and physical phenomena, using known families
of nonlinear functions with attractive properties such as the presence of asymptote,
uniqueness of maximum value, monotonicity and positive range (Pinheiro and Bates
2000; Davidian and Giltinan 2003; Wu 2010). Although most of the current NLME
model research is focused on estimating of the conditional mean of the response given
some covariates, sometimes the estimation of this quantity lacks meaning, especially
when the conditional distribution of the response (given the covariates) is asymmetric,
multimodal or simply is severely affected by atypical observations (outliers). In this
case, the use of conditional quantile regression (QR) methods (Koenker 2004, 2005)
becomes an appropriate strategy for describing the conditional distribution of the
outcome variable given the covariates. One of the advantages of using QR methods is
that they do not impose any distribution assumption on the error term, except that this
term must have a conditional quantile equal to zero. Moreover, and from a practical
viewpoint, standard QR methods are already implemented in statistical software such
R in its package quantreg() (R Core Team 2017).

QR methods were initially developed under a univariate framework (see for exam-
ple Galarza et al. 2017) but, nowadays, the abundance of correlated data in real-life
applications has generated the study of several extensions of QR methods based on
mixed models. Some of these extensions consider the distribution-free approach (Lip-
sitz et al. 1997; Galvao and Montes-Rojas 2010; Galvao 2011; Fu and Wang 2012;
Andriyana et al. 2016), while others consider the traditional likelihood-based approach
using the asymmetric Laplace (AL) distribution (see for example, Geraci and Bottai
2007; Yuan and Yin 2010; Geraci and Bottai 2014) and Aghamohammadi and Moham-
madi (2017). In this context, Geraci and Bottai (2007) proposed a Monte Carlo EM
(MCEM) algorithm for the QR model considering continuous responses with a subject-
specific univariate random intercept. Recently, Geraci and Bottai (2014) extended their
previous work by considering a general QR linear mixed effects (QR-LME) model
with multiple random effects. In that work, the authors considered the estimation of
the fixed effects and the covariance components through an efficient combination of
Gaussian quadrature approximations and nonsmooth optimization algorithms. On the
other hand, Yuan and Yin (2010) extend the QR model proposed by Geraci and Bottai
(2007) to the case of linear mixed effects (LME) models for longitudinal measure-
ments with missing data. In the nonlinear case, Wang (2012) considered a QR-NLME
model from a Bayesian perspective, showing that this model may be a better alternative
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than the mean regression estimation in the presence of asymmetric and multimodal
data.

Although some results based on QR-NLME models have recently appeared in the
statistical literature, to the best of our knowledge, there are no studies and contribu-
tions considering an exact inference for QR-NLME models from a likelihood-based
perspective. For that reason, the aim of this paper is to propose a QR-NLME model
using the AL distribution and considering a full likelihood-based inference via the
implementation of the stochastic version of the EM algorithm, a.k.a. SAEM algo-
rithm, proposed by Delyon et al. (1999) for the maximum likelihood (ML) estimation.
The SAEM algorithm has been proved to be more computationally efficient algorithm
than the classic MCEM algorithm due to the recycling of simulations from one itera-
tion to the next in the smoothing phase. Moreover, as pointed out by Meza et al. (2012),
the SAEM algorithm, unlike the MCEM, converges even with a small simulation size.
In this context, Kuhn and Lavielle (2005) showed that the SAEM algorithm is very
efficient for computing the ML estimates in mixed effects models. It is important to
stress that, the empirical results show that the ML estimates based on our proposed
SAEM algorithm provide good asymptotic properties. Moreover, the application of
our method is conducted by using our recent R package, called, grNLMM () .

The paper is organized as follows. Section 2 presents some preliminary results.
Particularly, we present some properties of the AL distribution and an outline of the
SAEM algorithm. Section 3 provides the MCEM and SAEM algorithms for a general
NLME model, while Sect. 4 outlines the likelihood-based estimation and standard
errors of the parameter estimates under the proposed model. Section 5 presents the
results of simulation studies conducted to analyze the performance of the proposed
method with respect to the asymptotic properties of the ML estimates and the con-
sequences of the misspecification of the random effects distribution. The analysis of
two longitudinal datasets is presented in Sect. 6. Finally, Sect. 7 closes the paper by
presenting a brief plan of our future work.

2 Preliminaries

In this section, we provide some useful results related to the AL distribution. We also
present some background on the SAEM algorithm for ML estimation.

2.1 AL distribution
A random variable Y has an AL distribution (see Kozubowski and Nadarajah 2010)

with location parameter i, scale parameter o > 0 and skewness parameter p € (0, 1),
if its probability density function (pdf) is given by

1— _
f()’|l/«,0,17)=uexp{_pp (M)}’
o o

where p,(-) is the check (or loss) function defined by o, (u) = u(p — I{u < 0}), with
I{-} the indicator function. This distribution is denoted by AL(u, o, p).
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The random variable Y ~ AL(u, o, p) can be represented hierarchically as

YU =u~Nu+d,u, tgou),
U ~ Exp(o), (1)

where Exp(o) denotes the exponential distribution with mean o, ¥, and rI% are con-

stants such that ¥, = pl(l 2';) and l'p p(]{p). Note that U | Y ~ GIG(1/2, 34, y),
where GIG(v, a, b) denotes the Generalized Inverse Gaussian (GIG) distribution
(Barndorff-Nielsen and Shephard 2001) with pdf given by

h(z|v,a,b) = 2(1?/?)27) ”_1exp{—%(a2/z+bzz)},

withu > 0,v € R, a, b > 0, where K, (-) is the modified Bessel function of the third
kind. The moments of the GIG distribution are given by

¢ (4 Koga(ab)

2.2 The SAEM algorithm

The SAEM algorithm proposed by Delyon et al. (1999) replaces the E-step of the EM
algorithm (Dempster et al. 1977) by a stochastic approximation procedure. Besides
having good theoretical properties, the SAEM algorithm estimates the population
parameters accurately, converging to the global maxima of the ML estimates under
quite general conditions (Allassonniere et al. 2010; Delyon et al. 1999; Kuhn and
Lavielle 2004).

Let @ be the vector of the parameter of interest, y be the observed data and q be
the missing data and/or latent variables. At each iteration, the SAEM algorithm suc-
cessively simulates missing data/latent variables using their conditional distributions,
updating the model parameters. Thus, at iteration k, the SAEM algorithm proceeds as
follows:

E-Step:
— Simulation: draw a sample (q(“‘)), ¢ =1, ..., mfromthe conditional distribution

f(a10%.y).

— Stochastic approximation: update O (0 |

o0/ ) a0 (raa) o (o197

where m is the number of simulations and §; is a smoothness parameter (Kuhn
and Lavielle 2004), i.e., a decreasing sequence of positive numbers such that
Y 8 =ooand Y g2, 87 < oo.

"(k)>
as
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M-Step:

2k

v @\(Hl) = argmaxgQ(0 | 0

— Maximization: update @ as ).

Note that, although the E-Step is similar in the SAEM and MCEM algorithms,
a small number of simulations m (for practical situations, m < 20 is suggested) is
necessary in the first one. This is possible because, unlike the traditional EM algorithm
and its variants, the SAEM algorithm uses not only the current simulation of the missing
data/latent variables at the iteration k but some or all the previous simulations. In fact,
this ‘memory’ property is set by the smoothing parameter ;. In our case, we suggested
the following choice of the smoothing parameter given as

5 — 1, for 1 <k<cW
F=1k—cW)™!, for cWH1<k<W’

where W is the maximum number of iterations, and c is a cutoff point (0 < ¢ < 1)
which determines the percentage of initial iterations with no memory.

3 The QR nonlinear mixed model
3.1 The model

In this section, we propose the following general mixed-effects model. Let y; =
(y,-l,...,yini)—r be the continuous response of subject i and n = (n(¢;, xi1)
R TR x,-n,.))—r anonlinear differentiable function of vector-valued random param-

eters ¢; of dimension r. Moreover, let x; be a matrix of covariates of dimension n; x r.
The NLME model is defined as

Yi = 0(;. Xi) + €,
é; = AiB, +Bib;, (3)

where A; and B; are design matrices (fixed) of dimensions X d and r x g, respectively,
possibly depending on elements of x; and incorporating time varying covariates in fixed
or random effects; B, is the regression coefficient corresponding to the p-th quantile,
b; = (b1, ..., biq,)T is a g-dimensional random effects vector associated with the i-th
subject and €; is the independent and identically distributed vector of random errors.
We define the p-th quantile function of the response y;; as

Opij | xij, b)) = n(e;, xij)
= n(AiB, +Bib;, xij), “)

where O, denotes the inverse of the unknown distribution function F. In this setting,
the random effects b; are independent and identically distributed (i.i.d) as Ny (0, ¥),
where the dispersion matrix ¥ = ¥ (a) depends on unknown and reduced parameters

.. iid . .
a. The error terms are distributed as ¢;; ~ AL(O, o, p), being uncorrelated with the
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random effects. Then, conditionally on b;, the observed responses for subject i, i.e.,
yij for j = 1,..., n;, are independent following an AL distribution with location,
scale and skewness parameters given by n(A; B, + Bib;, X;;), o and p, respectively.

The main reason for considering the AL distribution in our approach is that this
distribution proves useful as a unifying bridge between the likelihood inference and the
inference about QR estimation and seems to be very promising within those models,
since it clearly represents a suitable error law for the least absolute estimator (Geraci
and Bottai 2007). In addition, and from the Bayesian standpoint, Yu and Moyeed
(2001) have showed that irrespective of the original distribution of the data, the use of
the AL distribution is a very natural and effective way to model QR. Recently, Sriram
et al. (2013) studied the posterior consistency of model parameters for a QR model
when the AL distribution is misspecified, concluding that the use of the AL distribution
works for a variety of possibilities of the true likelihood, including location models,
scale models and location-scale models.

3.2 The MCEM algorithm

In this section we develop a MCEM algorithm for ML estimation of the parameters
in the QR-NLME model. This model has a flexible hierarchical representation, which
is useful for deriving interesting theoretical properties. From (1), we have that the
QR-NLME model defined in (3)—(4), can be represented as

yi | bi,u; ~ Ny, (VI(Aiﬁp + Bibi, x;) + 9,u;, GT,%Q‘) ;
bi ~ Ny (0, %),

ni

Jj=1

fori =1,...,n, where ¢, and 1:,% are given as in (1) and D; represents a diagonal
matrix that contains the vector of latent variables u; = (un, e, ui,,l.)T. Lety;,, =
(y/. b/, ut.T)T and let 8% = (BT, 0®, a®T)T, the estimate of 6 at the k-th iteration.
For simplicity, we denote ; = n(A; T B;b;, x;). Since b; and u; are independent
foralli =1, ..., n, it follows from (1) that the complete-data log-likelihood function
is given by £.(0;y.) = Y ', £c(0;yi.), where

3 1 1 ~ 1
C(0;yi,) =K — Snilogo — E1og|~1/| — 5bf\l/ b, — gu,Tln,.
__1  — — . T _1  — —_ .
(yi —n; — Upu;) Dl' (yi —n; — Upw), (5)

2
20rp

where K denotes a constant that does not depend on the parameter of interest and 1,
is a vector of ones of dimension p. Given the current estimate 6 = 0(1‘), the E-step

calculates the function Q (0 | 9\(]()) =y7,0i (0 | [ ) , where
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3 1
0:(618Y) =E {ecw; yie) 1 0¥y} o =Snilogr — = log|w|

— (k)

——tr (bbT); nr‘}—

Sl
2072 [Yi D;" yi— Zﬂpyz 1,
P

4
+ 2G0T, — oy @Y + 20,1150 + 0 D ],

where tr(A) denotes the trace of matrix A. The calculation of this function requires
— (k
the expressions ;¥ = E{n; 0%, y;}, ®® = E{u; |0, y;}, ®b); | =

/\(k) &
E{bb] 16%,y}. D" =E(D;' 16y}, D P =E D0 16y},

(nTD"n)Ek) = E{9/D;'n; | 6®.,y;}. which do not have closed forms. Since the
joint distribution of the latent variables (b;k), ul@k) ) is unknown and the conditional
expectations cannot be computed analytically, for any function g(-), the MCEM algo-
rithm approximates these expectations using a Monte Carlo approximation given by

l m
Elg (bi,w) | 09, y;1~ — Y g™ uf), (6)
mn =1

which depends of the simulations of the two latent variables b;k) and ul@ from the
conditional density f(b;, u; | 8%, y;). Since E[g(b;, u;) | 0¥, y;]1 = E[E[g(b;, u;) |
0%® . b;,y;11y:], the expected value given in (6) can be more accurately approximated
by

1 & ,
— D Ele®" u) |09, b, yi], @)
=1

where b;“) is generated from f(b; | 0%, yi). Note that this approximation is more
accurate since it only depends on one Monte Carlo approximation, instead of two (as
is needed in (6)).

To generate random samples from the full conditional distribution f(uw; | y;, b;),
first note that the vector u; | y;, b; can be written as uw; | y;, b; = [ui1 | yi1, bi,
ui | yi2, bis -+ Uin; | yin;» i1, since u;; | yij, b; is independent of u;x | yix, b;,
forall j,k = 1,2,...,n; and j # k. Thus, the distribution of f(u;; | yij, b;) is
proportional to

¢ (ij | mij (B . i) + Ppuij, o uij) x Exp(o),

which, from Sect. 2.1, leads to u;; | y;j, b; ~ GIG(%, Xij» ¥), where x;; and i are
given by xi; = |yij — nijl/Tp+/o and ¥ = 1,/2+/0, and n;; is the component j of
the vector 1;. From (2), and after generating samples from f (b; | 00, yi) (see Sect.
3.4), the conditional expectation E[- | 8, b;, y;] in (7) can be computed analytically.
Finally, the proposed MCEM algorithm to estimate the parameters of the QR-NLME
model can be summarized as follows:
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1288 C. E. Galarza et al.

MC E-Step: Given 6 = 0(1‘), fori =1,...,n;

— Simulation step: For £ = 1,...,m, generate b;“) from f(b; | G(k),yi), as
described next in Sect. 3.4.
— Monte Carlo approximation: Using (2) and b;z’k’, for £ = 1,...,m, evaluate

Elg (b;,u;) | 8%, y;] using the approximation proposed in (7).

M-step: Update %) by maximising Q(0 | %) ~ % S Y 005y, b ;)
over 0, leading the following estimates:

-1
— — 1 1 & T .
=" [Z {m Sap e s

i=1 =1

=1

n m
1 T —
{Z {m > [250 e R [vi = nB, ) = 2y O] ” ,
i=1
1 &K1 &
~k+1) __ . 2 kD (T —INWK) o e KD g (k)
G _mg ;; i — 1B, T bEINTEDH Py, T b))
7 kD (T T; 0T
_Zﬁp(yl”(ﬂp sbl‘ )) ln,- +Z‘€(ul) ’ ln,- 5

Gy _ 1 Xn: 1 ib(l.k)b(l,k)T
g 1 ;z 1 b ’
1= =

where J; = an(B,, b:)/dB,, N = 3 ;_; n; and expressions & (u;)“* and E(D;HER
are defined in Appendix A2.
Note that, for the MC E-step, we need to generate bfe’k), ¢ =1,...,m, from

fb; | 0("), yi) (see Sect. 3.4), where m is the number of Monte Carlo simulations to
be used (a number suggested to be large enough).

3.3 The SAEM algorithm

As was mentioned in Sect. 2.2, the SAEM circumvents the problem of simulating a
large number of latent values at each iteration, leading to a faster and efficient solution
to the MCEM algorithm. In summary, the SAEM algorithm proceeds as follows:

E-step: Given 0 = 0% fori = 1,...,n;

— Stochastic approximation: Update the Monte Carlo approximations using stochas-
tic ones, given by

1 — T
() _ k=1 ® Sy k) gk=1)
S1 =80+ |:E£§—1Ji EMDH O — 81 }

NE

T o~
237 €@) [yi = 0B, b )

1
k) _ olk=1)
S0 =9, +& |:Z

~
I

1
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— e ] - sg;.—“] :

1 m
® (k 1 Z —=~(k+1) k T - )
S50 = 55 A |:Zg 1 |:(Yz (B, b)) EDHY
(ﬂp(k+l) b;zvk))) 219p(y[ _ n(ﬂp(l{-H) b;(,k)))—l—lni

4
+ z”€<uf>wm} st |

1 & T
(k) ] (0.k)p (0K (k—1)
S4, —541 + 8k |:n_1§:[bz bi ]_S4,i :|

=1

M-step: Update 8% by maximizing Q (0 | 0(1‘)) over @, which leads to the following
expressions:

n 71 n
=~ (k+1) ==k (k) (k)
B, =B, +|:ZS1,1':| ZSN’
i—1

i=1

1
SU+D g
T 3N 121: 3

k+1 (k)
gkt Z Sy,

provided that the inverse of the matrix S (k) exists. Given a set of suitable initial values

A( ) (a simple strategy for specifying 0 1s described in Appendix Al), the SAEM

|’9‘.(k+l) . ’e\(k) |

iterates until convergence at iteration k, if max; < 8, where 81 and

0] + 8,
8, are pre-established small values. As suggested on page 269 in Searle et al. (1992),
we used 61 = 0.001 and 6, = 0.0001. In addition, we also used a second convergence
ré_(k-%—l)_’é(k)l

criterion defined by max; { } < &2, as proposed by Booth and Hobert

(0451
(1999).

3.4 Simulation of random effects

In order to generate samples from f(b; | y;), we use the Metropolis-Hastings
(MH) algorithm (Metropolis et al. 1953; Hastings 1970), noting that the condi-
tional distribution f (b; | y;) can be represented as f (b; | y;) o« f (yi | bi) f (b)),
where b; ~ Ng(0,%) and f(yi [ b;) = [T;L; fOij | bi). with yij | by ~

AL(n(Aiﬂp +Bib;. x;;), o, p). Since this function is a product of two distributions
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(with support in R?), a suitable choice for the proposed density is a multivariate normal
distribution with mean and variance-covariance matrix given by ﬁbi = E(b;kil) | yi)
and ¥ b, = Var(bﬁk_” | yi) respectively. These quantities are obtained from the last
iteration of the SAEM algorithm. Note that this candidate generates a high acceptance
rate, making the algorithm fast.

4 Estimation of the likelihood and standard errors
4.1 Likelihood estimation

Given an observed data, the likelihood function £,(# | y) of the model defined in
(3)-(4) is given by

> log /R f(yi | b;; 8) f(b;; 0)db;, (8)
i=1 q

where the integral can be expressed as an expectation with respect to b;, i.e., E[ f(y; |
b;; 6)]. The evaluation of this integral is not possible analytically, so it is often replaced
by its Monte Carlo approximation involving a large number of simulations. However,
alternative importance sampling (IS) procedures might require a smaller number of
simulations than the typical Monte Carlo procedure. Following Meza et al. (2012), we
compute this integral using an IS scheme for any continuous distribution f(b,-; 0) of
b;, having the same support as f(b;; ). Re-writing (8) as

N f(bi; 6) ~
1 i | bi; ) =<———f(b;; 0)db;,
; og /qu(y b 0) gy /b )

we can express it as an expectation with respect to b}, where b} ~ f(b:f; 0). Thus,
the likelihood function can be approximated as

n 1 m ni . f(b;k(l);o)
;jlog ~2 ]_[[f(yijlb,»‘“;o)]m :

=1 j=1

where {bf(e)},l = 1,...,m, is a Monte Carlo sample from f(b;“; #), and f(y; |
bf“); ) is expressed as ]_[;”: 1 f Qi J\b;k(g) ; @) due to the conditional independence
assumption. An efficient choice for f (b;k“) ;0) 1s f(b; | yi). Therefore, we use the
same proposed distribution discussed in Sect. 3.4, generating b;k(l) ~ Ny (ﬁb;’ Eb,- ).

4.2 Standard error approximation

At the kth iteration, the empirical score function s(y; | 8)® for the i-th subject can
be computed as
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_ 1 « _
svi 1)V + 6 [; > sy q“0;00) —s(yi | )% ”} : ©
=1
where q(z'k), ¢ =1,...,m, are the simulated values of the conditional distribution

fG10 k=1 yi). Using Louis’s method (Louis 1982), the observed information matrix
at iteration k, can be approximated as I,(0 | y)® = Y"7_, s(y; | 0)®s(y; | 6)%.
Expressions for the elements of the score vector are given in Appendix A3.

5 Simulated data

In order to examine the performance of the proposed method, we conduct some sim-
ulation studies. The first simulation study shows that the ML estimates based on the
SAEM algorithm provide good asymptotic properties. The second study investigates
the consequences on population inferences when the normality assumption of the ran-
dom effects is not considered. To do that, we used a heavy tailed distribution for the
random effect term, testing the robustness of the proposed method in terms of the
parameter estimation.

5.1 Finite sample properties

As in Pinheiro and Bates (1995), we performed the first simulation study with the
following three parameter nonlinear growth-curve logistic model:

B1+ by
1 +exp (—[t;; — B21/B3)

where #;; = 100, 267, 433, 600, 767, 933, 1100, 1267, 1433, 1600 for all i. The
goal is to estimate the fixed effects parameters B’s for a grid of percentiles p =
{0.50, 0.75, 0.95}. A Gaussian random effect by;, fori = 1, ..., nis added to the first
growth parameter 8 and its effect on the growth-curve is shown in Fig. 1.
Parameter interpretation of this model is discussed in Sect. 6. The random effect

Yij = + €ij, i=1,...,n, j=1,...,10, (10)

by; and the error term €; = (€ .. ., €;10) | are non-correlated. In fact, by; X N(O, abz)
and ¢;; X AL(0, o, p). We set ﬂp = (B1, B2, ,33)T = (200, 700,350)T, o, = 0.5
and o,f = 10. Using the notation in (3), the matrices A; and B; are given by I3 and
(1,0, 0)T respectively. For different sample sizes, say, n = 25, 50, 100 and 200, we
generate 100 datasets for each scenario. In addition, we choose m = 20, c¢ = 0.25
and W = 500 for the SAEM algorithm convergence parameters. For all scenarios, we
compute the square root of the mean square error (RMSE), bias (Bias) and Monte Carlo
standard deviation (Sd) for each parameter over the 100 replicates. These quantities
are defined as RMSE(8;) = JSdZ(e ) + Bias?(9;), Bias(8;) = 6; — 6; and Sd(6;) =
\/ 95 2100 6, A,) where §; = 100 ZIOO 97 is the Monte Carlo mean (Mean)
with 6;(/) the estimate of 6; from the j-th sample, j = 1...100. Based on Fig. 2,
we conclude that the bias in the estimation of fixed effects converges to zero when
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Fig. 1 Effect of including a

o |
random effect b in the first o
parameter of the nonlinear
growth-curve logistic model

w
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T T T T T T
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Fig. 2 Bias, Sd and RMSE for 8, (upper panel) and B3 (lower panel) for different sample sizes over the
quantiles p = {0.50, 0.75, 0.95}

n increases, i.e. the estimators are asymptotically unbiased for the parameters. The
values of Sd and RMSE decrease monotonically when n increases, indicating that the
estimators are consistent. Note that for quantile p = 0.95 (an extreme quantile), the
standard deviation is much higher than quantiles p = 0.50 and p = 0.75. As an overall
conclusion, we can say that, in general, the proposed SAEM algorithm provides good
asymptotic properties for the ML estimates.
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Table 1 Simulation 1: Monte Carlo mean and RMSE for fixed effects 8 and scale parameter o, obtained
after fitting the QR-NLME model under different settings of quantiles and sample sizes

Quantile n B1 B B3 O

Mean RMSE Mean RMSE Mean RMSE Mean RMSE

50% 25 199.75 1.554 700.19 1.428 350.13 1.170 0.503  0.186
50 199.79 1.315 700.09 1.139 350.03  0.931 0.498  0.145

100 200.16 1.085 700.08  0.965 350.06  0.856 0.497  0.131

200 200.02  0.866 699.96  0.803 34998  0.710 0.499  0.111

75% 25 203.77  4.086 700.18 1.449 350.15 1.262 0.499  0.186
50 203.90  4.125 700.20  1.279 350.16 1.069 0495  0.157

100 204.19  4.347 699.83 1.054 349.88  0.874 0.499  0.131

200 20434 4.445 700.00  0.836 350.01  0.703 0.498  0.106

95% 25 201.15  2.029 70026  2.567 350.14 1.986 0.506  0.186
50 201.77  2.299 700.53  2.263 349.74 1.704 0.508  0.156

100 201.93  2.303 700.18 1.894 349.73 1.549 0.505  0.123

200 202.11 2.341 700.06 1.714 349.98 1.241 0.502  0.109

The results are based on 100 simulated datasets

Table 2 Simulation 1: Sd, Monte Carlo mean of the approximate standard error obtained through the
information-based method described in Sect. 4.2 (IM SE) and Monte Carlo coverage probability at 95%
(CP %) obtained after fitting the QR-NLME model for quantiles p = 0.50 and p = 0.75 and sample of
sizen =50

Q B B3 Oe

Sd IM-SE CP % Sd IM-SE CP % Sd IM-SE CP %
50% 0.644 0.559 92 0.504 0.477 93 0.012 0.012 95
75% 0.699 0.608 92 0.495 0.516 95 0.011 0.012 96

The results are based on 100 simulated samples

Table 1 shows the estimation of the model parameters. Note that the intercept (1)
increases along the quantiles. This is a natural property of the intercept in QR models.
As a consequence, the bias and RMSE increase significantly for extreme quantiles. In
general, and for all the model parameters, good asymptotic properties in terms of bias
and RMSE are observed.

As was suggested by a reviewer, Table 2 shows the coverage probability and the
theoretical standard errors (obtained using the approximation proposed in Sect. 4.2)
for the QR-NLME model (10) considering, for computational time reasons, a sample
of size n = 50 and quantiles p = 0.50 and p = 0.75. From these results, one can see
that the empirical (Sd) and theoretical (IM-SE) standard errors are similar. Moreover,
the Monte Carlo coverage probability (CP %) is high, showing the good behavior
of the obtained estimates. We have omitted the results for the intercept 81, because
this parameter varies the quantile, capturing the location of the different quantiles of
the conditional distribution. This evidence indicates that the AL assumption does not
generate an important bias in the results.

@ Springer



1294 C. E. Galarza et al.

500 1000 1500
Il Il

| | | | | |

Normal Student-t Contaminated Normal
o
S
— N
£ o |
g e
£ o
2 27
3 ~
o o |
frel
o 7

T T T T T T
500 1000 1500 time (days) 500 1000 1500

Fig. 3 50 simulated curves from the growth-curve logistic model using different distributions for the
random effect term: normal (right), Student’s-# with v = 4 (center), contaminated normal with v; = 0.1
and vy = 0.1 (left). In all cases the location and scale parameters are i = 0 and a}g = 10, respectively

5.2 Robustness study

The aim of this simulation scheme is to study the behavior of the parameter esti-
mates when the distribution of random effects is misspecified. We consider a similar
simulation scheme as in the previous subsection, but considering a set of quantiles
p = {0.50,0.75} and a fixed sample size n = 50. We consider 100 Monte Carlo
samples, generating the random effect term from (a) a Student’s-¢ distribution with
v = 4 degrees of freedom (#1) and from (b) a contaminated normal distribution with
parameters v; = 0.1 and v, = {0.1, 0.2, 0, 3}), i.e., three scenarios of contamination,
say, 10% (C 10%), 20% (C 20%) and 30% (C 30%). We set the value of parameters
as follows: B, = (200, 700, 350) ", 0, = 0.5 and o} = 10.

Figure 3 shows the simulated curves from the growth-curve logistic model assuming
different probability distributions for the random effect term, say, normal, Student’s-¢
with v = 4 and contaminated normal with v; = 0.1 and v, = 0.1.

From Table 3 we can see that the proposed model is robust even when the level
of contamination is high. For quantile p = 0.75, naturally, the parameter 8 tends to
increase for higher levels of contamination. As expected, the Sd and RMSE increase
when the distribution of the random effects is heavy-tailed.

6 Illustrative examples

In this section, we illustrate the application of our method by analyzing two longitu-
dinal datasets.

6.1 Growth curve: Soybean data

For the first application, we consider the soybean genotype data analyzed previously
by Davidian and Giltinan (1995) and Pinheiro and Bates (2000). The experiment
consists of measuring (along time) the leaf weight (in grams) as a measure of growth
of two soybean genotypes, namely, a commercial variety called Forrest (F) and an

@ Springer



Quantile regression for nonlinear mixed... 1295

Table 3 Simulation 2: Mean, Bias, Sd and RMSE for the fixed effects B and scale parameter o, obtained
after fitting the QR-NLME model for quantiles p = 0.50 and p = 0.75 using four different distribution
settings for random effects

Model Quantile 50% Quantile 75%
B B2 B3 Oe B B2 B3 e
(200) (700) (350) (0.5) (200) (700) (350) (0.5)
14 Mean 200.22  700.00  349.99 0.501  204.43  700.39  350.18 0.501
Bias 0.22 0.00 —0.01 0.001 443 0.39 0.18 0.001
Sd 1.41 1.13 0.99 0.024 1.47 1.30 1.04 0.024
RMSE 1.42 1.13 0.99 0.024 4.67 1.36 1.06 0.024
C10%  Mean 199.87  700.10  349.9 0.499  205.02 700.18  350.05 0.501
Bias —0.13 0.10 —0.1 —0.001 5.02 0.18 0.05 0.001
Sd 1.38 1.12 0.94 0.024 1.39 1.34 1.08 0.024
RMSE 1.38 1.13 0.94 0.024 5.21 1.35 1.08 0.024
C20%  Mean 200.05  699.91  350.08 0.497  205.35 700.20  350.11 0.496
Bias 0.05 —0.09 0.08 —0.003 5.35 0.20 0.11 —0.004
Sd 1.40 1.13 0.95 0.024 1.41 1.24 1.09 0.023
RMSE 1.40 1.13 0.95 0.024 5.53 1.26 1.10 0.023
C30%  Mean 200.16  700.06  350.07 0.496  206.63  699.91  350.01 0.497
Bias 0.16 0.06 0.07 —0.004 6.63  —0.09 0.01 —0.003
Sd 1.45 1.02 0.96 0.024 1.61 1.26 1.03 0.022
RMSE 1.46 1.03 0.97 0.024 6.82 1.27 1.03 0.023

The results are based on 100 simulated samples

experimental strain called Plan Introduction #416937 (P). The samples were taken
approximately weekly during 8 to 10 weeks. Plants were planted for three consecutive
years (1988, 1989 and 1990) in 16 plots (8 per genotype) and the mean leaf weight of
six randomly selected plants was measured.

We use the three parameter logistic model in (10), introducing a random effect term
for each parameter and a dichotomic covariate (gen) as

_ P1i n
1+ exp (—[tij — v2i1/¢3i)

Yij Eij, i=1,...,412,j=1,...,n,-,
where, ¢1; = B1+Bageni+bii, 2i = Po+bai and ¢3; = B3+b3;. The observed value
ij represents the mean weight of leaves (in grams) from six randomly selected soybean
plants in the i-th plot, #;; days after planting; gen; is a dichotomic variable indicating
the genotype of plant i (O=Forrest, 1= Introduction) and ¢;; is the measurement error
term. Moreover, 8, = (1, f2, B3, B4)"T and b; = (by;, by;, b3;)" are the fixed and
random effects vectors respectively.
The matrices A; and B; are defined as
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Fig.4 Soybean data: Leaf weight profiles versus time by genotype (left panel). Ten randomly selected leaf
weight profiles versus time (right panel)
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The interpretation of parameters is as follows: ¢ is the asymptotic leaf weight,
@2 is the time at which the leaf reaches half its asymptotic weight and ¢3 is the time
elapsed between the leaf reaching half and 0.7311 = 1/(1 + e~ ') of its asymptotic
weight. Since the aim of the study is to compare the final (asymptotic) growth of the
two kinds of soybeans, the covariate gen; was incorporated in the first component of
the growth function. Therefore, the coefficient B4 represents the difference (in grams)
of the asymptotic leaf weight between the introduction plan and Forrest type (control).
Figure 4 shows the leaf weight profiles.

Figure 5 shows the fitted regression lines for quantiles 0.10, 0.25, 0.50, 0.75 and 0.90
by genotype. From this figure we can see how the extreme quantile estimation functions
capture the full data variability, detecting some atypical observations (particularly for
the Introduction genotype).

Figure 8 in Appendix A4 shows a summary of the obtained results. It can be seen
that the effect of the genotype is significant for all the quantile profiles. Moreover, the
difference varies with respect to the conditional quantile being more significant for
lower quantiles. Using the information provided by the 95th percentile, we conclude
that the soybean plants have a mean leaf weight around 19.35 grams for the Forrest
genotype and 23.25 grams for the Introduction genotype. Therefore, the asymptotic
difference for the two genotypes is about 4 grams. Finally, it is important to stress that
the convergence of the fixed effect estimates and variance components was analyzed
using graphical criteria as shown in Figure 10 (Appendix A4).
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6.2 HIV viral load study

The dataset analyzed in this section comes from a clinical trial (ACTG 315), studied
in previous works by Wu (2002) and Lachos et al. (2013). In this study, the HIV viral
load of 46 HIV-1 infected patients under antiretroviral treatment (protease inhibitor
and reverse transcriptase inhibitor drugs) is analyzed. The viral load and some other
covariates were measured several times after the start of treatment. Wu (2002) found
that the only significant covariate for modeling the virus load was CD4. Figure 6 shows
the profile of viral load in log10 scale and CD4 cell count/100 per mm?> versus time (in
days/100) for six randomly selected patients. As can be seen, an inverse relationship
exists between the viral load and the CD4 cell count, i.e., high CD4 cell count leads to
lower levels of viral load. This is because the CD4 cells (also called T-cells) alert the
immune system in case of invasion by viruses and/or bacteria. Consequently, a lower
CD4 count means a weaker immune system.

In order to fit the ACTG 315 data, we propose a bi-phasic nonlinear model consid-
ered by Wu (2002) and also used by Lachos et al. (2013). The proposed NLME model
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Fig.6 ACTG 315 data. Profiles of viral load (response) in log 10 scale and CD4 cell count (in cells/1 00mm3)
for six randomly selected patients

is given by,
yij = log ;o (e(f/’li*‘/&ifij) 4 e((ﬂ3i*‘ﬂ4itij)) + €ijs (11)

fori = 1,...,46,j = 1,...,n; with ¢1; = B1 + b1i, 2i = B2 + by, ¢3i =
B3 +Db3i, 4ij = B4+ PsC D4;j +ba;, where the observed value y;; represents the log-
10 transformation of the viral load for the i-th patient at time j, C D4;; is the CD4 cell
count (in cells/100mm?) for the i-th patient at time j and ¢; j is the measurement error
term. As in the previous case, 8, = (1, B2, B3, B4, Bs) " andb; = (b1;, ba;, b3i, bai) '
denote the fixed and random effects vectors respectively, and CD4; = (C D4y, ...,
CD4;y,)". The matrices A; and B; are defined as

(L0 0 (L O
As _(0 1, CD4,-> and B; = (0 1,1,.)'

The parameters ¢p; and ¢a4; are the two-phase viral decay rates, which represent the
minimum turnover rates of productively infected cells and that of latent or long-lived
infected cells if therapy was successful, respectively. For more details about the model
in (11) see Grossman et al. (1999) and Perelson et al. (1997).

Figure 7 shows the fitted regression lines for quantiles 0.10, 0.25, 0.50, 0.75 and
0.90 for the ACTG 315 data. In order to plot this, first, we have fixed the CD4 covariate
using the predicted sequence from a linear regression (including a quadratic term) for
explaining the CD4 cell count over time. It can be seen how the quantile estimated
functions follow the data behavior and make it easy to estimate a specific viral load
quantile at any time of the experiment. Extreme quantile functions bound most of the
observed profiles and evidence possible influential observations.

The results after fitting the QR-NLME model over the grid of quantiles p =
{0.05,0.10, ..., 0.95} are shown in Fig. 9 in Appendix A4. The first phase viral decay
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Fig.7 ACTG 315 data: Fitted quantile regression functions

rate is positive and its effect tends to increase proportionally along quantiles. More-
over, the second phase viral decay rate is positively correlated with the CD4 count and
therefore with the duration of therapy. Consequently, more days of treatment imply a
higher CD4 cell count and therefore a higher second phase viral decay. The CD4 cell
process for this model has different behavior than for the expansion phase (Huang and
Dagne 2011). The significance of the CD4 covariate increases positively with respect
to quantiles (until quantile p = 0.60 approximately) and its effect becomes constant
for greater quantiles. As in the previous case, the convergence of estimates for all
parameters was also assessed using the graphical criteria.

7 Conclusions

In this paper, we investigate quantile regression under nonlinear mixed effects mod-
els from a likelihood-based perspective. The AL distribution and SAEM algorithm
are combined efficiently to propose an exact ML estimation method. We evaluate the
robustness of estimates, as well as the finite sample performance of the algorithm and
the asymptotic properties of the ML estimates through empirical experiments. To the
best of our knowledge, this paper is the first attempt at exact ML estimation in the
context of QR-NLME models. The methods developed can be readily implemented in
R through the package gqrNLMM ( ) , making our approach quite powerful and acces-
sible to practitioners. We apply our method to two datasets from longitudinal studies,
obtaining interesting results from the point of view of quantile estimation. Moreover,
in the two considered applications, similar conclusions to the previous analyses of
these datasets were obtained.

As was observed by areferee, Mu & He (2007) (see also Liu and Bottai 2009) noted
that nonlinear QR models can be modeled using a monotone transformation over the
QR linear models. Although this approach is very interesting and easy to understand,
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our problem considers not only a nonlinear behavior of the response but also on the
random effects. In addition, we consider the assumption of the AL distribution to
estimate the model parameters. In this context, an in-depth study of the properties of
parameter estimation of fixed effects within the context of mixed effect models seems
to be an interesting topic for future research.

Finnaly, there are a large number of possible extensions of the current work. For
modeling both skewness and heavy tails in the random effects, the use of scale mixtures
of skew-normal (SMSN) distributions (Lachos et al. 2010) is a feasible choice. Also,
HIV viral loads studies include covariates (CD4 cell counts) that often come with
substantial measurement errors (Wu 2002). How to incorporate measurement errors
in covariates within our robust framework can also be part of future research. An in-
depth investigation of such extensions is beyond the scope of the present paper, but
certainly is an interesting topic for future research.
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Appendix

A1: Specification of initial values

It is well known that a smart choice of the initial values for the ML estimates can
assure a fast convergence of the algorithm to the global maxima solution. Without
considering the random effect term, i.e., b; = 0, lety; ~ AL(n(8 o 0), o, p). Next,
considering the ML estimates for 8, and o as defined in Yu and Zhang (2005) for this
model, we follow the steps below for the QR-LME model implementation:

el (O
1. Compute an initial value ﬂ(p) as

20

n
p = argmingyez " pp(yi — 0(B,, 0)).
i=1

2. Using the initial value of ﬁf) obtained above, compute & as

~o_ 1y
G0 ==3 pp(yi — (B, 0).

i=1

3. Use ag x q identity matrix I, for the the initial value v,
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A2: Computing the conditional expectations

Due to the independence between u;; | y;j, b; and u;x | yix, b;, forall j, k=1,2, ..., n;
and j # k, we can write w; | y;, b; = [u;1 | yi1. b win | yio, bi -+ thin; | Yins, i 17
Using this fact, we are able to compute the conditional expectations £ (u;) and £(D; ")
in the following way:

) = [E@pn) Ewin) -+ Ein)]" (12)
Ewuiyhy 0 ... 0
0 EwyH) ... 0O
ED;) = : —_— e (13)
0 0 ... EwhH

in,~

We have u;; | yij,b; ~ GIG(%, Xij» ¥), where x;; and v are defined in Sect.
3.2. Then, using (2), we compute the moments involved in the equations above as
E(uij) = % 1+ ﬁ) and E(Mi_jl) = Xl Thus, for the k-th iteration of the algorithm

ij 1]
and for the £-th Monte Carlo realization, we can compute £(u;)“* and & [Dl._]](“)
using equations (12)-(13) where

20yij — nij (B b)) + 40 ®

L.k
E(uij) ™ = 5 )

E(MTI)(“‘) — )4 : .
Y 2lyij — nij (B, b))

A3: The empirical information matrix

Using (5), the complete log-likelihood function can be rewritten as

3
L.i(0) = —Eniloga iy

1 _ 1 1 _ 1
— ' DG — §1og|-11| — 5b?q/ b, — Eu,Tln,,,
P
where ¢ =y; — (B, bi) —pu; and 6 = (ﬂ;, o, a')'. Differentiating with respect
to @, we have the following score functions:

ol®) _ B0 060t ®) _ Ly
B, B, g 9g; 0T,

with J; as defined in Sect. 3.2. and

@) _ it 1
do 2 o 202r1% !

1
-1 T
Di Ci—i‘;ui ln,..
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Let a be the vector of reduced parameters from ¥, the dispersion matrix for b;.
Using the trace properties and differentiating the complete log-likelihood function,
we have that

30.0) 9 1
a® _ 9 —Zlog|w| — ~tr{¥"b;b]"}
v ow | 2 2

1 1
= —Etr{'ll_l} + Etr{lll_llll_lb,-biT}

1
= 5tr{nll—l(b,-b,.T — w1

Next, taking derivatives with respect to a specific «; from o based on the chain rule,
we have

i ()  0W 3L:(6)
daj Doy W
ow

1
= — —u{w (b —w)w 1.
80lj 3 r{ (b; i ) }

where, using the fact that tr{ ABCD} = (vec(AT))T (DT @ B)(vec(C)), (14) can be
rewritten as

i (®) _ (VGC(%T»TE(W—I ® ¥ (vec(b;b, — w)). (14)
oo J 2

Let Dy be the elimination matrix (Lavielle 2014), which transforms the vectorized
¥ (written as vec(¥)) into its half-vectorized form vech(¥), so that D,vec(¥) =
vech(¥). Using the fact that forall j =1, ..., %q(q + 1), the vector (vec(%)—r)—r
corresponds to the j-th row of the elimination matrix D,, we can generalijze the
derivative in (14) for the vector of parameters « as

i (0) 1
;i ) = 3 (WL @ W (vec(bb] — w)).

Finally, at each iteration, we can compute the empirical information matrix by approxi-
mating the score for the observed log-likelihood by the stochastic approximation given
in (9).
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parameter ¢ = 0.25

AS: Sample output from R package qrNLMM()

|
o
ul

Quantile =
Subjects

48 ; Observations
- Nonlinear function

nlmodel = function(x,fixed,r

= 412

andom, covar=NA) {

resp = (fixed[1l] + random[1l])/ (1 + exp(((fixed[2]

(fixed[3] + random[3])))
return(resp) }

- Fixed effects

Estimate Std. Error
beta 1 18.58381 0.55089
beta 2 54.26468 0.28691 1

z value Pr(>|z|)
33.73433 0
89.13608 0

+ random[2]) - x)/
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beta 3 8.23245 0.08848 93.04351 0
sigma = 0.31615

Random effects Variance-Covariance Matrix matrix
bl b2 b3

bl 23.75098 11.43940 2.58884

b2 11.43940 14.91302 2.86235

b3 2.58884 2.86235 0.55971

Loglik AIC BIC HQ
Value -623.899 1267.798 1308.009 1283.704

Details

Convergence reached? = TRUE
Iterations = 694 / 1000
Criteria = 8e-05

MC sample = 20
Cut point = 0.25
Processing time = 54.04346 mins
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