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ABSTRACT OF THE DISSERTATION

New Approaches to Joint Modeling of Longitudinal and Time-to-Event Outcomes: with

Applications to Dynamic Prediction of Health Outcomes Using Massive Biobank Data

by

Shanpeng Li
Doctor of Philosophy in Biostatistics
University of California, Los Angeles, 2023
Professor Gang Li, Chair

It is often of interest to study the temporal patterns of longitudinal biomarker(s) that are
potentially correlated and predictive of time-to-event outcomes in biomedical studies. In
this dissertation, I develop new approaches for joint modeling of longitudinal and time-to-
event data. My dissertation consists of three projects. In Chapter 2, I develop customized
linear scan algorithms to speed up the computation of semi-parametric joint models by lin-
earizing the computational burden of the estimation procedure from O(n?) or O(n?) to O(n).
Compared to the existing software and packages on semi-parametric joint models, our imple-
mentations can provide more than thousands of speed-ups when the sample size goes large.
In Chapter 3, motivated by the Multi-Ethnic Study of Atherosclerosis (MESA), I propose a
novel joint model to account for the heterogeneity of within-subject variability of a longitudi-
nal outcome and demonstrate that it improves the dynamic prediction accuracy of predicting
the future event probabilities of both heart failure and death across MESA individuals. In
Chapter 4, I extend the joint model described in Chapter 3 to handle interval-censored co-

variates as missing data due to the unknown initial event time. Using age at diagnosis of
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diabetes as an interval-censored covariate, we revisit the UK-Biobank data to illustrate that
our proposed joint model can yield clinically meaningful parameter estimates, compared to
the existing methods such as midpoint imputation, which can lead to problematic conclusion

on the effect of covariates on the outcomes.
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CHAPTER 1

Introduction

My dissertation consists of three projects: 1) efficient algorithms and implementation of a
semi-parametric joint model of longitudinal and competing risks time-to-event data; 2) a
joint model of the individual mean and within-subject variability of a longitudinal outcome
with a competing risks time-to-event outcome; 3) an efficient and unbiased estimator of
joint modeling in the presence of interval-censored covariates due to the unknown initial

event time. Below gives the introduction of the summary of the three projects.

1.1 Efficient algorithms and implementation of a semi-parametric
joint model of longitudinal and competing risks time-to-event

data

In project 1, we will study efficient algorithms and implementation of a semi-parametric joint
model of longitudinal and competing risks time-to-event data. In clinical research and other
longitudinal studies, it is common to collect both longitudinal and time-to-event data on each
participant, and these two endpoints are often correlated. Joint models of longitudinal and
survival data have been widely used to mitigate incorrect estimation and statistical inferences
associated with separate analysis of each endpoint [Elashoff et al., 2017, Rizopoulos, 2010].
For instance, in longitudinal data analysis, joint models are often used to handle nonignorable
missing data due to a terminal event, which cannot be properly accounted for by a standard

mixed effects model or generalized estimating equation (GEE) method that relies on the



ignorable missing-at-random or missing-completely-at-random assumption [Henderson et al.,
2000, Elashoff et al., 2008, Sattar and Sinha, 2019]. Joint models are also popularly employed
in survival analysis to study the effects of a time-dependent covariate that is measured
intermittently or subject to measurement error [Tsiatis and Davidian, 2004, Wang, 2006,
Song et al., 2002, Crowther et al., 2013], and for dynamic prediction of an event outcome
from the past history of a biomarker [Yu et al., 2008, Barrett and Su, 2017, Proust-Lima
et al., 2015, Rizopoulos, 2011, Garre et al., 2008]. Comprehensive reviews of joint models for
longitudinal and time-to-event data and their applications can be found in [Elashoff et al.,

2017, Rizopoulos, 2012b, Hickey et al., 2018], [Sudell et al., 2016] and the references therein.

Despite the explosive growth of literature on joint models for longitudinal and time-to-
event data during the past three decades, efficient implementation of joint models has lagged
behind, which limits the application of joint models to only small to moderate studies. Re-
cently, massive sample size data collected from electronic health records (EHR) and insur-
ance claim databases warrants great opportunities to conduct clinical studies in a real-world
setting. For example, the UK Biobank is a prospective cohort study with approximately
500,000 individuals, aged 37-73 years, from the general population between 2006 and 2010 in
the United Kingdom [Collins, 2012, Sudlow et al., 2015]. Aggregated and quality controlled
EHR data purchasable from Optum |[https://www.optum.com/EHR] includes 80+ millions
patients with longitudinal lab measures. The Million Veteran Project [Gaziano et al., 2016,
and IBM MarketScan Database [Butler et al., 2021] are some of many other big biobank
databases that contain rich yet complex longitudinal and time-to-event data on 105 ~ 10®
patients. However, current implementations of many joint models are inefficient and not
scalable to the size of biobank data as demonstrated later in Sections 2.2 and 2.3. There is
a pressing need to develop efficient implementations of joint models to enable the analysis

of these rich data sources.

The purpose of this paper is to develop and implement efficient algorithms for a semi-

parametric joint model of longitudinal and competing risks time-to-event data. As specified



in Section 2.1.1, the joint model consists of a linear mixed effects sub-model for a longi-
tudinal outcome and a semiparametric proportional cause-specific hazards sub-model for
a competing risks survival outcome. These two sub-models are linked together by shared
random effects or features of an individual’s longitudinal biomarker trajectory. In Section
2.1, we identify key computational bottlenecks in the semiparametric maximum likelihood
inference procedure for the joint model. Specifically, we point out that in a standard im-
plementation, the computational complexities for numerical integration, risk set calculation,
and standard error estimation are of the order O(n?), O(n?), and O(n?), respectively, where
n is the number of subjects. Consequently, current implementation grinds to a halt as n
becomes large (for example, n > 10*). We further develop tailored linear scan algorithms
to reduce the computational complexity to O(n) in each of the aforementioned components.
We illustrate by simulation and real-world data that the linearization algorithms can result
in a drastic speed-up by a factor of many thousands when n > 10%, reducing the runtime
from days to minutes for big data. Finally, we have developed a user-friendly R package
FastJM to fit the shared parameter semiparametric joint model using the proposed efficient
algorithms and made it publicly available on the Comprehensive R Archive Network (CRAN)

at https://CRAN.R-project.org/package=FastJM.

The rest of the paper is organized as follows. Section 2.1.1 outlines the semiparamet-
ric shared random effect joint model framework and reviews a customized expectation-
maximization (EM) algorithm for semiparametric maximum likelihood estimation as well
as a standard error estimation method. Section 2.1.2 develops various linear scan algorithms
to address the key computational bottlenecks in the EM algorithm and standard error estima-
tion for large data. Section 2.2 presents simulation studies to illustrate the computational
efficiency of the proposed linear scan algorithms. Section 2.3 demonstrates the improved
computational performance of our FastJM R package over some established joint model R
packages on two moderate to large real-world data sets. Concluding remarks are provided

in Section 2.4.



1.2 A joint model of the individual mean and within-subject vari-
ability of a longitudinal outcome with a competing risks time-

to-event outcome

In biomedical studies, it is often of interest to study the temporal patterns of longitudinal
biomarkers and their association with health outcomes. This paper studies a new joint model
of a longitudinal biomarker and a time-to-event outcome that takes into account of possible
heterogeneous within-subject (WS) variability of the longitudinal biomarker. Our research
is motivated by recent evidence that the WS visit-to-visit variations of some longitudinal
biomarkers for diabetes patients are strong risk factors for various health outcomes [Rothwell
et al., 2010, Zhou et al., 2018, Ceriello et al., 2019]. For example, using several clinical trials,
including UK Prospective Diabetes Study (UKPDS) [Group et al., 1998], Action to Control
Cardiovascular Risk in Diabetes (ACCORD) [Group, 2008, Zhou et al., 2018, Ismail-Beigi
et al., 2010], and Veterans Affairs Diabetes Trial (VADT) [Duckworth et al., 2009, Reaven
et al., 2019], several investigators have demonstrated that individual glycemic variability and
blood pressure variability were associated with the risk of cardiovascular diseases (CVD),
e.g., myocardial infarction or stroke [Zhou et al., 2018, Nuyujukian et al., 2021], heart failure
[Nuyujukian et al., 2020], nephropathy [Zhou et al., 2020, 2021], and retinopathy [Zhou
et al., 2021], independent of traditional glycemic and blood pressure control. These studies
typically used an ad hoc two-stage approach that first estimates the individual variability of a
longitudinal biomarker in the stage 1 analysis and then correlates the individual variability
from stage 1 with a time-to-event outcome in the stage 2 analysis. However, the ad hoc

two-stage approach has some obvious practical and theoretical drawbacks and limitations.

To illustrate, in a two-stage analysis, participants may be excluded if they have in-
sufficient repeated measures of a biomarker to generate reliable estimates of visit-to-visit
variability during the first stage. Second, the first stage analysis is unable to account for the

variability measures’ uncertainty caused by the uneven number of repeated measures across



individuals. Additionally, the first stage analysis cannot adjust for time-varying effects, such
as medication, during variability estimation, leading to significant estimation bias and inac-
curate inference during the second stage’s risk assessment. Lastly, the second stage analysis
cannot perform dynamic prediction of event of interest relying on the underlying trajectory
of biomarker(s) as time-dependent covariates. As a result, there is a pressing need to de-
velop a comprehensive statistical framework that can simultaneously model the individual
mean and within-subject variability trends of a longitudinal biomarker, allowing for valid
statistical inference on their connections with a time-to-event outcome. Furthermore, this
framework should enable dynamic prediction of the event outcome based on the observed

biomarker history.

During the past three decades, joint modeling of longitudinal and time-to-event data has
been extensively studied in the statistical literature and has emerged as a versatile tool to
address many challenging issues in longitudinal and survival data analysis. For instance,
joint models have been used to handle non-ignorable missing data due to a terminal event
in longitudinal data analysis, model intermittently observed time-varying covariates and/or
measurement error in survival analysis, and make dynamic prediction of a time-to-event out-
come based on the observed trajectories of longitudinal biomarkers [Tsiatis and Davidian,
2004, Wu et al., 2012, Elashoff et al., 2016, Hickey et al., 2018, Papageorgiou et al., 2019,
Alsefri et al., 2020, Huang et al., 2011]. However, current statistical literature on joint models
of longitudinal and time-to-event data has mostly focused on modeling the mean attribute
of a longitudinal biomarker trajectory and its association with a time-to-event outcome and
typically assume homogeneous WS variability for the longitudinal biomarker. More recently,
there have been efforts to model a longitudinal biomarker while accounting for heterogeneous
WS variability [Hedeker et al., 2008, Dzubur et al., 2020, German et al., 2021, Parker et al.,
2021]. [Hedeker et al., 2008] introduced a mized-effects location-scale model for the longitu-
dinal data, which allows both WS and between-subject (BS) variability to be modeled by

time-dependent covariates. [Dzubur et al., 2020] further extended the mized-effects location-



scale model to mixed-effects multiple location-scale models that allow for multiple random
effects in the mean component. [German et al., 2021] developed a robust and scalable es-
timation method to study the effects of both time-varying and time-invariant predictors on
WS variability. [Parker et al., 2021] proposed a joint modeling approach to associate both
mean trajectory and WS variability of systolic blood pressure with left ventricular mass in
early adulthood. However, these longitudinal models have some major limitations. They
rely on the stringent missing at random (MAR) assumption, which is often violated by non-
ignorable missing data due to a terminal event. Moreover, they are not formally linked to
an event outcome and thus cannot be readily used to study the association between a longi-
tudinal biomarker with an event outcome of interest. As mentioned above, joint modeling of
longitudinal and time-to-event outcomes can help to address these limitations. However, to
the best of our knowledge, joint models of longitudinal and survival outcomes in the presence

of heterogeneous WS variability have not yet been reported.

This paper aims to fill the above-mentioned gap in the statistical literature on joint
models. The newly developed joint models can capture distinct attributes in a longitudinal
biomarker’s mean and WS variability and link them to a time-to-event outcome. We illustrate
the utility of our method using data from the Multi-Ethnic Study of Atherosclerosis (MESA).
The new joint model consists of a linear mixed-effects multiple location scale submodel
for the mean and WS variability of a longitudinal biomarker and a semiparametric cause-
specific Cox proportional hazards submodel for a competing risks survival outcome. The
submodels are linked by shared random effects. We derive an expectation-maximization
(EM) algorithm for semiparametric maximum likelihood parameter estimation and adopt
a profile-likelihood approach for standard error estimation. We also develop an efficient
implementation of our procedure that scales to large-scale biobank data. To this end, we
point out that the EM algorithm and standard error estimation for our semiparametric joint
model will require O(n?) and O(n?) operations, respectively, when implemented naively

due to repetitive risk set calculations (see Supplementary Materials B.3). By developing



customized linear scan algorithms for both the EM algorithm and standard error estimation,
we reduce the computational complexity to O(n) and thus make the implementation scalable
to massive sample size data with tens of thousands to millions of subjects. Furthermore,
our empirical results show that in the presence of heterogeneous WS variability, a classical
joint model with homogeneous WS variability can lead to biased estimation and invalid
inference, which can be remedied by our proposed joint model (see Table 3.1). Finally, we
have developed a user-friendly R package JMH for the proposed methodology and made it

publicly available at https://github.com/shanpengli/JMH.

1.3 A joint model of longitudinal and interval-censored post-diagnosis
time to event data in the presence of interval-censored covari-

ates due to the unknown diagnosis time: with application to

UK-Biobank data

Interval-censored data arise frequently in biomedical studies when the event is known only to
occur within a certain time interval. For example, diagnosis of a disease such as diabetes is
usually performed at clinical visits and the onset of the disease is only known to fall between

two consecutive visits.

The fact that the event time is not directly observed imposes theoretical and computa-
tional challenges on semiparametric regression in survival analysis. In the recent decades,
there is an extensive literature on modeling and analyzing interval-censored event time data,
see [Huang and Wellner, 1997, Sun, 2006, Zhang and Zhao, 2013, Zeng et al., 2016, Wang
et al., 2016, Gémez et al., 2009, Sun et al., 2013], among others. For example, Goetghebeur
and Ryan [2000] proposed a semiparametric approach to the proportional hazards regression
analysis based on the Turnbull algorithm [Turnbull, 1976], which has been used to deter-

mine times at which the discrete hazard can take positive mass. Zeng et al. [2016] proposed



a broad class of semiparametric transformation models to account for the effects of possi-
bly time-dependent covariates and showed that the estimated coefficients are consistent and

asymptotically efficient.

Instead of interval censored event time, interval censored covariate can also occur in
many applications. Langohr and Melis [2014] created a discrete support with corresponding
probability masses for the interval-censored covariate. In this paper, a likelihood approach
[Gémez et al., 2003], referred to as the Gémez, Espinal, and Lagakos (GEL) approach, was
introduced to jointly estimate the regression coefficients for modeling a continuous response
variable as well as the marginal distribution of the interval-censored covariate. Morrison et al.
[2021] proposed a joint modeling approach to model the distribution of HIV seroconversion
dates (interval-censored) without covariates directly and then derive the distribution of infec-
tion durations (longitudinal outcome). In this paper, they conducted numerous simulation
studies to compare with the existing approaches such as midpoint imputation, uniform impu-
tation, and the GEL approach [Gémez et al., 2003], and demonstrated that their method can
produce less bias. Ahn et al. [2018] proposed a available-data, doubly robust, and maximum
likelihood estimator to model the primary event of interest, in which an interval-censored
secondary event is included as a covariate characterized by Cox proportional hazards model

for interval-censored data.

During the past three decades, joint modeling of longitudinal and time-to-event data has
been extensively studied in the statistical literature and has emerged as a versatile tool to
address many challenging issues in longitudinal and survival data analysis. For instance,
joint models have been used to handle non-ignorable missing data due to a terminal event
in longitudinal data analysis, model intermittently observed time-varying covariates and/or
measurement, error in survival analysis, and make dynamic prediction of a time-to-event
outcome based on the observed trajectories of longitudinal biomarkers [Tsiatis and Davidian,
2004, Wu et al., 2012, Elashoff et al., 2016, Hickey et al., 2018, Papageorgiou et al., 2019,

Alsefri et al., 2020, Huang et al., 2011]. Separate analyses or two-stage modeling of both



outcomes can yield biased results and invalid inference. Despite the aforementioned efforts
on modeling longitudinal or survival outcomes together with interval-censored covariates
[Gémez et al., 2003, Morrison et al., 2021, Gémez et al., 2003, Ahn et al., 2018], none
of these works exist under the joint modeling framework. Methodological development of
joint modeling of longitudinal and time-to-event data in the presence of interval-censored

covariates due to the unknown diagnosis time has not yet been studied.

The purpose of this paper is to fill the aforementioned gap in the statistical literature
on joint models. The newly developed joint model can handle interval-censored covariates
that appear in both longitudinal and survival sub-models, and we will demonstrate our es-
timation procedure can yield efficient and unbiased estimates in our simulation studies. We
illustrate the utility of our proposed model using data from UK-Biobank. The new joint
model consists of a linear mixed-effects multiple location scale submodel for the mean and
WS variability of a longitudinal biomarker and a semiparametric Cox proportional hazards
submodel together with interval-censored covariates. The submodels are linked by shared
random effects. We derive an expectation-maximization (EM) algorithm for semiparametric
maximum likelihood parameter estimation and adopt a profile-likelihood approach for stan-
dard error estimation. We also develop an efficient implementation of our procedure that

scales to large-scale biobank data.

The rest of the paper is organized as follows. Section 4.1 describes the semiparametric
shared random effects joint model framework and derives an efficient, customized EM algo-
rithm for semiparametric maximum likelihood estimation and a standard error estimation
method. Section 4.2 evaluates the empirical performance of the proposed joint model in
contrast to existing imputation methods via simulation studies. In Section 4.3, we apply our
developed method to the UK-Biobank data. Concluding remarks and further discussion are

given in Section 4.4.



CHAPTER 2

Efficient algorithms and implementation of a
semi-parametric joint model of longitudinal and
competing risks time-to-event data with applications

to massive biobank data

In this chapter, we identify and address the key computational issues on semi-parametric
joint modeling of longitudinal and competing risks time-to-event data. We develop efficient
algorithms and implementation of a semi-parametric joint model to reduce the computational
complexity from O(n?) or O(n?) to O(n). We perform simulations to compare estimation
accuracy and precision between different implementations and compare the model perfor-
mance between our model and other R packages on two real data applications. Below we

will discuss the details.

2.1 Efficient algorithms for a semi-parametric joint model of lon-

gitudinal and competing risks data

2.1.1 Notations and preliminaries

Let Y;(t) be the longitudinal outcome at time ¢ for subject ¢, i = 1,2, ..., n, and n is the total
number of subjects. Suppose the longitudinal outcome Y;(t) is observed at time points t;;,

j=1,2,...,n; and denote Y; = (Yi1, ..., Yin,). Let C; = (T}, D;) be the competing risks data
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on subject i, where T; is the observed time to either failure or censoring, and D, takes value
in {0,1,2,..., K}, with D; = 0 indicating a censored event and D; = k implying the kth
type of failure is observed on subject i, k = 1,2, ..., K. The censoring mechanism is assumed

to be independent of the failure time.

2.1.1.1 Model

Consider the following joint model in which the longitudinal outcome Y;(¢) is characterized

by a linear mixed effects model:

Yi(t) = my(t) +&(0),
= XV + XY (1) + (1), (2.1)

and the competing risks survival outcome is modeled by a proportional cause-specific hazards

model:

Mot | X2 by v ) = lim Pt <T; <t+h, Dih: k| T>t, X7 b) )
= D@ exp{XPTy + 010}, k=1,... K

In the longitudinal sub-model (2.1), m;(t) is the mean of the longitudinal outcome at time
t, Xi(l)(t) and Xi(l)(t) are column vectors of possibly time-varying covariates associated
with the longitudinal outcome Y;(t), 3 represents a p x 1 vector of fixed effects of Xi(l)(t),
b; ~ N,(0,%) denotes a ¢ x 1 vector of random effects for Xi(l)(t), €i(t) ~ N(0,0?) is the
measurement error independent of b;, and €;(¢;) is independent of ¢;(ty) for any ¢, # ts. In
the competing risks survival sub-model (2.2), A (¢ | XZ@), bi, Vi, Vk) is the conditional cause-
specific hazard rate for type k failure at time ¢, given time-invariant covariates Xi@) and
the shared random effects b;, and A\gx(t) is a completely unspecified baseline cause-specific
hazard function for type k failure. The two sub-models are linked together by the shared

random effects b; and the strength of association is quantified by the association parameters

vy, ..., VK.
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2.1.1.2 Semiparametric maximum likelihood estimation via an EM algorithm

Let U = {8,062 v,v,3, Ao1(), ---, Mok (-)} denote all unknown parameters for the joint model
(2.1) and (2.2), where v = (7{,..,7%)" and v = (vf,...,vi)T. Let I(D; = k) be the
competing event indicator for type k failure, which takes the value 1 if the condition D; = k

is satisfied, and 0 otherwise. The observed-data likelihood for ¥ is then given by

L(U;Y,C) f[f(Yz-, Ci | ¥)
=1

= H/b F(Yi | Cibi, ®) F(Ci | by, W) f(by | 0)db,

n n; 1 1 { (1) T ~ (1) T 2:|
o exp |—=——= Y — X, (ti;) B—Xi (t bi}
g/b]‘_[ g2 p{ 902 J ( J) o} ( J)

7 ]:1
K T; K
% {H e(t | X2, b, s Vk)I(Dl:k)} exp [—/ {Z)‘k(t | X2 b, Vk)} dt]
k=1 0 k=1
1

1
exp(—§b;ff§]_1bi)dbi,

>< —
V (2m)e X
which follows from the assumption that Y; and C; are independent conditional on the co-

variates and the random effects.

Because ¥ involves K unknown hazard functions, finding its maximum likelihood esti-
mate by maximizing the above observed-data likelihood is nontrivial. However, a customized
EM algorithm can be derived to compute the maximum likelihood estimate of ¥ by regard-
ing the latent random effects b; as missing data [Elashoff et al., 2008]. The complete-data
likelihood based on (Y, C,b) is

e 1 1 1 - (1) 2
LOW;Y,C,b) o - ex ——{Y-~—X§ 1,78 — X, ti-TbZ-}
e o T g ew =g {0 - 500
K I(Di=k)
X {AA%(Ti) exp(Xi(Q)Tvk + I/gbi)}
k=1
- @ T 1 L g1
xexpi — Y Aop(Ty)exp(X;” v + v b;) ¢ X —F/—— exp(—§bi X700,
past (2m)7|3|
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where Agg(.) is the cumulative baseline hazards function for type k failure and AAg(7;) =

AOk(E) - A(]k(ﬂ_)

The EM algorithm iterates between an expectation step (E-step):

QU W) = By o {log L(W; Y, C, 1)} (2.3)

and a maximization step (M-step):
g+ — arg max Q(W; wim), (2.4)

until the algorithm converges, where W(™ is the estimate of ¥ from the m-th iteration. The
E-step (2.3) involves calculating the following expected values across all subjects: E™)(b;),

EM) (b;bT), B {exp(vphy)}, EM{b; exp(vpbi)}, and E™ {bb! exp(vyb;)}, where
B {00} = [ ) £01% Coo ™) (2.5)

for any function h(-). Furthermore, it can be shown that the M-step (2.4) has closed-form
solutions for the parameters 3, 0%, ¥, and A (t) and that the other parameters v and v can
be updated using the one-step Newton-Raphson method. Details are provided in equations

(A.1)-(A.8) of the supplementary materials.

2.1.1.3 Standard error estimation

As discussed in Elashoff et al. [2016] (Section 4.1, p.72), standard errors of the paramet-
ric components of the semiparametric maximum likelihood estimate can be estimated by
profiled likelihood, observed information matrix, or bootstrap. All three methods can be
computationally intensive when n is large. Here we focus on the profiled likelihood-based

method and show that its computation can be linearized with respect to n.

Let Q = (8,3,0%, %1, ..., VK, V1, ---, Vir) denote the parametric component of ¥ and O
its maximum likelihood estimate. The variance-covariance matrix of Q can be estimated

by inverting the following approximate empirical Fisher information [Lin et al., 2004, Zeng
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et al., 2005, Zeng and Cai, 2005]:

> Vol Y, C) Vol (Y, O (2.6)

i=1
where Vol (Q;Y,C) is the observed score vector from the profiled likelihood 1®)(2; Y, C) of
Q) on the ith subject by profiling out the baseline hazards. Details of the observed score vector

for each parametric component are provided in equations (A.9)-(A.13) of the supplementary

materials.

2.1.2 Efficient algorithms and implementation of the EM algorithm and stan-

dard error estimation

With naive implementation, multiple quantities in the above E-step, M-step, and standard
error estimation will involve O(n?) or O(n?) operations, which become computationally pro-
hibitive at large sample size n. Below we identify these bottlenecks and discuss appropriate

linear scan algorithms to reduce their computational complexities to O(n).

2.1.2.1 Efficient implementation of the E-step

At each EM iteration, the E-step (2.3) requires calculating integrals (2.5) across all subjects.
Below we discuss how to accelerate two commonly used numerical integration methods for

evaluating these integrals.

Standard Gauss-Hermite quadrature rule for numerical integration A commonly
used method for numerical evaluation of integral (2.5) is based on the standard Gauss-
Hermite quadrature rule [Press et al., 2007]:
[ h(by) f(Ys, Ci bi | W) db

f(Y;, Gy | wlm)

[ h(b) f(Y3, C; | b, W) f(b; | W)db,

E™{h(b:)} =

14



St T (O) f (Y, G | ™, W) f <b<’"> | W™ exp(]|e][?) o)
St Tef (Vi, G | D™ W0 ><b | W) exp(||e||?)

~

where

FORC B, W) = FOG B, 0() x F(Ci | B, w i)
b Iy x Wy — @ yrim
HW { 202(m ){YL]_XZ' (tij)" 8™ = Xi (L) by }

K I(Di=k)
H{AA% 1) exp(XP 7™ + v ™5™ §

Xexp{ ZA D exp(X Ty 4 )BE’”))}, (2.8)

with A(()ZI)(.) the right-continuous and non-decreasing cumulative baseline hazard function
for type k failure at the m-th EM iteration as defined in Section A.1 (equation (A.4)) of
the supplementary material and AA ( ;) the jump size of A () at T;, q the dimension
of the random effects vector, >, ,  the shorthand for } 37", ... >3/, ny the number of
quadrature points, ¢; = (¢, ¢y, ..., ¢r,)" the abscissas with corresponding weights 7, bgm) =
V25(™1/2¢, the re-scaled alternative abscissas, and %(™/2 the square root of (™ [Elashoff
et al., 2008]. However, this method is computationally intensive due to multiple factors.
First, it usually requires many quadrature points to approximate an integral with sufficient
accuracy because the mode of the integrand is often located in a region different from zero.
Second, the computational cost increases exponentially with ¢ because the Cartesian product

of the abscissas is used to evaluate the integrand with respect to each random effect. Lastly,

the alternative abscissas l;t(m) need to be re-calculated at every EM iteration.

Pseudo-adaptive Gauss-Hermite quadrature rule for numerical integration When
the number of longitudinal measurements per subject is relatively large, [Rizopoulos, 2012a]
introduced a pseudo-adaptive Gauss-Hermite quadrature rule for numerical approximation
of integral (2.5), which achieves good approximation accuracy with only a small number

(ng) of quadrature points and is thus computationally more efficient. The pseudo-adaptive
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Gauss-Hermite quadrature rule proceeds as follows. First, fit the linear mixed effects model

(2.1) to extract the empirical Bayes estimates of the random effects and its covariance matrix
~ 1

H;

i {vi- xTaY (2.9)

n -1
H! = 22— j;X—i(l) Vi_l B %—1X(1)T {ZX-(I)V}_IX-(I)T} X.(l)f/i_l

i=1

where XV = (X.“)(tﬂ), XZ.(l)(tmi)), XY = (), o XV i), and v, = X7

)

+021. Then, define the alternative abscissas 7, = b;+v/2H, '2¢, and approximate E M) Lh(b;)}

N Ztl,tQ ,,,,, tq mh(7) f(Yi, Ci | fty‘l’(m))f(ft | \I’(m))eXp{HCtHQ}
Dttty Tef (Vi Cp | 7, W) f (7, | W) exp{] [ee[[?}

C(211)
where
FOGL G| 7 W) = F(Y [ 7, W) % f(C | 7, W)
! 1 W \Tam) o0, s 2
e [ [ e - 0,77
jl_[l 2 o2(m) [ 202(m) |~ (ti5) (tij)" 7t

- (m) @T _(m) | (m)T~ | P=P
XH{AA% (T3) exp(X;" v~ + 1y t)}

e
I
—

xexp{ ZA exp{X ( —l—uk, rt}} (2.12)

with the notations defined similarly to equation (2.8).

The pseudo-adaptive Gauss-Hermite quadrature rule is computationally appealing be-
cause the alternate re-scaled quadrature points 7, are computed only once before the EM
algorithm and do not need to be updated in the EM algorithm. Additionally, the pseudo-
adaptive Gauss-Hermite quadrature rule requires fewer quadrature points than the standard
Gauss-Hermite quadrature rule to achieve the same numerical approximation accuracy [Ri-
zopoulos, 2012a]. For example, our simulation results in the supplementary materials (Sec-

tion A.3, Table A.1) illustrate that the pseudo-adaptive Gauss-Hermite quadrature rule with
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n, = 6 quadrature points produces almost identical results to the standard Gauss-Hermite

quadrature rule with n, = 20 quadrature points.

Remark 1. (Linear calculation of I:Ii_l 's across all subjects) At the first sight, calculating
H' (2.10) across all subjects would involve O(n?) operations since each H; ' involves a

mT

summation over n subjects. However, because the same quantity Z?:l XZ-(I)‘A/Z-_IXZ. appears
mn every ﬁi_l, one can pre-compute this quantity and then use the cached value to calculate
ﬁi_l across all subjects. This way, one can compute the I—L‘l s across all subjects in O(n)
operations. Our simulation study in the supplementary material (Section A.4, Figure A.1)
shows that applying this simple linearization algorithm can yield a speed-up by a factor of 10
to 10,000 when n grows from 10 to 105. Our implementation is also significantly faster than
a popular R package lme4 [Bates et al., 2007] with over a speed-up by a factor of 10 to 500

as n grows from 10 to 10°.

Linear scan algorithm for calculating f(Y;,C; | 7, ¥(™) across all subjects Both
the standard Gauss-Hermite quadrature rule (2.7) and the pseudo-adaptive Gauss-Hermite
quadrature rule (2.11) require evaluating f(Y;, C; | b;, ¥™) at their pre-specified abscissas
across all subjects (See equations (2.8) and (2.12)). Hence, calculating f(Y;, C; | 7, ¥(™)
requires evaluation of Ag:)(ﬂ-) across all subjects for each k. We observe from equation (A.4)
that for each k, {Agg) (tk1), - - - ,A((;:) (kg )} have already been calculated from the m-th EM
iteration, where t5; > --- > t3,, are g, distinct observed type k£ event times. For each 7,
calculating Ag,?) (T;) would involve O(n) operations if a global search is performed to find
the interval of two adjacent type k event times containing 7;. Consequently, calculating
{A&?)(Tl), . ,A(()ZI) (T,)} would require O(n?) operations. However, by taking advantage
of the fact that Agg)(t) is a right-continuous and non-decreasing step function, one can
obtain {Ag,?) (1), ... ,Ag,?) (T,)} from {Ag,?) (tk1), - - - ,Aé;n)(tqu)} in O(n) operations using

the following linear scan algorithm. First, sort the observation times 7, ¢ = 1,...,n, in
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descending order. Denote by (i) the ranked index of a subject. Then, define a mapping
{AG (1) MG (1), - A (b )} = {AG (T0) A (Te) - A (T}, (213)
ok \k1)y Bog \lk2)s - - - Bog \lkgy 0k \£(1)/)s ok \£(2) )5 ok \E(n)) S :

where tg1,. .., are scanned forward from the largest to the smallest, and for each #;,
only a subset of the ranked observation times 7};) are scanned forward to calculate A[()T,?) (Tw))

as follows

(

A((J? (tr1), if Tiy > tha,

Ay (Twy) = Aék)(tk(jﬂ)), if Ty € [tr(j+1), trj), for some j € {1,...,q — 1},

O, T(i) < tqu.

\
Specifically, start with £;; and scan through the first set of observation times T{;) > ... > T{;,,)
where T(;,,y > tp1 > T(5,,41), and the corresponding Aoy (7(;))’s take the value Agg(tr1).

Next, move forward to f;2 and scan through the second set T(;,, 11y > ... > T where

ik2)s
Tlirs) = the > Tligy)+1, and the corresponding Aoi(7(;))’s take the value evaluated at Agg(tx2).
Repeat the same process until T{,) is scanned. Because the scanned T{;’s for different #;’s

do not overlap, the entire algorithm costs only O(n) operations.

2.1.2.2 Linear risk set scan for the M-step

In the M-step, multiple quantities in equations, (A.4)-(A.8) such as the cumulative baseline
hazard functions, and the Hessian matrix and score vector for v, and v (k = 1,2,..., K),
involve aggregating information over the risk set R(ty;) = {r : T, > t;} at each uncensored
event time ;. These quantities are further aggregated across all t;;’s. If all subjects are
scanned to determine the risk set R(ty;) at each tx;, then aggregating information over the
risk set for all uncensored event times would obviously require O(n?) operations. Below
we explain how to linearize the number of operations for risk set calculations across all
uncensored event times by taking advantage of the fact that the risk set is decreasing over

time for right censored data.
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First, to calculate A(()T,:H) (tk;), 7 =1,..., qx, one needs to compute ZTGR(%) exp(Xr(Q)T’y,gm))

E {exp(z/lgm)br)}, j=1,...,qs Because the distinct uncensored event times t5; > -+ > ty,,
are arranged in decreasing order, the risk set R(tj(j+1)) can be decomposed into two disjoint

sets: R(trj+1)) = R(tr;) U{r : T(v) € [te+1), try) }, and consequently,

Z a, = Z a, + Z a,, (2.14)

rE€R(tr(j4+1)) rER(tx;) {rT(y Elte ey tei)}
for any sequence of real numbers ay, . .., a,. It follows from the recursive formula (2.14) and
the fact that the subjects in R(tx;) do not need to be scanned to calculate the second term

of (2.14), one can calculate ) yar, = 1,...qy in O(n) operations when T{,)’s are

TER(tkj

scanned backward in time.
Next, to calculate the Hessian matrix I%n) for v, in (A.5), we first rewrite it as

ax
]%”) = Z AAOk(tkj)(mH) Z exp(X£2)T7,(€m))E {exp(y,(gm)Tbr)}XT@)XﬁQ)T ,

Jj=1 rER(ty;)

which allows one to linearize its calculation based on (2.14) with a, = AAgy(tx;) ™Y exp(X,@Tfy,gm))

E {exp(l/lgm)Tbr)} XP X7 similar to the linear scan algorithm for A(()rg+1)(tkj)’s.

Finally, the above linear risk set scan algorithm can be adapted to calculate the Hessian
matrix and score vector for v, and v in equations (A.6)-(A.8) in O(n) operations in a similar

fashion.

2.1.2.3 Linear scan algorithm for standard error estimation

The standard error estimation formula in (2.6) relies on the observed score vector from the
profiled likelihood where the baseline hazard is profiled out. However, for each subject i, two
components of the score vector, V,Ykl(i)(fl; Y,C) and V,,kl(i)(fl; Y, (') as given in equations
(A.12) and (A.13), involve aggregating information either over {r € R(T;)} or over both
{r € R(tg;)} and {j : ty; < T;}. If implemented naively, the aggregation can take either

O(n) or O(n?) operations, respectively. As a result, the observed information matrix can
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take O(n?) operation as it requires summing up the information across all subjects. Below

we describe a sequential linear scan algorithm to reduce the computational complexity from
O(n?) to O(n).
Our algorithm can be easily explained by considering the calculation of the following
expression in the second term of V., I (Q;Y,C) in (A.12):
Z di; ZT»eR(tk ) eXP(% X( )E {exp br)} XT(Q)
42t [ e0OIX)E fexp (b))

In other words, we need to compute B(T;) for i = 1,...,n, where B(t) = Zj:tkjgt by; and

, fori=1,...n

di; ZreR(tk ) exp (v X( VE {exp br)} Xp)
2
[ZTGR(tk  exp(vF X2V E {exp(v br)}}

Before going further, we recall that the distinct uncensored event times t5; > -+ > ti,, are

by =

in descending order and that the subjects are sorted so that the observation times 7;’s are

in descending order.

First of all, because the risk set is decreasing over time for right censored data, it fol-
lows from equation (2.14) that B(t1),. .., B(tk,) can be computed in O(n) operations as
one scans through 1, ..., %, backward in time. Second, analogous to (2.13), the fol-

lowing linear scan algorithm can be used to calculate {B(T(y)), B(T(2)), - , B(T(n))} from
{B(tkl), ey B(tqu)}Z

{B(tr1), -, Bltrg,)} = {B(T()), B(T(2), -, B(Tw) },

where ti1, ..., tig, are scanned forward from the largest to the smallest, and for each ¢, only
a subset of the ranked observation times 7};)’s are scanned forward to calculate B(T(;)’s as

follows

(
B(tr1), if Ty > t,
B(T(i)) = 9 B(tk(j+1)), if Ty € [tk(j+1)7tkj), for some j € {1,...,qx — 1},

0, otherwise.

\

20



The details are essentially the same as those discussed following equation (2.13), and thus

omitted here.

2.2 Simulation studies

We present a simulation study to illustrate the computational speed-up rendered by the
proposed linear algorithms as the sample size n grows from 100 to 1,000,000. All simulations

were run on a MacBook Pro with 6-Core Intel Core i7 processor (2.6GHz) and 16 GB RAM

running MacOS.

We generated longitudinal measurements Y;; from
Yij = Bo + Bitij + B2Xai + boi + biiti + €55 (2.15)

which corresponds to model (2.1) with Xi(l)(t,-j)T = (1,t;;, X9;) and X,-(l)(tij)T = (1,t;;), and

competing risks event times from a proportional cause-specific hazards model

M (t; X1, Xog, biy vi, v1) = Aow (1) exp{y11 X1 + Y12Xo; + 1] b;} (2.16)

Xo(t; X1iy Xoiy biy 2, v2) = Ao2(t) exp{ya1 X1i + 722 X0 + Vszi}7 (2.17)

where the two sub-models (2.15), (2.16), and (2.17) are linked together through the shared
random effects b; = (bo;, by;)?. In the above joint model, ti; = 0,1, ... represent scheduled visit
times, X3, follows N(2,1.0), X9 ~ Bernoulli(0.5) is a binary covariate, the random effects
bi = (bos, b1;)? follows a No(0,X) distribution with ¥1; = 0.5, = 0.25,and Y15 = 0, the
measurement errors €;; are iid N(0,0.5) and independent of b;, and the baseline hazards
Ao1(t) and Aoy (t) are constants 0.05 and 0.1, respectively. We simulated noninformative
censoring time V; following exp(20) and let T, = min{T}, 7T, V;} be the observed time
(possibly censored) for subject i. The longitudinal measurements for subject i at ¢;; are

assumed missing after T;.

We first compared the runtime between three different implementations of the EM algo-

rithm for fitting the joint model (2.1) and (2.2) as described in Section 2.1.2:
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1. Method 1: Standard implementation of the EM algorithm using the standard Gauss-
Hermite quadrature rule in the E-step (equation (2.7) with n, = 20) without any linear

computation;

2. Method 2: Standard implementation of the EM algorithm using the pseudo-adaptive
quadrature rule in the E-step (equation (2.11) with n, = 6) with the linear calculation

of ]:Ii_l’s described in Remark 1 and without any other linear computation;

3. Method 3: Method 2 + linear scan for calculating f(Y;, C; | 7, ¥(™)’s + linear risk

set scan for M-step as described in Section 2.1.2;

where the number of quadrature points n, for methods 1 and 2 were determined by first trying
different values, {10, 20, 30} for method 1 and {6, 9, 12, 15} for method 2, and then choosing
the smallest value for which the estimation results are stabilized and similar between the two
implementation methods. For comparison purposes, we have also included the runtime of an
established joint model R package joineR, which uses a similar EM algorithm for parameter
estimation to fit a semiparametric joint model with a slightly different latent association
structure in the competing risks sub-model [Philipson et al., 2018]. The results are depicted

in Figure 2.1.

It is seen from Figure 2.1a that the runtime of method 3 increases linearly with the
sample size, while the runtime of the other three methods grows exponentially. For moderate
sample size, method 2 is computationally more efficient than method 1 because it requires
fewer quadrature points for numerical integration. However, its computational advantage
diminishes as the sample size increases due to the exponentially increasing computational
cost of f(Y;, C; | 7, U™)’s and risk set calculation in the M-step. By further linearizing the
computation of these key components, method 3 has yielded more than 100-fold speed-up
over method 2 when n = 10°, and the speed-up is expected to increase exponentially as n
increases (Figure 2.1b). Furthermore, method 3 has demonstrated more than 30-fold speed-

up over joineR when n = 10%. We also note that joineR failed to run when n = 10° due to
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Figure 2.1: Runtime (seconds) comparison between three different implementations of the
EM algorithm for fitting the joint model (2.1) and (2.2) and the joineR package. The details
of Methods 1-3 are given in Section 2.2. joineR is an established R package which fits a
similar semiparametric joint model with a slightly different latent association structure in
the competing risks sub-model [Philipson et al., 2018]. Fold change is calculated as the ratio

of runtime between two methods.

the overload of memory.

We also compared the runtime of two implementations of the standard error estimation:
with and without linear scan as described in Section 2.1.2.3, and the bootstrap method
employed by the joineR package [Philipson et al., 2018]. The results are shown in Figure
2.2.

It is seen from Figure 2.2a that the implementation with linear scan easily scales to
a million subjects, taking only minutes to finish, while the naive implementation without

linear scan grinds to a halt when the sample size is 10,000 or larger. Figure 2.2b shows that
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Figure 2.2: Runtime (seconds) comparison between two implementations of standard error

estimation for fitting the joint model (2.1) and (2.2): linear scan and no linear scan as

described in Section 2.1.2.3, and the bootstrap method employed by the joineR package

[Philipson et al., 2018].

methods.

Fold change is calculated as the ratio of runtime between two
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linear scan can generate a speed-up by a factor of greater than 100,000 when n > 10, 000.
Similarly, in comparison with joineR that used 100 bootstrap samples for standard error
estimation, our standard error estimation method with linear scan generated a speed-up by

a factor of greater than 100,000 when n > 5, 000.

Finally, Figures 2.1 and 2.2 in Section 2.2 have focused on contrasting the computational
efficiency of different implementations for parameter estimation and standard error estima-
tion in terms of the runtime. We have also compared their parameter estimates and standard
error in Section A.5 of the supplementary materials. As one would expect, our three different
implementations (methods 1-3) yielded almost identical estimation results, whereas joineR
produced similar estimation results for the longitudinal model, but slightly different results

for the competing risks model due to its different latent association structure.

2.3 Real Data Examples

We have developed an R package FastJM to implement the efficient algorithms described
in Section 2.1. Below we illustrate the improved computational performance of FastJM in
comparison to existing joint model R packages on a lung health study (LHS) data with
n = 5,887 subjects and a UK-Biobank data with n = 193, 287 participants.

2.3.1 Lung health study

The lung health study (LHS) data were collected from a ten-center randomized clinical
trial on 5,887 middle-aged smokers with mild to moderate chronic obstructive pulmonary
disease (COPD) [Tashkin et al., 2012]. Patients were randomized into three arms: usual
care, smoking intervention and placebo inhaler (SIP), and smoking intervention and active
bronchodilator inhaler (SIA). An important objective of the study was to determine if the
intervention program with the combination of intensive smoking cessation counseling and an

inhaled anticholinergic bronchodilator can slow down the decline in forced expired volume in

25



1s (FEV;) during a 5-year follow-up period. Patients’ FEV; values were collected annually
upon recruitment into the study. FEV; was chosen as the primary outcome since its tra-
jectory is an indicator of a patient’s natural loss of lung function during the progression of
COPD. Since not all patients completed the whole study period, about 9.47% of longitudinal
measurements were missing. One of the possible reasons for dropout is that treatment was

not effective, and hence missing longitudinal measurements after dropout are non-ignorable.

Joint modeling of FEV; together with the possible informative dropout time provides
an attractive approach to deal with nonignorable missing longitudinal data due to dropout.
Based on previous findings, we considered the following covariates when characterizing the
trajectory of Y = FEV;: time (year), sex, age, body mass index (BMI), baseline number
of cigarettes smoked per day, the logarithm of two-point methacholine concentration-FEV1
O’Connor slope (logslope) [O’Connor et al., 1995]. We also included two interaction terms
between treatment indicators SIP and SIA and time, so that the difference in the slope of
FEV; between SIP (or SIA) and usual care can be evaluated by testing if the interactions

are zero or not. Specifically, we considered the following linear mixed effect model:

Yij = BO + Bltij + /BQXagei + 63XF106'IGSZ- + 54Dsezi + BBXlogslopei + ﬁGXBMIZ—
+587Dsip, + BsDsra;, + BoDsip, X tij + BroDsra, X tij + boi + biiti; + €;5,(2.18)

which corresponds to model (2.1) with Xi(l)(tij)T = (1, ij, Xages» Xr10c168;5 Dsea; s Xiogsiope:
XBMIZ-;DSIPZ-,DSIA”DSIPZ- X tijaDSIAi X tz’j) and Xz(l)(tZ])T = (Ltij)‘ The random error
term BN (0,0?) and the random effects b; = (bo;, by;)T are assumed normally distributed
with zero mean and a covariance matrix . For the dropout time T} (possibly censored at

the end of the study), we assume the Cox proportional hazard sub-model:

)\i (t) = )\O(t) eXp{VlXBMIi +72DSIPZ- +PY3DSIAZ~ +74Xlogslopei +75Dsexi +")/5Xagei +VV7,(t) }4219)

where Ao(t) denotes the baseline hazard function and W;(t) is a latent association structure

that links the two sub-models.
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Table 2.1: Runtime comparison between different R packages for joint modeling of a longi-

tudinal and a single event time on the lung health study data

Semiparametric Joint Models Parametric Joint Models
Package FastJM joineR JSM, JSM, IM, Mg, Mg, JMbayes, JMbayes;
Baseline hazard | Unspecified Unspecified Unspecified Unspecified Unspecified | Weibull B-spline  B-spline  B-spline
Wi(t) v I/)N(i(l)(t)Tbi vm;(t) I/)N(z-(l)(t)rbi vm;(t) vm;(t)  vm,(t) vm;(t) vTh;
Runtime 0.3min 20.4min 1h36min 1h51min * 0.9min 1min 19.8min 43min

* Failed to produce any result due to convergence issue.

Table 2.1 compares the runtime of FastJM and some existing joint model packages in-
cluding joineR [Philipson et al., 2018], different versions of JM [Rizopoulos, 2010], JMBayes
[Rizopoulos, 2014], and JSM [Xu et al., 2020] with various specifications of A\o(t) and W;(¢).

Among all the semi-parametric models (FastJM, joineR, JSM,, JSM,), FastJM finished in
0.3 minutes while other methods took 20.4 minutes to 111 minutes. As a matter of fact, the
runtime of FastJM was even shorter than those of some parametric joint models (JSM, and
JSM). We also observed that JMbayes based on a Bayesian MCMC framework is considerably
slower than its frequentist counterpart JM. Finally, the parameter estimates and inference
results for the longitudinal outcome were almost identical between all packages, but slightly
different for the survival sub-model because of their slightly different latent structure W;(t).

Detailed analysis results are summarized in Section A.6 of the supplementary materials.

2.3.2 UK Biobank primary care (UKB-PC) study

The UK Biobank (UKB) is a prospective cohort study with deep genetic and phenotypic
data collected on approximately 500,000 individuals, aged 37-73 years, from the general
population between 2006 and 2010 in the United Kingdom [Collins, 2012, Sudlow et al.,
2015]. Participants attended assessment at their closest clinic center where they com-

pleted questionnaires, took physical measurements, and provided biological samples (blood,
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urine, and saliva) as a baseline assessment visit. Hospital admission records were avail-
able until February, 2018, for the full UKB cohort, whereas linkage to primary care records
was available for 45% of the UKB cohort (approximately 230,000 participants) until May,
2017, for Scotland, September, 2017, for Wales, and August, 2017, for England. The
detailed linkage procedures relating to primary care records are available online |[https:

//biobank.ndph.ox.ac.uk/showcase/showcase/docs/primary_care_data.pdf].

In this example we consider a joint model of longitudinal systolic blood pressure (SBP)
measurements and a competing risks event time defined as age-at-onset of Type 2 diabetes
(T2D) as the first risk and age-at-onset of stroke, myocardial infarction (MI), or all-cause
death as the second risk, whichever occurred first. Age-at-onset of outcomes were based
on participants’ primary care or hospital records, whichever occurred first. Followup was
censored at the primary care data end date for the relevant country or the date of outcomes,
if this occurred earlier. SBP measures were extracted from either baseline assessment visit
or primary care data. Covariates include sex, ethnicity, and BMI measured during baseline
visit. However, considering the imbalanced racial distribution in this case study, we only
considered white vs non-whites ethnicity groups. Specifically, the joint model consists of a

linear mixed effects model for the longitudinal outcome (SBP),
Yi; = Bo + Bitij + BoXumr + B3Dmate; + BaDnon—white; + boi + biitij + €5, (Model-L)

which corresponds to model (2.1) with Xi(l)(tij)T = (1, tij, XBMI, Dimate;» Dnon—white;) and
X'Z-(I) (t;;)" = (1,t;;), and a proportional cause-specific hazards model for the competing risks

event outcome
Azk(t) = )\k0<t) eXp{ﬂyleBMIi + P}/kQDmalei + ﬁYkSDnonfwhitei + mk<t>}7 (MOdel—PCH)

for £ = 1,2. In Model-L, the random error term ¢;; ~ N(0,0?) and the random effects
b; = (bos, b1;)T are assumed normally distributed with zero mean and covariance matrix ¥.

In Model-PCH, k = 1 denotes type-2 diabetes and k = 2 stroke, A\xo(t) denotes the baseline
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Table 2.2: Runtime comparison between different R packages for semi-parametric joint mod-
eling of longitudinal SBP trajectory and competing risks event time on the UK-Biobank
primary care (UKB-PC) data

Package FastJM joineR
UKB-PC subset (n = 5,000) Imin 3.3h
UKB-PC subset (n = 20,000) 44min  33h
UKB-PC full data (n = 193, 287) 1h *

* Failed to produce any result due to computational failure.

cause-specific hazard function for cause k, and Wy () the latent association structure of SBP

with cause k risk.

To our knowledge, besides our FastJM package, joineR, JM are two other current joint
model R packages that are capable of handling competing risks event outcomes. However,
because JM encountered convergence issues, we will focus on FastJM and joineR in this case
study. Table 2.2 compares the runtime of FastJM and joineR on a subset of 5,000 and
20,000 participants randomly selected from the UKB-PC data and the full UKB-PC data
with 193,287 participants.

Table 2.2 shows that for the UKB-PC subset of 5,000 participants, FastJM finished within
1 minute, while joineR took 3.3 hours to finish. For the UKB-PC subset of 20,000 partici-
pants, FastJM finished within 5 minutes, while joineR took 33 hours to run. For the UKB-PC
full data with 193,287 participants, FastJM finished within 1 hour, whereas joineR encoun-

tered a computational failure.

Finally, the analysis results produced by FastJM and joineR are similar for the longitudi-
nal sub-model for the UKB-PC subset of 5,000 and 20,000 participants and for UKB-PC full
data. For the survival sub-model, the analysis results are also similar for most parameters

except for the association parameters due to the different latent structure W;(t) between
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two packages. Detailed analysis results are provided in Section A.7 of the supplementary

materials.

2.4 Discussion

We have developed customized linear scan algorithms to reduce the computational com-
plexity from O(n?) or O(n?®) to O(n) within each iteration of the EM algorithm and in the
standard error estimation step for a semiparametric joint model of a longitudinal biomarker
and a competing risks event time outcome. Through simulation and case studies, we have
demonstrated that the efficient implementation can generate a speed-up by a factor of up to
hundreds of thousands and oftentimes reduce the runtime from days to minutes when the
sample size is large (n > 10%), making it feasible to fit a joint model on a large data in real

time.

The ideas and techniques of this paper can potentially be adapted to improve compu-
tational efficiency for other joint models. For instance, the linear computational algorithm
in Remark 1 for computing the variance-covariance matrices of empirical Bayes estimates
of the random effects is not specific to the joint model considered in this paper and can
be used in any procedure that uses the pseudo-adaptive quadrature rule. Also, although
we have focused on joint modeling of a single biomarker with a time-to-event outcome, our
methodology can be easily extended to handle multiple biomarkers in a similar fashion. It is
also important to note that the linear risk set scan algorithm is limited to the share random
effects joint model in which the Cox sub-model (2.2) only involves time-independent covari-
ates. If the Cox sub-model contains time-dependent covariates such as the present value of
the longitudinal marker, then one may have to impose more restrictive assumptions such
as assuming a parametric baseline hazard in order to linearize the computation costs with

respect to the sample size.

This paper has focused on linearizing the computation with respect to the sample size
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within the framework of classical EM algorithm that is coupled with the pseudo-adaptive
quadrature rule for numerical integration in the E-step. It would be interesting to investigate
if coupling our algorithms with other numerical integration methods such as quasi-Monte
Carlo method [Owen, 2013] in the E-step, or with other variations of EM algorithms such
as the stochastic EM algoirthm (stEM) [Nielsen, 2000] or Turbo-EM [Bobb and Varadhan,
2021] could further enhance the computational efficiency, especially when there are 3 or more
random effects in the model. Finally, current joint model implementations are generally not
scalable as the number of longitudinal measurement grows large, rendering it infeasible to fit
dense longitudinal data such as those generated from modern wearable devices for dynamic
prediction of a health outcome. Future research is warranted to develop novel joint modeling
procedures that are scalable to large number of subjects, random effects, and longitudinal

measurements.

2.5 Software

A user-friendly R package FastJM [Li et al., 2022b] has been developed to fit the shared
parameter joint model using the efficient algorithms developed in this paper and is publicly
available on the Comprehensive R Archive Network (CRAN) at https://CRAN.R-project.

org/package=FastJM.

2.6 Data Availability

The lung health study (LHS) data used to support the findings in Section 2.3.1 have not
been made available because the authors did not have permission for data sharing from the
data provider. The data that support the findings in Section 2.3.2 are available from UK
Biobank repositories. The UK Biobank data are retrieved under Project ID: 48152. Data

are available at https://www.ukbiobank.ac.uk with the permission of UK Biobank.

31



CHAPTER 3

A joint model of the individual mean and
within-subject variability of a longitudinal outcome

with a competing risks time-to-event outcome

In this chapter, we discuss a joint modeling approach to take into account of the impact of
both individual mean and WS variability of a longitudinal outcome on a time-to-event out-
come. We develop an efficient estimation procedure of the joint model via a customized EM
algorithm. We perform simulations to compare estimation accuracy and precision between
our proposed model and the classical joint model that assumes homogeneous WS variability.
Lastly, we apply our proposed model to the Multi-Ethnic Study of Atherosclerosis (MESA)
study, showing that our method can yield higher dynamic prediction accuracy than the

classical joint model.

3.1 Methods

3.1.1 Model and data specifications

Assume that there are n subjects in the study. For subject 7, one observes a longitudinal
outcome Y;(¢) at multiple time points ¢;;, j = 1,...,n;, ¢ = 1,...,n. In addition, each
subject may experience one of K distinct failure types or be right censored during follow-up.
Let 7, denote the failure time of interest, D; the failure type taking values in {1,..., K},

and C; be a censoring time for subject ¢. Then the observed right-censored competing
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risks time-to-event data for subject ¢ has the form (7}, D;) = {min(Ti, Cy), [)il( L < Ci)},

1=1,...,n.

Assume that the longitudinal outcome Y;(¢) is characterized by the following mized-effects

multiple location-scale submodel:

Yi(t) = mq(t) + oi(t)e(t),
mi(t) = X8+ ZT ()b, (3.1)

oi(t) = exp{W/ ()T + V] (t)wi}, (3.2)

where Xi(l)(t), Zi(t), Wi(t), and V;(t) are vectors of possibly time-varying covariates, 8 and
b; represent the fixed effects and random effects, respectively, associated with the location
component m;(t) for the mean trajectory, and 7 and w; represent the fixed effects and
random effects, respectively, associated with the scale component o;(t) for the WS variability.
Assume that the measurement error ¢;(t) ~ N(0, 1) is independent of b; and w;, and mutually
independent across all time points and subjects, and the random effects 6; = (b], w!)T follow

a multivariate normal distribution MV N (0, £) with mean 0 and variance-covariance matrix

b Ybw
5, = bbb |
EZ;.; Eww
where 3, = cov(b;, w;), Ly, = cov(b;, b;), and X, = cov(w;, w;).

Assume further that the competing risks time-to-event outcome follows the following

cause-specific Cox proportional hazards submodel:

[ > 2)
<T — > , (.
Ak(t | X‘(Q)(t)7 Mz<917t)) = lim P(t — T‘l <t+ h’DZ k | T‘Z = t’Xz (t)a Mz(ezat))
' h—0 h
= Ao(t) exp{Xi(2)T<t)7;€ + M0, H)ay), k=1,..., K, (3.3)

where Aox(t) is a completely unspecified baseline hazard function, Xi(2) (t) is a vector of
possibly time-varying covariates for the competing risks time-to-event outcome, ~; is a vector
of fixed effects of Xi(2) (t), M;(6;,t) is a vector of pre-specified functions of 6; and ¢, and a4

is a vector of association parameters between the longitudinal and time-to-event outcomes.
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Note that the three submodels (3.1)-(3.3) are linked together via the latent association
structure MT(0;,t)ax. Some useful examples of MT(6;,t)ay, include (1) “shared random
effects” parameterization: M (0;,t)cy, = o b; + al,w;, (2) “present value” parameteriza-
tion: MT(0;, ), = cpemi(t) + agrlog{o?(t)}, and (3) “present value of latent process”
parametrization: M (0;,t)ay, = awZE (£)b; + i, VT (t)wi, where ag, and «y, are the associ-
ation parameters for the individual mean trajectory and WS variability, respectively. It is
also worth noting that our joint model (3.1)-(3.3) reduces to the joint model of [Li et al.,

2022a] if the submodel (3.2) is replaced by a homogeneous WS variance o?(t) = o2

Throughout the paper we assume that C; is independent of T; conditional on the observed
covariates and the unobserved random effects 6;, i = 1,...,n. We further assume that
the longitudinal measurements are independent of the competing risks time-to-event data

conditional on the observed covariates and the unobserved random effects.

3.1.2 Likelihood and EM estimation

Denote by ¥ = (8, 7, 7, «, g, Ao1(*), ---, Aok (+)) the collection of all unknown param-

eters and functions from the submodels (3.1)-(3.3), where v = (7{,...,75)T and o =
(afys . yalg, ol oo al )T, Denote by Y = (Yi, ..., Yin,)?, where Y;; = Yi(t;;). Omit-

ting the covariates for the sake of brevity, the observed-data likelihood is given by

L(W;Y,T,D) o [ /(i T, Di | W)

i=1

_ H / F(Yi | 60 W) F(T;, Dy | 6, 0) f(6; | W)do
 {Yilty) - m@-<tij>}2]

b 207 (ti;)

H/H m
X H)\k {Ti | Xi(Q)(E)yMi(9i7ﬂ)}I(Di:k)

k=1
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where the first equality follows from the assumption that Y; and (7}, D;) are independent

X exp [— ZK: /Ti Ak {t | Xf)(t), Mi(ei,t)} dt]

k=10

1 1
X exp (--9?29191) d6;,
(2m)7 | X | 2

conditional on the covariates and the random effects.

Because V involves K unknown hazard functions, directly maximizing the above observed-
data likelihood is difficult. To tackle this issue, we derive an EM algorithm to compute the
semiparametric maximum likelihood estimate (SMLE) of ¥ by regarding the latent random

effects 0; as missing data [Dempster et al., 1977, Elashoff et al., 2008].The complete-data

likelihood based on (Y, T, D, #) is given by

L(V;Y,T,D,0) ﬁﬁ !

where Agg(.) is the cumulative baseline hazard function for type k failure and AAg(T;) =

Ao (1)

i=1 j=1 \/27T exp {Wz‘T(tij>T + Vi(tij) wi}
nr T 2
{Yz‘(tz’j) = X; 7 ()8 = Z (tz‘j)bi}

S I s {WiE(ti)T + Vilti;)Twi}

s 2)T I(D;=k)
<11 [AA% exp {X( (T + M (6, E)ak}]

k=1
X exp Z/ eXp xr () + M (0, t)ak} dAog(t)

xm (——QTZ 19>

— Ao (T;—). The EM algorithm iterates between an expectation step (E-step):

Q(w; wm™) = ) {log L(W; Y, T, D,6)},

0|Y,T,D,¥(m)

and a maximization step (M-step):

g — arg max Q(U; wim)y,
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until the algorithm converges, where W™ is the estimate of ¥ from the m-th iteration. Each

E-step involves calculating integrals of the form
E™{n(0:)} = / 1(0:)f(60: | Y, Ty, Dy, 0 do, (3.6)

for every subject 7, ¢ = 1,...,n, which are evaluated using the standard Gauss-Hermite
quadrature rule [Press et al., 2007]. As shown in Supplementary Materials B.1.1, the M-
step (3.5) has closed-form solutions for a number of parameters including the nonparametric
baseline cumulative hazard functions Ao (t), K = 1,..., K, which is a key advantage of the
EM-algorithm. Other parameters without closed-form solutions in the M-step are updated
using the one-step Newton-Raphson method. Details of the EM algorithm are provided in

equations (B.4)-(B.9) of the Supplementary Materials.

3.1.3 Standard error estimation

As discussed in Elashoff et al. [2016] (Section 4.1, p.72), several approaches including profile-
likelihood, observed information matrix, and bootstrap method have been proposed in the
literature for estimating the standard errors of the parametric components of the SMLE. Here
we adopt the profile-likelihood approach because it can be readily computed from the EM
algorithm and performed well in our simulation studies. Let 2 = (5, 7,7, a, ¥y) denote the
parametric component of ¥ and () its SMLE. We propose to estimate the variance-covariance
matrix of by inverting the empirical Fisher information obtained from the profile likelihood

of Q [Lin et al., 2004, Zeng et al., 2005, Zeng and Cai, 2005] as follows:

> Vol Y, T, D)Vl (Y, T, D), (3.7)

i=1
where V() (Q, Y, T, D) is the observed score vector from the profile-likelihood {)(Q; Y, T, D)
of 2 on the ith subject by profiling out the baseline hazards. Details of the observed score
vector for each parametric component are provided in equations (B.10)-(B.14) of the Sup-

plementary Materials.
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3.1.4 Computational aspects

We point out in Supplementary Materials B.3 that a naive implementation of the proposed
EM algorithm and the standard error estimate for our joint model typically involves O(n?)
and O(n?) operations, respectively, which will become computationally prohibitive for large
scale studies with a massive number of subjects. However, by applying the linear scan
algorithms of [Li et al., 2022a], one can reduce the computational complexity of our EM
algorithm and standard error estimation to O(n) for the shared random effects joint model
(3.1)-(3.3), where XZ-(Z) (t) is assumed to be time-independent and M (6;, )y, = o, bi+al, w;.
We have implemented these efficient algorithms and developed an R package, JMH https://
github.com/shanpengli/JMH, which is capable of fitting the aforementioned shared random

effects joint model in real time with tens of thousands patients.

3.1.5 Dynamic prediction for competing risks time-to-event data

The proposed joint model (3.1)-(3.3) not only offers a general framework to model the indi-
vidual mean and WS variability of a longitudinal outcome and study their association with a
competing risks time-to-event outcome, but also facilitates subject-level dynamic prediction
of cumulative incidence probabilities of a competing risks event for a new subject ¢* based
on the longitudinal outcome history. Specifically, given the longitudinal outcome history
Yigs) = {Y«(ti;), ti»; < s} prior to a landmark time s > 0 and that an event has yet to
happen by time s, the cumulative incidence probability for type k failure at a horizon time

u > s is given by

Poi(u, s|0) = Pr(T» <u, Dy = k[T > 5, Y, 0)

- /Pr(Ti* <, D = k|Ti > 5, 00, 0) f (0T > 5, Y, W)db;e

Tp > 5, Y. W)db

= /PI‘(E* < U,Di* = k|ﬂ* > S,Qi*, \If)f(ﬁl*

B /Pr(Tz‘* <u,Di =k, Ti- > 5|0, V)
B Pr(Tj- > s(0;+, )

F(0| T > 5,Y.") W) db;-
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Ty > 5, Y, 0)do);.

CIE*]C(U,S‘G,L*,\IJ)
| e e
[ el ) Ol ) F(T > 8|00, W) f (B0 ) s

J 100, 0) (T > (03, W) f (0| W) | |

where S (.) = exp {— S Jy AN (t]0;-, \I/)} is the overall survival function and C'I F(.) =
[ S (05, W)dA,(£]0;+, ¥) the cumulative incidence function (CIF) for type k failure and
the last step of integral (3.8) can be evaluated using a standard Gauss-Hermite quadrature
rule. An estimate of Py (u, s|¥) can be obtained by replacing S;(.), CIF;(.), and U by

their sample estimates SZ(), CIF #x(.), and U, respectively.

3.2 Simulation studies

3.2.1 Simulation 1

We present extensive simulations to examine the finite sample performance of the proposed
joint model with heterogeneous WS variability for the longitudinal outcome. We also demon-
strate that ignoring heterogeneous WS variability can lead to biased parameter estimates,

biased standard error estimates, invalid inferences, and inferior prediction accuracy.

We first evaluate the performance of parameter estimation, standard error estimation,
and confidence intervals in comparison to a classical joint model that ignores heterogeneous
WS variability. In this simulation, the longitudinal measurements Y;(t;;) were generated

from the mixed-effects multiple location scale model (3.1)-(3.2) with

m;i(ti;) = o+ 1 X1 + BaXai + B3 X5 + Pati; + by, (3.9)

o7 (ti;) = exp(ro+ 11Xy + 72 Xoi 4+ 13 X3 + Tatij + wi), (3.10)

and the competing risks event data were generated from the following proportional cause-
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specific hazards models:

M) = Xoi(t) exp{m11X1i + 712X2 + 113 X3 + b + aawi}, (3.11)

Aa(t) = Aoa(t) exp{ya1 Xui + 722 Xai + Y23 X5 + qub; + vowi}, (3.12)

where the four sub-models (3.9)-(3.12) are linked together through the shared random effects
0; = (b, wi)T. Here ¢;;’s represent the scheduled visiting times for subject ¢ with an increment
of 0.25, Xy; ~ Bernoulli(0.5), Xo; ~ Uni(—1,1), and X3, ~ N(1,4). 0; ~ Ny(0,%y), with
o2 =0.5,02 = 0.5, and oy, = 040, ppw- The WS variance o2(t;;) modeled by equation (3.10)
includes a fixed effect induced by a time-varying covariate ¢;; (visit-to-visit variation), three
covariates X;1, X;2, and X;3, and a subject level random effect w;. The baseline hazards
Mo1(t), Aoz (t) are set to constants 0.05 and 0.1, respectively. We simulated non-informative
censoring time C; ~ Uni(5,10) and let T; = min{T};,T%, C;} be the observed survival time
(possibly censored) for subject i, where T7; and 7T}, are independent event times from models
(3.11) and (3.12), respectively, ¢ = 1,...,n. The longitudinal measurements for subject i
are assumed missing when ¢;; > T;. The censoring rate is about 21%, the rate of event 1
is about 47%, and the rate of event 2 is about 32%. The average number of longitudinal

measurements per subject is around 10.

We fitted both our proposed joint model (3.1)-(3.3) with heterogeneous WS variability
(Model 1) using our developed methods and R package “JMH” as described in Section 3.1
and a classical joint model (Model 2) with homogeneous WS variance (c2(t;;) = 0?) using
the R-package FastJM [Li et al., 2022a]. Table 3.1 summarizes simulated results on the bias,
sample standard deviations of the parameter estimates (SE), average estimated standard
errors of the parameter estimates (Est. SE), and coverage probabilities of 95% confidence
intervals (CP) for a scenario with medium correlation (py, = 0.50) between the random
effects, and sample size n = 800. Each entry in the table is based on 500 Monte Carlo

samples.

In Table 3.1, our proposed joint model method (Model 1) demonstrates a smaller bias
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Table 3.1: Comparison of the bias, standard error (SE), estimated standard error (Est. SE),
and coverage probability (CP) between the proposed joint model with heterogeneous WS
variability (Model 1) and a classical joint model with homogeneous WS variability (Model

2) for the longitudinal outcome (n = 800)

Model 1 (heterogeneous WS variability) Model 2 (homogeneous WS variability)
Parameter True Bias SE  Est. SE CP (%) Bias SE  Est. SE CP (%)

Longitudinal
Fixed effects

Mean trajectory

Bo 5 0.002 0.050 0.049 95.0 0.004 0.052  0.065 98.6
Bi 1.5 <0.001 0.066 0.070 95.6 -0.004 0.071  0.075 95.4
Bo 2 0.001 0.061 0.060 95.8 -0.003 0.063  0.066 96.0
Bs 1 <0.001 0.019 0.018 94.2 -0.001 0.019  0.020 95.8
B4 2 <0.001 0.002 0.002 97.2 <0.001 0.003  0.003 93.2
WS variability

To 0.5  0.001 0.048 0.050 95.8 - - - -
T 0.5 -0.001 0.063 0.065 95.2 - - . R
T -0.2  0.005 0.054 0.057 95.2 - - - -
T3 0.2 <0.001 0.017  0.017 94.6 - - - -
Ty 0.05 <0.001 0.002  0.002 96.0 - - . -

Competing risks

Fixed effects

Y11 1 0.008 0.114  0.119 96.2 -0.045 0.111  0.114 94.4
Y12 0.5  0.005 0.096 0.099 94.8 -0.005 0.094  0.095 95.0
"3 0.5  0.004 0.033 0.034 95.8 -0.012 0.032  0.033 93.8
Y1 -0.5  -0.010 0.150  0.139 95.0 0.028 0.149  0.136 92.6
Y22 0.5 -0.002 0.118 0.116 94.8 -0.002 0.116  0.113 95.0
Vo3 0.25 <0.001 0.039  0.038 94.2 0.004 0.038  0.037 93.8
Association

p 0.1 -0.004 0.143  0.150 95.6 0.211 0.116  0.124 62.2
Qo -0.1  -0.007 0.144 0.153 96.2 -0.258 0.145 0.161 65.8
Q1 0.5 <0.001 0.139 0.141 95.8 - - - -
Q2 -0.5  -0.007 0.142  0.158 96.8 - - - -

Covariance matrix

of random effects

o? 0.5 -0.005 0.045 0.044 93.8 -0.030 0.053  0.045 82.2
Obw 0.25 -0.003 0.038  0.040 96.0 - - - -
a2 0.5 -0.003 0.031 0.032 95.0 - - - -

Note: Large error in confidence interval coverage probability (CP) compared to the 95%

nominal level are highlighted in boldface. Each entry is based on 500 Monte Carlo samples.
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for all parameters and standard error estimates and that CPs are close to the 95% nominal
level. On the other hand, ignoring the heterogeneous WS variability (Model 2) induced
non-negligible bias in some parameter and standard error estimates, leading to significant
under-coverage of the associated confidence intervals. For example, the parameter estimate
and standard error estimate of ayo are both substantially biased, and its associated confidence

interval coverage probability (65.8%) is unreasonably low compared to the 95% nominal level.

We have performed additional simulations with different sample sizes and random effects
correlations. The results are consistent with those in Table 3.1 and thus are not included

here.

3.2.2 Simulation 2

We present another simulation to demonstrate the improved prediction performance of our
proposed joint model (Model 1) over the classical joint model (Model 2) that ignores hetero-
geneous WS variability for dynamic prediction of a future event probability from a subject’s

history prior to a landmark time.

Using the same setting as Simulation 1, we generated a random dataset from (3.9) -
(3.12) with the sample size of n = 3,000. For the simulated dataset, we did 10 times of
random splits as 10 different collections of training sets and validation sets based on 4-fold
cross-validated mean absolute prediction error (MAPE4) by contrasting the predicted and

empirical cumulative incidence rates for 2 different failure types. MAPEA4 is defined as below.

Step 1. Randomly partition all the MESA in study subjects into 4 equal-sized disjoint subsets,
DV, ... DY

Step 2. Foreach I =1,...,4, designate Dg) as the validation set and the remaining 3 subsets,
denoted by Dﬁfl), as the training set. The training set D,(fl) is used to fit a joint
model, and then for each subject +* in the validation set D! ), the fitted model is used

to perform a dynamic prediction of its risk-k cumulative incidence rate P k(u,s) at a
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Step 3.

Step 4.

horizon time u from some landmark time s using formula (3.8).

Rank the subjects in the validation DY according to the predicted risk &£ cumulative

incidence rate pz(*l,)c(u, s), and denote by QI(Q the ¢'* quartile group, ¢ = 1, ...,4. Define

the risk k mean absolute prediction error (MAPE) for the ¢ quartile group Q,(f; by

4 *k (VNS
1 I(z € PZ'* u, s
MAPE{ (u,s) = 1 > |Filuls, Q}9) BPRLIGASLY") (lf< ) (3.13)
q=1 > I € qu)
where Fk(u]s,Q = [ St Qk YdH,(t]s, Qk ) is the empirical cumulative risk k

incidence in the ¢"* quartile group qu, with S (t]s, Q,(f;) being the Kaplan-Meier esti-
mator of the all risk survival function and Hy(t|s, Qg) the Nelson-Aalen estimator of

the risk k& cause-specific cumulative hazard function within the ¢** quartile group.

Lastly, the 4-fold cross-validated mean absolute prediction error (MAPE4) for risk k

is defined as

4
MAPE4y(u,s) = Z MAPE" (u,s), k=1,2.

In this simulation, we adopt 4-fold cross validation, by setting the landmark time s = 3 so

that all the longitudinal information of the subjects at risk in a validation set are available

just prior to time s, and predicting the future event probabilities of each failure at the pre-

determined horizon times u = (4,5,6,7). To reduce the variance of prediction error, we

repeat this procedure by proceeding with 10 random splits of training and validation sets,

and take the average of MAPE4 sores across 10 splits on all the horizon times as specified

above. Figure 3.1 shows the trajectories of the average MAPE4 scores of both Model 1 and

Model 2 based on 10 random splits of cross validation. We can see that Model 2 (proposed

joint model) always outperforms Model 1 (classical joint model) at all horizon times when

heterogeneous WS variability exist in a dataset.
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Figure 3.1: Average MAPE4 scores of 10 random splits of cross-validation on the horizon

times u = (4,5,6,7) at the landmark time s = 3 based on one simulated dataset following

the equations (3.9) - (3.12).

3.3 An application: Multi-Ethnic Study of Atherosclerosis (MESA)

The Multi-Ethnic Study of Atherosclerosis (MESA) started in July 2000 and included a
community-based sample of 6,814 men and women, who were aged 45-84 years, free of clinical
CVD events at baseline, and constituted four racial/ethnic groups from six US field centers
[Bild et al., 2002]. The first examination was assigned at the enrollment (i.e., baseline), and
the following exams were conducted with up to five exams in total. During the study, blood
pressures, i.e., systolic and diastolic blood pressure (SBP and DBP, mmHg), were measured
at each exam, and the event surveillance was completely separate from the exams, from
phone follow-ups at intervals of 9-12 months. Eligible events such as CVD were collected
and abstracted for central adjudication. As an illustration, we consider joint modeling of
longitudinal SBP with two competing risk time-to-event outcomes: heart failure (risk 1)
and death (risk 2). We adjust for age at baseline (in years), sex (1=female, 0=male), and
race (1=non-white, 0=white) in both SBP and competing risk time-to-event models. After

excluding 29 individuals missing the event time, a cohort of 6,785 participants with an
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average of 4.3 SBP measures per subject and a total of 29,283 SBP measures are kept for
analysis. Among them, 380 (5.6%) participants had heart failure, 1,327 (19.6%) died, and

5,078 (74.8%) were right censored without experiencing any of the two events.

In our joint model (Model 1), the longitudinal SBP (Y;(¢;;)) is assumed to follow the

mixed-effects multiple location scale model (3.1)-(3.2) as

m; (tij) = ﬁo + ﬁltij + 52Age,- + 63R&Cei + ﬂ4S€Xi + bz‘, (314)

az(tij) = exp(m + mti; + mAge; + m3Race; + 14Sex; + w;), (3.15)

(2

and the competing risk outcomes, heart failure, and death are modeled by the following

cause-specific hazards model:

)\1 (t) = )\01 (t) exp(%lAgei + ’712RaCei + ’Ylgse}(i + Ozblbi + awlwi), (316)

)\2 (t) = )\02 (t) eXp(’leAgei -+ ’yngacei + ’)/23S€Xi + Oébei + awgwi), (317)

where the shared random effects 6; = (b;,w;)? follow bivariate normal distribution with mean

zero and variance-covariance matrix

2
Ub O'bw
Yo =

2
Obw Jw

Several more complex models were also explored, including additional covariate adjustment,
their interactions, and random slopes. The results are similar; thus, we only report results
for the shared random intercept model in Table 3.2. For comparison purposes, Table 3.2 also
includes an analysis based on the following classical joint model (Model 2) of SBP, heart

failure, and death, assuming homogeneous SBP WS variability:
) = mi(ti;) + oe(ti;),
) = Bo+ Pty + B2Age; + PsRace; + 4Sex; + b;,
AM(t) = Ao(t) exp(yiiAge; + iaRace; + y13Sex; + anby),
)

= /\02 (t) exp(’yglAgei -+ 722Racei + ’)/QgseXi + 04be1'>.
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Table 3.2: Joint analysis of systolic blood pressure (SBP, mmHg), time to heart failure,

and time to death using the MESA data (Model 1 is the joint model (3.14)-(3.17) assuming

heterogeneous SBP individual mean trajectory and heterogeneous WS variability and Model

2 is the joint model (3.18)-(3.21) assuming heterogeneous SBP individual mean trajectory

and homogeneous SBP WS variability. Abbreviations: SE=standard error; HR=hazard

ratio; CI=confidence interval.)

Model 1

Model 2

Longitudinal outcome

(Systolic blood pressure (SBP, mmHg))

Intercept
Time (Years from baseline)
Age at baseline
Race (Non-White/White)
Sex (Female/Male)
Sex x Time
Random effects
(variance-covariance matrix)

%

Obw

2

0w

Mean trajectory WS variability
Estimate (SE)
79.59 (0.74)%**
-0.02 (0.03) 0.08 (<0.01)%***
0.66 (0.01)*** 0.03 (<0.01)***
6.58 (0.24)*** 0.23 (0.02)%**
-0.22 (0.26) 0.24 (0.03)***
0.26 (0.04)*** -0.02 (0.01)**

Estimate (SE)
2.34 (0.08)%*

Estimate (SE)
204.15 (4.45)%**
7.34 (0.23)%%
0.46 (0.02)%%*

Mean trajectory
Estimate (SE)
79.55 (1.31)%**
-0.14 (0.03)***
0.67 (0.02)***
5.95 (0.41)%**
0.89 (0.42)*
0.21 (0.04)***

Estimate (SE)
213.49 (5.42)%**
N/A

N/A

Cause-specific hazard
(Heart failure)
Age at baseline
Race (Non-White/White)
Sex (Female/Male)
Random effects
Mean trajectory (o)

WS variability (1)

HR (95% CI)

1.08 (1.07-1.10)%**
1.00 (0.81-1.23)
0.57 (0.46-0.70)%**

0.99 (0.97-1.01)
2.04% (1.42-2.94)%%*

HR (95% CI)

1.08 (1.07-1.09)***
0.96 (0.78-1.18)
0.58 (0.47-0.71)%%*

1.03 (1.02-1.03)%%*
N/A

Cause-specific hazard
(Death)
Age at baseline
Race (Non-White/White)
Sex (Female/Male)
Random effects
Mean trajectory (cps)

WS variability (o)

HR (95% CI)

111 (1.10-1.12)%%
1.11 (0.99-1.24)
0.64 (0.57-0.71)%**

0.98 (0.97-0.99)***
191+ (1.55-2.35)%%*

HR (95% CI)

1.10 (1.10-1.11 )%
1.08 (0.97-1.21)
0.64 (0.58-0.72)%**

1.01 (1.00-1.01 )%
N/A

* p-value<0.05; ** p-value<0.01; *** p-value<0.001.

* Standardized HR of association parameter for WS variability is reported to show the effect

45
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There are several interesting observations from the results (Table 3.2). Our proposed
model (Model 1) reveals that the heterogeneity of SBP WS variability is substantial (02 =
0.46, SE = 0.02, p-value< 0.001) across MESA individuals. It also suggests that standardized
SBP WS variability (w;/o,,) is highly predictive of heart failure (HR = 2.04, 95% CI=(1.42,
2.94)) and death (HR = 1.91, 95% CI=(1.55, 2.35)). As SBP WS variability (w;) and
individual mean (b;) are two highly correlated covariates, caution needs to be taken when
interpreting their effects. In contrast, Model 2 only relates subject-specific SBP to the event
outcomes besides the baseline covariates. Results of Model 2 show that every 10 mmHg
elevation of subject-specific SBP contributes to 34% and 10% increased risk of heart failure

and death, respectively.

Next, we assess and compare the dynamic prediction accuracy of Model 1 and Model 2
using a 4-fold cross-validated mean absolute prediction error (MAPE4) by contrasting the

predicted and empirical cumulative incidence rates for heart failure and death, respectively.

Figure 3.2 depicts the 4-fold cross-validated MAPE4 score with landmark time s = 7
and horizon times u = 9,11, and 13 years from baseline for heart failure (risk 1) and death
(risk 2). Figure 3.2b demonstrated that Model 1 outperforms both Model 2 for dynamic
prediction of the risk of death at all three horizon times v =9, 11, and 13, with a noticeable
smaller MAPE4 prediction error. Given the incidence rate of heart failure is low (< 6%),

MAPE4 may not be an informative prediction accuracy measure.

Figure 3.3 provides an illustration of the significant impact of SBP WS variability on the
event outcomes. In Figure 3.3, we ranked all subjects by the empirical Bayes estimate of
the random effect w; based on Model 1 and then plotted the cumulative incidence of heart
failure (Figure 3.3a) and death (Figure 3.3b) for the top 20% high SBP WS variability group
versus the bottom 20% low SBP WS variability group. Our results demonstrate participants
in the top 20% high SBP WS variability group had a much higher cumulative incidence
than the bottom 20% low SBP WS variability group for both clinical events. The same

phenomenon is also observed in the spaghetti profile plot of the longitudinally measured
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Figure 3.2: The average 4-fold cross-validated MAPE4 score at s = 7 and u = (9, 11, 13) years
from baseline based on 10 random splits. Model 1 is the joint model (3.14)-(3.17) assuming
heterogeneous SBP individual mean trajectory and heterogeneous WS variability, Model 2
is the joint model (3.18)-(3.21) assuming heterogenecous SBP individual mean trajectory and

homogeneous SBP WS variability.

SBP for 25 randomly selected participants from each group over the study period, as shown
in Figure 3.4, where both events are more likely to happen among the high WS variability
cohort than the low WS variability cohort.

3.4 Discussion

Current literature on joint models of longitudinal and time-to-event outcomes has focused
primarily on modeling the mean trajectory of a longitudinal biomarker and associating it
with a time-to-event outcome. To our knowledge, the joint model introduced in this paper is
the first to model both the individual mean and WS variability of a longitudinal biomarker
and to utilize both features for dynamic prediction of the time-to-event outcomes. We have

developed an EM algorithm for SMLE, a profile-likelihood method for standard error esti-
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Figure 3.3: Empirical cause-specific cumulative incidence function (CIF) of the high (top

20%, red) and low (bottom 20%, blue) WS variability of SBP (mmHg) groups for heart

failure (left) and death (right) in MESA data.
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Figure 3.4: Spaghetti profile plot of 25 randomly selected participants from the high (top
20%, left) and low (bottom 20%, right) SBP WS variability groups in the MESA cohort.
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mation, and scalable linear scan algorithms for large data. The advantages of our proposed
model over classical joint modeling approach are demonstrated using simulations as well
as through an application to the MESA study. Our analysis of the MESA study not only
reveals that the SBP WS variability is another important predictor for heart disease besides
the SBP mean level but also leads to a better dynamic prediction model for heart failure

and death by accounting for the mean and WS variability of SBP in the joint model.

The utility of joint modeling of mean trajectory and WS variability of a longitudinal
biomarker with a time-to-event outcome is not limited to the simple setting considered in this
paper. It could be informative to extend the current work to many other applications, includ-
ing joint models with multiple longitudinal biomarkers, multivariate time-to-event outcomes,
recurrent events, and other types of time-to-event data such as left-truncated or interval-
censored data. Extensions to more flexible models for the time trend of the longitudinal

outcome are also warranted.

It should be noted that the estimation method based on the EM algorithm may become
computationally infeasible as the number of random effects, the number of longitudinal
measurements, or the number of subjects increases. For example, the EM algorithm involves
numerically evaluating multiple intractable integrals for all subjects in each EM iteration,
and the computational cost of the standard Gauss Hermite quadrature rule used in this
paper for numerical integration grows exponentially with the number of random effects. In

future research, further development of scalable estimation methods is warranted.

Lastly, our model and inference procedure are based on normality assumptions for both
the random effects and WS error term in the longitudinal submodel. It would be of interest

to develop more robust joint models and inference procedure in future research.
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3.5 Software

A user-friendly R package JMH to fit the shared parameter joint model developed in this

paper is publicly available at https://github.com/shanpengli/JMH.
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CHAPTER 4

A joint model of longitudinal and interval-censored
post-diagnosis time to event data in the presence of
interval censored covariates due to the unknown

diagnosis time: with applications to large-scale

biobank data

In this chapter, we develop a novel joint modeling approach to take into account of interval-
censored time-to-event and interval-censored covariates due to the unknown initial event
time. We develop an estimation procedure of the joint model via a customized EM algo-
rithm. We perform simulations to compare estimation accuracy and precision between our
proposed model and the classical joint model with midpoint imputation. We also apply
computationally efficient algorithms to make the proposed method scalable to large sam-
ple size data. Lastly, we apply our proposed model to the UK-Biobank (UKB) data and
demonstrate that our method can yield more clinically plausible parameter estimates and

statistical inference.
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4.1 Joint model

4.1.1 Notations and preliminaries

Let n be the number of subjects and let i € {1,2,..,n} index the subjects. For each sub-
ject, let B; denote the calendar time of origin (e.g. date of birth), S; the calendar time
of occurrence of an initial event (e.g. diagnosis of diabetes). We formulate the interval
censoring interval by assuming a random, independent set of inspection times, denoted by
0< Uil < Uzkl < +o0, with k; the total number of inspection times for subject i [Zeng
et al., 2016]. We do not model (Uﬂ, cee Uzkl) For subject 4, instead of observing S;, the
interval such that S; € (Uij, Ui(jﬂ)] is observed and thus denote the calendar time to the last
negative diagnosis Ei = Uij and the calendar time to the first positive diagnosis RZ = Ui(jﬂ).
Let {Oij, n(tij)} , j € {1,..,n;} be the post-initial-event observations, where Oy;’s are cal-
endar observation times, t;; = Cjij — 5’2 the observation time since the initial event time
§Z-, and Y;(tij) the value of a longitudinal biomarker collected at the corresponding obser-
vation time Oij. Let E:l be the true calendar time for the target event, which is subject
to right censoring by a censoring time C;. Let E; = min(E:i, (1) be the observed calen-
dar time for the target event and 9; = [ (él < (1) the censoring indicator, with §; =

if the condition E; < C; is satisfied, and 0 otherwise. As a result, the observed data is

(Bi, Li, Ry, {03}, {Yi(ti;)}, Ei, 6:),i = 1,...,n. Figure 4.1 shows an illustrative example of

the notations for subject 7.

Denote S; = S’Z — Ei as the time to occurrence of the initial event since time of origin,
T, = E’ S’ as the time since the initial event, L; = f}- — E’i, and R; = fil — B,». Let
B = (B,....,B,), L = (Ly,...,L,), R = (Ry,...,R,),0 = (Oy,...,0,) with O; =
(Oit,...,0m.), 8 = (S1,...,8,), Y = (Y1,....Y,) with Y; = {Yi(ti1),...,Yi(tm,)}, and
T = (Ty,...,T,). Our interest is to (1) jointly model S, Y, T and (2) use the proposed

joint model to make dynamic prediction of T' based on the post-initial-event observations

(B,L,R,0,Y).
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Figure 4.1: An example of longitudinal and event process after the unknown initial event

occurs at ; for subject i.

4.1.1.1 Model formulation

We assume that the initial event time .S; is continuous but only observed at the censoring

interval (L;, R;].

Longitudinal sub-model for the biomarker The longitudinal outcome Y;(¢;;) is char-

acterized by a mized-effects multiple location scale model:

Yi(tiy) = mau(ty) +oi(tij)e(t),
= X'(l)T(tija S)B + ZF (ti)bi + oi(tiy)etsy), (4.1)

ol(tiy) = exp{W/ (tij, )T+ V" (tij)wi } (4.2)

where Xi(l)(tij,Si), Zi(tij), Wi(ti;,S:), and Vj(t;;) are vectors of possibly time-varying co-
variates measured at t;; = Oij - S, — Bi. The simplest case is to consider Xi(l)(tij, S;) =
Wi(ti, Si) = (1, 5;,t:;)". B and b; represent the fixed effects and random effects, respectively,
associated with the location component m;(t) for the mean trajectory, and 7 and w; represent

the fixed effects and random effects, respectively, associated with the scale component o;(t)
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for the WS variability. Assume that the measurement error ¢;(¢) ~ N(0,1) is independent
of b; and w;, and mutually independent across all time points and subjects, and the random
effects 0; = (b7, w!)T follow a multivariate normal distribution MV N(0,%,) with mean 0
and variance-covariance matrix

b Db
20 _ bb b ’
Elz;; Eww

where 3, = cov(b;, w;), Ly, = cov(b;, b;), and X, = cov(w;, w;).

Cox sub-model for the target event The target event outcome is characterized by a

Cox proportional hazards model:

P(t<T, <t+h|T,>t,X.0,)

M) = Jm h
—>
— M) exp{XPT(S))y + M (0, t)a}, (4.3)

with T, = E; — S; — B; (e.g. time to cardiovascular disease since the diagnosis of diabetes).
It is worth noting that since S; is interval censored and E; is possibly right censored, T} is
possibly interval censored. In the sub-model (4.3), A;(¢) is the conditional hazard rate for at
time ¢ since the initial event, given the covariates X Z-(Q)(.) measured at time S; and the latent

association structure M;(6;,t). The simplest case is to consider XZ»(2)(SZ-) =5,

Note that the three submodels (4.1)-(4.3) are linked together via the latent association
structure M (6;,t)a. Some useful examples of M (6;,t)a include (1) “shared random ef-
fects” parameterization: M (0;,t)a = af'b; + alw;, (2) “present value” parameterization:
MT(0;,t)a = aym;(t) +a,,log {o?(t)}, and (3) “present value of latent process” parametriza-
tion: MI(0;,t)a = apZL (t)b; + o, VT (t)w;, where a;, and «, are the association parameters
for the individual mean trajectory and WS variability, respectively.

Throughout the paper we assume that 1) the calendar time to the target event E; is
always observed to be after the calendar time to the first positive diagnosis I:ZZ-; 1) C;, — S,
is independent of T;; 2) the longitudinal process is independent of the time-to-event process

conditional on the observed covariates, 6;, and S;; 3) 6; and S; are mutually independent.
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4.1.2 Semi-parametric maximum likelihood estimate (SMLE)
4.1.2.1 Assumptions

Non-parametric estimation for the initial event distribution Similar to Zeng et al.
[2016], to derive the estimation procedure, we restrict the survival function for S; to have
a finite support S = {l : 0 = sp < $1 < ... < s < 400} consisting of the unique values
of Ly and R; (i = 1,...,n). Under S, the survival function of the initial event S(.) will be
evaluated as a non-increasing step function. Let ¢,, be the hazard rate at time s; € S, then

the probability that .S; equals s; is given by

p(Si = si|¥y) = S(s;) — S(s1)
= exp|— > b | —exp|— D o |, =12k (44
jisj<si jisi<si

To enable our joint modeling analysis, we make three key modeling assumptions about
the relationships among these variables. First, the longitudinal outcome Y; and the target
event outcome T; are independent conditional on the covariates, random effects #;, and time
to the-initial-event S;. Second, #; and S; are independent. Third, the interval censoring
mechanism (L;, R;) is a non-informative and independent process, that is, p(L;, R;|S;) =
1{S; € (Li, Ri]} p(L;, R;), where p(L;, R;) is the probability that subject i’s pre-diabetic

follow-up schedule includes tests at L; followed by R;.

4.1.2.2 Likelihood

For subject i the observed data is D; = {L;, R;, T}, 6;,Y;,0;}. Let ¥ = (WL Wl @7 wi)r
be a vector of all unknown parameters from the submodels (4.1) - (4.3), where U1 =
(B,7), ¥ = (7,0, Ao(.)), ¥y = vech(Xy), and W] = {¢,}. The joint distribution of
(ifia iria 5ia Li7 RZ) is fuuy determined bypl(YZ’SH eia \DY)api(j—‘ia 5’L|S’L7 eiv \I’T)ap(el|l110)7 pz(Szl\Ilqﬁ)a
and p(L;, R;|S;). For the sake of brevity, here we omit the covariates XZ-(l)(., D, Zi(L), wily ),

and X i(Q) (.) from the subject-specific density functions p;(.). The observed-data log likelihood
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is given by

(W) = > logpi(Y;, T, 63, Li, Ril W)

i=1

= Zlog//pz'(Yi|Sz‘79i,‘IIY)pz‘(Tz‘75i|Si,9i,‘IIT)p(Qz’Wo)
i=1
xp(Li, Ri| Si)p(Si| V) dS;db;. (4.5)

Since S; is assumed to be restricted on the finite support S, the log likelihood (4.5) can be

rewritten as

(V)

Zlog/zpi(Yi\Si = s1,0:, Uy)pi(Ti, 6:|S; = s1, 05, Wr)p(0:[ V)
=1 s1E€S

p(Lm Ri|Si = Sl)p(Si = Sl|\1’¢)d9i

log/
; Z (jzl V2 exp(W] (i, 507 + wi)

S1ES 7

o 4 Yiltizn) = XV (b0, 5008 — 27 (t0)b:)°
P 2exp(W (tiju, s1)T + w;)

)

X [AAo(tivsz) CxXp {Xi(Q)T(Sl)V + WiT(0i|ti,sl)a}] ’

exp [— /0 " exp {XF)T(.SZ)W + WiT(e,-|s)a} dAO(s)]

1 1
ko (507570
PO RN

x 1{s; € (L;, Ri]} p(Li, Ry) {exp(— D 6a) —exp(— > ¢5u)}> ds;,

Su<S] su<sy

where Ag(.) is the unknown cumulative baseline hazard function, AAg(t;s,) = Ao(tis,) —

Ao(ti7sl—), and tij,l = O~i]’ — S — Bz and ti,sl = El — S — Bz when SZ = ;.

4.1.2.3 EM algorithm

One can estimate ¥ by maximizing the observed-data log likelihood (V). However, the log

likelihood of each subject consists of the logarithm of a sum, which becomes computationally

challenging to maximize directly, and following the EM-steps will often increase [(V) toward

a local maximum or saddlepoint [Morrison et al., 2021]. To address this issue, we can
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obtain the maximum likelihood estimate W by maximizing its complete-data log likelihood

I*(U:0,S) via the EM algorithm:

(19, S)

Zlogpi(Yi|Si, 0i, Wy ) + log pi(Ti|Si, 0, W) + log p(6;[We) + log p(Si| W)
i=1
+log p(L;, Ri|S:).

In the E step, we calculate the expectation of the Complete—data log-likelihood, conditional

on the observed data, given the current estimates W™ Since each of these terms involves

a disjoint set of parameters, to maximize the expected complete-data log likelihood, we can

maximize each term’s expectation separately. p(L;, R;|.S;) is non-informative so we can ignore

this term and maximize

Q(T; T

Qy (5 W) 4 Qr(W; ) 4 Qp(W; 90 4 Q (W3 0™)
ZEe {log pi(Yi|Si, 0:, Oy) + log pi(Ti|S;, 0i, Yr) + log p(6:| W) + log p(Si|¥y)}

Z Z Eém) <— i B log 2m exp { W' (t;j, Si)T + w; }

i=1 s,€SN(L;,R;) Jj=1
2
T
{Vitt) = XV (15,58 — 27 ()b}
2 exp {WZT( ijs Sl)T + wi}

+

+ 0 {log AN (T3) + X (Si)y + W] (BT }
T;
— / exp {Xi(Q)T(Si)*y + WiT(9-|s)oz} dAo(s)
0

1 07,0
{q i log 2w + — log |Zg| + T}) p(»m)(Si = s|Y;, Ty, Li, R;, ™)

]

Y log{exp ™ 6.) — exp(— Z%}

=1 sleSﬂ(L JR;] 5u<8] 5u<8;

sz (S - 81|E7E7L17R17\11 ) (46)

Use pg )(sl) to denote pZ (S = 5|Y;, Ty, Ly, R;, ¥'™) for brevity. p(m)(sl) is calculated by

p" (1)

7

/ pgm)(eu S@ - $l|E7TZi7Li7Ri7 llj(m))del
0;

pi(Yi|S:,0:,9 ™ )pi (T:18:,0:, 9 5™ )p(0: 1w ™ )pi™ (Si=s1| L, Ri, W™ ) db;
9
Jo, ﬂﬁmy&mwmm@mmymhww“hmkfmm&ﬂmw

(4.7)
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where

p (_ ZL1‘<Su<Sl ngu) {]‘ - eXp<_¢5l)}
y

L—exp (=3 cou<n, D)
The detailed derivation of equation (4.8) is provided in Section C.1 of the supplementary

") (S, = s)|Li, R, W) = 1 Lo R} &
pz ( ) 5l| 1Al T ) {Sle( (2 z]}

4.8)

materials.

In the M-step, we find the update of ¥ by maximizing equation (4.6):
Pt — arg max Q(; W™, (4.9)

until the algorithm converges, where W™ is the estimate of ¥ from the m-th iteration. It is

easy to see that the M-step (4.9) requires the following expected values across all subjects that

are calculated in the E-step (4.6): Eé’f;) {exp(—w;)}, E{biexp(—w;)}, Ee {b bl exp(—w;) },

E§YY) [exp {Wi(6:l6)Ta}], BSS [Wibilt) exp {Wi(6:[t)Ta }], EYS [WiBl)Wi(6:[6)T exp {Wi(6:ft) T},
Eé?(@ié’f ), where

EyQ iy = > ES o1 (si)

S1ES

_ Z/ 0™ (0, ;= 5[5, T, L, Be, W),
sIES

= [ b Y605, = 1Y T L R 0,
0;

$1€S
Jo, PUO:I8) 32, e i (Yil S5, )i (T3] 83,05, W5 Yp(0: 1w 5™ )™ (Si=s1| Lo, Ri, W™ )0
Jo, Sy Pi (Yl Si,00,0 0™ )pi (T3] 51,05, 05 )p(0: 9™ )™ (Si=su| i, R 0™ )d0;

for any function h(.). Furthermore, it can be shown that the M-step (4.9) has closed form
solutions for the parameters 3, ¥y, {¢s,} and Ag(.). The other parameters 7, v, o can be
updated using the one-step Newton-Raphson method. Details are provided in equations

(C.2) - (C.11) of Section C.2 of the supplementary materials.

Remark 2. [t is worth noting that in the EM algorithm, the instantaneous baseline hazard

function \o(.) has positive mass only at the jump points t; 5,1 =1,...,n,5 €S, i.e.,
ANSP(), te {tig}

0, elsewhere.
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We observe that the non-continuity of \o(.) will lead Y™ to a saddlepoint because AAém)(.)
will disturb the update ofpf;m)(sl) in equation (4.7), which will result in a severe bias issue.
To mitigate this bias issue in the EM steps, we replace AA(()m)(.) with the following quantity

to enhance the smoothness of the hazard function Ao(.):
* 1 - m
AN (1) = / BK(tTS)dAAé )(s), (4.10)

is a kernel estimate of the instantaneous hazard function of )\ém)(.). In equation (4.10), b is
the smoothing bandwidth, K is a nonnegative kernel function satisfying certain properties.
For example, one may use an Epanechnikov kernel defined as K(x) = 0.75(1 — 2?), |z| < 1
and the global bandwidth b = c ma:z:{tivsl}/(ééni/‘r’) with ¢ the pre-determined constant and
n, the total number of jump points in No(.). Altstein and Li [2013] discussed the choice of
c in the sensitivity analysis and found that when ¢ = 0.95, the estimation procedure would
yield good estimation accuracy in the most of the cases. We adopted this specification in
Section 4.2 and found that the performance of our proposed method is also satisfying in all

our simulations, which is consistent with the conclusions found in [Altstein and Li, 2013].

4.1.3 Standard error estimation

As discussed in Elashoff et al. [2016] (Section 4.1, p.72), standard errors of the parametric
components of the SMLE can be estimated by profiled likelihood, observed information
matrix, or bootstrap. All three methods can be computationally intensive when n is large.
Here we focus on the profiled likelihood-based method, which can be linearized with n [Li

et al., 2022a).

Let Q = (8,7, vech(Xg),7, a, {¢s,}) denote the parametric component of ¥ and Q its
maximum likelihood estimate and D = {Dy, ..., D, } the observed data for all the subjects.

The variance-covariance matrix of Q can be estimated by inverting the following approximate
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empirical Fisher information [Lin et al., 2004, Zeng et al., 2005, Zeng and Cai, 2005]:
> Vol (Q; D)Vl (Q; D) (4.11)
i=1

where Vol (€); D) is the observed score vector from the profiled likelihood 1V(€); D) of
on the 7th subject by profiling out the baseline hazards. Details of the observed score vector
for each parametric component are provided in equations (C.12)-(C.17) in Section C.3 of the

supplementary materials.

4.2 Simulation studies

We present extensive simulations to examine the finite sample performance of the proposed
joint model and the classical joint model with midpoint imputation. We also demonstrate
that midpoint imputation can lead to biased parameter estimates, biased standard error

estimates and invalid inferences.

We began with the cohort size n = 600 and 5, 000 to examine the large sample properties.
First of all, the initial event time S; ~ uni(0.1,5) was observed to be interval-censored

through a series of non-informative finite inspection times [Lawless and Babineau, 2006]
U= {UU i=1,...,n,7=1,.. ., K with Uy = O,UZ’]’ < Ui(j+1)};

with Ujj41) = Usj + uni(0.1,1). For each subject i, there exists a smallest censoring interval
(Uij, Ui(j+1)] that contains S;, and thus L; = U;; and R; = Uy(j11) was observed.
Next, longitudinal measurements Y;(t;;) were generated from a mized-effects location scale
model (4.1) and (4.2) with
m;(ti;) = Bo~+ F1Si+ Batij + B3 X1 + BaXoi + b, (4.12)
Ulz(tm) = eXp(To + TlS,- + Tgtij + 7'3X1i + 7'4X2i + wi), (413)
where t;; = O;; — S; is a scheduled follow-up visit time after the initial event, the first sched-

uled follow-up visit time O, starts at R;, Xy ~ uni(—1,1), and Xo; ~ N(1,4). Therefore,
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we observed Y;(t;;) measured at Om The random effects 6; = (b;,w;)? follows No(0,Xy),
where 02 = 1,02 = 0.5, and 04, = 0.1. The mean trajectory m;(t;;) and WS variance
o2(t;;), modeled by equations (4.12) - (4.13), include fixed effects induced by the interval-
censored covariates S;,t;;, and two baseline covariates X1, X2, and a subject level random

effect b;, w;, respectively.

Lastly, the target event process was generated from a Cox proportional hazards model:
/\l<t) = /\O(t) exp{%Si + ’YQXM + 73X22' + Oébbz‘ + ozwwi}, (414)

where the baseline hazards A\g(t) is held constant at 0.3 for ¢ > 1 and 0 otherwise to as-
sure that the target event can be always observed after the first positive diagnosis of the
initial event. We simulated the non-informative censoring time C; ~ uni(5,10) and let
T, = mz‘n{fi, C;} be the survival time after the initial event occurs (possibly censored) for
subject i, where T, are independent event times from equation (4.14), i = 1,...,n. The
longitudinal measurements for subject ¢ at t;; are assumed missing after 7;. Finally, we ob-
served the survival time E; = T;+ S, in a total time scale. Overall, we obtained an event rate

at about 75% and the average number of longitudinal measurements per subject is about 10.

We fitted both our proposed joint model (4.1) - (4.3) (Model 1) that accounts for interval-
censored covariates as missing data with a well developed R package “iCenJMH” and a
classical joint model (Model 2) using midpoint imputation [Li et al., 2023]. Table 4.1 -
4.4 summarize simulated results on the bias, sample standard deviations of the parameter
estimates (SE), average estimated standard errors of the parameter estimates (Est. SE), and
coverage probabilities of 95% confidence intervals (CP) between the random effects under

different scenarios. Each entry in the table is based on 300 Monte Carlo samples.

Table 4.1 shows the performance of both models under the sample size of n = 600 and
the 100% interval censoring rate of the initial event. Compared to midpoint imputation
(Model 2), our proposed joint model method (Model 1) demonstrates a smaller bias for all

parameters, a larger standard error estimates, and CPs reach the 95% nominal level. On
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the other hand, Model 2 ignores the uncertainty of interval-censored covariates as missing
data induced severe bias in some parameter and lower standard error estimates, leading to
significant under-coverage of the associated confidence intervals. For example, the parameter
estimate and standard error estimate of 3y, a; are both substantially biased, and its associ-
ated confidence interval coverage probability (18% and 0%) is unreasonably low compared
to the 95% nominal level. When the interval censoring rate of the initial event reduces to
30% (See Table 4.2), the performance of Model 1 behaves similar as shown in Table 4.1
but Model 2 still encounters undercoverage issue due to non-ignorable estimation bias and

underestimated standard errors.

We further investigate the large sample theory of Model 1 and Model 2 by increasing
the sample size to be 5,000 and results are summarised in Table 4.3 - 4.4. We find that the
performance of Model 1 satisfies the large sample theory such that the CPs are similar to
95% nominal level. In contrast, the performance of Model 2 worsens under the simulation
settings with both high and low interval-censoring rates of the initial event, which confirms

the conclusion we draw from Table 4.1 - 4.2.

4.3 An application: UK-Biobank data

The UK-Biobank (UKB) is a prospective cohort study with both genetic and phenotypic
data collected on approximately 500,000 individuals, aged 37-73 years, from the general
population between 2006 and 2010 in the United Kingdom [Collins, 2012, Sudlow et al.,
2015]. Record linkage to Health Episode Statistics (England), Patient Episode Database for
Wales, and the Scottish Morbidity Records (Scotland) was used to identify the date and
cause of hospital admissions. Hospital admission records were available until February 2018
for the full UKB cohort (noted as “UKB data”), whereas linkage to primary care records was
available for 45% of the UKB cohort until the end of 2017 (noted as “UKB Primary Care

data”). The detailed linkage procedures relating to primary care records are available online
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Table 4.1: Comparison of the bias, standard error (SE), estimated standard error (Est. SE),
and coverage probability (CP) between the proposed joint model (Model 1) and a classical
joint model using midpoint imputation (Model 2) for the interval-censored initial event time.
Abbreviation: IC = interval-censored; RC = right-censored. (n = 600, IC rate for S;=100%,
RC rate for T;=75%)

Model 1 (proposed model) Model 2 (midpoint imputation)
Covariates True Bias SE Est. SE CP (%) Bias SE Est. SE CP (%)
Longitudinal
Mean trajectory
Intercept 5 -0.028 0.131 0.159 99.3 0.379 0.173  0.110 18.0
S; (Interval-censored) 2 0.010 0.047  0.052 97.0 -0.057 0.063  0.034 56.3

t;; (Interval-censored) -3 -0.001 0.013 0.015 97.7  <0.001 0.013 0.014 95.3
Xii -3 -0.003 0.104 0.116 97.0 -0.007 0.140 0.084 74.7
Xo; 2 -0.002 0.033 0.033 96.0 -0.010 0.042  0.022 68.0
WS variability

Intercept 1 -0.005 0.075 0.085 97.0 -0.016 0.073  0.079 96.0
S; (Interval-censored)  0.05  0.001 0.025 0.027 96.7 0.003 0.025 0.025 96.3
ti; (Interval-censored) 0.2 <0.001 0.009 0.010 98.7  <0.001 0.009 0.010 98.0

Xy 0.1 -0.002 0.063 0.065 97.7 -0.003 0.064 0.063 97.0

Xo; -0.2  -0.001 0.018 0.019 95.3  <0.001 0.018 0.018 95.3
Survival

S; (Interval-censored) -0.05 <0.001 0.039  0.050 99.7 0.009 0.036  0.036 93.0

X1 0.2  0.008 0.102 0.102 95.0 -0.013 0.094 0.088 92.3

Xo;i -0.1  -0.003 0.028  0.030 96.7 0.005 0.026  0.026 93.3
Association

b; 0.5 0.029 0.109 0.116 97.0 -0.311 0.041  0.041 0.0

w; -0.5  -0.012 0.115 0.124 96.7 0.116 0.091  0.093 78.0

Covariance matrix

of random effects

o2 1 -0.032 0.118 0.130 95.0 1.105 0.146  0.149 0.0
o? 0.5 -0.004 0.045 0.046 95.0 -0.005 0.044 0.044 94.0
Obu 0.1 0.002 0.061  0.060 95.3 -0.031 0.059  0.058 93.0

Note: Large error in confidence interval coverage probability (CP) compared to the 95%

nominal level are highlighted in boldface. Each entry is based on 300 Monte Carlo samples.
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Table 4.2: Comparison of the bias, standard error (SE), estimated standard error (Est. SE),
and coverage probability (CP) between the proposed joint model (Model 1) and a classical
joint model using midpoint imputation (Model 2) for the interval-censored initial event time.
Abbreviation: IC = interval-censored; RC = right-censored. (n = 600, IC rate for S;=30%,
RC rate for T;=75%)

Model 1 (proposed model) Model 2 (midpoint imputation)
Covariates True Bias SE Est. SE CP (%) Bias SE Est. SE CP (%)
Longitudinal
Mean trajectory
Intercept 5 -0.006 0.099 0.114 98.3 0.108 0.116  0.106 79.3
S; (Interval-censored) 2 <0.001 0.036 0.037 94.7 -0.019 0.043 0.034 83.7

t;; (Interval-censored) -3 <0.001 0.012 0.014 97.7 0.001 0.012 0.013 97.7
Xi -3 0.003 0.085  0.090 96.3 0.002 0.096 0.083 89.3
Xo; 2 0.001 0.028 0.025 94.7 -0.002 0.035 0.022 82.0
WS variability

Intercept 1 -0.002 0.073 0.082 96.7 -0.003 0.072  0.078 96.3
S; (Interval-censored)  0.05 <0.001 0.023  0.026 97.3 0.001 0.023 0.025 96.0
ti; (Interval-censored) 0.2 <0.001 0.010 0.010 96.3  <0.001 0.010  0.009 94.3

Xi; 0.1  0.001 0.064 0.064 96.7 0.001 0.063 0.062 96.0

Xo; -0.2  -0.001 0.018 0.019 95.0 -0.001 0.018 0.018 94.7
Survival

S; (Interval-censored) -0.05 <0.001 0.037  0.041 96.3 0.004 0.036  0.037 94.7

X1 0.2 0.005 0.102 0.099 94.3 -0.004 0.100 0.091 91.0

Xo;i -0.1  -0.002 0.027  0.029 96.3 0.001 0.027  0.027 94.7
Association

b; 0.5 0.010 0.080 0.079 95.7 -0.153 0.059  0.053 24.0

w; -0.5  -0.005 0.096 0.104 97.7 0.057 0.088  0.094 88.3

Covariance matrix

of random effects

o2 1 -0.007 0.094 0.092 94.0 0.287 0.112  0.096 17.0
o2 0.5 -0.003 0.042 0.045 97.0 -0.004 0.042  0.043 96.7
Ot 0.1 0.003 0.044 0.048 95.7 -0.005 0.047  0.048 93.3

Note: Large error in confidence interval coverage probability (CP) compared to the 95%

nominal level are highlighted in boldface. Each entry is based on 300 Monte Carlo samples.
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Table 4.3: Comparison of the bias, standard error (SE), estimated standard error (Est.
SE), and coverage probability (CP) between the proposed joint model (Model 1) and a
classical joint model using midpoint imputation (Model 2) for the interval-censored initial
event time. Abbreviation: IC = interval-censored; RC = right-censored. (n = 5,000, IC
rate for S;=100%, RC rate for T;=75%)

Model 1 (proposed model) Model 2 (midpoint imputation)
Covariates True Bias SE Est. SE CP (%) Bias SE Est. SE CP (%)
Longitudinal
Mean trajectory
Intercept 5 -0.004 0.045 0.051 95.3 0.387 0.061  0.036 0.0
S; (Interval-censored) 2 0.001 0.014 0.017 98.0 -0.062 0.022  0.011 3.3

t;; (Interval-censored) -3 <0.001 0.005 0.005 94.0 0.001 0.005  0.005 94.0
Xi -3 -0.004 0.037 0.039 94.7 0.001 0.053  0.027 70.7
Xo; 2 <0.001 0.011 0.011 92.0 -0.004 0.019  0.007 51.7
WS variability

Intercept 1 0.002 0.027 0.027 97.0 -0.007 0.026  0.027 94.7
S; (Interval-censored)  0.05 -0.001 0.008  0.009 97.3 0.001 0.008  0.009 96.0
ti; (Interval-censored) 0.2 <0.001 0.004  0.003 93.0  <0.001 0.004 0.003 94.0

X1 0.1 -0.001 0.021 0.021 96.0 -0.002 0.021  0.021 95.3
Xo; -0.2  -0.001 0.006  0.006 95.3 <0.001 0.006  0.006 95.7
Survival

S; (Interval-censored) -0.05 <0.001 0.014 0.014 95.0 0.007 0.013 0.012 88.3

X1 0.2  0.001 0.034 0.033 93.7 -0.016 0.031  0.030 91.0
Xo;i -0.1  -0.001 0.010 0.010 92.0 0.007 0.010  0.009 84.7
Association

b; 0.5 0.002 0.036 0.035 93.3 -0.312 0.014 0.014 0
wj -0.5  -0.002 0.037 0.038 95.7 0.111 0.030  0.031 4.3

Covariance matrix

of random effects

o2 1 -0.011 0.044 0.043 92.7 1.006 0.050  0.051 0.0
o? 0.5 -0.002 0.014 0.015 96.0 -0.006 0.014 0.015 94.7
Obu 0.1 <0.001 0.020 0.020 96.7 -0.031 0.021  0.020 61.7

Note: Large error in confidence interval coverage probability (CP) compared to the 95%

nominal level are highlighted in boldface. Each entry is based on 300 Monte Carlo samples.
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Table 4.4: Comparison of the bias, standard error (SE), estimated standard error (Est. SE),
and coverage probability (CP) between the proposed joint model (Model 1) and a classical
joint model using midpoint imputation (Model 2) for the interval-censored initial event time.
Abbreviation: 1C = interval-censored; RC = right-censored. (n = 5,000, IC rate for S;=30%,
RC rate for T;=75%)

Model 1 (proposed model) Model 2 (midpoint imputation)
Covariates True Bias SE Est. SE CP (%) Bias SE Est. SE CP (%)
Longitudinal
Mean trajectory
Intercept 5 -0.001 0.042 0.037 92.7 0.117 0.045 0.035 12.3
S; (Interval-censored) 2 <0.001 0.014 0.012 92.0 -0.021 0.015 0.011 50.3

t;; (Interval-censored) -3 0.001 0.004 0.004 94.7 0.001 0.004  0.004 94.7
X1 -3 -0.003 0.032  0.029 92.0 -0.003 0.036  0.027 86.3
Xo; 2 <0.001 0.010 0.008 95.0  <0.001 0.013 0.007 86.0
WS variability

Intercept 1 0.002 0.025 0.027 96.3  <0.001 0.025 0.026 96.3
S; (Interval-censored)  0.05 -0.001 0.008  0.009 96.0 -0.001 0.008  0.009 96.3
ti; (Interval-censored) 0.2 <0.001 0.003 0.003 95.3  <0.001 0.003  0.003 94.7

X1 0.1 -0.002 0.020 0.021 95.7 -0.002 0.020 0.021 95.7
Xo; -0.2 <0.001 0.006 0.006 94.0 <0.001 0.006  0.006 94.7
Survival

S; (Interval-censored) -0.05 -0.001 0.014  0.013 94.0 0.003 0.013 0.013 94.3

X1 0.2  0.001 0.034 0.032 92.0 -0.008 0.033  0.031 90.3
Xo;i -0.1  -0.001 0.010 0.009 92.0 0.003 0.010  0.009 90.7
Association

b; 0.5 0.001 0.025 0.025 94.3 -0.161 0.020 0.018 0
wj -0.5  -0.005 0.034 0.033 95.0 0.053 0.032 0.031 56.7

Covariance matrix

of random effects

o2 1 -0.001 0.028 0.030 96.0 0.296 0.034  0.033 0
o2 0.5 -0.002 0.014 0.014 95.3 -0.003 0.014 0.014 95.3
Ot 0.1 <0.001 0.015 0.016 94.7 -0.006 0.016  0.016 93.0

Note: Large error in confidence interval coverage probability (CP) compared to the 95%

nominal level are highlighted in boldface. Each entry is based on 300 Monte Carlo samples.
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[https://biobank.ndph.ox.ac.uk/showcase/showcase/docs/primary_care_data.pdf].

In this illustrating example, we identified 42,785 participants, who were free from car-
diovascular diseases (CVD) at baseline and diagnosed with both type 1 and type 2 diabetes
but known to be observed at two consecutive clinical visits. The primary event outcome
is a CVD composite outcome, reflecting myocardial infarction (MI), unstable angina (UA),
ischemic stroke (IS), and percutaneous coronary intervention (PCI) [Kim et al., 2023]. Dur-
ing the study period, CVD-related biomarkers were measured during the follow-up visits,
such as systolic and diastolic blood pressure (SBP and DBP, mmHg), High-density and low-
density lipoprotein cholesterol (HDL and LDL, mmol/L), and triglycerides (mmol/L). As an
illustration, we considered a joint model of SBP and CVD event outcome in the presence
of the interval-censored age-onset diagnosis of type 2 diabetes and analyzed the association
between the two outcomes after type 2 diabetes diagnosis. We adjusted for the selected
baseline variables including self-reported blood pressure lowering medication use at the as-
sessment center (BP drug, 1=yes, 0=no), body mass index (BMI, kg/m?), smoking status
(1=smoker, O=non-smoker), International Standard Classification of Education (ISCED),
race/ethnicity (1=non-British, 0=British), and sex (1=female, 0=male) in both SBP and

CVD time-to-event sub-models.

After excluding the patients without both longitudinal and event information, a cohort
of 11,821 participants with an average of 8.2 repeated measures and a total of 97,317 SBP
measures are kept for this analysis. Among them, 1,694 participants (14.3%) experienced

CVD events and 10,127 (85.7%) were right-censored during the study period.

In our proposed joint model (Model 1), the longitudinal SBP (Y;(t;;)) is assumed to

follow the mixed-effects multiple location scale model (4.1)-(4.2) as

m; (tij> = 50 + 5151 + Bgtl‘j —+ ﬁgBP durgi + 54BP durgi X tz'j—f‘
B5BMIZ + BgSmokingi + 67ISCEDZ + ﬁgRaceZ- + 6986Xi + bi, (415)

o;(tij) = exp(mo+ 1S; + mt;; + 3BP durg; + 7 BP durg; x t;;+
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s BMI; + 76Smoking, + 7 ISCED; + 1gRace; + m9Sex; + w;), (4.16)
and the CVD event outcome is modeled by the following Cox proportional hazards model:

Ai(t) = Xo(t) exp(mS; + %BP durg, + v3BMI; + ~v4,Smoking, + 15ISCED;+
veRace; + y7Sex; + apb; + aw;), (4.17)

where the shared random effects 6; = (b;, w;)T follow bivariate normal distribution with mean

zero and variance-covariance matrix

2
g =

2
Obw Uw

The results of joint analysis of SBP and time-to-CVD are summarised in Table 4.5. Both
Model 1 and Model 2 show that the heterogeneity of SBP WS variability is substantial (02 =
0.27,SE = 0.01, p-value< 0.001) across UKB participants and suggest that standardized SBP
WS variability (w;/oy,) is highly predictive of CVD event. We notice that the individual mean
of SBP is protective of CVD and one possible reason is the non-ignorable correlation between
SBP WS variability (w;) and individual mean (b;). Both models also suggest that those who
took the blood pressure lowering medication at the assessment center had around 8mmHg
higher SBP at the baseline but the mean trajectory significantly declined over time, compared
to those never self-reported their medication use. One interesting finding is that Model 1
shows that age at diagnosis of diabetes is positively associated with the mean SBP, however,
Model 2 does not detect any significant signal of age at diagnosis of diabetes. In general,
the results from Model 1 would be more clinically meaningful since one’s physical condition
makes it harder to regulate the blood pressure as aging. In the survival sub-model, Model 1
suggests that a smoker had an 12% increased risk of CVD event than a non-smoker with a
p-value of 0.05, while Model 2 only shows a marginal relationship. In summary, the results
demonstrate that midpoint imputation can yield biased results and invalid inference and thus

lead to problematic conclusion about the relationship between outcomes and covariates.
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Table 4.5: Joint analysis of systolic blood pressure (SBP, mmHg) and time to CVD using
the UK-Biobank data (Model 1 is the proposed joint model (4.15)-(4.17) and Model 2 is

the classical joint model using midpoint imputation. Abbreviations: SE=standard error;

HR=hazard ratio; Cl=confidence interval.)

Model 1

Model 2

Longitudinal outcome
(Systolic blood pressure (SBP, mmHg))
Intercept
Interval-censored covariates
Age at diagnosis of diabetes
Time (Years from diagnosis of diabetes)
BP drug x Time
Baseline covariates
BP drug
BMI
smoking status
ISCED
Race (Non-British/British)
Sex (Female/Male)
Random effects
(variance-covariance matrix)
%
b

2

Oy

Mean trajectory
Estimate (SE)
125.79 (0.62)***

WS variability
Estimate (SE)
476 (0.08)%+*

0.06 (0.01)%**
0.09 (0.01)%**
-0.50 (0.01)%**

-0.01 (<0.01)***
<0.01 (<0.01)
-0.02 (<0.01)%**

8.33 (0.15)¥**  0.26 (0.02)***
0.13 (0.01)***  <0.01 (<0.01)
0.12 (0.13) 0.05 (0.02)%**
-0.26 (0.04)¥%*  -0.02 (<0.01)***
-0.44 (0.17)%*  0.02 (0.02)

-1.08 (0.13)***  0.03 (0.02)

Estimate (SE)
72.52 (1.28)%**
1.77 (0.07)%**
0.27 (0.01)%*

Mean trajectory WS variability
Estimate (SE)  Estimate (SE)
129.76 (0.57)***  4.91 (0.08)***

<0.01 (0.01)
0.08 (0.01)%**
-0.46 (0.01)%**

-0.01 (<0.01)¥***
<0.01 (<0.01)
-0.01 (<0.01)***

8.31 (0.15)%%%  0.26 (0.02)***
0.11 (0.01)***  <0.01 (<0.01)
0.15 (0.12) 0.05 (0.02)%**
-0.30 (0.04)¥%*  -0.02 (<0.01)***
-0.82 (0.16)***  0.01 (0.02)

-1.19 (0.13)¥**  0.03 (0.02)

Estimate (SE)
74.06 (1.30)%**
1.81 (0.07)%**
0.27 (0.01)%

Target event outcome (CVD)

Interval-censored covariates

Age at diagnosis of diabetes
Baseline covariates

BP drug

BMI

smoking status

ISCED

Race (Non-British/British)

Sex (Female/Male)
Random effects

Mean trajectory (ay)

WS variability (a,)

HR (95% CI)

1.15 (1.14-1.16)%%*

1.09 (0.97-1.23)
1.04 (1.03-1.05)%**
1.12 (1.00-1.24)*
0.96 (0.93-0.99)**
1.28 (1.12-1.46)%**
0.60 (0.53-0.68)%**

0.97 (0.97-0.98)%*
1.27* (1.16-1.39)%**

HR (95% CI)

1.14 (1.13-1.14)%5*

1.07 (0.95-1.20)
1.03 (1.02-1.04)%*
1.10 (1.00-1.23)
0.96 (0.93-0.99)%**
1.26 (1.10-1.43)%**
0.61 (0.54-0.69)%%*

0.97 (0.96-0.98)%**
1.26% (1.15-1.38)%**

* p-value<0.05; ** p-value<0.01; *** p-value<0.001.

* Standardized HR of association parameter & WS variability is reported to show the effect

on the risk of CVD by 1 SD change of WS variability of SBP.



4.4 Discussion

We have developed a novel joint model of longitudinal and time-to-event outcomes that
handles the interval-censored covariates as missing data due to the unknown initial event
time. The non-parametric estimator of unknown initial event times is originally proposed
by Morrison et al. [2021], in which a discrete, finite support is well defined, and integrating
the complete-data log likelihood becomes a summation over the designated support and
thus relaxes the distributional assumption on the hazard of the initial event time. We
develop a customized EM algorithm under the joint modeling framework and demonstrate its
estimation advantage via extensive simulations, comparing with existing approaches such as
midpoint imputation, which ignores the uncertainty of interval-censored covariates and thus
leads to severe bias and undercoverage. Our analysis of UKB data reveals that imputation

strategy can result in problematic conclusion on parameter estimation.

The utility of joint modeling of longitudinal and time-to-event outcomes is not limited
to the simple setting considered in this paper. It could be possibly extended to many other
applications, such as joint multi-state model, joint modeling of recurrent events, or when
the target event is also interval-censored. Extensions to more sophisticated joint models for

multiple longitudinal biomarkers are also warranted in our future research.
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APPENDIX A

Supplementary Materials for Project 1

A.1 M-step solutions for equation (2.4) in Section 2.1.1.2

It can be shown that the parameters 3, 0%, and ¥, as well as Ao (¢) have closed-form solutions

in the M-step (See equation (2.4)). Using E(™ to denote EIE D)’ ¢, pm» We have

=1 j=1 =1 j5=1
- n m - ~ (1) 2
T =1 j=1
1
~ Z (bi7). (A-3)
. d
A((]k +1) (t) _ Z ki (A4)

Lty <t ZreR(tu) eXp(Xﬁz)T'Vlim) JEm {eXp(Vl(gm)Tbr) }

where tj; > ... > tg,, are the distinct uncensored failure times for risk k, R(ty) is the risk
set at time t;, [ = 1, ..., qx, and dj; is the number of type k failures, for k =1,... K. It is

clear from equation (A.4) that Aézl“)(t) is a right-continuous and non-decreasing function.

The parameters 7 and v do not have closed-form solutions and we update them using

the one-step Newton-Raphson method

(m+1) _ () —1g(m
Tk S“(/k )

k=1,... K,

Vi
Ingl):l/]g) lS

145 7

k=1,...,K,
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where

I = 303 Agy(tiy) Y exp(X M) B {exp(u ) } XPXPT, (A5)

=1 tkjSTi
s = 3|10 = WxP(@)
i=1
= 37 Agy(tiy) Y exp(X P B fexp(™ ) } XP], (A6)
tkj<T'
IIEZ‘) = Z Z AN, m+1) exp(X 2)TVI(JTL))E’(W) {bibiT exp(u,im)Tbi)}, (A.7)
1=1 t3; <T;
i = 3 1D = HE™ (b))
i=1
- Z AN (try) ™Y exp(Xi(Q)Ty,gm))E(m) {bi exp(l/,im)Tbi)}] (A.8)
tg; <T;

A.2 The observed score vector in equation (2.6) in Section 2.1.1.3

The components of the observed score vector in equation (2.6) are defined by

i (1)

Vsl (@ Y,C) UZZE{ X078~ X 1)} x0(1,) C(A9)
p=B,02=52

N 1

VslD(Q;Y,C) = 3 22 B0 ) {S T BB ) S o T} -28 7 42 o T (A.10)
$=5
L) ( 1) Ty 2_ n;

Vel Y, C) 204215{ = X)X )b~ y A

xX® _

)

V., 10 Y,C) = I(D; = k)

ZTQR( )exp(’yk E{exp Ib,) }X,EQ)]
D reR(T )exp(vk DVE {exp(v]'b,)}

2
di; ZreR(tk )eXp(’ch E {exp br)} X7g :
| 2

2
Jitny<Ti [ZreR(tkj) exp(ngﬁ VE {exp(ygbr)}]

i @)
- Z 2) T X;

Jitn; <T; ZreR(tkj) exp(v; Xr” ) E {exp(v b,)}
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, (A.12)
Ve =Yk VE=Dk

S erer exp(E X)) E{b exp( Tbr)}]
> ereny exp(EXD) E {exp(vb,)}

i ey PO X)) E {br exp(vf b,
kj Z ER(tg;) ( k { k z}E {exp(V,?bi)}

X exp(’yk E {exp bl)}

E(b;) —

P

ity | Crengny) XpOT XD E fexp(,)}

dk’j T
— Z E {b;exp(v]b;)}
Jite; <T; ZTER(tkj) exp(%{XﬁQ))E {eXp(ngT>}

x exp(7L X?) (A.13)

V=Y V=D

A.3 Comparison of estimation results using the standard Gauss-
Hermite quadrature rule and the pseudo-adaptive Gauss-Hermite

quadrature rule

We ran a small simulation study to compare the estimation results based on the standard
Gauss-Hermite rule (n, = 20) with those based on the pseudo-adaptive quadrature rule
(ngy = 6). We generated 500 Monte Carlo samples of size n = 1,000 from the joint model
(2.15) - (2.17) described in Section 2.2, where the maximum scheduled follow-up time was
set as 5 and the average number of longitudinal measurements was about 3 per subject. The
overall censoring rate was about 34% (35% for risk 1 and 30% for risk 2). The bias, the
standard error (SE), and the estimated standard error (Est. SE) of the parameter estimates

are summarized in Table A.1.

It is seen that the performance of the two methods are similar. Both methods have small

bias and their Est. SEs are close to the SEs in most cases.
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Table A.1: Comparison of bias, standard error (SE), and estimated standard error (Est. SE)
between the standard Gauss-Hermite quadrature rule (n, = 20) and the pseudo-adaptive

Gauss-Hermite quadrature rule (n, = 6)(n = 1000)

Standard Pseudo-adaptive

Parameter True Bias SE  Est. SE Bias SE  Est. SE

Longitudinal
Fixed effects

Bo 10 -0.008 0.043  0.040 0.001 0.043  0.040
b1 1 -0.003 0.048  0.027 0.002 0.033  0.031
Ba -1.5 -0.005 0.059  0.058 -0.002 0.058  0.058
o? 0.5 0.002 0.018 0.019 -0.001 0.018 0.018

Competing risks

Fixed effects

Y11 0.8 -0.025 0.178 0.182 -0.006 0.179  0.182
Y12 -1 0.004 0.126 0.127 -0.005 0.125 0.127
Va1 0.5 0.005 0.193 0.191 -0.005 0.189 0.191
Vo2 -1.5 -0.010 0.135 0.138 -0.017 0.134  0.138
Association
28 1 -0.015 0.132  0.129 0.006 0.133  0.128
20 0.5 -0.058 0.228  0.202 0.012 0.204  0.209
Va1 0.7 -0.011 0.131  0.131 0.008 0.130  0.131
V9o 0.25 0.022 0.227 0.210 -0.004 0.216 0.215

Random effects

Y1 0.5 -0.006 0.041 0.041 -0.001 0.040 0.041
Y99 0.25 0.001 0.023 0.022 0.001 0.022  0.022
PP 0 0.002 0.026 0.024 0.001 0.024  0.024
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a Runtime for Three Methods b Runtime Comparison: Ime4 Versus Linear Scan
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Figure A.1: Runtime (seconds) for three implementations of Empirical Bayes estimates:
lme4, linear scan, and no linear scan. Fold change is calculated as the ratio of runtime

between two methods.
A.4 Contrast of runtime between three implementations of the
variance-covariance matrices of the Empirical Bayes estimates

for the linear mixed effects model

We conducted a small simulation study to compare the runtime between the linear calculation
algorithm of the variance-covariance matrices of the Empirical Bayes estimates described in
Remark 1 of Section 2.1.2 and the direct implementation (2.10) over various samples sizes.
We also report the runtime of a popular R package lme4 as a reference. The results are

depicted in Figure A.1 below.

It is seen from Figure A.1 that applying the simple linear calculation algorithm can yield
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a speed-up by a factor of 10 to 10,000 when n grows from 10 to 10°. Our implementation
was also significantly faster than the popular R package lme4 by a factor of 10 to 500 as n

grows from 10 to 10°.

A.5 Parameter and standard error estimation results of different
implementations of semi-parametric joint models with com-

peting risks data

Figures 2.1 and 2.2 in Section 2.2 have focused on contrasting the computational efficiency of
different implementations for parameter estimation and standard error estimation in terms
of the runtime. As an illustration, we ran a small simulation to compare their parameter
estimates and estimated standard error based on 100 simulated data sets of size n = 1,000
from the model (2.15) - (2.17). The maximum scheduled follow-up time was set as 5 and
the average number of longitudinal measurements was about 3 per subject. The overall
censoring rate was about 34% (35% for risk 1 and 30% for risk 2). The estimation results
are summarized in Table A.2, where each entry is the average of the parameter and standard
error estimates over the 100 simulated data sets. As one would expect, the three different
implementations (methods 1-3) yielded almost identical results, whereas joineR produced
similar estimation results for the longitudinal model, but slightly different results for the

competing risks model due to its different latent association structure.

A.6 Analysis results of the lung health study data

Table A.3 summarizes the parameter estimates with 95% confidence intervals for the joint

model (2.18) and (2.19) using different joint model packages for the lung health study data.

It is seen that for the longitudinal sub-model, the parameter estimates obtained from

these different packages are almost identical, and that they do not seem to be much influ-
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Table A.2: Parameter estimates and standard error (SE) for three implementations of the

joint model (2.1) and (2.2) and the joineR package based on 100 data sets of size n = 1,000

generated from the model (2.15) - (2.17). The details of Methods 1-3 are given in Section

2.2. Each entry is the average of the parameter and standard error estimates over the 100

simulated data sets.

Parameter

Method 1 Method 2 Method 3

Estimate (SE)

joineR*

Estimate (SE)

True Estimate (SE) Estimate (SE)

Longitudinal
Fixed effects
Bo
b
Do

0.2

Competing risks
Fixed effects

Y11

V12

Y21

Vo2

Association
Y11
V12
V21
V22

Random effects

10 10.00 (0.04)  10.00 (0.04)  10.00 (0.04) 9.94 (0.05)
1 1.00 (0.03) 1.00 (0.03) 1.00 (0.03) 0.95 (0.02)
.15 -151(0.06)  -1.51(0.06)  -1.51 (0.06)  -1.52 (0.06)
0.5 0.50 (0.02) 0.50 (0.02) 0.50 (0.02) 0.49 (0.02)
0.8 0.78 (0.18) 0.78 (0.18) 0.78 (0.18) 0.72 (0.20)
-1 -1.02 (0.13)  -1.02(0.13)  -1.02 (0.13)  -0.90 (0.11)
0.5 0.50 (0.19) 0.50 (0.19) 0.50 (0.19) 0.45 (0.19)
15 -152(0.14)  -1.52(0.14)  -1.52 (0.14)  -1.44 (0.14)
1 1.00 (0.13) 1.00 (0.13) 1.00 (0.13) N/A
0.5 0.49 (0.21) 0.49 (0.21) 0.49 (0.21) N/A
0.7 0.70 (0.13) 0.70 (0.13) 0.70 (0.13) N/A
0.25 0.29 (0.21) 0.29 (0.21) 0.29 (0.21) N/A
05 0.50 (0.04) 0.50 (0.04) 0.50 (0.04) 0.52 (0.04)
0.25 0.25 (0.02) 0.25 (0.02) 0.25 (0.02) 0.25 (0.02)
0 0.00 (0.04) 0.00 (0.02) 0.00 (0.02)  -0.01 (0.03)

*No estimates were available for the association parameters v because joineR uses a different

latent association structure.
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Table A.3: Parameter estimates using different joint model R packages

study data

for the lung health

Packages FastJM joineR JsM, JsM, M, M, M JMbayes, JMbayes;
Parameters (95% CI)
Longitudinal outcome (FVC%)
Intercept 5.07 5.07 5.07 5.07 5.07 - 5.06 5.06
(4.97, 5.18) (4.95, 5.17) (4.97,5.18) (4.97, 5.18) (4.97,5.18) (497,5.18) - (4.96, 5.17) (4.96, 5.16)
Time 0.05 0.05 -0.05 0.05 005 -0.05 - -0.05 -0.04
(-0.06, -0.05) (-0.06,-0.05)  (-0.06,-0.05)  (-0.06,-0.05)  (-0.06,-0.05)  (-0.06,-0.05) - (-0.07, -0.04) (-0.06, -0.03)
Age -0.03 -0.03 -0.03 -0.03 -0.03 -0.03 - -0.03 -0.03
(-0.03, -0.03) (-0.03,-0.03)  (-0.03,-0.03)  (-0.03,-0.03)  (-0.03,-0.03)  (-0.03,-0.03) - (-0.03, -0.03) (-0.03, -0.03)
F10CIGS -0.003 -0.003 -0.003 -0.003 -0.003 -0.003 - -0.003 -0.003
(-0.004,-0.002)  (-0.004, -0.002)  (-0.004,-0.002)  (-0.004, -0.002) ~(-0.004, 0.002) (-0.004,-0.002) - (-0.004,-0.002)  (-0.004, -0.002)
Sex
Female - - - - - - - - -
Male -0.86 -0.86 -0.86 -0.86 -0.86 -0.86 - -0.86 -0.86
(-0.88, -0.83) (-0.88,-0.84)  (-0.88,-0.83)  (-0.88,-0.83)  (-0.88,-0.83)  (-0.88,-0.83) - (-0.88, -0.84) (-0.88, -0.84)
Logslope -0.14 0.14 -0.14 0.14 0.14 0.14 - -0.13 -0.13
(-0.15, -0.12) (0.15,-012)  (-0.15,-0.12)  (-015,-0.12)  (-0.15,-012)  (-0.15,-0.12) - (-0.15, -0.12) (-0.15, -0.12)
BMI 0.0007 0.0007 0.0007 0.0007 0.0007 0.001 - 0.0004 0.0004
(-0.002,0.003)  (-0.002,0.003)  (-0.002, 0.003)  (-0.002, 0.003)  (-0.002, 0.003)  (-0.002,0.003) - (-0.002,0.003)  (-0.002, 0.003)
SIP 0.02 0.02 0.02 0.02 0.02 0.02 - 0.02 0.02
(-0.01, 0.04) (-0.01, 0.04) (-0.01, 0.04) (-0.01, 0.04) (-0.01, 0.04) (-0.01,0.04) - (-0.01, 0.04) (-0.01, 0.04)
SIA 0.03 0.03 0.03 0.03 0.03 0.03 - 0.03 0.03
(0.01, 0.06) (0.00, 0.05) (0.01, 0.06) (0.01, 0.06) (0.01, 0.06) (0.01,006) - (0.01, 0.06) (0.01, 0.06)
SIP:time 0.01 0.01 0.01 0.01 0.01 0.01 - 0.00 0.03
(0.01, 0.01) (0.01, 0.01) (0.01, 0.01) (0.01, 0.01) (0.01,0.01) (0.01,001) - (-0.02, 0.02) (0.01, 0.05)
SIA:time 0.01 0.01 0.01 0.01 0.01 0.01 - 0.01 0.02
(0.01, 0.02) (0.01, 0.02) (0.01, 0.02) (0.01, 0.02) (0.01, 0.02) 0.01,002) - (0.00, 0.02) (0.01, 0.03)
Error
o? 0.02 0.02 0.02 0.02 0.02 0.02 - 0.02 0.02

Covariance matrix of b;

(0.02, 0.02)

(0.02, 0.02)

(0.02,0.02)

(0.02, 0.02)

(0.01, 0.02)

(0.02, 0.02)

(0.02, 0.02)

(0.02, 0.02)

(Intercept) 0.13 0.13 0.13 0.13 0.13 0.13 - 0.14 0.14
(0.13, 0.14) (0.13, 0.14) (0.13, 0.14) (0.13, 0.14) (0.12, 0.15) (0.11, 0.15) - (0.13, 0.14) (0.13, 0.14)
(Intercept):(time) 0.0012 0.0012 0.0012 0.0012 0.0012 0.001 - -0.003 -0.0044
(0.0007, 0.0016) ~ (0.0011, 0.0012)  (0.0012, 0.0012)  (0.0012, 0.0012)  (0.0011, 0.0012) ~ (-0.03, 0.032) - (-0.0039, -0.0023) (-0.0090, 0.0002)
(Time) 0.0015 0.0015 0.0015 0.0015 0.0015 0.002 - 0.233 0.234

survival outcome (drop out)

(0.0015, 0.0016)

(0.0014, 0.0017)

(0.0015, 0.0016)

(0.0015, 0.0016)

(-0.001, 0.004)

(0, 0.003)

(0.225, 0.241)

(0.226, 0.243)

BMI 0.01 0.01 0.02 0.02 0.04 0.02 - 0.01 -0.01
(-0.01, 0.04) (-0.01, 0.03) (0.00, 0.04) (0.00, 0.04) (0.02, 0.06) (0.00,0.04) - (-0.01, 0.03) (-0.03, 0.02)
SIP -0.10 -0.10 -0.09 -0.09 -0.06 -0.08 - -0.07 0.28
(-0.30, 0.10) (034, 0.10) (030, 0.11) (-0.30, 0.11) (027,014)  (0.28,012) - (:0.28, 0.10) (003, 0.59)
SIA -0.18 -0.18 -0.16 -0.17 -0.14 -0.15 - -0.15 -0.06
(-0.38, 0.03) (039, 0.02) (037, 0.05) (-0.38, 0.04) (035, 0.07)  (-0.36,0.05) - 35, 0.11) (028, 0.15)
Logslope 0.10 0.09 0.05 0.09 0.16 0.08 - 0.03 020
(-0.02, 0.21) (:0.07, 0.16) (007, 0.17) (:0.02, 0.21) (0.04,0.27) (0.04,020) - (-0.08, 0.15) (0.09,0.31)
Sex
Female - - - - - - - - -
Male -0.11 -0.09 -0.37 -0.08 0.04 -0.28 - 045 -0.11
(-0.30, 0.09) (032, 0.11) (062, -0.11) (-0.27, 0.10) (0.23,030)  (0.54,-002) - (-0.71,-0.15) (037, 0.15)
Age 0.03 0.03 0.02 0.03 0.05 0.03 - 0.01 0.04
(0.02, 0.04) (0.01, 0.04) (0.01, 0.04) (0.02, 0.04) (0.04, 0.07) (0.01, 0.04) - (0.00, 0.03) (0.02, 0.06)
Association*, v Shared Current value of ~ Current value ~ Current value of ~ Current value ~ Current value - Current value Shared

Random effect
-0.43 (Intercept)
(-0.69, -0.17)
0.93 (Time)
(-3.56, 5.42)

Latent process
-0.37
(-0.64, -0.17)

-0.33
(055, -0.11)

Latent process

-0.37

(-0.59, -0.15)

0.11
(-0.12, 0.34)

0.23
(-0.45, -0.01)

Random effect
~0.60 (Intercept)
(-1.11, -0.28)
14.86 (Time)
(13.19, 16.42)

*Association parameters that capture the latent relationship between two sub-models have
different interpretations among different packages and cannot be compared directly.

*JM, failed to converge and thus no parameter estimates were provided.

*Some parameter estimates obtained from JMbayes, might not converge. Diagnostic plots

of the posterior parameter estimates are provided in supplementary materials (See Figure

A2). 8



enced by the different latent association parameterization W;(t) in the survival sub-model.
For the survival sub-model, the results are also similar between different packages. The only
exception is the association parameter because of the different latent association parameter-

ization W;(t) in different packages.

It is worth pointing out that both FastJM and JMbayes, fit the same shared random
effects model while JMbayes, assumes a parametric B-spline baseline hazard, and they have
produced similar results for all parameters except for the association parameter of random
slope of time. A diagnostic analysis for the posterior estimates of the association parameter
(Figure A.2) reveals that JMbayes, suffered a convergence issue for this parameter, which

explains the discrepancy between the FastJM and JMbayes, results.

. -
=
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Figure A.2: Diagnostic plot of posterior estimates of the association parameters v (intercept)
and v, (time) based on a Bayesian MCMC sample of 2,000 points obtained from JMbayes, for
lung health study data. (MCMC setup: number of iterations = 40,000; number of burn-in
= 15,000; number of thinning = 20.)
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A.7 Analysis results of the UK-Biobank primary care (UKB-PC)
data

Table A.4 shows the analysis results of the FastJM and joineR packages for the joint model
(Model-L) and (Model-PCH) based on two UKB-PC random subsets of sizes n=5,000 and
20,000, as well as the full UKB-PC data (n=193,287).

It is seen that the analysis results produced by FastJM and joineR are similar for the
longitudinal sub-model for the UKB-PC subset of 5,000 and 20,000 participants. For the
survival sub-model, the results are also similar for most parameters except for the association
parameters due to the different latent structure W;(t) between the two packages. It is worth
noting that for the full UKB-PC data, FastJM was able to finish the analysis in real time

(within 1 hour), whereas joineR failed to produce any result due to computational failure.
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Table A.4: Comparisons of parameter estimates for the longitudinal and competing risks
survival outcomes for the UK-biobank primary care data between different R packages (n =
5,000, 20,000, 193,287; Type 1 failure = t2d (type 2 diabetes), Type 2 failure = stroke, MI,

or all-cause death)

Package FastJM joineR
Sample size 5,000 20,000 193,287 5,000 20,000 193,287
Parameter Estimate p-value Estimate p-value Estimate p-value Estimate p-value Estimate p-value Estimate p-value

Longitudinal outcome (SBP)

Intercept 88.13  <0.0001  88.18  <0.0001  88.48 <0.0001 88.55 <0.0001  88.50 <0.0001 - -
Age at visit 0.39 <0.0001 0.40 <0.0001 0.40 <0.0001 0.38 <0.0001 0.39 <0.0001 - -
BMI 0.75 <0.0001 0.74 <0.0001 0.73 <0.0001 0.75 <0.0001 0.75 <0.0001 - -
Sex

Female - - - - - - - - - - - -
Male 4.18 <0.0001 3.88 <0.0001 4.01 <0.0001 4.10 <0.0001 3.78 <0.0001 - -
Ethnicity

‘White - - - - - - - - - - - -
Non-white -2.91 0.0006 -1.49 0.0004 -1.32 <0.0001 -2.97 0.0002 -1.46 0.0001 - -
a? 160.47  <0.0001 160.91 <0.0001 162.65 <0.0001 160.22  <0.0001 160.69  <0.0001 - -

Covariance matrix of b;
(Intercept) 1162.76  <0.0001  1143.11  <0.0001 1088.65 <0.0001 1227.14  <0.0001  1200.78  <0.0001 - -
(Intercept):(age at visit) -19.21  <0.0001  -1892  <0.0001  -18.03  <0.0001 -20.34  <0.0001  -19.94  <0.0001 - -
(age at visit) 0.34 <0.0001 0.34 <0.0001 0.33 <0.0001 0.36 <0.0001 0.36 <0.0001 - -

Type 1 Failure

BMI 0.14 <0.0001 0.13 <0.0001 0.14 <0.0001 0.14 <0.0001 0.13 <0.0001 - -

Sex

Female - - - - - - - - - - - -

Male 0.64 <0.0001 0.47 <0.0001 0.48 <0.0001 0.63 <0.0001 0.46 <0.0001 - -

Ethnicity

White - - - - - - - - - - - -

Non-white 1.42 <0.0001 1.54 <0.0001 1.28 <0.0001 1.40 <0.0001 1.55 <0.0001 - -
Association®, v 0.02 0.0077 0.01 0.0039 0.02 <0.0001 0.01 0.2314 0.0042 0.2439 - -

1.17 0.0096 0.52 0.0151 0.97 <0.0001 - - - - - -
Type 2 Failure

BMI 0.05 <0.0001 0.03 <0.0001 0.03 <0.0001 0.04 0.0003 0.03 <0.0001 - -

Sex

Female - - - - - - - - - - - -

Male 0.68 <0.0001 0.63 <0.0001 0.62 <0.0001 0.66 <0.0001 0.60 <0.0001 - -

Ethnicity

White - - - - - - - - - - - -

Non-white 0.27 0.3671 0.30 0.0258 0.23 <0.0001 0.28 0.3335 0.29 0.0180 - -
Association*, v 0.02 0.0217 0.02 <0.0001 0.02 <0.0001 0.02 0.0061 0.02 <0.0001 - -

1.42 0.0013 1.51 <0.0001 1.35 <0.0001 - - - - - -

*Association parameters that capture the latent relationship between the longitudinal and
survival sub-models are different between FastJM and joineR because of their different latent
association structures: FastJM uses shared random effects, whereas joineR uses the current
value of the latent process.
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APPENDIX B

Supplementary Materials for Project 2

B.1 The EM algorithm

B.1.1 The M-step (equation (3.5))

It can be shown that the parameters 3, Xy, as well as Ag(tx;) at the g, distinct observed
type k event times t;; > - -+ > ty,,, have closed form solutions in the M-step. Using E™ to

denote EZE u)} i D, o @0 a®? = aa”, Va € R?, we have

1 noon X-(1)®2(ti~) i —1
g = {ZZ oo (W yyr oy Lo = Vilto) M’H}

i=1 j=1
i nz E [exp {=Vi(t;;)Twi }] XV (t;)Yi(ts;)
X
pur exp {W; (t;;) 7™}
ZY (t:5) B™ [bs exp {=Viltyy) wi}] X (t) (B.1)
exp {W/ (t;;)T(m} '
. 1 EM @) B (bw])
Bt = —ZE (6%?) :52 , (B.2)

=\ B (wbT) B (u®?)

ax
d
A (tg) = Y . (B3)
I=j ZreR(tkj) exp {X1§2)T(tkj),y]im)} Em) Jexp { M (6;, t;)cu}]

where R(ty;) is the risk set at time ¢;;, and dj; is the number of type k failures at time ty,

fork=1,..., K.

The other parameters 7, 7, o, and v do not have closed form solutions and we update
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them using the one-step Newton-Raphson method

where

with T'Z(erl) (tm)

Fm+1) 7-(M)jL[(m)*lUT(ﬂ”b)?

,y]im—I—l) — ,yk )_|_] IUVZC”)’ k:l,...,K,

AR N ORIy [CORYGICON NS T °d

S e o)

i=1 j=1
X < Z‘(m+l)2(tij)E(m) [exp {—W(tij)TwiH

— 2" D (t35) 2] (1) BT [y exp { =Vi(ty) " wi }]

+ tr [Z?Q(tz‘j)E(m) {5?2 exp {—Vi(tij)TWi}H) W%(t),

= 0 2 e (- ) ™)

i=1 j=1
X {Tl(m+1)2(t2])E(m) [exp {—V;(t”)Twl}]

— 2" (1) Z1 (1) B [b; exp { ~Vi(tiy) Tw; }]

+ tr (Zzg)z(tz‘j)E(m) [big)zexp {—sz(tij)T%}D} - 1} Wi(ti),

T m
= Yi(ti;) — X7 (1) 804D,

= 30 Y Al e { X (0,2l
=1 tkjSTi
x Em) [exp{M-T O, trj)au }] Xz‘(2)®2(tkj)7

U = ZI 2T
_Z Z AN ()™ exp {X() (tkj)%(fm)}

=1 tk]<T

x (™) [exp{M (0;,tx5) ak}] tkj)

1= 3 Y M) exp{xf”wim’}
=1 tkjSTi
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(B.7)



o« ) [M®2(9i,tkj eXp{MiT(Qz‘atkj)ak}} ) (B2

um = ZI(D k)E(6;)

Qg
_Z Z AAOk tk] m+1 exp {X() (tk])'}/(m)}

=1 th<T

X B [M; (05, ti;) exp { M (05, tiy)u }] - (B.9)

B.1.2 Numerical integration for the E-step

We approximate the integral in (3.6) using the standard Gauss-Hermite quadrature rule

[Press et al., 2007]. Specifically, the integral in (3.6) can be evaluated numerically as follows:

E™(h(6)} = / h(0) £ (6,]Y;, T, Ds, U)o,
[ h(8:) f(Yi, Ty, Dy, 0,9 ™) do
f(K,E,DIW ™))
[ h(0:) f(Yi|0:, O™ £(T;, D;|0;, O™ £(6;| ™) db;
ff Y|91,\Il NF(T;, Di|0;, w0m) f(6;|w0™))do;
S tats TG (Vi | é““ U0 F(T3, Dy | 67 W0 F(6™) | 0 exp(]64]]%)

-----

zm oty T (Y3 [ 67 W) F(T3 Dy | 67 0m) (6™ | Wom) exp(|[64]]2)

.....

Q

where Ztl — is the shorthand for Zqzl ?q_l, n, the number of quadrature points,

0, = (04,,0u,,...,0,,)" the abscissas with corresponding weights m, o™ = 2 E ™20 the

re-scaled alternative abscissas, and E 12 the square root of Z(m [Elashoff et al., 2008].

B.2 Formulas for standard error estimation

The observed score vector Vol (Q; Y, T, D) is needed in equation (3.7) for calculating the
empirical Fisher information matrix. Using Vol® to denote Vol (Q:;Y, T, D) and E to
denote E, wilYi T3, Di the parametric components of the observed score vector in equation

(3.7) is given by
Vﬁl Z €xp { Wz ’U }
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X (’r‘i(tij)E [exp {*V;(tij)Twi}] — ZZT(tZ])E [bl exp {*V;(tij)Twi}]) Xl(l) (t”)(,Blo)

ng

, 1
VA0 = Z 3 [exp {~W] (t;;)7}

j=1
x {ri(tig) B [exp { =Vi(tij) wi}]

= 2ri(tij) 2] (ti3) B [bi exp { = Vi(tij) wi}]
St (Z;?QE [b;@?exp {—vi(tij)%i}})} - 1} Wi(ts;), (B.11)

Vst = [ BE®Ys - ST EE®s 0T} —an T el (B12)

Vo, l® = I(Di=k) (X(z)(T-) _ ety P KD} Lo (M0 T ) Xﬁm(Ti))
Vi = i = i i ]

> reR(T;) €XP {X(2)T(T<)fyk} E [exp {MT(QT, T‘)ak}
i <T; dij ZreR(tkj)eXp {Xﬁ) (tk,j)'yk} [exp {M (0r,trs) ak}] tk])
=1 (ZrER(tkj) exp {XP)T(tkj)'Ykz} E [exp { M (0, tkj)ak}])
x exp { X (tyg)n b E [exp {M] (01, 1) }]
@)
dijexp § X; 77 (i) vk exp { ML (0;, ) cu tk )
_J{ J)} B fexp { jan] X; ay (B.13)

S renttey) @0 X7 (1)1} B fexp {MT (0, i)}

_l’_

S renry 0 { X (T} B [M (0, T) exp {MI (6, Ty) o}
zrem)exp{ﬂ (T} B fexp (M7 (6. T ]
CECH % SR )exp{X( Tt %} [ My (0 ty) exp { MT (0, ti;) i }]
j=1 (ZTGR(tk ) €XP {X(2 T tk;)’)’k} E [exp {MT 9r,tk3)04k}]>
x E [exp {M] (8, tr;)an }] exp {X-(Q)T tkj)’m}
i exp { X (tgyne } B (M0, tg) exo { 1T ez,tkj)ak}]}

S renttny & { XD (b } B lexp {MT (6, T }]

(B.14)

B.3 Computational aspects

When the latent association structure of the joint model (3.1) - (3.3) is assumed to be shared

random effects and the survival covariates are assumed to be time-independent, i.e., Xi(Q) (t) =
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X Z-(2), we derive linear scan algorithms to reduce the computational burden using similar ideas
to [Li et al., 2022a]. Below we discuss some linear scan algorithms for implementation of the

EM steps and standard error estimation.

B.3.1 Linear scan for the E-step

As discussed in Supplementary Materials B.1.1, the E-step involves evaluating expected
values of multiple h(6;)’s at each EM iteration, which requires calculating f(Tj, D; | 6;, ¥™)
across all subjects (See Supplementary Materials B.1.2). Note that f(7}, D; | 6;, ¥™) can

be rewritten as

K I(D;=k)
(T, D1 0,9) = TT A5 @) exp™ {XOT (D) + MI (61, Ty |

k=1
K

T;
—z/emmwwmwwm%m&wwq
k=170

X exp

- (m) (v @T T T H(Di=k)
= H {AAOk (T3) exp™™ (X; ™" vk + cybs + awkwi)}
k=1

X eXp { Z AOk eXp (Xi(z)T”Yk + agpbi + Oéz;kwi)} .

For each subject i, calculating Aok (7;) would involve O(n) operations if a global search
is performed to find an interval of two adjacent uncensored event times that contains 7;.
Consequently, calculating all Agy(T;)’s will require O(n?) operations. Similar to [Li et al.,
2022a], by taking advantage of the fact that Ag(t) is a right-continuous and non-decreasing

step function, we define the following a linear scan map
A (1), AT (2 A (¢ Al AT AT, B.15
{Aor (tk1), Mgy, (Bk2), - Ay (b ) T = { Aok (T10))s (T(2))s - Mgy (Timy) } (B.15)

where ty; > - -+ > ty,, are scanned forward from the largest to the smallest, and for each ty;,

only a subset of the ranked observation times 7{;) are scanned forward to calculate A[({,?) (Tw))
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as follows

(

A(()T:) (tr1), if Tiyy > tha,

Aok (T(z)) - A(()k;)(tk(j—l-l))7 if T(z) € [tk(j+1)a tkj); for some j € {1, ey Qr — 1},

0, T(Z-) < lrgy-

\

Consequently, the entire algorithm for calculating all Ao (7;)’s costs only O(n) operations

since the scanned 7};)’s for different #;;’s do not overlap.

B.3.2 Linear risk set scan for the M-step

Multiple quantities in (B.6)-(B.9) including the cumulative baseline hazard functions involve
aggregating information over the risk set R(t;) = {r : T, > t;;} at each uncensored event
time ?j;, which are further aggregated across all t;;’s. All subjects are scanned to determine
the risk set R(ty;) for all uncensored event times will require O(n?) operations. Specifically,
to update AU (), 7™ and o™ one needs to compute > reR(ty,) @r(tr;), where a,(.)
is any time-dependent quantity defined in equations (B.6)-(B.9). Note that when a,.(.) is
assumed to be time-independent, i.e., a,(.) = a,, the risk set R(tx(;41)) can be decomposed
into two disjoint sets:

Z a, = Z a, + Z Qay., (B.16)

rE€ER(tr(j+1)) rER(tr;) {r Ty Eltui+1),trs) }

where the distinct uncensored event times t5; > --- > 3, are arranged in a decreasing order.
it is easy to see that calculating ZTGR(%) ar, j =1,...q, takes O(n) operations when 7,)’s
are scanned backward in time, by following the recursive formula (B.16) where the subjects

in R(tx;) do not need to be scanned to calculate the second term.

B.3.3 Linear risk set scan for standard error estimation

Standard error estimation formula in (3.7) relies on the observed score vectors from the profile

likelihood where the baseline hazards are profiled out. It is seen from equations (B.13)-(B.14)
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that obtaining the observed score vectors V., [)(Q; Y, T, D) and V,, [ (Q; Y, T, D) involve
aggregating information either over {r € R(T;)} or over both {r € R(tx;)} and {j : t;; < T;},
which can takes either O(n) or O(n?) operations, respectively, if not optimized. As a result,
the empirical Fisher information matrix can take O(n?®) operations as it requires summing up
the information across all subjects. Specifically, to calculate the gradient V., [ (i)(fl; Y, T, D)
and Vakl(i)(fl; Y, T, D), one needs to compute
B(Ty) = Y bylty), fori=1.n,
Jitg; <Ti

where B(.) is a right-continuous non-decreasing step function and by;(tx;) = >, R(ta;) ar(tx;)
is any time-dependent quantity defined in equations (B.13) - (B.14). When a,(.) is assumed
to be time-independent, by;(.) = by;. Note that B(t1),..., B(tk,) can be computed in
O(n) operations as one scans through ty, ..., s, backward in time, following the recursive

formula (B.16). Furthermore, analogous to (B.15), the following linear scan algorithm can

be used to calculate {B(T()), B(T(2)), -+ , B(T(n))} from {B(tr1),. .., B(trg,)}:
{B(tlﬂ)? sy B(thk)} = {B(T(1)>7 B(T(2))7 e 7B<T(”))}7

where for each t;;, only a subset of the ranked observation times 7{;)’s are scanned forward
to calculate B(T(;)’s as follows

(

B(tr1), if Tiyy > tha,

B(T(i)) = B(tk(j+1)), if Tu € [tk(j+1),tkj), for some j € {1,...,qx — 1},

0, otherwise.
\

Consequently, calculating all B(T(;))’s takes O(n) operations.
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APPENDIX C

Supplementary Materials for Project 3

C.1 Derivation for equation (4.8) in the E-step in Section 4.1.2.3

pgm)(Si = 5,5 € (L, Rl”qj((;ﬁm))
p™(Si € (L, Ri]|w5™)
1{s € (Li, R} o™ (S = s (™)
(S € <Li,R-w<m)>

Ly (S = s8> Lwg)
= 1{8[6( zvR]} (m(SZ>L“S <R|\Ij(m>

"(S; = silS; > Li, WY )™ (S; > Ly w§™)
pi™ ( i < Ry|S; > L,,\Iﬂm ™ (S > Ly e)
"(S; = silS; > Li, i)
"M (S; < Ri|S; > Ly, W)
™ (S; = silSi > Li, w5
1—p"™(S; > Ri|S: > L, ‘I’ém))
XP (= D1, cs,cs $5.) {1 — exp(—05,)}
1—exp (= Xp,csu<n, 95.) '

— 1{s (L, R

— 1{s€ (L, R}

= 1{s; € (Li, Ri]}

— 1{s e (Li R} -
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C.2 M-step solutions for equation (4.9) in Section 4.1.2.3

C.2.1 Update for V4

From equation (4.6), Q4(¥; ™) can be rewritten as

Qu(W; UM = Zzlog{eXp > 6s,) —exp(— Zcb} p"™ (s1)

i=1 s Su<S] su<s)

N Zzlog{e@ > 6s.)(1 = exp(= %))} p" (s1)
=1 s Su<58]

= ZZ{ > ¢, +log(1 — exp(— %))} P (). (C.1)
=1 s Sy <S|

We aim to maximize equation (C.1) in the M-step. ¢;, has an analytical solution by letting

0Qqy(W; T™)
9¢s.,

(m+1) _ 1— Zi:l p; <Su) ) C.2
N ¢ " ( Z:’Lzl Zlesu pgm) (Sl) ( )

=0

C.2.2 Update for ¥y, Uy, Uy

The parameters Uy = (3,7)7, U7 = (v,a)T, ¥y = vech(Xy) can be updated in the M-step

(4.9). It can be shown that § and ¥, have closed form solutions:

Si (T ij,ls Sl m -
5(m+1) B [ZZ{Z iexpl%/ll/’Tsz Sl>(t(Jm)) )}pf )(SZ)E(m)(eXP(_Wi»]

i=1 s;€S
n ni Yi(tiy ) EC (exp(—wi)) X (ti5.0,80) = 2T (£i5.0) BT (b; exp(—wi)) X (ti;.0,51)
|:Zz 1 ZSZES {Z l cxp(lVVle(t,ij,l,sl)Tl(m)) o
(m
x p"(s1)] (C.3)
Y o= = Z E™(9,607). (C.4)

Denote t; > ... > t; the distinct uncensored failure time consisting of all possible values of

tis, when 9; = 1. The cumulative baseline hazard function has a closed form solution, given
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by

Aém+1)t _ p(m)( ) C5
" tvzgtZremeXp<X£2>T<sl>v<m>>E ) [exp {WZ (0, ]t,)a™}] pi™ (s >( )

where p(™(t,) = 3, 6;1(t, = ti, )pgm)(sl) is the jump size at t,, R(t,) is the risk set at time

t,,v=1,..., k. Note that A0m+1)(.) only has jumps at the uncensored event times ¢,’s. It is

clear that A(()mﬂ)(t) is a right-continuous and non-decreasing function.

The rest of the parameters 7, v, a, and v do not have closed-form solutions and we

update them using the one-step Newton-Raphson method

7_(m—l—l) _ )+I(m) 1U£W)7
N N R I)
) gm) | pom=1gr(m)

[e% I

where
m = Z Z 2 %wi(tm, sOWiE (tije, s0) exp { =W (0, s)7™}
i=1 ;€S j=1
({1t = X0 g0 s0)8 0 Y B fexp(-aa)}
- 2{¥i(ty) - X" <m,swmm}Z-T<tl-j,z>E<m> {biexp(—w)}
+ o [2it0 27 (1) B {8 exp(~ wi}]) P (s1),
U — ZZ% w;(tiz) {exp(=W (tij0, s1)7™)
i=1 ;€8 j=1

2
< (Wit = Xt )8 B {exp(—wi)}
-2 {Yi(tm) — XM (1, Sl)ﬁ(m+1)} Z] (ti) B {b; exp(—w;)}
+ b1 [Zi(ti) ZE (45 BT {0ibT exp(—wi)}]) = 1} p™ (1),

1 = Y| YD AN exp(X (305 B [exp (W08}

i=1 s;€S tv<tlsl

x X ()X ()| P (50),

oy = iZ[@Xﬁ’(a)

i=1 s;€S
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_ Z AA m+1 exp(X(z)T(Sz)’Y(m))E m) [exp {wlot, )l }] X(Q)(Sl)

ty<tis,

xpy™ (s1), (C.9)

I = 3N AN () exp(XPT ()7 ™) B [Wi(0:]t,)® 2 exp { W (0;t,)a ™ }]

i=1 5,68 \tv<tis

XpE’")(sn (C.10)

um = ZZ&E I IWE(O:]t:5) ) p™ (31)

i=1 s;€S

—ZZ > AN () exp(XPT (1) ™) B {Wi(03]t,) exp(W] (6:]t,)a ™) }

=1 s,€S tu<t15l

xpy™ (s1)- (C.11)

C.3 Formulas for standard error estimation to equation (4.11) in

Section 4.1.3

The observed score vector Vgl (i)(Q; D) is needed for calculating the empirical Fisher infor-

mation matrix. The components of the observed score vector in equation (4.11) is given

by

Vgl(i)<Q;D) = ZpZ S Zexp{ W Lijl, S1 T} H tij1) z'(l)T(tij,lasl)ﬁ} E{exp(—w;)}

s1€S

“zE exp( W)l X pep s (C.12)
Vrl(i)(QD) = sz 51 Z i (tiji, s1) {eXp{—WiT(tij,z,Sz)T}

$1ES

X ({Y;(tij,l) — X (b, Sl)ﬂ}Q E{exp(—w;)}
_ 9 {y( l) — XZ»(I)T(tij,l’ sl)ﬁ} Z%E {b; exp(—w;)}
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VelD(Q; D) =

V,19(Q; D) =

o1 (Q, D)
0,

+ tr [Z; 25 E {bib] exp(—w;)}]) — 1} . (C.13)

1
3 [22 1E(9 0)S ' — {7 E0,0])S oI} — 28 + 27 o 0] |5y, (C.14)

Z 5zpz Sl Sl)

s1€S

—Zsleg oipi(st)

ety o) Prlst) exp{ Xi2T (si)y B exp{ W (01815 )0} } X0 (s1)
ety o) Pris) exp X;7 (s0)y B {exp{ W (01115 )oc} }
5 pie) (mei,sl P(E) S ey Pr(51) exp{XﬁQZ:Tsm}E{exp{W?(mtu)a}})gﬁ”(a)
[, enitg) Prst) exp{ X7 (s1)7 } E{exp{W/] (0, t.)a}}
X exp {XZ.(Q)T(SZ)V} E {exp(VViT(GAtv)a)}

5 p(ta) exp{ X (s1)7 } E{exp(WT (0:1t2)a) } X (s1)
St 5 Pr(s) ep{ XPT (s1)7 } E{exp{WT (6,1t,)at}
Z 5pi(s) E{W/] (biltis)}
s1€S
S s S reney o) Prist) ep{ X7 sy E{Wr(0rts,0)) exp { W] Orlti 5, )} }

ses 0iPi(51) ZTGR(%”pT(sl)exp{X£2>T(sl)y}E{exp{WTT(erm,sl)a}}

)T T
om0 (B, Ml el
x exp { X (1)} B {exp(W] (6:]t,)) }

> p(t) exp{ X7 (s1)y } E{Wi(031t.) exp(W] (051t,)a) }
Sty 5 ) pr(sn) exp{ X3 (s0)y }E{exp W (6 [tu)a}}

> {—1(3u < s+ L@l))l(su = Sz)}pi(Sz)

SZE(LZ’,RZ‘] 1 o eXp(_(bsl

> |’y:’y,a@z-715)

) |'y:’y,oz£@~716)

o (C.17)
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