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Joint modeling of longitudinal and Time-To-Event data

A Comparison of Joint versus Sequential Parameter Estimation
SOPHIA AXILLUS

Department of Mathematical Sciences

Chalmers University of Technology

Abstract

Joint modeling is a technique used for parameter estimation in linked models of
longitudinal and Time-To-Event (TTE) data. The goal of this is to reduce bias typ-
ically found when sequentially estimating related parameters by considering errors
caused by both the models, the data, as well as between individuals (inter-individual-
variability) simultaneously. The aim of this thesis was to distinguish scenarios when
the joint model is suitable for use in the case of high frequent sampling.

To represent the longitudinal data, we apply a K-PD model to describe the effect
of an inhibition of a measurable biomarker (response) with added random effects.
This response is then linked to the TTE by using a parametric hazard equation for a
given set of parameters. The set of parameters for these models are estimated with
Maximum Likelihood Estimation for two approaches; a sequential and joint method.
The sequential approach firstly estimates the parameters related to the K-PD model
and then considers the individual simulated response as a covariate in the estimation
of the TTE related parameters. In contrast, the joint model considers two contribu-
tions to the likelihood by including the TTE in order to get the full set of parameters.

The result of this is two algorithms based on the FOCE method. These algorithms
are compared for several datasets with fixed parameter values during different con-
ditions. By comparing metrics such as Relative Estimation Error and Relative
Standard Error, we are able to show that the joint estimation approach provides
less biased estimates for several different sampling frequencies. This is the case for
most parameters but the difference is the largest for the parameters related to the
TTE model. It is therefore concluded that for joint model frameworks using a joint
parameter estimation should be considered. Moreover, we also show that the joint
approach improves estimations when using a linked parametric hazard, especially in
the case of high frequent sampling.

Keywords: joint model, NLME, survival analysis, FOCE, K-PD model.






Acknowledgements

First of all, I would like to thank my supervisor, Tim Cardilin from Fraunhofer-
Chalmers Centre (FCC), for his engagement and guidance during this thesis. Tim’s
input and feedback has been invaluable during both the process of conducting as
well as writing this thesis.

I would also like to express my sincere thanks to Mats Jirstrand from FCC, and
my examiner Petter Mostad, for the guidance and advice.

Lastly, I would like to recognize all of the support and love I have continuously
received from family and friends. Their belief in me kept my spirits strong through-

out the process of conducting this thesis.

Thank you all!

Sophia Axillus, Gothenburg, June 2022

vii






Nomenclature

Below is the nomenclature of indices and abbreviations that have been used through-

out this thesis.

Indices
? Individuals
J Time points
k Random effects
Abbreviations
FOCE First Order Conditional Estimate
NLME Nonlinear Mixed Effects Model
ODE Ordinary Differential Equation
PD Pharmacodynamics
PK Pharmacokinetics
K-PD (Pharmaco)kinetics-pharmacodynamics, simplification of a PK-PD
model
TTE Time-To-event
REE Relative Estimation Error
RSE Relative Standard error
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1

Introduction

Mathematical modeling is a useful tool when drawing conclusions from experimental
studies and can be used to find new interesting relationships. It has therefore several
applications in pharmacology and drug development. For example; it can be used
to conduct simulations or experiments which would have been too expensive, be
it because of economical drawbacks or to spare the patient of invasive procedures,
or in the case of comparing different drugs one might wish to account for many
covariates influencing the result in order to draw the most objective conclusion [1].
Newer and more informative models have therefore been used and developed in
order to understand the complexity of disease and treatment [1]. One such form of
modeling is so called joint modeling, where one wishes to understand the dynamics
behind a longitudinally measured response and connect it to an adverse event of
sorts. This thesis, conducted in collaboration with the Fraunhofer Chalmers Centre
(FCC), explores some of the challenges and advantages that joint modeling could
offer to the field of mathematical modeling.

1.1 Background

General research in drug development often involves collecting both longitudinal and
Time-To-Event (TTE) data. Longitudinal data are time series of sampled quanti-
ties, for example blood glucose levels every three months for several years, or lung
peak expiratory flow (PEF) every day over a full year [2, 3]. The TTE data of this
nature could be the time until a complication occurs, such as diabetic retinopathy;,
or the progression into a worse state of the disease, such as astma exacerbations
[2, 3]. Joint modeling can be applicable in these cases, since the aim is to investi-
gate an outcome of interest combined with a series of chosen measurements, which
are believed to be involved with the outcome, in an effort to find the relationship
between the two and make future predictions. An example of this is in clinical
trials where a patient is tested frequently over a series of time with the aim of as-
sessing the risk of an adverse event. This makes it possible to gain knowledge of
the risk of the event as well as what could influence this risk, specific to each patient.

In drug development, a common approach is to model the relationship of body
to drug response by applying a so called PK-PD framework for the longitudinal
data and letting the event represent something the drug aims to prevent [1]. As
for PK-PD modeling, the first part is in reference to pharmacokinetics (PK), where
one wishes to model the system’s response to the drug, and the second to represent
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the pharmacodynamics (PD), which is the drug’s effect on the system [1, 4]. The
system used in PK models are commonly described as compartment models; where
different compartments, e.g. blood stream or organ, interact with one another [1].
As for the PD, since the effect of the drug is of interest one could model either the
stimulation or inhibition of a response which is assumed to remain in a steady state
that is perturbed by the drug [4]. The resulting set of equations are a system of
ordinary differential equations (ODEs) and typically needs to be solved numerically.
To note, since no individual is the same it can also be useful to account for the vari-
ability between individuals by adding so called random effects, meaning that one
or several model parameters is allowed to vary according to a specified probability
distribution, which then turns the equations into a nonlinear mixed-effects (NLME)
framework. Moreover, the longitudinal model can then be joined with the TTE by
connecting the measured response to a parametric hazard function, which describes
the rate of which an event is expected within the next time step.

How the model structure and relevant covariates is decided upon depends on what
the intent is. In some cases it can be beneficial to use a simple model in order to
keep it interpretative and in other cases that might not be an option because of the
behaviour of the data. However, once the structure and covariates are chosen it will
contain a set of unknown model parameters which need to be inferred by data. This
process is called parameter estimation and gives information on what covariates in-
fluence the response variables the most and can also be used to learn if some of them
are uninformative. Parameter estimation is typically performed by using Maximum
Likelihood Estimation (MLE). The aim of MLE is to, given a model structure, find
the parameters that maximizes the probability of the observed outcomes. Once this
process is finished and a suitable model which describes the data is found one can
use this to make predictions about new observations.

There are several ways of approaching the linkage between longitudinal and TTE
data, such as estimating the longitudinal parameters separately and using the model
predictions as a covariate in the TTE model [5]. However, since this approach does
not take the simultaneous variability from both the individuals as well as the predic-
tion error into account it is prone to bias [5]. Joint parameter estimation is therefore
believed to correct for this bias by taking the inter-individual variability, model error
as well as the estimated noise in the data, into account while estimating the TTE
parameters [5, 6]. In practice, this means incorporating the two likelihoods into a
combined one, which is then maximized to obtain the MLE [6]. Previous studies
within joint modeling of different longitudinal models proved this hypothesis to be
true and therefore this thesis aims to further explore the applicability of a joint pa-
rameter estimation for PK-PD modeling with regards to different sample frequencies

[6].

Several applications of PK-PD modeling in various areas such as cardiovascular
disease, oncology, and respiratory diseases has been studied extensively at FCC at
the department of Systems and Data Analysis [3, 7, 8]. The department has also
developed computational methods such as a Mathematica package for parameter
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estimation and diagnostics in NLME models [9]. As of late, FCC has started study-
ing the analysis of joint longitudinal and TTE data, including a first application to
clinical data on asthma exacerbations [3]. Today, FCCs research in this area is par-
ticularly focused on the opportunities and challenges posed by frequently sampled
longitudinal data together with TTE data.

1.2 Aim and objectives

This Master’s thesis studies strategies of joint modeling of TTE data together with
frequently sampled longitudinal data. Specifically, the aim is to be able to identify
and distinguish scenarios where it is warranted to apply a joint parameter estimation
approach in a mixed-effects framework, compared to the simpler modeling technique
of a sequential parameter estimation, by developing an understanding of the rela-
tionship between estimation method and sampling frequency. This will be achieved
by firstly simulating synthetic data with added random effects and secondly compar-
ing sequential parameter estimation methods to joint approaches. The parameter
estimation algorithms in question, for both cases, will need to be formulated and
implemented as a part of this step. Lastly, this comparison needs to be analyzed in
order to identify situations where a joint model framework is suitable and possible
pitfalls to avoid.
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Theory

The background knowledge needed to perform joint modeling is explained below.
Firstly, the modeling framework needed to simulate data is presented. As for the
longitudinal data, the kinetics of the system is presented as a PK-PD model, which
describes the relationship between the drug and bodily response. To describe the
TTE one can model the hazard, meaning the rate of which the individual could
experience an event within the next time step. Secondly, the two different methods
used to perform the parameter estimation are explained by deriving their respective
likelihoods. These likelihoods do not have explicit solutions and therefore, as the
third section, the First Order Conditional Estimation (FOCE) method is introduced.
Lastly, an important measurement when dealing with larger datasets and means
of parameters is one of variability. Hence, a way of calculating the precision of
estimations is presented.

2.1 Drug response modeling in biological systems

Modeling of biological systems can look different depending on the scope of the
problem [1]. Since this thesis focuses on models used for drug development, these
will contain both a system representing the body and another representing the linked
response. The section describes the PK-PD modeling framework and the modeling
of TTE, in discrete time, as well as the mathematical framework of discrete NLME
used for the synthetic data generation and parameter estimations.

2.1.1 PK-PD modeling

In order to explain the complexity existing in biological system it is common to
use so called PK-PD models. PK models usually describe what the body does to
the drug by modeling the absorption and removal of the drug through the system
together with its interacting species [1]. In contrast, PD models describe how the
body responds to the drug [4]. These models are constructed either in continuous
time, using ODEs, or in discrete time, with difference equations, and describe how
the system changes over time. PK-PD systems are commonly described via com-
partment models, where each compartment can be viewed as a box of fully mixed
substance with a certain in- or outflow [10]. These boxes could represent biological
objects such as organs, plasma or tissue. The compartments are also linked via
proportionality constants of different orders, depending on the prior knowledge, and
are then modelled together.
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For a simple example, imagine the two compartment system illustrated in Figure
2.1. This scenario describes a patient receiving an oral dose of a drug that passes
through to the gut before it is absorbed in to the blood and then removed with a
specific rate.

Dy kﬂ Cl* Cplasma
’ Cplasma * Vplasma

Figure 2.1: Two compartment model describing an oral dosage, D, passing
through to the gut as an amount A,,; before being absorbed through the rate con-
stant k, to the blood stream with concentration Cpjqsmq before being eliminated
with the clearance rate CI.

This two compartment case can be explained with ODEs to represent the flow
between compartments. The set of equations becomes

dA,.
di b= kg Agu, Agut(0) = Dy, (2.1)
dc, asma
‘/plasma * tllit = ka : Agut - Cl : Cplasmm Cplasma<0) = 07 (22)

where Dy is the given dosage, Ay, the resulting amount of drug in the gut, &, is the
rate of which the drug is absorbed to the blood stream where it has the concentra-
tion Chpigsma, before it is removed with the clearance rate CI.

Now introduce a response variable, R, which is in a steady state with no drug
present. Once the drug is added this will perturb the steady state and there will
be a transient decrease or increase in response. These types of models are called
turnover models and can be described using the equation

7:kin_k‘ou'R7 R(0) = )
dt t 0= e

where k;, is a zero-order production and k,,; the rate of the output [4]. The PK-
PD dynamics described above can then be linked to a decreased response by either
inhibition of the production (via k;,) or stimulation of the output (via kyy) of R.
For example, an inhibition could be introduced as

(2.3)

Lz - Cpi
K = km 1— max plasma 7 24
" ( [CE)O + Cplasma) ( )
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where I,,,, is the maximum inhibition response and IC5q the drug concentration
causing 50% of the maximum inhibition. Equations 2.1-2.4 can then be simulated
together to describe the dynamics of the body-drug relationship. An example of
this is illustrated in Figure 2.2.
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Figure 2.2: Simulated PK-PD dynamics for the case described above where the
individual was given a dose of a drug on days 0 and 45, with the intent of inhibiting
the response, and observed over 90 days.

From simulations like this, one can then learn what influences the response and to
what extent. More importantly, data like this can be used for further studies by
linking it to the TTE in joint modeling.
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2.1.2 TTE modeling

To model these events of interest one could make use of TTE data, which are the
documented times for either one or several events occurring. Note that for the
following sections the referenced time will be discrete, meaning that each time point
t; = j- At is dependent upon a sampling frequency, At. The case of one time events
is called Survival Analysis and will be the focus of this thesis. The survival function
S(t;)

S(tjlz) = P(T > t;|z), (2.5)

represents the probability that an event has not occurred at time ¢; with the true
value of the event time being represented as the stochastic variable T', given the
explanatory variables z [11]. These explanatory variables can be both categorical,
such as age or gender, and longitudinal, such as a measured response over time.
Since the survival function does not cover the actual event time, but rather what
happens before, it is useful to expand it with the hazard function , h(¢;|z), which
primary focus is the actual event [12]. The hazard equation describes the rate of
which an event occur, or how large the risk of an event is for a time step of size At.
It is defined as the following

htj]z) = P(T = 4,|T > 1, 2), (2.6)

where h(t;|z) is the probability of an an event occurring at time t; given that the
subject has not experienced an event until this point (7" > ¢;) and the explanatory
variables z [11, 12].

The hazard and survival functions are related by a product of probabilities, see

S(tilz) = ﬁ( h(t|z) ) (2.7)

since each time step is independent of the next. However, because it is not possible
to get an explicit expression for the hazard, as the true function of S(t;) is unknown,
it is common to use a parametrization [11]. This parametrization can be approached
in different ways, what is most important in the case of joint modeling is that it is
linked to the response variables. A common way to describe the parametric hazard
is as

h(t;1z) = f(Bo + B=), (2.8)

where f is a strictly increasing function of the linear predictor 5y + Bz, 5y is the
effect given the baseline variables and B the vector of the effects of each of the
variables. Common functions f are, for example, the logistic discrete hazard equa-
tion and the grouped proportional hazards model (discrete Cox model), also called
complementary log-log (clog-log), described below [12].

exp(fBo + Bz)
hiog (1512) = 1= exp(fy + Bz)’

hclog—log(tj|z) =1- CXp (_eXp(BD + ,BZ)) (210)

(2.9)
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Note that both of Equations 2.9-2.10 take values in [0, 1] since they represent prob-
abilities.

Within survival analysis there is also an aspect of censoring, meaning that there
are individuals in the study which the TTE is unknown for. There are different
types of censoring, such as when an individual survives past the observational time,
which is called right censoring, or it could be the case that the individual experi-
ences an event prior to the study, in which case it is called left censoring. As for
the scope of this thesis only right censoring will be considered. The result from a
survival analysis is usually visualized using so called survival plots, see Figure 2.3.

100

90

80

70

Survival (%)

60

50

40 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

t (days)

Figure 2.3: Survival curve for simulated T'TE data for 200 individuals over 90 days
with the PK-PD data described in Section 2.1.1.

These dynamics can the be linked and visualized together with the PK-PD data to
get a clear overview of the combined system.

2.1.3 Nonlinear Mixed Effects Modeling (NLME)

The framework described in Section 2.1.1 consists of a set of ODEs and needs to
be expanded in order to apply it to describe a heterogeneous population. This is
because the model as it is only depends on the initial values, input, and the model
parameters where the only source of variability is in the observational model. For
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studies of populations there are more factors which need to be considered when build-
ing the model and estimating model parameters, which will be further explained in
this section. However, as the aim is to link these with the framework described for
TTE modeling in Section 2.1.2, this should be done for discrete time.

Since the approach presented in this thesis focuses on discrete time observations,
consider a model in discrete time with the response variable y,, which is a matrix
of dimension Mx7; where M is the number of sampled quantities and 7; the last
observed time point for individual i = 1,2, ..., N, describing the measured responses
as the following

wz(t] + At) = f(a:i(tj,'u,z-, 01‘)7tj,ui, 01), CBZ(O7 u;, 01) = wz"()(’u,i, 01), (211)
y,(t; + At) = g(wi(tjauia 0:).t;, wi, 91’) + e, e~N(0,X), (2.12)

where for individual ¢ at time point ¢;, At is the step size, x;(t;) is a vector contain-
ing the set of state variables, u; the input (dosage) for the set of parameters 6; and
normally distributed errors e with mean zero and covariance matrix 3.

If the goal is to describe a full population one might run into inter-individual vari-
ability between subjects. A way to represent this variability is to introduce random
effects on specific parameters. These random effects can be assumed to follow nor-
mal distribution to simplify calculations, but they can also be transformed if needed.
For example, the random effects used in this thesis are assumed to follow a multivari-
ate normal distribution with mean zero and covariance matrix 2. The parameters
would then change as following

where 0 is the vector of parameters shared among all individuals and n; the random
effects which differ for each individual. A nonlinear model containing this extended
parameter vector of both fixed and random effects is called a nonlinear mixed effects
model (NLME) and requires certain adjustments when estimating the parameters.

2.2 Parameter estimation

Parameter estimation is an important part in order to gain inference on the model.
These estimations can be done using different approaches, such as by using some
type of loss function, but in this thesis they are built upon Maximum Likelihood
Estimation (MLEs). Since the likelihood function depends on the model and model
assumptions, these are separated into three parts; one for the PK-PD model, one
for the TTE model, and one for the joint approach.

The likelihood function describes the joint probability of observed data as a function

of the parameters from the chosen model structure. Generally it can be described as,
for a given discrete observation y,; and a discrete random variable Y for individual ¢

Li(8ly;) = fo.(y;) = Bo(Y = y,), (2.14)

10
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where fp;(y,) is the probability mass function. If Y is a continuous random variable,
f is the corresponding probability density. The likelihood is used as a measurement
to describe "How likely the outcome y is given that the true value of the parameter
is @, when it describes the probability distribution of y". The goal is to find the
set of parameters which maximizes the likelihood and therefore the parameter esti-
mation becomes a problem of optimization. This problem becomes easier by trans-
forming the likelihood into a negative log-likelihood and minimizing said transform,
since logarithms are strictly increasing. The reason for this is because for normally
distributed, or other members of the exponential family, the log-transform of the
probability distribution becomes easier to handle numerically.

2.2.1 Maximum likelihood estimation for NLME

For the models described Section 2.1.3, the likelihood estimation needs to be fitted
for a mixed effects model with parameters @ and random effects n,. However, since
the values of the random effects are unknown and the goal is rather to find the
distribution, it is ideal to marginalize the likelihood with regards to n,. Assume the
random effects to be distributed as previously described

n; ~ N(0,Q), (2.15)

where €2 is the covariance matrix of dimension KxK for individual ¢ with K random
effects, with the variance of each random effect on its diagonal. The likelihood then
takes the form

L(0ly) = H/p(ywmlé’)dm, (2.16)

where y; is the set of observations and 6 the set of parameters for the effects of the
covariates as well as the standard deviation of y, and the covariance matrix of the
random effects €2, for individual 7+ = 1,2, ..., N. By then applying Bayes’ theorem
and realizing that n, is independent of 8, conditionally on €2, and the equation takes
the form

L(6ly) = I1 | p(:/6. n)p(n,|@)dn. (2.17)

As for the PDFs, assume that the observations and random effects are normally
distributed as follows

1 1 & Ty—1 N
G P R ) =y~ gy, (219)

1 1 _

p<yi‘0’ ;) =

where for subject 7, M the number of outputs, K the number of random effects and
€;; the residuals for time point j = 1,2,...,7; for an output m = 1,2,..., M and 7;

11
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represents the last observed time point. To simplify, the likelihood in Equation 2.17
can be rewritten by taking the logarithm and the final result becomes

N
L(6ly) = [T [ exo(ti(mi))dm, (2.20)
=1
1 & _ 1 _ 1
li(n;) = -5 Z (ez;-E 16,-j + log(27r|2|)> — §mTQ Iy — 5log(27r|ﬂ|). (2.21)
j=1

However, this integral does not have a closed form solution and needs to be approx-
imated.

2.2.2 Maximum likelihood estimation for TTE model

To simplify derivations assume, without loss of generalization, At = 1 such that
t; = j. As described in Section 2.2, what needs to be accounted for is both the TTE
data and possible censoring. Therefore introduce the variable d;, defined as

5, — 1 ifr <C, (2.22)
0 if T Z C,

where 7; is the observed TTE for individual ¢ and C' the censoring time which is
assumed to be the end of the study and therefore the same for all individuals. In
other words, ¢; is one if an event occurs before the study ends and zero otherwise.
Since this is in regard to discrete time the event is defined as the last time point
where an observation was collected. Hence, if an event occurred in the time span
[7,7 + 1] then the TTE is 7; = j. The probability that an individual i survives
until the time j, each time step being independent of the previous one, becomes
a product of probabilities. By assuming right censored observations, meaning that
the censoring time is the end of the study, the likelihood becomes

Ti—1

LiOly.m) = h(zly) - (1= h(rly) " T (1= hGily)),  (2:23)

j=1

where h(7;|y;) is the parametric hazard equation for the the observed response vari-
able y, at time 7; and the last term represents the probability of the individual
surviving each time step j. Taking the logarithm and product over all individuals
the log-likelihood becomes

[(0ly,T) = 10%1:[1 Li(Bly;,7:) = Zl (5i10g(h(7—i|yi)) +(1— 6,;)10g(1 - h(Tz|yz>)>
+3 3 log(1 - hislu).

(2.24)
where it is simply to minimize the negative of [ to get the optimal values of the
hazard parameters.

12
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2.2.3 Maximum likelihood estimation for the joint model

In a similar manner to Section 2.2.1, where the likelihood was derived for the longi-
tudinal model, one can get an expression for the likelihood of a joint model of both
the longitudinal and TTE aspects. Again, as in the last section one can assume
At = 1 to simplify derivations. Since the random effects, n,, are still present, the
marginal likelihood is a useful tool and the likelihood becomes

N
L(6ly,7) = I [ p(ys, 7o ml0)am, (2.25)
=1

where y; contains the sampled quantities, 7; the recorded TTE for individual i =
1,2,...,N, and @ is the set of population parameters for the joint model. The
probabilities are now dependent on both the response variable as well as the TTE,
conditionally on the parameters which has both the covariates for the NLME model
as well as for the parametric hazard. In addition, since the TTE data is independent
of the probability of the observed model there will be a third term added. By
applying Bayes’ rule to the last expression it follows

L@y, T) = l:[ /p(inO,m)p(nlejm)p(mmdm, (2.26)

since it has already been established that 7, is independent of 8, conditionally on
the covariance matrix of the random effects, €2. By taking the logarithm of Equation
2.26, it can be rewritten as

N

L(6ly.7) = I [ exp(tiny))m. (2.27)

Ti—1

li(n;) = dilog(h(rily,)) + (1 — 6)log(1 — h(rily,)) + X log(1 — h(jly,))
| 7 . ‘1 (2.28)
3 ZJ: <log(27r]2|) + eiTjEileij) - 5”7@97177@' - 5108;(27\91),

where h is the parametric hazard equation, €;; the residuals for individual 7 at time

j=1,2,...,7;, for the response with covariance matrix 3. Yet again, the expression

derived in Equation 2.27 needs to be approximated in some way.

2.3 First Order Conditional Estimation

Since working with NLME models requires the application of marginal likelihoods
there needs to be an approach to dealing with this when an explicit solution does
not exist. One way of approximating integrals, like the one in Equation 2.27, is via
Laplace’s method with a first order approximation of the Hessian. This is called the
FOCE method and uses two optimization problems to get the maximum likelihood
estimations.
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The aim in Laplace’s method is to approximate the integrand by a Gaussian func-
tion. Since the longitudinal model is already based on normality assumptions this
approximation is suitable. Firstly, approximate [;(n,) by a second order Taylor
polynomial around its maximum 7] for each individual ¢

di(m:") 1d%(n:*)

; — 1) 2.29
dn; 2 dnana (ms = n:") (229)

Li(n:) = L;(ni™) + (s — ") +

This will in turn set the second term (first order derivative) to zero. By applying
this approach to the integral in Equation 2.27, it becomes

x o L& .
L(6ly,7) =[] /exp (li(m) Al m)2> dn, = (2.30)
i=1 2 dnikna
= {m; not a function of n; } =
- 1dli(my) )
— T exp(i:(n /ex “SN) gy )2 ) d, = 2.31
T eso(n0) [ oo (5 5™~ i) am 231)
= {Gaussian integral } =

= Hlexp(li(nf))‘_mi(n;)

D=

2.32
Ol (232

where |Al;(n})| represents the determinant of the Hessian of the inner likelihood ;.
In the end, the optimal parameters are then found by maximizing Equation 2.32
with respect to @. This results in two nested optimization problems where for each
evaluation of the outer likelihood, L(80|y, 7;), the MLE of the inner likelihood, I;(n}),
needs to be calculated.

2.4 Precision in parameter estimations

When working with parameter estimations, in order to gain statistical inference, it
is important to add a measurement of variability. A common way of approaching
this is to measure numerical identifiability. The numerical identifiability aims to
investigate, given the model structure and real data with noise, if it is possible to
identify the true value of the estimations [13]. This often requires exploration of
both the model structure as well as an analysis of the sensitivity of the parameter
estimations [10].

One way of combining these two measurements is to use so called coefficients of
variance, which gives an estimation of the dispersion [10]. A parameter with low
dispersion is easily identified and vice versa. These coefficients can be calculated by
noting that, if the problem is of minimization nature, the Hessian of the likelihood
at the optimal parameter values is asymptotically equal to the so called Fisher’s
information matrix, F', which in its turn is asymptotically equal to the parametric
covariance matrix [10]. See Cramér-Rao’s bound [10]

Cov(8) > F!, (2.33)
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2. Theory

where the covariance matrix COV(@) contains the parameter variances along its di-
agonal. Furthermore, the coefficients of variance can then be calculated as following.

R \/COV(6,,0
%RSE(0,) = 100 - M (2.34)

p

for a parameter 6, as a way to measure parameter Relative Standard Error (RSE)
[10].

Since this thesis is based around synthetic data, one can also make use a more
simple error measurement such as Relative Estimation Error (REE) defined as

A

%REE(6,) = 100 - 9”0_ 9?’, (2.35)
p

for an estimation ép of the true value 60,. In comparison to Equation 2.34 this gives
a measurement which cannot be inflated, or vice versa, for a bad estimation.
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Methods

The methodology used in this thesis is based around simulations of a common K-PD
model, with adjustments to the population, parameter values and sample frequency.
The generated data is then fitted using two approaches to MLE in order to gain
insight to what fits which datasets. This section will introduce both the model used
for generating the synthetic data as well as the algorithms used to estimate the
surrounding parameters. All of the code based around these methodologies were
implemented in MATLAB R2021b and can be found in Appendix B.

3.1 Simulation of synthetic data

The design of this thesis consists of simulating data based on a parametrizations
of the PK-PD model with added noise and then estimate the model parameters
with the two different estimation methods. Therefore several datasets with differing
qualitites needs to be simulated, which this section aims to explain.

3.1.1 Model structure

In some situations the data necessary for a full PK-PD model is not available. This
could be the case in, for example, pediatrics where sample collecting is considered
too invasive for the patient. An option is then to implement a so-called K-PD model
structure, which means to approximate the PK part by a biophase and linked excre-
tion rate (one-compartment model) [14]. This biophase refers to the hypothetical
compartment where the drug is active. Figure 3.1 presents the dynamics, where the
bolus drug input is represented by the state A. The biomarker, R is then inhibited
via the infusion rate, I R, by altering the rate of the synthesis of R. The inhibition
is assumed to be according to Michaelis-Menten and the set of equations are given
as

dA

ke —KDE - A, A(0) = input(0), (3.1)
dR IR Kin

¥, — kln 1— - kou : R7 R(0) = ’ 3.2
dt ( EDK50 + IR) ! ( ) kout ( )

where K DFE is the rate of which A is digested, input(¢) represents the times when
the patient takes the drug, EDKjx, is the amount of which 50% of k;, is inhibited.
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3. Methods

The infusion rate is defined as follows
IR=KDE . A. (3.3)

Since there is no explicit solution to Equations 3.1-3.2, one can use the forward
Euler’s method to approximate one. Assume a set of discrete time point t; = j - At,
for a given sample frequency At, and the system becomes

Alt; + At) = A(t;) — At- KDE - A(t)), A(0) = input(0), (3.4)
R(t; + At) = R(t;) + At - (ki (1 - EDKIREZ)R(H%W - R(t;)), s
50 g 3.5

R(0) = :t

"‘-‘,‘Drug Input

<

v

@ ——» A*KDE = IR 1
| —_— e I
.". KDE kin kout

Figure 3.1: Illustration of the K-PD model. The dosage is ingested and active as
the state A via the rate constant K D E, which effects the production of the biomarker
R via the infusion rate I R. This biomarker is assumed to be in a steady-state of
k’fm when no drug is present. The inhibition works by decreasing the production of

R by decreasing the rate constant k;,.

The nature of this model causes the ratio of kl" to be constant since the variables
are correlated [14]. To avoid this issue the rat1o will be set to a constant m = 1 and
only k;, will be estimated, reducing the model in Equations 3.4-3.5 by one parameter.

As for the parametric hazard, this will be represented using Equation 2.10 and
linked to the response as following

h(t|R) =1 — exp(-exp(a + SR)), (3.6)

where R is the matrix of all observations for every individual in each time point, «
is the constant risk of an event and ( the linked effect of the response. This means
that a large § will cause a strong link between the response and the event. Since this
hazard is calculated in discrete time and each time step can be seen as an interval,
during the simulation the probability of an event occurring is determined by the
value of the hazard at the previous time step.

18
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3.1.2 Data generation

Simulation of synthetic data was done by iterating the dynamics described in Equa-
tion 3.4-3.5 with the forward Euler method for a given sampling frequency At. For
each time step the hazard was calculated and the occurrence of an event was decided
by a coin-flip approach. The code used for this purpose can be found in Appendix
B.1. Let R;; denote the simulated response for individual ¢ at time ¢; and let I%Z-j
be the corresponding observation with additive noise. The data can therefore be
described as

Rij = Rij +e€ €~ N(O, 0'2), (37)
where o is the standard deviation which also needs to be estimated. The time series
for the simulated data will then be data points at ¢; = j - At for an individual 7.

3.2 Parameter estimations

Below are the different methods of estimating the model parameters, presented in the
manner of which they were executed to simulate results using the FOCE algorithm.
The section starts by going through the derivations of the sequential approaches
before moving onward to the joint model estimation. Note, the following derivations
are with respect to the models mentioned in Section 3.1 meaning that there could
be multiple random effects but only a single measured response variable. Also note
that for the following derivations the sampling frequency At will be set to 1 for
simplicity, such that ¢; = j = 1,2, ..., 7; for an individual i.

3.2.1 Sequential parameter estimation

As previously described in Section 2.2, the aim is to approximate the marginal
likelihood by expanding it using a Taylor polynomial of second order and make use
of the fact that the integral turns into a Gaussian. The end result of this will be
the FOCE algorithm which in turn will be linked to the estimation of the TTE
parameters. For this section let

0 = {HKPDa GTTE}a (38>

where @k pp are the parameters related to the K-PD part of the dynamics and 077
the parameters used in the parametric hazard equation.

Estimating K-PD parameters
The process of estimating parameters in the longitudinal model involves two nested
optimization problems. For each iteration of computing the outer likelihood, [5FP,
in Equation 2.32 for a fixed value of O pp, the MLE of the inner likelihood, X7 (n})
needs to be computed as following

7;" = arg max ([P (n;| Ry), (3.9)
where R; is the vector containing all observations of the biomarker concentration
for individual 7. As for the outer maximization problem this requires more com-
putations. In order to describe the derivatives, the following rules were used for a
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square, symmetric, real valued and positive definite matrix A and vector b

d db dA

—bTAb= Y —opTA2 L pT 8,
~ dz dz + dz
dA—l dA
— A8 g
dz dz

Since the response is now considered to be univariate, the likelihood described in
Equation 2.21 becomes

1 & 1
KPP () = —= Z < + log(2mo )) =5 o 'n, - —10g(27T|Q|) (3.10)

where ¢;; is the residual at time point j and 7; the TTE for individual 4, 62 is the
variance of the response. The first order derivative is then described as following

dlKPD 1 T € j dE'j T d'r]
=2 A R Ve 11
dnix Z ( o? dnik & dngr,’ (3-11)

in regards to the random effect 7;;, where there is no interaction term included since
o is assumed to be independent of . The first term can be rewritten as

dEij d(ﬁil] - RU)
— = {R only effects A via IR} =
dnik dna { Y J
- + +
Oni,  OIR;; dng, — OIR;; 0A;; dng,

(3.12)

for the response variable R;; and states I R;; and A;; at time point j for individual
i. As for the second derivative with respect to another random effect [, the same
approach is followed

dZZZKPD EZ ( €ij d?e;; N 2d€ij 1 deij> B
dnirdni 2\ o dnidny dny o2 dnig
d2n. dn? dn.
T’IiQ_l 7’1 _ 777, Q_l nz (313)

dnirdna dni dnix '

Since the aim is to approximate the Hessian, ignore the second order terms to get
the first order estimation given by

Ti
Hiy ~ — Z (
j=1

dey 1 dey
dng o2 dnig

) - Q! (3.14)

which then needs to be evaluated at m7. The outer maximization problem becomes

2

N
Oxpp = argmax L*"?(0xpp|R) = Hexp(liKPD(nff)) , (3.15)

Oxpp i=1

—H,|”
2T
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where R is a matrix of the collected response in each time step for N individuals
and |H ;| is the determinant of the approximation of the Hessian. By simplifying
and rewriting it as the negative log-likelihood one gets

N
. 1
O pp = arg min —lKPD(OKpD|R) = Z —liKPD('lﬁ) + =log

OxpPD i=1 2

—4dy

. (3.16)

Estimating TTE parameters

From Section 2.1.2, it is clear that the likelihood for the TTE model is given by
Equation 2.23. Since the population parameters for the K-PD model, 8, as well as
the fixed points for the random effects, n*, already are estimated one can predict
the response in each time step. Doing so in combination with the given TTE data,
the MLE estimates for the parametric hazard equation are found by maximizing
Equation 2.23 as following

N
~ —0;
OTTE = gnax LTTE(BTTE|R, T) = Ianax H h(Ti|RZ"7—i)6i . (]_ - h(Tz|RZ,T1))(1 :
TTE TTE ;_
o (3.17)
T (1= nGilRy)),
j=1

where R is a matrix of each individual response in every time step and 7 the vector
of TTE for N individuals.

Implementation for sequential estimation

As previously mentioned, by using the FOCE method there are essentially two
optimization problems; an inner one where the aim is to find n by maximizing [;
for each individual, and an outer one which should maximize the full log-likelihood
for the full population, [P The structure of this implementation is explained in
Algorithm 1. The derivatives needed in Equation 3.10 will be approximated using
explicit finite differences, see Appendix A.1. For the implementation of FOCE in
MATLAB, see Appendix B.2, and for the likelihood of the TTE see Appendix B.3.

Algorithm 1 Sequential FOCE parameter estimation

1: Set start guess: OKPD = 0KPD,O7 OTTE = OTTE7O

2: Outer problem: Orpp = ming,.,, — 5P (O pp)
For every evaluation of —I%*P (@ pp)
3: for all individuals do
4: Set start guess: n = n,
5: Inner problem: #) = min,, —I*"?(n,)
6: end for

7: Simulate: R = R(@Kpp,ﬁ*)
8: Find: Orrg = mingTTE —lTTE(OTTE|R, ’7')
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3.2.2 Joint parameter estimation

From following Section 2.2.3, the goal is to estimate the joint likelihood described
in Equation 2.26. Once again, the FOCE algorithm is suitable to use since this
integral has no explicit solution. The same derivation regarding the derivatives
described in the previous section is therefore needed with regards to the inner and
outer optimization problems. The joint inner likelihood for an individual ¢ with
TTE 7; and a univariate response at time j, denoted R;;, becomes

Li(n;) = dilog(h(mi| Riz) + (1 = 6:)log(1 — h(7i| Ri 7))

Ti—1 i 1 62- d’l’] (318)
log(1 — h(j|R;: ——log(2m0?) — 2 | —pfQ 1 1,
+ 5 tonl1 < h(R) + 3 (~gloaC2ee?) - 325 ) nfet g

The first derivative of this equation becomes

dni dni

_ ;i <2€z’j dﬁz‘j) B mTQ—lﬂ

j=1 o? dni dnix ’

h(7i|Rir) 1 —h(7i|R;x) 1 —h(j|Ri;)  dna

Jj=1

(3.19)
where the derivatives in regard to the hazard evaluates to

dh(i1Ry) _ dh(iRy) | dh(i|Ry) ARy | dh(G|Ry) ORy | h(j|Ry) ORi; dIR;;

dnig dnig dR;;  dmig dR;;  Onk dR;; OIR;; dm
dh(j|Rij) ORij OIR; dAi; _

_ dh(i|Ry) | dh(jIRy) (aRij L ORy dIRy;  OR; OIR; dAm‘) _

dnik dRij O oI Rij dni, oI Rij aAij dni,
hiilR:. h(ilR:. g
_ d (,]|R’Lj) o d (]|RZJ) del] . (320)
dni, dR;;  dn

As for the second derivative, follow the steps which was explained in the previous
section. The final expression can be used to approximate the Hessian and by ignoring
the second order terms it follows

Hip =~ — (

dnik dnu 1— h(Tz‘|Ri,Ti))2 " (h(Ti’Ri:Ti)f

mi—1 1 dh(j|Ri;) dh(j| Rij) (3.21)
(1— h(ﬂRij))Q i i

Ti T 1 de..
-3 (dew deu) —
j=1

dny o 2 dmi,

Jj=1

which, as in the case of sequential estimation, needs to be evaluated at the maximum

*

n*.
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Implementation for joint estimation

The joint FOCE implementation is similar to its sequential counter part, but it
does not include the last two steps and instead requires some more computations
in order to get the derivatives. It is presented in Algorithm 2. As in Algorithm
1, both the derivatives with regards to the residuals (Equation 3.18) and hazard
will be computed using finite differences, see Appendix A.1 and A.2. As for the
implementation in MATLAB, see Appendix B.4.

Algorithm 2 Joint FOCE parameter estimation

1: Set start guess: 8 = 0,
2: Outer problem: 6 = ming —{(0)
For every evaluation of —1(8)

3: for all individuals do

4: Set start guess: n = n,

5 Inner problem: n; = min, —;(n,)
6: end for

3.3 Optimization

In order to simplify the process of optimization, the negative log-likelihood was
minimized using the function fminunc (Optimization Toolbox) in MATLAB [15].
The settings were to use the Quasi-Newton method to find the minimum of the
objective function with an optimality tolerance of 1e—6. The Quasi-Newton method
is favorable when the Hessian is too expensive to compute at each iteration and

instead relies on the approximation of the Hessian using the formula of Broyden,
Fletcher, Goldfarb and Shanno (BFGS) [16-19].
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Results

The results presented in the following sections will be comparing the two earlier
mentioned approaches: sequential and joint parameter estimation. The first section
gives a brief overview of the qualities of both the K-PD and TTE models, as well as
one example of estimating the parameters. In order to compare the two approaches,
a larger selection of datasets for different sampling frequencies is generated. This
section also contains qualities of the sequential versus joint estimation algorithms
with respect to REE and RSE, as well as information about the computational
times.

4.1 Simulation of synthetic data

The synthetic data was simulated as described in Section 3.1 by using forward
Euler, for details on implementation see Appendix B.1. The parameter values were
chosen such that there would be a slow decline in response and clear linkage to the
survival, see the selected values in Table 4.1. This slow decline is mainly caused by
the relationship between K DE and k;,, and keeping the decrease slow will simplify
the parameter estimations for less frequent sampled data.

Table 4.1: Population estimations of a sequential and joint approach for an example
dataset containing 100 individuals, given a dose of 50 mg at day 0 and day 45, and
sampled once every day (At = 1) for a total of 90 days.

Parameter Simulated Start guess Mean parameter estimation (RSE)
KDE[d™] 0.2 0.1 0.2 (2%) 0.2 (2%)
i [nM.d 7] 0.1 0.2 0.1 (0.2%) 0.1 (0.2%)
EDKs[mgd™] 0.1 0.2 0.1 (2%) 0.1 (2%)
a 8.5 -10 7.8 (7%) 8.6 (7%)
3 6.2 5.0 5.0 (13%) 6.01 (12%)
o [nM] 0.02 0.5 0.02 (1%) 0.02 (1%)
Wi DB 0.2 0.8 0.2 (7%) 0.2 (7%)

Sequential Joint

The dataset contained 100 individuals receiving a dose of 50 mg on days 0 and 45,
where every individual was sampled once every day (At = 1) for 90 days. The
behaviour of this dataset is presented as a response and survival curve in Figure
4.1. The individuals were given the second dosage just before the median response
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reaches its steady state, which causes a more compressed survival curve. As men-
tioned, the hazard parameters were chosen such that the effect of the drug is clearly
noticeable in the survival curve. See that the survival curve clearly slows down dur-
ing time frames where the response is kept at its minimum. Also note that at the
final day, 69 % of the individuals had an event occur to them.

The parameters were then estimated for this simulated dataset using both a se-
quential and joint approach and the results of this can be viewed in Table 4.1-4.2.
Both approaches correctly identified the parameters for the longitudinal model but
the joint estimation had larger success with regards to the hazard parameters o and
B. In contrast, the sequential model identified £ as its starting value and overesti-
mated «. This issue is further presented in Appendix C.

10 20 30 40 50 60 70 80 90
Time (days)

(a) Pharmacodynamics

100

90 - 1

80 - 1

70 - 1

60 - 1

Survival (%)

50 - -

40 .

30 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

Time (days)

(b) Survival

Figure 4.1: Response and survival curves for a dataset consisting of 100 individuals,
given a dose of 50 mg at day 0 and day 45 and sampled once a day (At = 1) over a
90 day period. The gray lines indicate the individual response curves and the black
curve the median response.

As for the RSE, see Table 4.1, there is no significant difference between the estima-
tions, even though it differs for 5. For the K-PD parameters, the RSE is very small
and between 0-2 %, which indicates excellent precision. The larger values of RSE is
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for a, 8 and wgpg with errors closer to 5-13%, which is still an acceptable range.

To check the normality assumption regarding the random effects, a normal plot
of the optimal n* values was created and is presented in Figure 4.2. From these
plots it is noteworthy to see that both the sequential and joint model approach
creates fat tails when fitting the random effects. In other words, the algorithms
struggle to identify very large and very small random effects. Furthermore, see that
the difference between the two approaches is minuscule.

For visualisation, eight randomized individual curves with both added fits were
plotted and can be viewed in Figure 4.3. Again, both of the approaches performed
well and correctly fit the individual data with regards to the K-PD model. This also
goes for the individuals who had an event occur early in the study, meaning that not
as many data points were available for fitting the inter-individual variability, wxpg.

Table 4.2: REE for a dataset consisting of 100 individuals who where sampled
once every day for the sequential and joint modeling approaches.

Parameter REE (%)
KDE[d™] -0.6 0.6
Kin[nM.d ] 0.2 0.2
EDK50[mgd_1] 0.2 0.2
! -8.4 1.2
B -19.3 -3.0
o[nM] 0.5 0.5
WKDE -12.9 -12.9

Sequential Joint
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Figure 4.2: Normal probability curves with respect to the random effects for the
dataset of 100 individuals generated, using the parameters found in Table 4.1, for a
(a) sequential and (b) joint modeling technique.
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Figure 4.3: Fitted response curves for 8 individuals with a sequential (red) and

joint (blue) modeling approach with population parameters found in Table 4.1.
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4.2 Comparison of the effect of sampling frequency
for the joint and sequential approaches

In order to investigate the effect of different sampling frequencies, 28 datasets with
100 individuals sampled at four different frequencies were computed for the following
scenario: split the population in half such that 50% of the individuals do not receive
treatment (control group). This was done with the aim of trying to estimate the
baseline hazard better. Therefore the following section will compare the effect of
increasing sample frequency with the investigated parameters presented in Table
4.3. The second section will include a section of similar analysis with datasets
simulated for the case of everyone receiving treatment, as well as with the addition
of comparative computational times between the two estimation approaches.

Table 4.3: Parameter values used for simulating data.

Parameter Simulated
KDE[d™] 0.2
Kin[nM.d™!] 0.1
EDKj5p[mg.d™1] 0.1
o -8.0
153 6.2
o[nM] 0.05
WKDE 0.2

The different sampling frequencies investigated were: once every four days (At = 4),
once every other day (At = 2), once every day (At = 1) and lastly twice a day
(At = 0.5). In order to avoid local minima the start guesses for each iterations were
set to a random perturbation of 10% to the relative size of the true value of the
parameter. The treatment group received two doses of 50 mg, one on day 0 and one
on day 45, and all individuals were observed for 90 days.

Examples of the data for the four different sampling frequencies can be viewed
in Figure 4.4. These figures show the response curve over time where the blue dots
represent the control group and the grey dots the group who receive treatment.
Note here that the data points which seem to be constant over time in At = 2,
representing the control group, steadily disappears as these individuals drop out
early with the resulting large hazard. As the hazard is relative to the step size (see
Section 3.1.2), these individuals have events occur at a larger rate for smaller step
sizes which turns this into the cluster seen around the beginning for At = 1 and
At = 0.5. This can be interpreted as the least frequently sampled groups having a
smaller linkage between the event and the measured response and vice versa fo the
higher sampling rates. See that with the increasing sample frequencies it becomes
easier to read out the shape of the K-PD dynamics, even with the noise present. As
for the case with the least frequent sampling, every four days, it becomes harder to
distinguish the response dynamics.
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4. Results

The parameter estimation results can be viewed in Figures 4.5-4.7, as well as ad-
ditional material in Appendix D. In Figure 4.5, the REE is presented as boxplots
where the bottom and top edges of the box represent the 25th to 75th quantiles for
each of the sampling frequencies, whisker length was set to one. The joint approach
performs better, meaning there is a smaller variation and mean of error, for most
parameters in the case of high frequent sampling. Most noticeable is the improve-
ment in estimating the hazard parameters o and 5. Also note the difficulty that
the algorithms have with the lowest sampling frequency, At = 4. However, even for
this approach it would seem that the joint model technique created closer to true
estimations for the TTE model. For the case with the highest sampling frequency,
At = 0.5, both techniques estimate the true values quite well but with the difference
that there is less bias in the joint approach. Furthermore, for the case of At = 2
and At = 1 see that there seems to be a difficulty in estimating the standard devi-
ation of the random effects, wxpg, which is not present for the other two sampling
frequencies. In contrast, At = 4 and At = 0.5 instead have a larger variation and
mean when determining the standard error of the noise variable, o.
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Figure 4.4: Examples of data for the four different sampling frequencies. The data
was simulated for 100 individuals, including a control group (colored blue).

30



4. Results

——Sequential ——Joint ——Sequential —— Joint

100 - 40

|
80 | 1 30
60 1 20

40 g 10F

£l L | E;EOQH P I T )
w o Lo | o o [ T I L 1
S s o oee AR oA G &g ol H HH
e e ‘ :
Log | ‘] R ‘
40t i E — 30 8 i : . i,
‘L L
-60 -40
KDE Kin EDKg, o 8 o “kpE KOE « Eok,, s o
(a) At =4 (b) At =2

JE

REE (%)
3
i
i
o —
o —
s
o ——
Suns
s o S ST
el EE e St et
REE (%)
3 o
v
T
-l
i
--CI-
g 1
I i
it T S
T
—
——
-1+

(c) At =1 (d) At =0.5

Figure 4.5: REE for the four different sampling frequencies for 28 iterations when
using a joint (orange) and sequential (blue) modeling technique. The datasets were
simulated for 100 individuals, with a control group of 50% and the rest receiving
two doses of 50 mg.

Another view of the estimation errors is plotted in Figure 4.6, where each of the
REE-values for every parameter is added together for the specific sampling fre-
quency. The red line indicates the scenario where the sum of REE is equal for both
approaches. For all four cases, the joint approach produces a lower REE in the ma-
jority of the datasets. There is also a slight trend in the data for At = 4, At = 1 and
At = 0.5, suggesting that some datasets might have been more difficult fit for both
models. There is the least difference between data points on each side of the red line
(meaning the models perform more equally) for the most high frequent sampling,
At = 0.5, but even so there are 8 points to the left of the line and 20 on the right,
suggesting that joint performs better in estimation accuracy.

To further investigate the precision in the estimations, the RSE was calculated and
can be viewed in Figure 4.7. However, since the optimizer did not always find an
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4. Results

optimum the approximated Hessian in these estimated parameters was not positive
definite. Hence, the relative standard errors could not be estimated and were there-
fore discarded for the following analysis. As for the values that could be calculated,
then overall there are only slight differences in the joint and sequential estimation
approaches. It is noticeable for o and ( for the joint model in the case of higher fre-
quent sampling, where there was a slight increase in variability. Furthermore, note
the seemingly large variability in ED K5y, a and [ for At = 2. Since the scaling is
different to that of At = 4, this is only an illusion, as they are of comparable size in

actuality:.
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Figure 4.6: Sum of the absolute value of REE for the four different sampling
frequencies for 28 iterations. The red line indicates the case where both of the sums,
for the joint and sequential model, are equal. In total, 2 outliers in (a) was removed

for clarity in the plot.
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Figure 4.7: RSE for the four different sampling frequencies for 28 iterations. All
repetition datasets were simulated for 100 individuals, where a control group of 50%

and the rest receiving two doses of 50mg.

4.2.1 Correlations between REE and different parameters

To check if both approaches have difficulties with some datasets, the REE values
were plotted against each other for every parameter and for each sampling frequency.
Below is one example for At = 1. For this specific case it is clear that what causes
this shift towards a larger total REE for the sequential approach lies within the
estimations of o and 3. As for the parameters related to the K-PD model, there is
instead a strong correlation between datasets meaning that both the sequential and
joint technique perform equally for these specific parameters.
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4.2.2 The effect of sampling frequency for populations with-
out a control group

The same analysis described in section 4.2 was carried out for a sample group of
100 individuals where everyone received treatment consisting of a drug of 50 mg on
days 0 and 45. See Figure 4.9 for the total REE for each sampling frequency. Note
that in the order of largest (At = 4) to smallest (At = 0.5), joint performs better
in: 28, 23, 25 and 21 of the datasets. Overall, this showed similar results to that
which was previously shown, meaning that for all cases the joint approach produces
better estimations and overall lower total REE values.
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Figure 4.9: Total REE for the four different sampling frequencies for 28 iterations.
The red line indicates the case where both of the sums, for the joint and sequential
model, are equal. In total, 7 outliers in (a) and one outlier in (c) were removed for

clarity in the plots.

An equal analysis as explained above was also carried out the scenario of 100 in-
dividuals with no treatment group, for the case of further-from-true start guesses,
presented in Appendix D. There were some exceptions from the previous results in
the case of the sampling frequencies At = 2 and At = 1 where the sequential ap-
proach performed better. This occurred mainly for o and (3, as the K-PD parameter
estimations were comparatively similar between methods.
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4.2.3 Computational times

The average computational times for both cases of control group versus no control
group for both the sequential and joint model approaches are presented in Table 4.4.
In total, parameters were estimated for 28 iterations for each sampling frequency.
The sequential approach is about twice as fast as the joint model for lower frequent
sampling, most noticeable is the difference for the case with a control group present.
For 100 individuals, no control group, all computational times are larger compared
to with a control. Overall it is quite clear that the joint parameter estimations is
more time demanding. The difference between the two approaches also decrease
with more dense sample frequency.

Table 4.4: Mean computational times for the four different sampling frequencies for
both the sequential and joint modeling approaches for 100 individuals and averaged
over 28 repeats. For the case with a control group present, 50 individuals received
treatment.

. Average time (standard dev.), Average time (standard dev.),
Sampling frequency

50% control group [minutes] no control group [minutes]
At =4 4.0 (1.8) 2.3 (0.7) 5.6 (1.8) 3.6 (1.0)
At =2 4.9 (0.8) 2.7 (0.7) 8.7 (1.2) 45 (1.1)
At =1 8.3 (1.5) 4.6 (0.6) 14.2 (4.8) 7.4 (1.5)
At =05 14.7 (2.3) 9.9 (4.4) 22.6 (3.2) 15.8 (9.1)
Joint Sequential Joint Sequential
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Discussion

To revisit the aim of this thesis: identify scenarios where the joint parameter estima-
tion is suitable and find possible pitfalls of implementation. The results do suggest
that joint parameter estimation is superior, for this model structure of a joint K-PD
and parametric hazard, to that of a sequential approach. Furthermore, specifically
the difference in the two approaches is found in the hazard parameters where the
joint approach has larger success in estimation without loosing too much precision.
This was shown for several sampling frequencies and for settings of populations with
and without a control group. However, both algorithms showed some struggle with
identifying the qualities of the random effects. The following sections will discuss
these main findings.

Section 4.1 showed that both algorithms correctly identified the K-PD parame-
ters. The main difference was that the sequential approach underestimated both
hazard parameters, which the joint approach could correctly estimate. This could
be caused by a number of things. Firstly, if one looks at the baseline hazard at
t = 0, which is determined by « + (3, both approaches seems to capture this quite
well. In Appendix C, there were also signs that the hazard parameters could be
correlated, causing different parameter values with the same baseline to give similar
datasets, see Figure C.2. In combination with the fact that we are using predictions
as covariates in the sequential approach, which could alter the likelihood landscape
slightly, this could have caused bias, which has been previously shown [20].

Similar results are shown in Section 4.2, where a more systematic approach is im-
plemented to get a clearer view of the estimation methods. See in Figure 4.6 that
the joint approach produces a lower total REE in the majority of the datasets for all
sampling frequencies. This is also clear from the individual boxplots in Figure 4.5,
with the exception of issues in estimation ¢ and wgpg in some cases. The cause of
either a bad estimation of ¢ or wxpg, with the basis of different sampling frequen-
cies, could be that it becomes difficult to separate the two. As seen in Figure 4.4,
for the lower sampled cases, we noted that the dynamics change quicker than the
sampling. This could explain the difficulty that arises when estimating the noise.
We do also see the same behaviour of the sequential estimation of o and 3, for low
sampled data, where it never captures the true value. This behaviour does however
seem to correct itself when increasing the sampling frequency to At = 0.5. Another
possible explanation is the issue with identifying more extreme values of the random
effects. As was shown in Figure 4.2, both approaches struggle with identifying these
values which will influence the estimation of their variance.
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5. Discussion

Previous studies that compares the joint approach to more simpler techniques has
shown that the joint approach creates better estimates for the standard deviation
of the random effects, w, although be it for a different model and parametric hazard
[6]. In comparison, we managed to show that the joint approach overall produce
better estimates for that hazard parameters for all investigated sampling frequen-
cies. However, in the case of the highest sampling frequency, At = 0.5, see Figure
4.5, the joint approach does produce significantly more stable estimations for both
o and wgpg. To conclude, this shows that the joint approach has promising results
which could be applied to a multitude of models.

Important to note in studies of this sort, is that the amount of individuals needed
and generated could influence the results. Since we could see in Section 4.2.3 that
the joint model is overall more computationally expensive and slow, this limited the
amount of simulations run. Because it is inherent that the K-PD model gets more
data in total when working with smaller populations, causing an unfair amount of
data for the hazard parameters. Future work should therefor include similar analy-
ses for larger datasets, i.e more individuals, with more iterations to fully conclude
that the joint estimation technique is indeed superior in the case of a K-PD-TTE
model.
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Conclusion

This thesis has concluded that there is some evidence that the joint likelihood
approach produce better parameter estimations for a joint K-PD-TTE model, in
comparison to a sequential method. More specifically this is seen in the hazard
parameters but an overall improvement of stability in the estimations can be shown.
Additionally, even though there is a slight decrease in precision, shown via larger
coefficients of variance, these differences are not large enough to make an impact.
However, as the joint model is more computationally complex there could be cases
of more simple models where a sequential approach might suffice.

Overall this thesis shows that when possible, a joint modeling approach should be
used for a K-PD modeling framework. Future work could focus on extending these
results for a full PK-PD model, although it is advised to use caution and check for
identifiability. Another important note for future work is to extend the data used
and repetitions done to create more statistical inference of the differences between
a joint and sequential parameter estimation framework.
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A

Derivation of sensitivities

The sections below will present the derivation of the sensitivities used for Algorithm
1 and 2. As for the derivatives where finite differences where applied, the step size
h was set to 1e—6.

A.1 Residual derivatives

This section describes explicitly how the derivatives in Eq. 3.12 are computed. Below
are the two residual derivatives presented in regards to the two different longitudinal
models. The only small difference between them is if the parameterization of the
inhibition via the state IR is applied or not. The model presented in Section 3.1.1
in Eq. 3.4-3.5. The derivatives becomes as following

déz‘j B d(RZ'j — Rij) _ asz 8Rij CURZ‘]‘ aRij a]Rz‘j dAz‘j (A 1)
dnir Ak o Oni. — OIR;; dmy OIR;; 0A;; dny. ) '

More specifically each term is given by

ORy; _ ORi(n:) _ Rij(ni +h) — Ri(m;) (A2)
O O h ’

OR; dIR;  (Ry—Ri)/At IR,
OIR;  dmae (IR — IRij1)/At A

Kin (1 — IR(t;1)/(EDKs + IR(t;-1)) = kout - R(t;1) i
= — : *Aij-1VKDE =

KDE? A,
km<1 — IR(t;1)/(EDKs + IR(t;-1)) — kout - R(t;1)
= - "VKDE,
KDE
(A.3)

I



A. Derivation of sensitivities

OR;; OIR; dA;; (Rz'j - Rz@j—l)/At _ (IRM - va:,j—l)/At CdAy;
a]sz 8142] dT/zk - (IRU — IRZ'J‘_l)/At (AZ] — Ai,j—l)/At dnlk B

Fan (1 — IR(t; 1)/ (EDEso + IR(t; 1)) — kout - R(t;1)

KDE?- 4,
) —KDE?. Az’,j—l ) Azg(’rh + h) - Al](nz) _
“KDE - A, h
dki (1 — IR(t;1)/(EDKso + IR(t;-1)) = kout - R(t;1)
= KDE - A,;_,

. Aij(n; +h) — Ai;(ny)

> 7 (A.4)

where vipg is 1 if and only if the random effect is in regards to K DE, otherwise it
is zero.

A.2 Hazard derivatives

The derivatives in regards to the hazard can be computed in a similar manner. See
the following equation which was derived in Section 3.2.2 using the chain rule

dni B dni dRij O, ol Rz‘j dni, ol Rij 8Az’j dni, (9141;;' dnir, B
= {R not a function of A} =

_ dh(j|Ri;)  dh(j]Ry;) dei (A.5)
dnix dR;;  dn

Since no random effects applied to the hazard parameters was investigated, the first
term is set to zero. As for the second term, we can approximate the derivative by
explicit finite differences

dh(j|Ri;) _ h(j|Rij +h) — h(j|Rij)

~ A6
dR;; h (4.6)

The final expression becomes
dh(j|Ri;)  h(j|Ri; +h) — h(j|Ri;) de; (A7)

dnix - h dnik '
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B

Code

The following sections will contain the code for the major functions used in this
thesis. All the results are based on iterations and modifications of inputs for the
functions below.

B.1 Synthetic data simulation

function [u, h, survival] = simulate data (N, N_states, t, dt
, uo, ...
dudt, param, Ndosage, dosage, control, h eq,
include__death)
% Simulates data for a K-PD-TTE model for a given model
structure and
% hazard using forward Euler

% inputs: N: number of individuals, N_states = number of
states ,

% t: time vector, dt: time, UO: start values [N,k],

% dudt: set of equations describing K—PD dynamics,

% param: can be individual or population parameters,

% dosage: dose of drug (mg), control: Nxl of binary
inputs (1 —

% individual is given the drug, zero otherwise),

% h eq: chosen hazard equation, include death: true
if events

% should be simulated, false otherwise.

% outputs: u: Nxlength(t)xk matrix containing the solutions
for k states

% (1: A, 2: R, 3:1R )

% h: values of the hazard

% survival: how many subjects experience an event
in each time

% step

% time and dosing

ITT



22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

B. Code

input = repmat ([dosage, zeros(1,floor (length(t)/Ndosage)—1)

I

[1, Ndosage]);

% starting values

zeros (N, length(t), N_states);
u(:,1,:) = UO0;

h = zeros (N, length(t));

saved deaths = zeros(length(t), N);

u =

survival

h:,

1)

= zeros (length(t), 1);

= h_eq(u(:,1,2), param);

Y%Forward Euler

end

IV

for

end

i = 1l:length(t)—1

% Step forward

if input(i) ~= 0
u(:, i,1) =u(:, i,1) + dosage.xcontrol;

end

step = reshape(dudt(u,i, param,U0), [N, N_states]);

u(:,i + 1,1:(N_states—1)) = reshape(u(:, i,1:
N_states—1), N, N_states—1) + dtxstep (:,1:
N_states—1);

step_ plus = reshape(dudt(u,i+1, param,U0), [N,
N_states]) ;

% Update
u(:,i + 1, end) = step_plus(:,end);
h(:,i41) = h_eq(u(:,i+1,2), param);

if include death = true

% Who died

r = rand (N, 1) ;

death ind = find (h(1:N,i+1) > r);

saved deaths(i+1,1:length(death ind)) = death ind;

u(death ind,(i+41):end,:) = NaN(size (death ind, 1),
length(t)—i, N_states);

h(death_ind,(i41):end) = NaN(size (death_ind, 1),
length (t)—i);

survival (i4+1)=length (unique ([ nonzeros (saved__deaths
(1:i+1,:)); nonzeros(saved_deaths(1:1,:))]));
end
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B.2 Longitudinal parameter estimation using FOCE

function [loglikelihood , eta fp] = FOCE(param, eta guess,
dudt, dxdt, R_data, t,
N_states, dt, Ndosage, dosage, control input, R,

chosen_param, h_eq, event_time)

% FOCE algorithm , computes the negative loglikelihood of a
Nonlinear Mixed

% Effects Model by finding the fixed points of the random
effects and

% approximating the marginal likelihood in this point

%

% input: params : a pxl vector containing the parameters
belonging to the

% KPD model.

% eta guess : scalar, starting guess for eta.

% dudt : ODE equations of the KPD system.

% dxdt : equations expressing the residual
derivatives.

% R_data : response variable data collected.

% t : time vector representing when the data was
sampled .

% N states : the number of elements present in the
KPD model.

% dt : time step for simulating data.

% Ndosage : time vector of when the drug was
administrated .

% dosage : scalar, represents how large the dose is.

% control input: Nxl vector of who receives the drug
(1 if true,

% zero otherwise)

% U0 : initial values for simulating the data.

% chosen param : lxn p vector, represents which
parameters have

% added random effects.

% h_eq : chosen paramaterized hazard equation for the
simulated

% data .

% event time : Nxl vector of the index representing
the interval

% where each individual had an event occur, if
event_time = t(end)

% then event did not occur.

%

% output: loglikelihood : the negative loglikelihood of the
NLME model.
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%

VI

eta_fp : the fixed points of eta for a given set
of parameters.

if length (chosen param) > 1
omega = [param(end—3)"2, param(end—2); param(end—1),
param (end) ~2];
omega_inv = inv(omega) ;
else
omega = param(end ,:) .”2;
omega_inv = inv(omega);
end
sigma = param (end—length (chosen param)xlength (
chosen_param) ) ;
res_sq = @Q(eta, R_data, param, control) Res_sq(param,eta
, R_data, dudt, t,
N_states, dt, Ndosage, dosage, control, chosen_ param
, R, h_eq);

inner_ likeli = @(eta, R_data, param, control) 0.5%sum/(
res_sq(eta,R_data, param, control)./(sigma."2) + log
(2« pixdet (sigma."2))
, 2, omitnan’)+0.5%transpose (eta).xparam(end ,:)
T(—2) .xeta
+ 0.5x%log (2« pixdet (param(end,:)."2));

Y%%% Inner optimization

opt = optimoptions( fminunc’, display ’, "none’);
for ii = 1l:size(R_data,l)
eta_opt = @Q(eta) inner_likeli(eta, R_data(ii,:),
param, control input(ii));

try
%eta_opt(eta_guess)
eta_fp(:,1i1) = fminunc(eta_opt, eta_guess, opt);
catch
eta_opt(eta_ guess)
disp (’Warning: error in FOCE’)
eta_fp(:,11) = eta_guess.*xones(length (
chosen_param), 1);
end
end

W% Compute sensitivities

param_vec = zeros (size (param));

param_vec (1 ,:) = 1; YKDE

new_param = param.xones(size (param,l)  size (R_data,l));
new__param (chosen_param ,:) = new_param (chosen_param ,:) .x
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exp(eta_fp);

if sum(chosen param — 2)==
R_opt = Rxexp(eta_fp(chosen param — 2 ,:)7);
else
R_opt = Rxones(size (R_data,1) ,1);
end
[u0, ~, ~] = simulate_data(size (R_data,1), N_states, t,
dt,

[zeros (size (R_data,1) ,1), R_opt, zeros(size(
R_data,1) ,1)], dudt,

[new_ param (1:3,:); [0, 0] .xones(2,size
R_data,1))],...

Ndosage, dosage, control input, h eq, false)

I

if length (chosen_param) > 1
for 11 = 1:length (chosen_ param)

delta = zeros(size(eta_fp));

delta (1l ,:) = le—6;

new_ param__delta = param.*ones(size (param,1) ,
size (R_data,1));

new_ param_ delta(chosen_param ,:) =
new_param_ delta(chosen param ,:) .xexp(eta_fp(
11 ,:) + delta);

%Ratio = [Rxones(size(R_data,1) ,1), Rxexp(
eta_fp (1l ,:) + delta), Rxones(size(R_data,l)

SORE
if chosen_ param(ii) = 2
R_opt = Rxexp(eta_fp(chosen param — 2 ,:)’+
h(ii,:) 7);
elseif sum(chosen_ param — 2)==1 &&
chosen_param(ii) ~= 2
R_opt = Rxexp(eta_fp(chosen param — 2 ,:)
7) ,
else
R_opt = Rxones(size (R_data,1) ,1);
end
[u_delta, ~, ~] = simulate data(size (R_data,l),

N_states, t, dt, [zeros(size(R_data,1),1),

R_opt, zeros(size(R_data,1),1)], dudt,

[new__param_delta(1:3,:); [0, 0] .xones(2,
size (R_data,1))],

Ndosage , dosage, control input, h eq, false
);

for ii = 1:size(R_data,l)
u_delta(ii, (event time(ii)+1):end,2) = nan;

VII
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VIII

u0(ii, (event_ time(ii)+1):end, 2) = nan;
end
ddeta (:,:,11) = dxdt(u0, u_delta, le—6,
new_param, param_vec(chosen_param(11)), |
zeros (size (R_data,1) ,1), R_opt, zeros(size(
R_data,1),1)]);

end
else
delta = le—6;
new_param_ delta = param.xones(size (param,1) size (

R_data,1));
new param_ delta(chosen param ,:) = new_param_delta(
chosen_param ,:) .xexp(eta_fp + delta);
if sum(chosen param = 2)==
R_opt = Rxexp(eta_fp(chosen_param — 2 :)’'+
delta ) ;
else
R_opt = Rxones(size (R_data,l) ,1);
end
[u_delta, ~, ~] = simulate_data(size(R_data,1),

N_states, t, dt, [zeros(size(R_data,1),1), R_opt,
zeros (size (R_data,1) ,1)], dudt,
[new__param_ delta (1:end—length (omega)+1,:); [0,
0] .xones(2,size(R_data,1))],...
Ndosage, dosage, control input, h_eq, false);
for ii = l:size(R_data,l)
u_delta(ii, (event_ time(ii)+1):end,2) = nan;
u0(ii, (event_time(ii)+1):end, 2) = nan;
end
ddeta = dxdt(u0, u_delta, delta, new_param,
param_ vec(chosen param), [zeros(size (R _data,l) ,1)
,R_opt, zeros(size(R_data,l),1)]);
end

W% Compute Hessian
if length (chosen_ param) > 1
for 11 = 1:size(R_data,l)
for jj = 1l:length (chosen_param)
for kk = 1:length (chosen_param)
h(jj,kk) ==sum(ddeta (1l ,:,jj).+xddeta(1l
o, kk) . *xinv(sigma.”2) ,2, 'omitnan’) —
omega_inv(jj ,kk);
end
end

YJH(:,:,11) = h;
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H det(11) = det(—=h/(2xpi));
[~, flag] = chol(=h);
%
Check for a non—negative definite matrix
if flag ~= 0
disp (’Hessian not negative definite , opt out

)

%break
end
end
else
H =sum(ddeta.”2.xinv (sigma”2) ,2, "omitnan’) — param(
end,:).”(=2);
it H> 0
disp (’Hessian not negative definite , opt out
)
end

for 11 = 1:size(R_data,l)
H det(1l) = det(—H(11)/(2xpi));

end
end
W% Compute loglikelihood
loglikelihood = sum(0.5%sum(res_sq(eta_fp,R_data, param

, control input)./(sigma”2) + log(2*xpixdet(sigma. 2))

, 2, omitnan ') ’+0.5%row_prod (eta_fp ,param(end ,:)
T (=2))

+ 0.5xlog (2« pixdet (param(end,:)."2))

+ 0.5xlog(H_det), 2, "omitnan’);

W% Local functions
function residuals = Res_sq(param, eta, R_data, dudt, t,

N states, dt, Ndosage, dosage, control, chosen param, R,
h eq)

% Calculates the sum of square errors of the data
compared to the

% simulated model

new_param = param.xones(size (param,l)  size (R_data,l)
);
new_ param (chosen_param ,:) = new_param (chosen_param
;1) .kexp(eta);
if sum(chosen_ param =— 2)==
R_opt = Rxexp(eta(chosen param =— 2,:)) ’;
else

R_opt = Rxones(size (R_data,1) ,1);

IX
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end

end

[u, ~, ~] = simulate_ data(size(R_data, 1), N_states,

t, dt,...

[zeros (size (R_data,1) ,1), R_opt, zeros(size(

R_data,1) ,1)], dudt,

[new_param (1:3,:); [0, 0] .*xones(2,size(R_data

,1))], Ndosage, dosage, control, h_eq,

residuals = (R_data—u(:,:, 2)).72;
end

function ssum = row_ prod(A,B)
% Computes rowsum of two matrices A and B
for ii = 1:size(A,2)

ssum(ii) = transpose (A(:,1i))*BxA(:,ii);

end
end

B.3 Sequential hazard parameters

false)

function loglikelihood = likelihood haz (param, R, event_time

, delta, h_eq)

% Calculates the negative log likelihood for the hazard for

a given

% parametrization of the hazard, can be changed to logit if

(

one pleases by

% altering the h—function.

% input: param — a pxl vector of the parameters belonging to

%

%
%0

%
%0

the hazard

R — data containing the response from the KPD

simulation (with deaths)

event time — last recorded data point before event

delta — binary, 0 for no event happening to ind. i,
1 if event

occured

h eq — chosen equation for the hazard equation

% output: scalar negative log likelihood

loglikelihood = —(sum(delta.*log(h_eq(diag(R(:,

event_time)), param)) —+...

(I—delta).xlog(l—h_eq(diag(R(:, event_ time)),

param)) +...

prob_surv (R, param, h_eq, event_ time)’));
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function ind sum = prob_surv(R, param, h eq, event time)
for jj = 1l:size(R,1)
ind_sum(jj) = sum(log(l1—h_eq(R(jj ,1:event_time(
§i)—1), param)));
end
end

end

B.4 Joint parameter estimation with FOCE

function [loglikelihood , eta_fp] = JFOCE(param,eta_ guess,
dudt, dxdt,dhdt, R_data, t,
N_states, dt, Ndosage, dosage, control input, R, h_eq,
chosen_param, event_time, delta)
% Joint FOCE algorithm , computes the negative loglikelihood
of
% a joint K—PD-TTE model.

%

% input: param : a pxl vector containing the parameters
belonging to the

% K—PD + hazard model.

% eta_guess : scalar, starting guess for eta.

% dudt : ODE equations of the KPD system.

% dxdt : equations expressing the residual
derivatives.

% dhdt : equations representing the hazard likelihood
derivatives.

% R_data : response variable data collected.

% t : time vector representing when the data was
sampled .

% N_states : the number of elements present in the K—
PD model.

% dt : time step for simulating data.

% Ndosage : time vector of when the drug was
administrated .

% dosage : scalar, represents how large the dose is (
mg) .

% control input : Nxl vector of 0/1 values describing
who

% receives the drug.

% U0 : initial values for simulating the model data

% h eq : chosen paramaterized hazard equation for the

% simulated data.

XI
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% chosen_param : 1Ixn_ p vector, represents which
parameters have

% added random effects.

% event__time : Nxl vector of the index representing
the interval

% where each individual had an event occur, if
event_time = t(end)

% then event did not occur.

% delta : Nx1 vector of binary values (0 — no event,
1 — event)

% indicating which individuals had en event occur
during the

% observed time.

% output: loglikelihood : the negative loglikelihood of the

% joint K—PD-TTE model.

% eta_fp : the fixed points of eta for a given set

XII

of parameters.
if length (chosen param) > 1
omega = [param(end—3)"2, param(end—2); param(end—1),
param (end) ~2];
else
omega = param (end ,:) " 2;
end
sigma = param (end—length (chosen_param)xlength (
chosen__param) ) ;

res_sq = @Q(eta, R_data, param, control) Res_sq(param,eta
, R_data, dudt, t,
N_ states, dt, Ndosage, dosage, control, chosen_ param
, R, h_eq);
sim__data = @(param, eta, data, ind, control) simulate R(
param, eta, data ,...
dudt, t, N_states, dt, Ndosage, dosage, control,
chosen_param, R,...
h_eq, ind);

inner likeli = @Q(eta, data, param, event time, delta
control)

—(delta.xlog(h_eq(diag(sim_data(param, eta, data,
event time, control)) ,...

param)) +(1—delta).xlog(1—h_eq(diag(sim_data(param,
eta, data,...

event time, control)), param)) +survival prod(
sim__data(param, eta ,...

data, 1:1:length(t), control), param, h_eq,
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event_time)) +...

0.5%xsum(res_sq(eta,data, param, control)./(sigma™2)
+ log (2% pikxsigma™2) :

, 2, omitnan’)+0.5%row_prod(eta ,inv(omega)) + 0.5x%
log (det (2% pixomega) ) ;

WSS Inner optimization
opt = optimoptions( fminunc’ | "display ’, "none’,
OptimalityTolerance’, le—6);
for ii = 1l:size(R_data,l)
eta_opt = @Q(eta) inner likeli(eta, R _data(ii,:),
param, event_ time(ii) ,...
delta(ii), control input(ii));
try
eta_fp(:,11) = fminunc(eta_opt, eta_guess, opt);
catch
eta_ fp(:,11) = eta_ guess;
disp (’Warning: error in JFOCE’)
end
end

WITTI Compute sensitivities

h = le—6;

param_vec = zeros (size (param));

param_vec(1,:) = 1; % Specific for KDE

new_param = param.*ones(size (param,1)  size (R_data,l));

new_param (chosen_param ,:) = new_param (chosen_param ,:) .x
exp(eta_fp);
if sum(chosen_ param =— 2)==
R_opt = Rxexp(eta_fp(chosen_ param = 2,:)");
else
R_opt = Rxones(size (R_data,1) ,1);
end
[u0, ~, ~] = simulate data(size (R data,1), N _states, t,

dt,
[zeros (size (R_data,1) ,1), R_opt, zeros(size(
R _data,1),1)],
dudt, new_ param, Ndosage, dosage,
control input, h eq, false);
if length (chosen param) > 1 % For several random
effects
for ii = 1:length (chosen_ param)
h = zeros(size(eta_fp));
h(ii,:) = le—6;
new_param_ delta = param.*ones(size (param,1) ,

size (R_data,1));

XIIT
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XIV

new_ param_ delta(chosen_param ,:) =
new_ param_ delta(chosen param ,:) .xexp(eta_fp

+ h);
if chosen param(ii) == 2
R_opt = Rxexp(eta_fp(chosen param =— 2 :)’+
h(ii,:) )
elseif sum(chosen param = 2)==1 &&
chosen_param(ii) ~= 2
R_opt = Rxexp(eta_fp(chosen_param — 2 ,:)
7) ,
else
R_opt = Rxones(size (R _data,1) ,1);
end
[u_delta, ~, ~] = simulate_data(size(R_data,1),

N states, t, dt, ...
[zeros (size (R_data,1),1), R_opt,
zeros (size (R _data,1) ,1)],...
dudt, new_param_delta, Ndosage,
dosage , control input, h_eq,
false);

for jj = 1l:size(R_data,l)
u_delta(jj, (event time(jj)+1):end,2) = nan
u0(jj, (event_ time(jj)+1):end, 2) = nan;
end

ddeta (:,:,1i) = dxdt(u0, u_delta, h(ii),
new_param, param_vec(chosen_param(ii)) ,...
[zeros (size (R _data,1),1), R _opt, zeros(size
(R_data,1) ,1)]);
ddlambda (:,:,ii) = dhdt(u0, u_delta, h(ii),

param, ddeta (:,:,1i));
end
else
new_param_ delta = param.xones(size (param,1) size (
R_data,1)); % For one random effect
new_ param__delta(chosen_param,:) = new_param_ delta(
chosen_param ,:) .xexp(eta_fp + h);
if sum(chosen_ param = 2)==
R_opt = Rxexp(eta_fp(chosen_ param =— 2 ,:)’+
h7)s
else

R_opt = Rxones(size (R_data,l) ,1);
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end
[u_delta, ~, ~] = simulate data(size (R_data,l),
N states, t, dt,
[zeros (size (R_data,1) ,1), R_opt, zeros(size(
R_data,1) ,1)], dudt,
new_param_ delta, Ndosage, dosage, control input,
h_eq, false);
for ii = 1:size(R_data,l)
u_delta(ii, (event_ time(ii)+1):end,2) = nan;
u0(ii, (event_time(ii)+1):end, 2) = nan;
end
ddeta = dxdt(u0, u_delta, h, new_param, param_vec(
chosen_param) ;...
[zeros (size (R_data,1) ,1), R_opt, zeros(size(
R_data,1),1)]);
ddlambda = dhdt(u0, u_delta, h, param, ddeta);

end

WITI Compute Hessian
omega_inv = inv (omega) ;
if length (chosen param) > 1
count = 0;
test__param = new_ param;
for 11 = 1:size(R_data,l)
count = count + 1;
for jj = 1:length (chosen_param)
for kk = 1:length (chosen_param)
hess(jj ,kk) = —ddlambda (1l ,event tlme(
11),jj).xddlambda (1l ;event time(1l)
kk).*((1—delta(1l))./(1—h_eq(R_data
11 ;event_time(11)), test_param(:, 1l
))."2 + delta(1l)./(h _eq(R__ data(ll ,
event_time(11)), test_ param(:,11))
2)) .
—dlambda_sum (R_data(1l ,:) , param,
h_eq, event_time(1l), ddlambda(
11 ,:,kk), ddlambda (1l ;:,jj)) ’...
—sum (ddeta (11 ,:,jj).xddeta (1l ,:  kk)
~kinv (sigma”2),2, 'omitnan’) —
omega_inv(jj ,kk);

(
)

end
end
H det(11) = det(—hess/(2%pi));
[~, flag] = chol(—hess);
%0

Check for a non—negative definite matrix

XV
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if flag ~= 0
disp (’Hessian not negative definite , opt out
)
end
end
else
H = —diag(ddlambda(:,event_ time)). 2.x((1—delta)
./(1—h_eq(diag(R_data(:,event_ time)), param)). 2
+ ...
delta./(h_eq(diag(R_data(:,event_time)), param)
2)) —.
dlambda_sum (R_data, param, h_eq, event_ time,
ddlambda, ddlambda) ' —...
sum(ddeta.” 2xinv (sigma”2),2, ‘omitnan’) —
omega_inv;

for ii = l:size(R_data,l)
H det(ii) = det(—H(ii)/(2xpi));
end
end

WIS Compute loglikelihood
loglikelihood = sum(0.5%sum(res_sq(eta_fp,R_data, param
, control input)./(sigma”2) + log(2*pixsigma  2)

, 2, omitnan’)’— transpose (delta.xlog(h_eq(diag/(
sim__data (param, eta_fp, R_data, event_time,
control input)), param))) —...

transpose ((1—delta).xlog(l1—h_eq(diag(sim_data(
param, eta_fp, R_data, event_ time,
control input)), param))) —...

survival prod (sim_data(param, eta_fp, R_data,
1:1:length(t), control input), param, h_eq,
event_time) +0.5%xrow_prod(eta_fp,omega inv)
+ ...

0.5x%log (det (2% pixomega)) + 0.5xlog(H_det), 2,
omitnan’);

YWOSSS Functions used

function sim_data = simulate R (param, eta, R_data, dudt,
t,

N_states, dt, Ndosage, dosage, control, chosen_param, R,
h_eq, ind)

% Calculates the sum of square errors of the data
compared to the

% simulated model
new_param = param.xones(size (param,l)  size (R_data,l)
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) ;

new param (chosen param ,:) = new_ param (chosen param
;i) .kexp(eta);
if sum(chosen param = 2)==1
R_opt = Rxexp(eta(chosen_param =— 2,:)) ’;
else
R_opt = Rxones(size (R_data,1) ,1);
end
[u, ~, ~] = simulate_data(size(R_data, 1), N_states,

t, dt, [zeros(size(R_data,1),1), R_opt, zeros(
size (R_data,1),1)], dudt,
new_param, Ndosage, dosage, control, h_ eq,
false);
sim_data = u(:,ind,2);
end

function residuals = Res_ sq(param, eta, R_data, dudt, t,

N states, dt, Ndosage, dosage, control, chosen param, R,
h_eq)

% Calculates the sum of square errors of the data
compared to the

% simulated model
new_param = param.xones(size (param,l)  size (R_data,l)

) ;

new_ param (chosen_param ,:) = new_param (chosen_param
;1) .xexp(eta);
if sum(chosen_ param — 2)==1
R_opt = Rxexp(eta(chosen param — 2,:)) 7;
else
R_opt = Rxones(size (R_data,l) ,1);
end
[u, ~, ~] = simulate_data(size (R_data, 1), N_states,
t, dt, [zeros(size(R_data,l),1), R_opt, zeros(
size (R_data,1) ,1)], dudt,
new_param, Ndosage, dosage, control, h eq,
false);
residuals = (R_data—u(:,:, 2)).72;

end

function rowprod = row_prod(A,B)
% Computes rowsum of two matrices A and B
for ii = 1l:size(A,2)
rowprod (ii) = transpose (A(:,ii))*BxA(:,11);
end
end
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function ind sum = survival prod(data, param, h_eq,
event_ time)
% Calculates the probability of survival until time
tau i—1
for jj = 1l:size(data, 1)
ind sum(jj) = sum(log(l1—h_eq(data(jj,1:
event_ time(jj)—1), param)));
end
end
function to sum = dlambda sum(data, param, h eq,
event_time, dlambdal, dlambda2)
% Calculates the sum in the likelihood for TTE
for 1:size (data,1)
to_sum(ii) = sum(dlambdal(ii ,1:event_time(ii)—1)
dlambda2(ii ,1:event_time(ii)—1).x*...
1./((1—h_eq(data(ii ,l:event_time(ii)—1)
, param))."2));
end
end
end
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C

Possible issues regarding
identifiability

To further investigate the possibility of existing problems with the identifiability in
the parametric hazard, a set of different values a and [ were studied more closely.
In total 40 different values of § in the range of [30,60], with a matched « which
kept the baseline hazard within a value of |a + | < 3, was investigated. See Figure
C.1 for the range of chosen parameter values. One dataset with 500 individuals who
where sampled once a day was simulated for each parameter combination.

Since the survival curves contain most of the data necessary when estimating the
parameters, with regards to the TTE likelihood, they are a good visual tool to view
the dataset. Therefore the different survival curves were plotted for a set random
seed, in order for the curves to be comparable. The result of this is presented in
Figure C.2, where each color represent one value of the baseline hazard with a spac-
ing of 0.5. This means that the curves at the top, and the bottom, represent the
extreme baseline values of +3 and -3. Note the clustering that occurs for every
baseline value. Each cluster contains at least one value of § in the full range of
[30,60], which still generate the same results in regards of how many individuals
have an event occur for each time point. These clusters also tend to become more
and more compact with more extreme baselines.
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Figure C.1: Discretization of the different values of @ and S which keeps the
baseline hazard in the range of [0.05,0.99].

XX



C. Possible issues regarding identifiability

100 ¢ T T T T T T T

Survival (%)

0 10 20 30 40 50 60 70 80 90
Time (days)

Figure C.2: Simulated survival curves for the parameter combinations seen in
Figure C.1 for 500 individuals who where sampled once a day for 90 days. Each
color represents a different baseline hazard such that |a + (| was kept below 3.
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D

Sampling frequencies -
complementary results

To test out start guesses further away, the same analysis carried out as in Section
4.2 was carried out but for 18 repeats and 100 individuals where everyone received
the same dosage of 50 mg twice over 90 days. The simulated parameter values as

well as the start guess is displayed in Table D.1.

‘ The different sampling frequencies were: At = 2, At = 1 and At = 0.5, and
the results are displayed as the REE values for each parameter in Figure D.1 and as
the total REE in Figure D.2. For At = 2, joint performs better in 3 of the datasets,

for At =1 in 8 of the datasets and for At = 0.5 in 16 of the datasets.

Table D.1: Parameter values used for simulating data.

Parameter Simulated Start guess
KDE[d™] 0.2 0.1
Kin[nM.d ™1 0.1 0.2
EDK50[mgd_l] 0.1 0.2
« -8.0 -10
6] 6.2 )
o[nM] 0.05 0.2
WKDE 0.2 0.1
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Figure D.1: REE for the two estimation approaches, joint (orange) and sequen-
tial (blue), for three different sampling frequencies for 18 iterations. The repetition
datasets were simulated for 100 individuals where everyone received the same treat-
ment of two doses of 50 mg.

XXIV



D. Sampling frequencies - complementary results

250

150
200 -
o
2 o @100
& L o 8 &
7150 © i
o o
] © 5
g e
£ 1001 £ 00
s o o2 S sof o ®
o o
o
50 - ©
o o
9% © o
0 . . . . . 0 . . .
0 50 100 150 200 250 0 50 100 150
Sequential Total REE(%) Sequential Total REE(%)
(a) At =2 (b) At =1
150

;\? 100 |

v

w

[

g

=3

2

E

=] L o]

= 50 &0

o, %9
508
[}
0 . . .
0 50 100 150
Sequential Total REE(%)
(c) At =0.5

Figure D.2: Total REE for the three different sampling frequencies for 18 iter-

ations. The red line indicates the case where both of the sums, for the joint and
sequential model, are equal.
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