Universiteit

4 Leiden
The Netherlands

From data to models : reducing uncertainty in benefit risk assessment :

application to chronic iron overload in children
Bellanti, F.

Citation

Bellanti, F. (2015, September 24). From data to models : reducing uncertainty in benefit risk
assessment : application to chronic iron overload in children. Retrieved from
https://hdl.handle.net/1887/35437

Version: Corrected Publisher’s Version
License: Licence agreement concerning inclusion of doctoral thesis in the

Institutional Repository of the University of Leiden
Downloaded from: https://hdl.handle.net/1887/35437

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/35437

Cover Page

The handle http://hdl.handle.net/1887/35437 holds various files of this Leiden University
dissertation

Author: Bellanti, Francesco

Title: From data to models : reducing uncertainty in benefit-risk assessment : application
to chronic iron overload in children

Issue Date: 2015-09-24


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/35437

CHAPTER 8

Model-based characterisation of the acute
and long-term unfavourable effects of iron
chelation therapy

F Bellanti, A Emerenciana, GC Del Vecchio, MC Putti, C Cosmi, | Fotzi, M Danhof, and O Della
Pasqua

Ready for submission

Summary

Aims: The evaluation of the safety profile during the development of a drug is a challenging
undertaking, especially as the drug-specific adverse events may be intertwined with disease-related
complications. Using iron chelation therapy as an example, we propose a model-based approach to
integrate epidemiological and pharmacological data for the characterisation of the acute, long-term
adverse events and the disease complications due to transfusion-dependent iron overload.

Methods: Longitudinal data from a reference group of patients (n= 27) affected by 8-thalassaemia
major under chelation therapy with deferoxamine were evaluated in conjunction with literature data
on the short-term safety profile of deferoxamine. Occurrence of the secondary co-morbidities
hypothyroidism and diabetes mellitus was analysed based on a time to event approach in NONMEM
v.7.2.0. In this analysis historical data were included as priors to reduce uncertainty in parameter
estimates. Occurrence of the acute drug-specific adverse events arthralgia/myalgia and anaphylaxis
were modelled as dose-dependent and dose-independent events.

Results: The predicted incidence for hypothyroidism and diabetes based on the hazard models with
mean (90% Cl) was 6.3% (0-14.8) and 8.9% (0-18.5), respectively. For a 45 mg/kg/day dose the mean
(95% Cl of the mean) simulated incidences for anaphylaxis and arthralgia/myalgia were 0.154%
(0.139-0.169) and 21.01% (20.85-21.17) respectively; other doses as well as different compliance
patterns were evaluated both for drug-specific AEs and disease complications.

Conclusions: A model-based approach provides the basis for a structured evaluation of the safety
profile of drugs at different stages of development and for risk management, allowing integration of
clinical and epidemiological data and consequently discrimination between the disease-related and
the drug-related adverse events. Our simulations show that both chelation and transfusion history
play a major role in determining the long-term adverse events and complications of disease. The
findings also reveal a delicate balance between acute and long-term complications, indicating that
inadequate chelation therapy or poor compliance can affect the desired therapeutic goal.
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CHAPTER 8

8.1 Introduction

In many chronic paediatric diseases such as transfusion-dependent haemoglobinopathies,
where life-long red blood cell (RBC) transfusion is essential to survive (1-7), the direct and
instantaneous therapeutic effectiveness needs to be balanced with long-term complications
that depend both on the treatment intervention and the underlying disease progression.
Two major aspects need to be considered when evaluating long-term effects: the disease
progresses over time and may lead to disease specific complications and at the same time
the frequency of drug-specific AEs may change over time or delayed, time-dependent AEs
may be occur (8,9). Furthermore, in contrast to drug efficacy, even the short-term evaluation
of drug-specific AEs can be extremely challenging, as data are often not available (e.g., a
given event might not be observed during a clinical trial, especially if the incidence is
relatively low) or not quantifiable due to recognised methodological issues (10-12). The two
aspects very often overlap, making it rather difficult to discriminate the underlying cause.
Lack of understanding of such an interaction may lead to inaccurate assessment of the safety
profile of a drug. In fact, to fully characterise the safety profile, a variety of endpoints need
to be considered in parallel, taking into account the correlations among them.

Chronic iron overload

Even though the management of the chronic RBC transfusion regimen and the availability of
adequate iron chelation therapy have improved significantly in the last decades, patients
with B-thalassemia will still experience a number of complications throughout their entire
life (6,13,14).

Among the disease related complications, iron overload is the most clinically relevant and it
is associated with several co-morbidities such as cardiac dysfunction, liver fibrosis,
hypogonadism, hypothyroidism, hypoparathyroidism and diabetes mellitus (6,13,14).
Cardiac disease caused by myocardial siderosis is the most relevant one, causing death in
71% of the patient population (15).

In the absence of an innate mechanism to remove the excess of iron, treatment with iron
chelators is vital to prevent its accumulation and to manage the related complications (16—
19). In addition to the disease related complications, the therapeutic intervention itself may
also cause a number of undesired events (different for each iron chelator available on the
market) that will play an essential role in the ability of the patient population not only to
accept the intervention (poor adherence) but also to coexist with these complications for a
life-long term. In this analysis we focus on the iron chelating agent deferoxamine (DFO), that
is first-line therapy for transfusion-dependent diseases and has been available for the
treatment of iron overload for more than 35 years (2,6,16-21). Among the various
limitations of deferoxamine therapy recognised by clinicians and experts in the field
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(6,17,19,22), compliance to the treatment plays a crucial role in the overall effectiveness of
the treatment as well as the related complications.

Using DFO for the treatment of iron overload as an illustrative example, we propose and
evaluate the advantages of a model-based approach for the characterisation of the safety
profile of a medicinal product. We also show how modelling allows integration of
epidemiological (literature) and pharmacological data for the quantification of the acute
(drug specific) and long-term (disease specific) AEs of iron chelation therapy. Lastly, we show
how the effect of treatment compliance can be assessed and correlated to acute and long-
term events, disentangling the impact of inadequate chelation therapy from variable pattern
of treatment compliance.

8.2 Methods

Data

To evaluate the model-based approach in the context of chronic iron overload we decided to
select data in thalassaemic patients undergoing single therapy with deferoxamine and
specifically collected data on incidence of hypothyroidism and diabetes mellitus. The choice
of these two co-morbidities was made because they both are a clear consequence of the
disease and no other influence of the drug therapy is expected except for the prevention of
the complication itself. Furthermore, in the absence of clinical data on drug-specific AEs we
simulated incidences for two extreme cases (i.e., arthralgia/myalgia as a very common AE
and anaphylaxis as a rare AE) to assess their profiles after short- and long-term treatment.
Specific details on the data are provided in the next few paragraphs.

Clinical Data on hypothyroidism and diabetes mellitus

The modelling analysis was performed using retrospective clinical data in 27 patients with 3
thalassaemia major from three different Italian centres: A.O. Universitaria Consorziale
Policlinico di Bari U.O. Pediatria Federico Vecchio; A.O. Universitaria Policlinico di Sassari
Clinica Pediatrica, ASL 1 D.H. per Talassemia; A.O. di Padova Clinica di Oncoematologia
Pediatrica. The study has been conducted in full conformance with the principles of the
Declaration of Helsinki and with the local laws and regulations concerning clinical trials. The
protocol and the informed consent documents have been formally approved by the relevant
research ethics committee of each clinical site.

Clinical data were collected retrospectively for a maximum of ten years in 27 patients
affected by transfusion-dependent diseases, receiving deferoxamine as single drug for iron
chelation therapy. Baseline characteristics of the patient population are provided in Table 1.
Patients contributed with 40.2 observations on average (sd: 17), with a minimum of 4
samples per year.
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Table 1. Baseline characteristics of the patient population (n=27)

Units Median Range
Age Years 14.6 6.8-19.9
Weight Kg 46 17.5-71
Height Cm 154 111-173
TSH mIU/L 2.34 0.58-83.2
FT4 ng/dL 1.05 0.73-1.43
AST u/L 33 7-159
ALT u/L 56 9-372
Glucose mg/dL 91 52-444
Creatinine mg/dL 0.6 0.2-1.12
Ejection Fraction % 64 35-77
Ferritin ug/L 2260 393-8500

Literature data on co-morbidities and drug specific AEs (data abstraction)

A literature search has been performed to retrieve data on the incidence of hypothyroidism
and diabetes mellitus in the thalassemic population. At first reports from the Central
Bureau of Statistics, The Netherlands were used as reference for the background incidence
of the two co-morbidities in the overall population (23). Subsequently, a comprehensive
literature search was performed using MESH terms in PUbMED, in which articles describing
hypothyroidism and diabetes in thalassaemic patients were retrieved. Thirteen articles in
total (15,24-32,32-34) were identified with relevant information on the incidence of both
co-morbidities. The keywords used comprised the names of the co-morbidity in combination
with B-thalassaemia major, transfusional iron overload, deferoxamine, and a combination of
them. In parallel, a separate search was performed on publications showing supporting
evidence for the use of serum ferritin levels as a predictor for the occurrence of the two co-
morbidities in thalassaemic patients (35—39). Of relevance is the finding that co-morbidity is
with higher incidence in patients whose serum ferritin levels are consistently above 2500
ug/L (35-39). This threshold represents the boundaries for a shift in iron overload from
moderate to a severe state (2,6,40—42). Given the level of detail provided by the authors,
we have focused on the work by Belhoul et al. who demonstrated in a group of almost 400
patients a clear distinction in the incidence of hypothyroidism and diabetes mellitus in
relation to a serum ferritin threshold of 2500 pg/L (38).

Finally for the evaluation of drug specific adverse events (anaphylaxis and
arthralgia/myalgia), estimates reported on the summary of product characteristics (SPC) of
DFO (20) were used to simulate the events of interest. The pharmacological classification
proposed by Wills and Brown was used to select drug specific adverse events based on their
frequency, time of onset and the relation with dose (43). Arthralgia/myalgia was selected as
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an example of a very common Type A (dose-dependent) AE with a frequency greater than
1/10. In addition, anaphylaxis was identified as a rare, Type B (dose-independent) AE with a
frequency between 1/10000 and 1/1000.

Modelling

Hazard models for hypothyroidism and diabetes mellitus

The models for hypothyroidism and diabetes were developed based on the combination of
literature and clinical data. Three steps were taken for the development of each model:

1) An exponential hazard model was built based on literature data on the incidence of
the co-morbidity in thalassaemic patients (disease effect) and in a healthy population
(baseline);

2) The estimated parameters were used as priors to estimate the hazard in the
retrospective clinical data in thalassaemic patients;

3) Literature data were used to incorporate the effect of serum ferritin levels as a
covariate on the final hazard model.

During step 1, a time to event analysis was performed for both hypothyroidism and diabetes
by implementing an exponential hazard model in NONMEM v.7.2 (lcon Development
Solutions, USA). The initial model was based on the epidemiology reports and literature data
and consisted in the following relationship between hazard and survival:

t
S(t) = e Johvat Equation 1

Where the hazard is h(t), and the survival (S) is a function of the cumulative hazard within
the time interval 0 to t. The effect of disease was included as a covariate function (Adis) that
would modify the background (initial) hazard (ho) as follows:

h(t) = hy(t) * e?dis Equation 2

In step 2 the normal-inverse Wishart prior (NWPRI) option was used in NONMEM (44) to
estimate the incidence of the co-morbidities in the data collected during the retrospective
study in thalassaemic patients. In the presence of extremely sparse data the use of prior
information was deemed pivotal to ensure unbiased estimate of the disease effect and to
stabilise the model.

Finally, in step 3 the work by Belhoul et al. (38) was used to justify the inclusion of serum
ferritin levels as a covariate factor in the model developed in step 2. The objective was to
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demonstrate that ferritin can be considered as a predictive factor for the probability (hazard)
of developing co-morbidity. The threshold of 2500 pg/L was used as reference value to
dichotomise the data into two groups and ratio of the incidence of the co-morbidity in these
groups was used to define the corresponding ratio in the hazard model. As shown in
equation 2, the effect of the disease was described by two components depending on
whether serum ferritin levels were above (Afrth) or below (Afrtl) the selected threshold:

h(t) = hy(t) * eMTth+AfTH Equation 3

A summary of the model building steps and parameter estimates for the hazard models of
deferoxamine for hypothyroidism and diabetes mellitus is provided in Table 3.

Table 3. Model building steps and parameter estimates of the hazard model of deferoxamine for
hypothyroidism and diabetes mellitus.
Hypothyroidism

Parameter Description Estimate
Step 1: based on epidemiological and literature data
ho Baseline hazard 0.000496
Adis Disease as a predictor 2.69
Step 2: based on retrospective clinical data (step 1 used as prior)
ho Baseline hazard 0.000496 (FIX)
Adis Disease as a predictor 1.86
Step 3: based literature data (38)
ho Baseline hazard 0.000496 (FIX)
Asrtl Disease when ferritin is 1.03
below 2500 pg/L
Afrth Disease when ferritin is 2.58

above 2500 pg/L
Diabetes mellitus

Parameter Description Estimate
Step 1: based on epidemiological and literature data
ho Baseline hazard 0.00036
Adis Disease as a predictor 2.72
Step 2: based on retrospective clinical data (step 1 used as prior)
ho Baseline hazard 0.00036 (FIX)
Adis Disease as a predictor 2.54
Step 3: based literature data (38)
ho Baseline hazard 0.00036 (FIX)
Asral Disease when ferritin is 1.56
below 2500 pg/L
Afrth Disease when ferritin is 3.33

above 2500 pg/L

182



ACUTE AND LONG-TERM UNFAVOURABLE EFFECTS OF IRON CHELATION THERAPY

Logistic models of acute drug specific adverse events

In contrast to the data fitting procedures used to describe the incidence of co-morbidiies,
drug-specific adverse events were evaluated by simulations using the information reported
on the SPC of deferoxamine.

Two approaches were used to simulate the incidence of a very common dose-dependent AE
(arthralgia/myalgia) and a rare dose-independent AE (anaphylaxis). In the first case, a
logistic model with non-linear regression was developed correlating the drug levels a steady-
state with the probability of adverse events in an exposure-dependent manner. Steady-state
concentrations were simulated based on a PK model, which is described in later in this
section. The logistic model was implemented as follows:

_ CssY
T (PCse +CssY)

Equation 4

where Css is the deferoxamine steady state concentration, PCso is the concentration
corresponding to a 50% probability of experiencing the AE, and vy is the coefficient defining
the shape of the relationship. Parameter values for PCsp and y were fixed to 13 ug/ml and
2.5, respectively, to ensure that simulated incidence levels correspond to the figures
reported in the SPC.

In the second case, a truncated normal distribution (with x > 0) was used in R to simulate a
rare, dose-independent AE (anaphylaxis). The rnorm function (45) with mean equal to 0.5
and standard deviation equal to 0.5 was used to generate the probabilities of experiencing
the adverse event. A severity of grade 2-3 was assumed for all AEs. However, for the
purposes of this analysis no distinction was made between severity levels at the time of the
event. Data was therefore summarised only as the overall frequency of AE.

Role of compliance

In a previous investigation we have highlighted the importance of treatment compliance for
the effectiveness of drug therapy in patients with chronic iron overload [Chapter 7 of this
thesis]. Poor adherence was found to have a major influence on the pharmacokinetics of the
drug and subsequently on the desired clinical response. Compliance to treatment will
therefore be one of the factors to be evaluated in the proposed simulation scenarios in
order to assess its impact on the short- and long-term complications of iron chelation
therapy.

Evaluation scenarios: clinical trial and not-in-trial Simulations

Simulations were performed to investigate the impact of different dose levels yielding to a
range of exposure levels and various compliance scenarios on the onset and incidence of
short and long-term unfavourable effects of iron chelation therapy (46). Data were
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simulated for an overall period of maximum 10 years, where the 1% year is representative of
a standard clinical trial and the subsequent years reflect a follow-up interval that has the
objective of capturing real life conditions that may occur over a long-term period.
Simulations were performed on a hypothetical patient population with similar demographic
characteristics as the patients included in the retrospective clinical study (N=27) and were
based on the models and final parameter estimates described above. Doses were adjusted
according to changes in body weight at the scheduled visits. To ensure that uncertainty and
variability in parameter estimates are accounted for, 250 simulations were performed for
each individual in each of the scenarios described below. To facilitate visual representation
of the simulated data, co-morbidity data were stratified by age in two major groups: above
and below 12 years of age.

Simulation of drug concentrations and serum ferritin levels

A PK model and a PKPD model previously developed by our group [Chapter 7 of this thesis]
were used to simulate deferoxamine exposure and serum ferritin levels. Deferoxamine
concentrations (Css) were simulated based on a two compartment pharmacokinetic model
with zero-order absorption and first-order elimination. Five dosing regimens (30, 40, 45, 50
and 60 mg/kg/day for 5 days a week) were evaluated and used as input for the logistic
model (evaluation of short-term effects). These data were also used for the prediction of
serum ferritin profiles, as described by the PKPD model. The predicted ferritin levels were
incorporated as a covariate factor in the hazard models to evaluate the long-term
complications of chelation therapy.

Clinical / Experimental conditions

To ensure the availability of clinically relevant scenarios, different deferoxamine dosing
regimens vyielding to a range of exposure levels were tested on patients starting at three
different baselines ferritin levels, namely 1500, 2500 and 3500 pg/L serum ferritin. This
allowed further exploration of the correlation between ferritin levels and differences in
compliance pattern. The three groups reflect well-defined populations of patients with poor
chelation history (baseline at 3500 ug/L), patients with good chelation history (baseline at
1500 pg/L) and patients with unknown chelation history (baseline around 2500 pg/L).

In the initial set of simulations, exposure to deferoxamine was assumed to be constant over
the course of treatment. In addition, it was assumed that all patients received the same
dosing regimen: 45 mg/kg/day deferoxamine for 5 days a week. Treatment was maintained
at constant dose levels for up to 10 years, under assumption of adequate or satisfactory
response over time, even in those subjects showing initial ferritin levels above 3500 pg/L.
Our main interest was to show how simulations can be used prospectively to evaluate long-
term complications. Moreover, we demonstrate how these scenarios can be used to explore
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the impact of variable treatment compliance. The selected scenarios are presented in Table
2.

Table 2. Simulation scenarios for the evaluation of different patterns of compliance.
Number of missed doses in the stratification period

Single doses Consecutive doses
(Random) (Drug holidays)
Stratification
% of missed doses 1 year lyear 6months 2months 1 month
Scenario 1 10% 25 25 / 5 /
Scenario 2 20% 50 50 25 10 5
Scenario 3 30% 75 75 / 15 /
Scenario 4 40% 100 100 50 20 10
Scenario 5 50% 125 125 / 25 /
Scenario 6 60% 150 150 75 30 15
Scenario 7 70% 175 175 / 35 /
Scenario 8 80% 200 200 100 40 20
Scenario 9 90% 225 225 / 45 /

Full adherence is equivalent to 250 doses per year

All the analyses described in the aforementioned paragraphs were peformed in NONMEM
version 7.2 (Icon Development Solutions, USA), with exception of the rare dose-independent
AE, which was performed in R. All data manipulation, graphical and statistical summaries
were performed in R (v.2.14.0).

8.3 Results

Hazard models for hypothyroidism and diabetes mellitus

Two survival models (exponential hazard) were developed for the quantification of
hypothyroidism and diabetes in thalassaemic patients and used for prospective evaluation
through model simulations. Figure 1 shows the predictions for hypothyroidism and diabetes,
as compared to the available epidemiological and literature data, as described previously in
step 1. Both models show good agreement with the observed data.
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Figure 1. Performance of the hazard model for hypothyroidism (top panel) and diabetes (bottom
panel) based on modelling of historical data. Black circles represent observed literature data for
baseline incidence of the co-morbidities in the overall population whereas blue circles represent the
observed literature incidence for thalassaemic patients. The dashed lines show model predictions in
blue with respect to the patient population and in black with respect to the baseline incidence.

The results of the final model are presented in Figure 2, (after step 3: inclusion of serum
ferritin as a predictor of the co-morbidity), in which published literature (15,24,32,38,39,47)
data was included as prior for the analysis of the available clinical data. The mean (90% Cl)
predicted incidence of hypothyroidism and diabetes was 6.3% (0-14.8) and 8.9% (0-18.5),
respectively. Both models were considered adequate for simulation purposes.
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Figure 2. Validation of the hazard models for hypothyroidism (top panel) and diabetes (bottom
panel). Model predicted incidence (solid dark grey line) is compared to literature data (coloured
dashed lines): Borgna-Pignatti et al (black); Belhoul et al (red); Mehrvar et al (blue); Aydinoc et al
(yellow); Shamshirsaz et al (green); and Kyriakou et al (orange and purple).

Clinical trial and not-in-trial simulations

The results of the evaluation of drug and treatment compliance levels on long term disease
progression are presented in Figure 3. Simulation of the incidence of hypothyroidism and
diabetes in a virtual population of 27 patients are stratified by age groups (below or above
12 years of age at start of treatment). In patients below 12 years of age a slight negative
trend is observed indicating a reduction in the incidence of the co-morbidities with
increasing dose levels; this is not the case in the other group where no significant changes
are observed. Furthermore, a clear distinction in the incidence of both co-morbidities was
observed for patients with different starting baseline ferritin levels. This finding highlights
the relevance of transfusion and chelation history for these outcomes.
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Figure 3. Effect of different exposure levels (x axes show different dosing regimens investigated in
the simulation) on hypothyroidism, diabetes, arthralgia/myalgia and anaphylaxis in the population
under investigation for an observational period of maximum 10 years. Top left and top mid panels
show the simulations outcome for hypothyroidism after stratification of the patients into two age
categories, i.e., below and above 12 years of age, respectively. Bottom left and bottom mid panels
show the simulations outcome for diabetes in patients below and above 12 years of age,
respectively. The dashed, solid and dotted-dashed lines represent respectively the three subgroups
of patients with adequate, unknown and poor chelation history. The top right panel show the results
for arthralgia/myalgia, whereas the bottom right panel gives the results for anaphylaxis. In all
scenarios the dark grey lines represent the mean and the light grey lines represent the 95%
confidence interval of the mean.

On the other hand, the simulations describing the occurrence of acute, drug-specific AEs the
show the implications of dose-dependent and dose-independent adverse events, on the
individual safety profile of each patient, with the incidence of myalgia/arthralgia increasing
proportionally with the dose of deferoxamine.

Given the interaction between treatment response, as determined by ferritin levels and
adherence to the prescribed dosing regimen, we also included an evaluation of the impact of
different compliance patterns. Results are shown in Figures 4, 5 and 6 for hypothyroidism,
diabetes and arthralgia/myalgia and anaphylaxis, respectively. Similarly to what we have
observed when evaluating the implications of different exposure levels, stratification of the
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data by age indicates an increase in the incidence of hypothyroidism and diabetes with
decreasing levels of adherence in patients below 12 years of age (Figures 4 and 5 — left
panels). Similar trends are observed among the different scenarios proposed. In addition,
stratification based on starting ferritin levels shows the importance of the patient’s
treatment history for the prediction of long-term complications.

When looking at arthralgia/myalgia (Figure 6 — left panels) the different scenarios are
characterised by similar profiles, i.e., with increasing incidence of adverse events at
increasing doses; but the magnitude of the effect is slightly altered at different levels of
compliance. By contrast, no major differences are observed for the dose-independent AE
(anaphylaxis: Figure 6 — right panels).
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Figure 4. Effect of different patterns of compliance on hypothyroidism in the population under
investigation for an observational period of maximum 10 years. Left and right panels show results
based on stratification of patients into two age categories, i.e., below and above 12 years of age,
respectively. In all scenarios: the dashed, solid and dotted-dashed lines represent respectively the
three subgroups of patients with adequate, unknown and poor chelation history; the dark grey lines
represent the mean and the light grey lines represent the 95% confidence interval of the mean. The 5
scenarios presented here are detailed in the methods and in Table 2.
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Figure 5. Effect of different patterns of compliance on diabetes in the population under investigation
for an observational period of maximum 10 years. Left and right panels show results based on
patient stratification into two age categories, i.e., below and above 12 years of age, respectively. In
all scenarios: the dashed, solid and dotted-dashed lines represent the three subgroups of patients
with adequate, unknown and poor chelation history; the dark grey lines represent the mean and the
light grey lines represent the 95% confidence interval of the mean. The 5 scenarios presented here
are detailed in the methods and in Table 2.
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Figure 6. Effect of different compliance patterns on arthralgia/myalgia (left panels) and anaphylaxis
(right panels) in the population under investigation for an observational period of maximum 10
years. The solid, dashed (small), dotted, dotted-dashed, and dashed (large) lines represent the
scenarios investigated from 1 to 5 respectively. In all panels the dark grey lines represent the mean
and the light grey lines represent the 95% confidence interval of the mean. Mean and 95%-Cl of the
mean are presented in the top panels, whereas the bottom panels show only the mean value.

8.4 Discussion and Conclusion

A model-based approach was implemented to evaluate simultaneously the short- and long-
term unfavourable effects of iron chelation therapy. Epidemiological and pharmacological
data have been combined to appropriately estimate the parameters of interest in the
survival models. In contrast to traditional data meta-analysis, summary statistics is used to
integrate data from different sources; here we rely on literature summaries to fit a
population model for events whose incidence is relatively low to be derived from individual
clinical trials. In fact, the epidemiological data was deemed essential for an unbiased
qguantification of the incidence of hypothyroidism and diabetes in the thalassaemic
population. Both models were successfully validated, as shown in Figures 1 and 2.

Whereas external model validation procedures could not be easily implemented for this type
of analysis, basic diagnostics plots suggested that the model was sufficiently robust support
its use for simulation purposes. In fact, the use of literature summaries, i.e., point estimates,
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as reference input data for fitting has been applied previously in a number of therapeutic
areas in investigations with similar scope (48-50).

Treatment as a disease modifying factor

Our simulations show that long-term complications associated with inadequate chelation
due to suboptimal dosing or poor compliance has major implications for patients in the
lower age group, whereas almost no effect is observed for those patients in the higher age
group. These results suggest that this phenomenon is partially masked by the baseline age of
the population, which in turn reflects the chelation history of the patients. This is also
evident by the difference in the overall incidence of the comorbidities among the three
subgroups evaluated in each scenario, depending on their chelation history. These findings
are in agreement with previous report on the consequences and cost of noncompliance to
iron chelation (51,52). In clinical practice, improvement of compliance with chelation
therapy is considered the best prevention for hypothyroidism. Guidelines also recommend
regular follow-up and optimising chelation therapy in patients showing sub-clinical
hypothyroidism, i.e., basal levels of TSH 5 to 7 mUl/ml.

In theory, our analysis suggests that changes in the treatment of patient at a late phase of
the disease could potentially have little or no impact on the probability of developing
hypothyroidism or diabetes. Hence, effective treatment at the start of chelation therapy may
determine long-term onset of co-morbidities. Whilst the proposed simulations scenarios
have been limited to a predefined set of compliance patterns with overall dose intake
ranging from 10% (worst case scenario) to 90 % in patients with perfect adherence to
treatment, literature data on deferoxamine reveals that mean compliance in patients ranges
from 59 to 78 % (51).

The proposed scenarios also provide an opportunity to assess prospectively the correlation
between short- and long-term complications. For instance, until now it is unclear whether
changes in the dosing regimen can be implemented to provide benefit for a given patient in
the short-term without significantly affecting the long-term disease progression. Such a
correlation can be seen in the scenarios shown in Figures 3 to 5 for the long-term
complications. Focus of treatment is mostly on correcting for changes in ferritin levels, but
dose rationale currently does not assess how different dose levels may lead to higher or
lower incidence of long term co-morbidities.

Limitations

The simulation scenarios presented here represent a simplification of a complex therapeutic
reality in which the nature and number of co-morbidities and drug-specific AEs are much
higher than those included in our analysis (53-55). Nevertheless, we believe that the
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selection of a subset of AEs has enabled us to demonstrate how inferences by modelling and
simulation can be used to characterise the overall safety profile of a compound.
Furthermore, our approach shows how to explore safety concerns pro-actively in a
quantitative manner even in the absence of sufficient data from randomised clinical trials.
We acknowledge, however, that the lack of available clinical data imposed the integration of
epidemiological and literature data to develop the final models based on population
summary data, which may mask some specific features of the disease or treatment at the
individual patient level, especially if one takes into account potential correlations or
interaction between covariates. Therefore, the impact of such an interaction, as well as of
the correlation between endpoints could not be evaluated. The availability of more
informative, individual patient data could have provided further support for our
assumptions, but we do not anticipate that such data would alter the final conclusions from
the proposed simulation scenarios.

The shortcoming from individual data may have been compensated by the incorporation of
time-dependent effects (and covariate factors), which allowed a clear distinction between
disease-specific (long term) and drug-specific (short term) AEs.

A possible weakness remains in that very few data were available from long term safety
follow up studies including paediatric and adults. Such data might have provided better
estimates of the parameters and covariate factors determining the timing and age of onset
of co-morbidities.

We also acknowledge that the stratification of AEs by their grade of severity would be more
relevant in clinical practice. Here we have assumed a grade 2-3 for all simulated AEs to
reduce the complexity of the scenarios. The same applies for the duration of the AEs and the
clinical implications that the event would have for individual patients, such as dose titration
over even change of chelator. This simplification was necessary to ensure that focus were
given the time-dependencies associated with the long term consequences of inadequate
chelation therapy (56,57).

Perspectives

In this analysis we showed that M&S provides the necessary tools to overcome the
methodological and practical hurdles in the evaluation of the safety profile of a compound.
We foresee the advantages of applying such an approach in the context of a full benefit-risk
(BR) appraisal, where the lack of a systematic and more structured approach is
acknowledged by different parties (58—62). Of particular relevance for the implementation
of BR assessment, is the possibility of exploring rare dose-independent AEs. It is worth
mentioning that in controlled trials and especially in paediatric trials, where limited numbers
of patients are enrolled, these events might not even be observed. We believe that in such
cases, modelling & simulation enables the integration of available information (e.g.,
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extrapolation of adult data) to explore in a quantitative manner the implication of (clinically
relevant) what-if scenarios (10,11).

Despite the limited number of scenarios presented here, several aspects can be considered
and analysed by clinical trial and not-in-trial simulations. Such a framework may allow
common questions in paediatric research to be evaluated in a systematic way, especially
those related to developmental growth or age, which may lead to changes in the incidence
of AEs over time. Another important application is the assessment of susceptibility of
subgroups or population minorities which may not be appropriately represented in the trial
population (63).

Conclusions

In summary, our investigation has illustrated the advantages of a model-based approach for
the characterisation of the safety profile of drug in children. The use of modelling and
simulation does not only provide the basis for the systematic integration of clinical and
epidemiological data as a means to overcome the limited data availability in this population,
but also allows one to disentangle disease-specific from the drug-specific adverse events,
which are often intertwined, but have different impact on long-term outcome of treatment.
Irrespective of the level of understanding or the mechanisms underlying adverse events, the
availability of a simulation framework to evaluate the safety profile of a treatment offers a
unique opportunity to explore scenarios which may not be feasible or even acceptable in
real life, but which nevertheless provide insight into the role of the drug, the patient and the
disease in the outcome of an intervention. Such information may be essential for accurate
assessment of the benefit-risk profile of a medicinal product in children.

195



CHAPTER 8

References

10.

11.

12.

13.

14.

15.

16.

Gibbons R, Higgs DR, Old JM, Olivieri NF, Swee Lay T, Wood WG. The Thalassaemia Syndromes
- Fourth Edition. Blackwell Sci. 2001;

Galanello R, Origa R. Beta-thalassemia. Orphanet J Rare Dis. 2010 Jan;5:11.

Ginzburg Y, Rivella S. B-Thalassemia: a Model for Elucidating the Dynamic Regulation of
Ineffective Erythropoiesis and Iron Metabolism. Blood. 2011 Oct 20;118(16):4321-30.

Rebulla P. Blood transfusion in beta thalassaemia major. Transfus Med. 1995 Dec;5(4):247—-
58.

Rebulla P, Modell B. Transfusion requirements and effects in patients with thalassaemia
major. Lancet. 1991;337:277-80.

Rund D, Rachmilewitz E. Beta-Thalassemia. N Engl J Med. 2005;353:1135-46.
TIF. Guidelines for the clinical management of thalassaemia. 2008.

Edwards I, Aronson J. Adverse drug reactions: definitions, diagnosis, and management.
Lancet. 2000;356(9237):1255-9.

Aronson J, Ferner R. Joining the DoTS: new approach to classifying adverse drug reactions.
BMJ. 2003;327(7425):1222-5.

Fescharek R, Nicolay U, Arras-Reiter C. Monitoring and safety assessment in Phase | to lll
clinical trials. Dev Biol Stand. 1998;95:203-9.

Wahab I, Pratt N, Kalisch L, Roughead E. The detection of adverse events in randomized
clinical trials: can we really say new medicines are safe? Curr Durg Saf. 2013;8(2):104-13.

Sheiner L. Learning versus confirming in clinical drug development. Clin Pharmacol Therl.
1997;61(3):275-91.

Cunningham MJ, Macklin E a, Neufeld EJ, Cohen AR. Complications of beta-thalassemia major
in North America. Blood. 2004 Jul 1;104(1):34-9.

Borgna-Pignatti C, Rugolotto S, De Stefano P, Zhao H, Cappellini MD, Del Vecchio G, et al.
Survival and complications in patients with thalassemia major treated with transfusion and

deferoxamine. Haematologica. 2004;89(10):1187-93.

Borgna-Pignatti C, Cappellini MD, De Stefano P, Del Vecchio GC, Forni GL, Gamberini MR, et al.
Survival and complications in thalassemia. Ann N Y Acad Sci. 2005 Jan;1054:40-7.

Cappellini MD, Pattoneri P. Oral iron chelators. Annu Rev Med]. 2009 Jan;60:25—-38.

196



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

ACUTE AND LONG-TERM UNFAVOURABLE EFFECTS OF IRON CHELATION THERAPY

Kwiatkowski JL. Oral iron chelators. Pediatr Clin North Am. 2008 Apr;55(2):461-82.

Musallam KM, Taher AT. Iron chelation therapy for transfusional iron overload: a swift
evolution. Hemoglobin. 2011 Jan;35(5-6):565—73.

Shander A, Sweeney J. Overview of Current Treatment Regimens in Iron Chelation Therapy.
US Hematol. 2009;2(1):56-9.

Novartis Pharmaceuticals UK. Deferoxamine summary of product characteristics.
Theil EC. Mining ferritin iron: 2 pathways. Blood. 2009 Nov 12;114(20):4325-6.

Bentur Y, Koren G, Tesoro A, Carley H, Olivieri N, Freedman MH. Comparison of deferoxamine
pharmacokinetics between asymptomatic thalassemic children and those exhibiting severe
neurotoxicity. Clin Pharmacol Ther. 1990 Apr;47(4):478-82.

CBS. Centraal Bureau voor de Statistiek. Available from: http://www.cbs.nl/nl-
NL/menu/home/default.htm

Aydinok Y, Darcan S, Polat A, Kavakli K, Nisli G, Coker M, et al. Endocrine Complications in
Patients with Beta-thalassemia. J Trop Pediatr. 2002;48(February).

Gulati R, Bhatia V, Agarwal SS. Early Onset of Endocrine Abnormalities in 8-Thalassemia Major
in a Developing Country. J Pediatr Endocrinol Metab. 2000 Jan;13(6):651—6.

Farmaki K. Hypothyroidism in Thalassemia. In: Springer D, editor. Hypothyroidism - Influences
and Treatments. 2012. p. 97-110.

Ghader F, Kousarian M, Farzin D. High-dose deferoxamine treatment (intravenous) for
thalassaemia patients with cardiac complications. East Mediterr Heal J. 2007;13(5):1053-9.

Fung EB, Harmatz PR, Lee PDK, Milet M, Bellevue R, Jeng MR, et al. Increased prevalence of
iron-overload associated endocrinopathy in thalassaemia versus sickle-cell disease. Br J
Haematol. 2006 Nov;135(4):574-82.

Lai ME, Grady RW, Vacquer S, Pepe A, Carta MP, Bina P, et al. Increased survival and reversion
of iron-induced cardiac disease in patients with thalassemia major receiving intensive
combined chelation therapy as compared to desferoxamine alone. Blood Cells Mol Dis.
Elsevier Inc.; 2010 Aug 15;45(2):136-9.

Irshaid F, Mansi K. Status of Thyroid Function and Iron Overload in Adolescents and Young
Adults with Beta- Thalassemia Major Treated with Deferoxamine in. Int J Biol life Sci.
2011;7(1):47-52.

Maggio A, D’Amico G, Morabito A, Capra M, Ciaccio C, Cianciulli P, et al. Deferiprone versus
Deferoxamine in Patients with Thalassemia Major: A Randomized Clinical Trial. Blood Cells,
Mol Dis. 2002 Mar;28(2):196—208.

197



CHAPTER 8

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Shamshirsaz AA, Bekheirnia MR, Kamgar M, Pourzahedgilani N, Bouzari N, Habibzadeh M, et
al. Metabolic and endocrinologic complications in beta-thalassemia major: a multicenter
study in Tehran. BMC Endocr Disord. 2003 Aug 12;3(1):4.

Fung EB, Xu Y, Kwiatkowski JL, Vogiatzi MG, Neufeld E, Olivieri N, et al. Relationship between
chronic transfusion therapy and body composition in subjects with thalassemia. J Pediatr.
Mosby, Inc.; 2010 Oct;157(4):641-7, 647.e1-2.

Swaminathan S, Fonseca VA, Alam MG, Shah S V. The Role of Iron in Diabetes and Its
Complications. Diabetes Care. 2007;30:1926—33.

Dmochowski K, Finegood DT, Francombe W, Tyler B, Zinman B. Factors determining glucose
tolerance in patients with thalassemia major. J Clin Endocrinol Metab. 1993;77(2):478-83.

Li M, Peng SS, Lu M, Chang H, Yang Y, Jou S, et al. Diabetes Mellitus in Patients With
Thalassemia Major. Pediatr blood cancer. 2014;61:20-4.

Chern JPS, Lin KL, Lu M, Lin D, Lin K, Chen J, et al. Abnormal Glucose Tolerance in Transfusion-
Dependent Beta-Thalassemic Patients. Diabetes Care. 2001;24:850—-4.

Belhoul KM, Bakir ML, Saned M-S, Kadhim AM a, Musallam KM, Taher AT. Serum ferritin levels
and endocrinopathy in medically treated patients with  thalassemia major. Ann Hematol.
2012 Jul;91(7):1107-14.

Mehrvar a, Azarkeivan a, Faranoush M, Mehrvar N, Saberinedjad J, Ghorbani R, et al.
Endocrinopathies in patients with transfusion-dependent beta-thalassemia. Pediatr Hematol
Oncol. 2008;25(3):187-94.

Brittenham G, Griffith P, Nienhuis A, MclLaren C, Young N, Tucker E, et al. Efficacy of
deferoxamine in preventing complications of iron overload in patients with thalassemia

major. N Engl J Med. 1994;331(9):567-73.

Modell B, Khan M, Darlison M. Survival in B-thalassaemia major in the UK: data from the UK
Thalassaemia Register. Lancet. 2000;355(9220):2051-2.

Olivieri N, Nathan D, MacMillan J, Wayne A, Liu P, McGee A, et al. Survival in Medically
Treated Patients with Homozygous B-Thalassemia. N Engl J Med. 1994;331:574-8.

Wills S, Brown D. A proposed new means of classifying adverse drug reactions to medicines.
Pharm J. 1999;262:163-5.

Boeckmann AJ, Sheiner LB, Beal SL. NONMEM Users Guide - Part VIII. 2011.

R Core Team. The R stats package - The log normal distribution - https://stat.ethz.ch/R-
manual/R-patched/library/stats/html/Lognormal.html.

198



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

ACUTE AND LONG-TERM UNFAVOURABLE EFFECTS OF IRON CHELATION THERAPY

Chain ASY, Dieleman JP, van Noord, Charlotte Hofman A, Stricker BHC, Danhof M,
Sturkenboom MCJM, et al. Not-in-trial simulation I: Bridging cardiovascular risk from clinical
trials to real-life conditions. Br J Clin Pharmacol. 2013;76(6):964-72.

Kyriakou A, Skordis N. Thalassaemia and Aberrations of Growth and Puberty. Mediterr J
Hematol Infect Dis. 2009;1(1).

Stroh M, Green M, Cha E, Zhang N, Wada R, Jin J. Meta-analysis of Published Efficacy and
Safety Data for Docetaxel in Second-Line Treatment of Patients with Advanced Non-Small-Cell
Lung Cancer. PAGE meeting. 2014.

Maringwa J, Cox E, Harnisch L, Gao X. Model-based meta-analysis of summary clinical
outcome data in idiopathic pulmonary fibrosis (IPF). PAGE meeting. 2012.

Kathman S, Williams D, Hodge J, Dar M. A Bayesian population PK-PD model for
ispinesib/docetaxel combination-induced myelosuppression. Cancer Chemother Pharmacol.
2009;63(3):469-76.

Delea T, Edelsberg J, Sofrygin O, Thomas S, Baladi J, Phatak P, et al. Consequences and costs of
noncompliance with iron chelation therapy in patients with transfusion-dependent
thalassemia: a literature review. Transfusion. 2007;47(10):1919-29.

De Sanctis V, Soliman A, Elsedfy H, Skordis N, Kattamis C, Angastiniotis M, et al. Growth and
endocrine disorders in thalassemia: The international network on endocrine complications in
thalassemia (I-CET) position statement and guidelines. Indian J Endocrinol Metab.
2013;17(1):8-18.

Farmaki K, Tzoumari I, Pappa C. Oral chelators in transfusion-dependent thalassemia major
patients may prevent or reverse ironoverload complications. Blood Cells Mol Dis.
2011;47(1):33-40.

Toumba M, Sergis A, Kanaris C, Skordis N. Endocrine complications in patients with
Thalassaemia Major. Pediatr Endocrinol Rev. 2007;5(2):642-8.

Xia S, Zhang W, Huang L, Jiang H. Comparative efficacy and safety of deferoxamine,
deferiprone and deferasirox on severe thalassemia: a meta-analysis of 16 randomized
controlled trials. PLoS One. 2013;8(12).

Pakbaz Z, Fischer R, Treadwell M, Yamashita R, Fung E, Calvelli L, et al. A simple model to
assess and improve adherence to iron chelation therapy with deferoxamine in patients with
thalassemia. Ann N Y Acad Sci. 2005;1054:486-91.

Dasararaju R, Marques M. Adverse effects of transfusion. Cancer Control. 2015;22(1):16-25.

European Medicines Agency (EMA). Benefit-risk methodology project - Project description.
2009.

199



CHAPTER 8

59.

60.

61.

62.

63.

Food and Drugs Admnistration (FDA). Structured Approach to Benefit-Risk Assessment in Drug
Regulatory Decision-Making - Draft PDUFA V Implementation Plan. 2013.

Liberti B, McAuslane N, Walker S. Progress on the Development of a Benefit / Risk Framework
for Evaluating Medicines. Regul Focus. 2010;15:32-7.

Coplan P, Noel R, Levitan B, Ferguson J, Mussen F. Development of a Framework for
Enhancing the Transparency , Reproducibility and Communication of the Benefit — Risk
Balance of Medicines. Clin Pharmacol Ther. 2011;89:312-5.

Walker S, McAuslane N, Liberti L, Salek S. Measuring benefit and balancing risk: strategies for
the benefit-risk assessment of new medicines in a risk-averse environment. Clin Pharmacol

Ther. 2009;85:241-6.

Contopoulos-loannidis D, Giotis N, Baliatsa D, loannidis J. Extended-interval aminoglycoside
administration for children: a meta-analysis. Pediatrics. 2004;114(1):e111-8.

200



