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CHAPTER 9 

Model-based evaluation of benefit-risk 
balance in children 

 

F Bellanti, J Haddad, GC Del Vecchio, MC Putti, C Cosmi, A Ceci, A Maggio, J Horvath, M 

Danhof, and O Della Pasqua 

 

Ready for submission 

 

Summary 

Aims: In this manuscript we apply a model-based approach to complement evidence generation and 

support an integrated evaluation of benefit-risk balance. Multicriteria decision analysis is used as a 

reference method for the benefit-risk analysis of chelation therapy for chronic iron overload in 

children. Thalassaemia was selected as a paradigm disease with the objective of assessing the impact 

of long term effects on the dose rationale for the paediatric population. 

Methods: Clinical trial simulations and not-in-trial simulations were performed to characterise the 

time course of five clinical endpoints/markers deemed relevant for the evaluation of iron chelation 

therapy in paediatric patients affected by chronic iron overload.  Simulations were based on 

hierarchical models previously developed using available clinical and literature data on deferoxamine. 

Summary statistics were used as input for multi-criteria decision analysis using the software D-Sight.  

For comparison purposes, deferoxamine, as a fixed dose of 45 mg/kg/day, was used as a reference 

scenario. A range of alternative dosing regimens and treatment follow-up periods up to 5 years were 

then evaluated, including fixed doses, weight-banded and ferritin-guided individualised regimens.  

Results: The results of the MCDA show that fixed dosing regimens reach similar weighted scores in a 

typical phase III trial scenario.  However the contribution of the different criteria varies considerably 

amongst the five endpoints. In addition, differences in the pharmacokinetics and pharmacodynamics 

of children below 20 kg and in patients with serum ferritin levels below 2500 µg/L suggest that these 

subgroups may benefit from alternative regimens. The differences in these groups appear to hold 

throughout the 5-year follow-up scenario, although the overall weighted scores decrease and the 

differences among treatment options are less evident.  

Conclusions: In contrast to the evidence obtained during a phase III trial, the use of a model-based 

approach reveals that children below 20 kg and patients with ferritin levels below 2500 µg/L may 

achieve a similar BR score with higher and lower doses, respectively. Our analysis also shows the 

feasibility of integrating PKPD relationships into BR methodologies such as MCDA, allowing for a 

more clear, transparent and systematic assessment of the BRB of a medicinal product. Of relevance 

for paediatric diseases is the possibility to explore BRB beyond the duration of treatment in a clinical 

trial. Moreover, it illustrates how evidence synthesis can be complemented by simulated data, 

enabling the evaluation of options and scenarios which may not be available from empirical 

experimental protocols.  
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9.1 Introduction 
Approval of new medicines for the paediatric population is based on the evidence regarding 

the efficacy and safety profile obtained throughout clinical development (1–4). However, a 

quantitative assessment of the benefit-risk balance (BRB) of a drug is usually not performed 

by sponsors or regulatory authorities at the moment of first marketing authorisation (5). 

Currently, quantitative assessment of the BRB remains a post-marketing endeavour, taking 

into account the emerging evidence from the therapeutic use of the drug in larger 

population and thereby mitigating some of the uncertainties associated with the limited 

data available at the time of launch.  Interest towards the contribution of quantitative 

methodologies for BR assessment has increased considerably in the past years, with 

different stakeholders recognising the need for a more standardised framework, that 

includes higher transparency and consistency(6–14). Among the  numerous approaches for 

quantitative BR analysis, it appears that the lack of transparency can be addressed by the 

development of multi-criteria decision analysis (MCDA) (6,14–21). Nonetheless, this and 

other methods rely on the assumption that a systematic review of empirical evidence arising 

from randomised clinical trials and observational studies  data provides an accurate, 

unbiased picture of a drug’s efficacy and safety.  

This assumption though, may not be valid for a number of reasons.  First, it should be noted 

that for many drugs the evidence required to support regulatory submission does not arise 

from the overall target population, as data is constrained by inclusion and exclusion criteria 

which may not be applicable during the therapeutic use of the medicinal product. In 

addition, little is done to disentangle the contribution of treatment on disease progression 

from external confounding factors on treatment response. Furthermore, the information 

collected in the context of pivotal clinical trials may not provide evidence that dose 

selection, dosing regimen, and treatment duration are truly optimal. Current approaches 

provide a solution to these issues only on the basis of data accumulation from larger clinical 

trials (before drugs approval is obtained) or from data obtained in post-marketing phases. In 

the past years, model-based drug development has proven to be an important resource in 

pharmaceutical research and may be an extremely helpful tool for projecting or 

hypothesising based on assumptions in anticipation of further data collection (22–25). Its 

value is particularly relevant in paediatric drug development where M&S can be used as a 

tool to characterise pharmacokinetic-pharmacodynamic relationships and support further 

understanding of the efficacy and safety profile of old and new drugs (22,24). In this 

manuscript, we propose a model-based approach to complement evidence generation for an 

integrated evaluation of BRB and provide an opportunity for a comprehensive evaluation 

before the first marketing approval. Chronic iron overload will be used as a paradigm disease 

with the objective of assessing the impact of long term effects on the dose rationale for the 

paediatric population. 



MODEL-BASED EVALUATION OF BENEFIT-RISK BALANCE IN CHILDREN 

205 
 

Chronic iron overload is a consequence of chronic blood transfusions in patients affected by 

transfusion-dependent diseases such as beta-thalassaemia major (26–33). These patients 

experience a number of complications such as cardiac dysfunction, hypogonadism, 

hypothyroidism and diabetes mellitus due to tissue specific iron accumulation (27,28,30,32). 

In order to keep iron levels under control, these patients undergo therapy with iron 

chelators, which present a number of unfavourable effects, and along with disease-related 

complications affect the patients’ quality of life (34). To provide an assessment of BRB as 

close as possible to clinical practice in this indication, we have selected deferoxamine as a 

reference compound. Deferoxamine is the currently considered as first line therapy for iron 

overload (34–36). However, we would like to stress that the context of the exercise is purely 

illustrative and is not intended to modify or provide recommendations about its benefit-risk 

profile.  

 

Instead, our objective is to show how integration of modelling and simulation with 

quantitative methods such as MCDA can be used to complement evidence generation for 

diseases or conditions in which data arising from clinical development may be limited or 

insufficient to address clinical and regulatory questions at the time of marketing 

authorisation. We focus on the opportunities for incorporating pharmacokinetic-

pharmacodynamic relationships into the evaluation of the dose rationale and reducing the 

uncertainty and empiricism in evidence synthesis during BR analyses.  

 

9.2 Methods 
Endpoints 

All the data used in the analysis were simulated using pharmacokinetic, pharmacodynamic 

and disease models previously developed by our group. Five clinical endpoints were used for 

the evaluation of the BR framework for iron chelation therapy. A brief description of the 

selected of efficacy and safety endpoints is provided below:  

 

1. Serum ferritin level was selected as a measure of total body iron accumulation. 

Simulated data describing ferritin levels over time were included in the analysis as 

number of responders. A responder was defined as follows: a 20% reduction from 

baseline after 1 year of treatment for patients with baseline serum ferritin of 2500 

µg/L or more; any decrease of serum ferritin levels or an increase, if that increase is 

less than 15% of the baseline as long as it does not result in levels above 2500 µg/L, 

for patients with baseline serum ferritin less than 2500 µg/L. Inclusion criteria at the 

start of treatment is described in the following paragraphs.  

2. Hypothyroidism is a complication of the disease and its prevention was considered a 

benefit of the chelation therapy. Simulated data describing the incidence of 
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hypothyroidism was used as a measure of the progression of the disease. The 

reduction of its incidence is an overall favourable effect of drug therapy. 

3. Diabetes mellitus is a complication of the disease and its prevention was considered 

a benefit of the chelation therapy. Simulated data describing the incidence of 

diabetes was used as a measure of the progression of the disease. The reduction of 

its incidence is an overall favourable effect of drug therapy. 

4. Arthralgia and myalgia are a consequence of the chelation therapy by deferoxamine. 

This is a very common and dose-dependent AE of the iron chelator deferoxamine. It 

was simulated in terms of the incidence of arthralgia/myalgia in individual patients 

over the course of treatment.  

5. Anaphylaxis is a rare dose-independent AE of the iron chelator deferoxamine. 

Simulated data reflected the incidence of anaphylaxis in individual patients. The 

occurrence of anaphylaxis would represent a drop-out from the study or switch to an 

alternative treatment, nonetheless, given the very low incidence patients’ data were 

kept for the evaluation of the other endpoints.  

 

The pharmacokinetic, pharmacodynamic and disease models were hierarchical models, with 

stochastic parameters describing within and between-subject variability. NONMEM v.7.2 and 

R software were used for simulation purposes as well as for graphical and statistical 

summaries. For the simulation of serum ferritin profiles a turnover model was previously 

built by our group, characterised by a disease model that accounts for the effect of the 

chronic transfusion regimen and by a drug model that accounts for the effect of iron 

chelators in reducing serum ferritin levels [Chapter 7 of this thesis]. For the simulation of the 

incidence of hypothyroidism and diabetes, two exponential hazard models were developed 

in which serum ferritin was included as a predictor of the instantaneous hazard [Chapter 8 of 

this thesis].   

 

For the evaluation of drug-specific adverse events, a logistic model with nonlinear regression 

affected by changes in deferoxamine exposure was used to describe the incidence of 

arthralgia/myalgia in dose-dependent manner; whereas a truncated normal distribution was 

used in R to simulate anaphylaxis events in a dose-independent manner. 250 simulations 

were performed for each individual to account for inter- and intra-individual variability in the 

thalassemic population.  An overview of the equations used to describe the response 

variable for each of the models is presented in the Table 1. 
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Table 1. Models used for the simulations  

Model and equations Description 

Deferoxamine PK model 

𝑑𝐴(1)

𝑑𝑡
= 𝐴(2)  × 𝑄 𝑉2⁄ − 𝐴(1)  × 𝑄 𝑉1⁄ − 𝐴(1) × 𝐶𝐿 𝑉1⁄  

𝑑𝐴(2)

𝑑𝑡
= 𝐴(1)  × 𝑄 𝑉1⁄ − 𝐴(2)  × 𝑄 𝑉2⁄  

2 compartment PK model with zero-

order absorption (8 hours subcutaneous 

infusion) and first-order elimination 

processes. Fixed allometric scaling 

(exponent of 0.75 on CL/F and 1 on V1/F 

and V2/F) is used to extrapolate 

exposure in adolescents and children 

Deferoxamine PKPD model 

𝑑𝐹𝐸𝑅𝑅𝐼𝑇𝐼𝑁

𝑑𝑡
= 𝐾𝑖𝑛 + 𝐶𝑅𝑇 − 𝐾𝑜𝑢𝑡 × 𝐹𝐸𝑅𝑅𝐼𝑇𝐼𝑁 

× (1 + 𝐷𝐹𝑂) 

 

𝐶𝑅𝑇 = 𝑆𝐶𝐿 ×  𝑒−𝑆𝐻𝑃 ×𝐹𝐸𝑅𝑅𝐼𝑇𝐼𝑁 

 

𝐷𝐹𝑂 = 𝑆𝐿𝑃 × 𝑆𝐶𝑠𝑠𝐴𝑉 

Kin  = zero-order production rate  

Kout = first-order degradation rate 

CRT = disease component, additive 

production rate triggered by the 

transfusion regimen which was found to 

be non-linearly correlated to the disease 

status where SCL is a scaling factor and 

SHP is the shape factor of the correlation 

DFO = deferoxamine effect where SLP is 

the slope parameter of the 

concentration-effect relationship, and 

SCssAV is the steady state concentrations 

Diabetes and Hypothyroidism hazard model 

𝑆(𝑡) =  𝑒− ∫ ℎ(𝑡)𝑑𝑡
𝑡

0  

ℎ(𝑡) =  ℎ0(𝑡) ∗ 𝑒𝜆𝑓𝑟𝑡ℎ+𝜆𝑓𝑟𝑡𝑙     

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 the disease is described by 

two components depending on whether 

serum ferritin levels are above (λfrth) or 

below (λfrtl) the threshold of 2500 μg/L 

Arthralgia/myalgia logistic model 

𝑃 =  
𝐶𝑠𝑠𝛾

(𝑃𝐶50
𝛾 + 𝐶𝑠𝑠𝛾)

 

Css is the deferoxamine steady state 

concentration, PC50 is the concentration 

corresponding to a 50% probability of 

experiencing the AE, and γ is the 

coefficient defining the shape of the 

relationship 
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Phase III trial design 

A phase III trial of the duration of 1 year was simulated in paediatric thalassaemic patients 

undergoing chelation therapy with deferoxamine at a fixed dose of 45 mg/kg/day for 5 days 

a week. A sample size of 150 patients was selected with about 30 patients aged 2 to 6 years, 

70 aged 6 to 12 years and 50 aged 12 to 17 years. Patients’ demographics were as follows 

(median and range): age 10 years (2-17), body weight 32 kg (12-62), 50% males and baseline 

ferritin levels 3000 µg/L (1000-8500). A graphical representation of the simulated serum 

ferritin profiles for the 1 year study is shown in Figure 1, whereas a summary of the 

remaining endpoints is presented in Table 2. 

 

Figure 1. Simulated serum ferritin profiles over a period of 1 year for the Phase III trial in 

thalassaemic paediatric patients. The solid black line represents the median, whereas the dashed 

grey lines represent the 5th and 95th percentiles. 
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Table 2. Summary statistics of the simulated phase III trial 

Endpoint Units Mean LCI1 RCI2 SD 5 P3 95 P4 

Incidence of Hypothyroidism % 3,26 3,07 3,45 1,54 0,67 6 

Incidence of Diabetes % 4,9 4,69 5,11 1,69 2,67 8 

Incidence of Arthralgia/Myalgia % 64,3 63,84 64,76 3,71 57,63 70 

Incidence of Anaphylaxis % 0,63 0,59 0,66 0,28 0,13 1,07 

1 Left confidence interval of the mean 
2 Right confidence interval of the mean 
3 5th percentile 
4 95th percentile 

 

Complementary simulation scenarios 

A number of alternative scenarios were simulated along with the phase III trial. A sample size 

of 150 patients (as commonly tested in phase III protocols for chronic iron overload in 

children) per treatment arm was selected also for the alternative scenarios. Even though a 

standard phase III trial in this patient population would last on average 1 year, we have 

simulated data for a period of 10 years to assess the changes in the long-term outcomes, 

with a number of 5 observations per year. Patients’ demographics were similar to the one 

used for the phase III trial. In the end two scenarios were selected and used for the BR 

analysis, namely data simulated over a 1 year and a 5 year period. Summary statistics for the 

simulated data are presented in Tables 3 and 4 (see Appendix). Different dosing algorithms 

were tested and used as treatment options for the BR analysis; the different regimens are 

presented in Table 5. Along to the fixed dosing regimen of 45 mg/kg/day (5/7) used as a 

reference scenario (phase III trial), a range of different fixed doses were tested as well as 

individualised regimens based on body weights or serum ferritin differences. 
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Table 5. BR analysis scenarios 

Input for standard 
MCDA analysis 

Input for integrated PKPD and MCDA analysis 

Phase III data based on a 
fixed dose of  

45 mg/kg/day 5/7 

Scenario Alternative options 

1: Fixed dosing regimens 30, 40, 50 and 60 mg/kg/day 5/7 

2: Weight banded dosing regimens 

Kg < 20: 60 mg/kg/day 5/7 

20-40 kg: 50 mg/kg/day 5/7 

Kg > 40: 45 mg/kg/day 5/7 

3: Ferritin guided dosing regimens 

Ferritin < 2500 µg/L: 40 

Ferritin 2500-5000 µg/L: 45 

Ferritin > 5000 µg/L: 55 

 

 

Multi-criteria decision analysis 

The MCDA analysis was performed with the software D-Sight (D-Sight Brussels, Belgium) 

which uses the PROMETHEE (Preference Ranking Organization Method for Enrichment 

Evaluation) methods (37–40). The different stages of the analysis are summarised in Table 6 

(17,18). Summary statistics of the simulated data discussed above were introduced in the 

MCDA software for the analysis. Mean and confidence intervals of the clinical endpoints for 

the different treatment arms and subgroups were used as input for the analysis (MCDA 

criteria).   
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Table 6. MCDA stages (adapted from Dogson et al.) 

Stage Description 

1 - Establish the decision context Establish aims of the MCDA, and consider 
the context of the appraisal 

2 - Identify the options to be appraised Define the options that will be evaluated in 
the appraisal 

3 - Identify objectives and criteria Identify criteria for assessing the 
consequences of each option and organise 
criteria into a value tree 

4 - Scoring Assess the expected performance of each 
option against the criteria; and assess the 
value associated with the consequences of 
each option for each criterion 

5 - Weighting  Assign weights for each of the criterion to 
reflect their relative importance to the 
decision 

6 - Derive an overall value Calculate overall weighted score by 
combining weights and scores for each 
option 

7 - Results Examine the results and the contribution of 
individual criterion to the overall score 

8 - Sensitivity analysis Assess the influence of other preferences or 
weights on the overall ordering of the 
options 

 

Expert input: value tree and weights elicitation 

The analysis was conducted with a group of experts including: 1 former member of the PDCO 

(Paediatric Committee), 3 haematologists/paediatricians, 1 clinical trial expert, 1 statistician 

and 1 clinical pharmacologist.  

Discussions with experts lead to the definition of the final value tree (a tree-like graph of the 

different criteria), as well as to the characterisation of the preference values for the criteria 

selected and the relative weights for the different criteria or weights elicitation (stages 4 and 

5 of the MCDA analysis). The outcome of this process reflects the risk perception of the 

different stakeholders and has the objective of providing an adequate and unbiased risk 

assessment before the processing of the data is performed.  

The final value tree is presented in Figure 2 and includes already the contribution of the 

relative weights assigned by the experts (weights elicitation), whereas Figure 3 shows an 

example of two utility functions defined for serum ferritin response (non-linear) and 

arthralgia/myalgia (linear) during the assessment of preference values.  
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Figure 2. Final value tree and relative weights for the different criteria after discussion with experts. 

Favourable effects (FE) and unfavourable effects (UFE) were given the same importance whereas 

among the FE and UFE, diabetes and anaphylaxis were given the major importance respectively.  
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A 

 
B  

 
Figure 3. Assessed preference values for two criteria based on the discussion with experts. Panel A 

shows the non-linear utility function defined for ferritin response, whereas panel B shows the linear 

utility function defined for arthralgia/myalgia. On the y axis the score is presented in percentage (%). 

 

With respect to the weights elicitation: as shown in Figure 2, the same importance was given 

to all favourable effects (FEs) against all unfavourable effects. Among the FEs, prevention of 

diabetes had a higher importance as compared to both ferritin response and prevention of 
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hypothyroidism; whereas the last two had equal importance as compared to each other. 

Finally, among the unfavourable effects (UFEs), greater relevance was given to anaphylaxis 

given the seriousness of the event. In addition, a brief summary of the discussion on the 

assessment of the preference values is provided below: 

 

1. Ferritin response: a nonlinear increase was selected for this criterion reflecting an 

optimal response above 90% and a poor response below 80% as depicted in figure 3 

(panel A). 

2. Hypothyroidism: a linear decrease is expected to be sufficient to characterise the 

differences among the options under evaluation as hypothyroidism is considered 

relatively tolerable by the experts. 

3. Diabetes mellitus: experts have defined an incidence above 5% as not acceptable. A 

non-linear utility function has been selected to characterise differences among the 

proposed options. 

4. Arthralgia/Myalgia: a linear decrease (Figure 3, panel B) was considered sufficient to 

capture the differences among the options proposed as a high rate of the AE can still 

be tolerated according to the experts’ opinion. 

5. Anaphylaxis: a very steep non-linear decrease has been selected for anaphylaxis 

given the seriousness of the AE.  

 

Calculation of the overall weighted score 

With the information on preference values and relative weights, the final step was to 

calculate the overall weighted score for each option (stage 6 of MCDA). The outcome of this 

calculation is simply the weighted average of its scores on the different criteria. The final 

score is generated using the following equation: 

 

𝑆𝑖 =  𝑤1𝑠𝑖1 + 𝑤2𝑠𝑖2 +  … +  𝑤𝑛𝑠𝑖𝑛     Equation 1 

 

where the overall weighted score (S) for an option i will be given by the sum of all the 

individual scores (s) of each criterion multiplied by the assigned weight (w). 

 

Assumptions 

We assume that the incidence of these effects is not random, in contrast to current 

approaches that regard the various endpoints as independent of each other. We captured 

mechanistic correlations across the various endpoints as described in the equations of table 

1, except for anaphylaxis which is a dose-independent AE. For the evaluation of 

unfavourable effects we have selected frequency as the only dimension of interest for this 

analysis, without taking into account severity or duration, i.e. assuming a grade 2-3 for all 
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AEs. We recognise that in clinical practice, severity and duration have an essential role in the 

evaluation of the BR balance and therefore should be accounted for. Furthermore, when a 

fixed dosing regimen was evaluated during the 1 year trial we maintained a fixed regimen 

also during the follow-up years and in the same manner, independently of patients’ 

response to therapy, no switch therapy was considered. On top of that, treatment 

compliance was assumed to be optimal in this exercise and subsequently the observed 

differences are essentially due to variability in pharmacokinetics. We acknowledge the 

importance of these factors, nonetheless, we chose to reduce the complexity to better 

illustrate the advantage of the approach without influencing its validity. 

 

9.3 Results 
The results of the multi-criteria decision analysis are presented in Figures 4 and 5, for the 1 

year clinical trial and 5 year treatment follow-up, respectively. Figure 4 shows that the fixed 

dosing regimens have a similar weighted score; except for the 30 mg/kg regimen (score of 

29.28) where the lowest score is achieved. Even though the overall score is similar the 

contribution of the different criteria is differs considerably amongst the five endpoints, with, 

as expected, ferritin response that tends to increase at increasing doses counteracted by the 

contribution of AEs that tends to increase as the dose decreases.  
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Figure 4. Criteria contribution for the 1 year scenario. The overall weighted score is presented for the 

different options (the higher the score the better the overall performance of the option appraised). 

Individual criteria contribution are displayed for each option: light blue, dark red, green, dark blue 

and blue represent respectively ferritin response, arthralgia/myalgia, anaphylaxis, diabetes and 

hypothyroidism. 

 
Figure 5. Criteria contribution for the 5 year scenario. The overall weighted score is presented for the 

different options (the higher the score the better the overall performance of the option appraised). 

Individual criteria contribution are displayed for each option: light blue, dark red, green, dark blue 

and blue represent respectively ferritin response, arthralgia/myalgia, anaphylaxis, diabetes and 

hypothyroidism. 

 

The results of the MCDA show that fixed dosing regimens reach similar weighted scores in a 

typical phase III trial scenario.  However the contribution of the different criteria varies 

considerably amongst the five endpoints. In addition, differences in the pharmacokinetics 

and pharmacodynamics of children below 20 kg and in patients with serum ferritin levels 

below 2500 µg/L suggest that these subgroups may benefit from alternative regimens. The 

differences in these groups appear to hold throughout the 5-year follow-up scenario, 

although the overall weighted scores decrease and the differences among treatment options 

are less evident. From the 5-year treatment follow up is also clear that the acute effects 

become clinically less relevant; in addition, the differences among the individual 

contributions of each criterion tend to disappear. For example, in a five year period different 
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doses lead to a similar response in serum ferritin. Yet, such changes are achieved at very 

different rates. 

 

9.4 Discussion and conclusion 
MCDA results 

Before any quantitative BR evaluation is performed, the integration of multiple models is 

essential and allows to 1) complementing the existing data to support the decision to be 

taken and possibly determining whether personalised medicine would be of any benefit for 

the patient population; 2) optimising the input data for the BR analysis; and 3) quantifying 

the relevant correlations among different endpoints that are currently still evaluated in an 

independent manner. 

Assuming that the scenarios presented here are part of a real clinical case, the therapeutic 

conclusion derived from this analysis may be the following: children below 20 kg may benefit 

from a higher dose (60 mg/kg/day) at least in an early phase of the disease, and patients 

with controlled serum ferritin levels below 2500 µg/L may achieve a similar BR score with a 

lower dose (40 mg/kg/day),  as compared to the evidence arising from the phase III trial data 

(fixed 45 mg/kg/day). A model-based approach allows one to understand the implications of 

doses that have not been formally tested and the impact they have on benefit and risk. The 

approach also enables one to take into account clinical and feasibility elements that were 

not considered in the clinical protocols. In addition, the possibility to explore beyond the 

standard duration of a phase III trial allows understanding how long-term outcomes may 

affect the BR scores and anticipate whether any changes can be expected in the BR balance 

of the drug.  

 

Limitations 

It is important to emphasise that it was not our intent to modify in any way the current BR 

balance of deferoxamine; our goal was to demonstrate how model-based MCDA can be used 

to personalise drug therapy by incorporating various alternatives and virtual sub-populations 

in the analysis. The complexity of chronic iron overload is much higher than the one depicted 

in this manuscript in many ways: e.g., other disease-related complications, such as cardiac 

complications, have a higher relevance in the evaluation of iron accumulation; drop-out 

rates that occur in a real clinical setting have not been considered during this  analysis; and 

last but not least the role that treatment compliance (especially for deferoxamine) has on 

the clinical evaluation of iron overload is extremely important. Having acknowledged that, 

an exercise with less complexity provides a better framework for illustrating how modelling 

and simulation can be used to overcome some of the issues highlighted in the manuscript. 
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Even though in the recent years PKPD modelling has been proposed in conjunction with 

clinical utility approaches (41,42), in this manuscript we integrate for the first time PKPD 

modelling with multi-criteria decision analysis (MCDA) to overcome the issues discussed in 

the introduction.  

Furthermore, we learned from this exercise that given the complexity that usually 

characterises the BR evaluation of drugs, a quantitative and integrated approach is essential 

to reduce the uncertainty of the analysis and to increase the understanding of the BRB. This 

is particularly true in the paediatric context where not only the BRB is not constant over time 

(in particular in chronic diseases, as in the example discussed here), but also the lack of 

available data does not allow performing an appraisal that is representative of real life 

population (22–24,43,44). Complementing evidence generation (i.e., real data) with virtual 

scenarios and alternative treatment and protocol options (clinical and feasibility elements 

such as study design, inclusion and exclusion criteria, etc.) using clinical trial simulations 

and/or not-in-trial simulations provides an opportunity to accomplish two major goals: 

achieving a better and more comprehensive understanding of the BRB possibly before a drug 

reaches the market and evaluating the BRB in sub-groups providing the basis for the 

assessment of personalised therapy. This is an element often overlooked in that 

understanding of BRB is also relevant for children, their parents and others interested in 

patients engagement. 

 

Conclusion 

In conclusion, we have successfully complemented evidence generation using PKPD 

modelling to the use of MCDA for BR assessment in a paediatric disease. We strongly believe 

that such an approach is essential for a more structured evaluation of the BR balance of any 

intervention, especially if mechanism-based modelling and pharmacokinetic-

pharmacodynamic relationships are used to support such scenarios. Of relevance for 

paediatric diseases is the possibility to explore BRB beyond the duration of treatment in a 

clinical trial.  
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Appendix 

Table 3. Summary statistics of the simulated data for the 1 year scenario 

Option Criteria Units Mean LCI1 RCI2 SD 5 P3 95 P4 

Phase III 

Fixed 
dose 45 

Ferritin response % 89,44 89,12 89,76 2,56 85,33 93,33 

Incidence of Hypothyroidism % 3,26 3,07 3,45 1,54 0,67 6 

Incidence of Diabetes % 4,9 4,69 5,11 1,69 2,67 8 

Incidence of Arthralgia/Myalgia % 64,3 63,84 64,76 3,71 57,63 70 

Incidence of Anaphylaxis % 0,63 0,59 0,66 0,28 0,13 1,07 

Fixed 
dose 30 

Ferritin response % 77,7 77,32 78,08 3,05 72,67 82,67 

Incidence of Hypothyroidism % 3,33 3,13 3,52 1,56 0,67 6 

Incidence of Diabetes % 5,02 4,81 5,22 1,66 2,67 7,33 

Incidence of Arthralgia/Myalgia % 34,5 34,08 34,92 3,36 28,67 39,7 

Incidence of Anaphylaxis % 0,67 0,62 0,69 0,29 0,19 1,14 

Fixed 
dose 40 

Ferritin response % 86,77 86,42 87,11 2,79 82,67 91,03 

Incidence of Hypothyroidism % 3,18 2,99 3,37 1,5 0,67 6 

Incidence of Diabetes % 4,75 4,54 4,96 1,66 2 7,7 

Incidence of Arthralgia/Myalgia % 54,47 54 54,95 3,82 48 60,67 

Incidence of Anaphylaxis % 0,67 0,59 0,65 0,27 0,13 1,06 

Fixed 
dose 50 

Ferritin response % 91,78 91,51 92,05 2,18 88 95,33 

Incidence of Hypothyroidism % 3,13 2,94 3,31 1,5 0,67 5,33 

Incidence of Diabetes % 4,77 4,55 4,98 1,71 2 7,33 

Incidence of Arthralgia/Myalgia % 70,83 70,43 71,24 3,28 64,67 76 

Incidence of Anaphylaxis % 0,66 0,62 0,69 0,28 0,27 1,07 

Fixed 
dose 60 

Ferritin response % 96,47 96,3 96,65 1,44 94 98,67 

Incidence of Hypothyroidism % 3,19 3,01 3,38 1,52 0,67 6 
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Incidence of Diabetes % 4,71 4,51 4,92 1,69 2 7,33 

Incidence of Arthralgia/Myalgia % 82,82 82,44 83,19 3,02 78 87,33 

Incidence of Anaphylaxis % 0,65 0,62 0,68 0,28 0,26 1,14 

Weight < 
20 kg 

Ferritin response % 94,15 93,7 94,61 3,65 88,24 100 

Incidence of Hypothyroidism % 1,74 1,47 2,01 2,18 0 5,88 

Incidence of Diabetes % 2,42 2,12 2,73 2,47 0 5,88 

Incidence of Arthralgia/Myalgia % 73,06 72,21 73,91 6,88 61,76 85,29 

Incidence of Anaphylaxis % 0,66 0,62 0,69 0,29 0,27 1,20 

Weight 
20-40 kg 

Ferritin response % 91,57 91,16 91,97 3,27 85,25 96,72 

Incidence of Hypothyroidism % 2,72 2,46 2,98 2,11 0 6,56 

Incidence of Diabetes % 4,23 3,9 4,56 2,68 0 8,2 

Incidence of Arthralgia/Myalgia % 68,05 67,38 68,72 5,41 60,66 77,05 

Incidence of Anaphylaxis % 0,67 0,63 0,71 0,30 0,27 1,20 

Weight > 
40 kg 

Ferritin response % 92,29 91,91 92,67 3,05 87,27 96,36 

Incidence of Hypothyroidism % 4,47 4,1 4,83 2,91 0 9,09 

Incidence of Diabetes % 6,47 6,07 6,86 3,19 1,82 10,91 

Incidence of Arthralgia/Myalgia % 71,49 70,77 72,22 5,85 61,82 81 

Incidence of Anaphylaxis % 0,62 0,59 0,66 0,28 0,13 1,07 

Ferritin < 
2500 

Ferritin response % 93,83 93,35 94,3 3,83 86,49 100 

Incidence of Hypothyroidism % 3,06 2,67 3,45 3,13 0 8,11 

Incidence of Diabetes % 4,29 3,9 4,69 3,19 0 10,81 

Incidence of Arthralgia/Myalgia % 56,42 55,44 57,4 7,93 43,24 67,57 

Incidence of Anaphylaxis % 0,64 0,61 0,68 0,28 0,27 1,20 

Ferritin 
2500-

Ferritin response % 93,66 93,33 93,99 2,65 88,75 97,37 

Incidence of Hypothyroidism % 3,31 3,06 3,55 2 0 6,58 
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5000 Incidence of Diabetes % 4,94 4,61 5,26 2,64 1,32 9,21 

Incidence of Arthralgia/Myalgia % 62,4 61,68 63,12 5,82 53,22 71,05 

Incidence of Anaphylaxis % 0,65 0,61 0,68 0.28 0,26 1,60 

Ferritin > 
5000 

Ferritin response % 99,77 99,68 99,87 0,75 97,3 100 

Incidence of Hypothyroidism % 3,03 2,67 3,38 2,86 0 8,11 

Incidence of Diabetes % 4,99 4,55 5,44 3,59 0 10,81 

Incidence of Arthralgia/Myalgia % 75,85 75,03 76,67 6,6 64,86 86,49 

Incidence of Anaphylaxis % 0,65 0,62 0,68 0,27 0,27 1,07 

1 Left confidence interval of the mean 
2 Right confidence interval of the mean 
3 5th percentile 
4 95th percentile 

 

Table 4. Summary statistics of the simulated data for the 5 years scenario 

Option Criteria Units Mean LCI1 RCI2 SD 5 P3 95 P4 

Phase III 

Fixed 
dose 45 

Ferritin response % 93,32 93,06 93,58 2,08 89,63 96,67 

Incidence of Hypothyroidism % 4 3,78 4,22 1,74 1,33 7,33 

Incidence of Diabetes % 5,82 5,59 6,05 1,84 3,33 9,33 

Incidence of Arthralgia/Myalgia % 97,13 96,97 97,29 1,32 94,67 99,33 

Incidence of Anaphylaxis % 0,66 0,65 0,68 0,13 0,45 0,87 

Fixed 
dose 30 

Ferritin response % 83,97 83,65 84,3 2,61 79,33 88,37 

Incidence of Hypothyroidism % 4,57 4,34 4,81 1,87 1,63 8 

Incidence of Diabetes % 6,61 6,37 6,84 1,93 3,33 10 

Incidence of Arthralgia/Myalgia % 80,6 80,22 80,97 3,04 75,33 85,33 

Incidence of Anaphylaxis % 0,64 0,63 0,66 0,13 0,45 0,85 

Fixed 
dose 40 

Ferritin response % 90,24 89,97 90,5 2,13 86,67 93,33 

Incidence of Hypothyroidism % 4,04 3,83 4,25 1,72 1,33 7,33 
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Incidence of Diabetes % 5,94 5,71 6,18 1,89 3,33 9,33 

Incidence of Arthralgia/Myalgia % 94,11 93,89 94,33 1,77 91,33 96,67 

Incidence of Anaphylaxis % 0,65 0,63 0,66 0,12 0,45 0,86 

Fixed 
dose 50 

Ferritin response % 95,44 95,24 95,64 1,6 92,67 98 

Incidence of Hypothyroidism % 3,83 3,61 4,04 1,73 1,33 6,67 

Incidence of Diabetes % 5,61 5,38 5,84 1,83 2,67 8,67 

Incidence of Arthralgia/Myalgia % 98,24 98,12 98,36 0,97 96,67 100 

Incidence of Anaphylaxis % 0,67 0,65 0,68 0,14 0,44 0,91 

Fixed 
dose 60 

Ferritin response % 98,2 98,07 98,33 1,04 96,67 100 

Incidence of Hypothyroidism % 3,82 3,61 4,04 1,72 1,33 6,67 

Incidence of Diabetes % 5,55 5,33 5,78 1,82 2,67 8,67 

Incidence of Arthralgia/Myalgia % 99,59 99,53 99,66 0,53 98,67 100 

Incidence of Anaphylaxis % 0,66 0,64 0,67 0.14 0,45 0,93 

Weight < 
20 kg 

Ferritin response % 96,05 95,65 96,45 3,24 91,18 100 

Incidence of Hypothyroidism % 2,62 2,29 2,96 2,73 0 7,5 

Incidence of Diabetes % 3,41 3,03 3,8 3,09 0 8,82 

Incidence of Arthralgia/Myalgia % 98,38 98,13 98,63 2,02 94,12 100 

Incidence of Anaphylaxis % 0,66 0,64 0,68 0,13 0,45 0,90 

Weight 
20-40 kg 

Ferritin response % 94,67 94,33 95,01 2,77 90,16 98,36 

Incidence of Hypothyroidism % 3,39 3,1 3,68 2,35 0 8,2 

Incidence of Diabetes % 5,28 4,92 5,63 2,87 1,64 9,84 

Incidence of Arthralgia/Myalgia % 98,09 97,87 98,3 1,7 95,08 100 

Incidence of Anaphylaxis % 0,64 0,63 0,66 0,13 0,43 0,88 

Weight > 
40 kg 

Ferritin response % 95,24 94,89 95,58 2,79 90,91 100 

Incidence of Hypothyroidism % 5,03 4,65 5,42 3,11 0 10,91 
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Incidence of Diabetes % 7,27 6,85 7,69 3,41 1,82 12,73 

Incidence of Arthralgia/Myalgia % 98,36 98,15 98,58 1,73 94,55 100 

Incidence of Anaphylaxis % 0,65 0,64 0,67 0,13 0,45 0,88 

Ferritin < 
2500 

Ferritin response % 92,64 92,12 93,15 4,14 86,49 98,78 

Incidence of Hypothyroidism % 3,56 3,16 3,96 3,23 0 8,11 

Incidence of Diabetes % 4,96 4,53 5,39 3,46 0 10,81 

Incidence of Arthralgia/Myalgia % 96,86 96,49 97,24 2,99 91,89 100 

Incidence of Anaphylaxis % 0,65 0.63 0,66 0,14 0,45 0,88 

Ferritin 
2500-
5000 

Ferritin response % 97,99 97,8 98,19 1,59 94,74 100 

Incidence of Hypothyroidism % 3,97 3,68 4,26 2,34 0 7,89 

Incidence of Diabetes % 5,66 5,32 6 2,73 1,32 10,53 

Incidence of Arthralgia/Myalgia % 96,96 96,72 97,19 1,89 93,42 100 

Incidence of Anaphylaxis % 0,65 0,64 0,67 0,14 0,43 0,88 

Ferritin > 
5000 

Ferritin response % 99,95 99,9 99,99 0,38 100 100 

Incidence of Hypothyroidism % 3,75 3,36 4,14 3,12 0 8,11 

Incidence of Diabetes % 5,96 5,47 6,45 3,95 0 13,51 

Incidence of Arthralgia/Myalgia % 97,99 97,73 98,25 2,08 94,59 100 

Incidence of Anaphylaxis % 0,66 0,64 0,67 0,13 0,43 0,85 

1 Left confidence interval of the mean 
2 Right confidence interval of the mean 
3 5th percentile 
4 95th percentile 

 


