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Aims: Use of infliximab (IFX) has improved outcomes in children with inflammatory

bowel disease (IBD). However, a proportion of patients does not respond to IFX or

loses response over time. Population pharmacokinetic (PopPK) modelling is a promis-

ing approach for IFX dose optimization, but with the increasing number of PopPK

models in literature, model evaluation is essential. The aims of this study are: (i) to

validate the predictive performance of existing IFX PopPK models using a cohort of

children with IBD; and (ii) to perform a Bayesian estimation of the most suitable

model to predict the next IFX concentrations.

Methods: PubMed was searched for IFX PopPK models in children. Selected models

were rebuilt and analysed using R. Model performance was assessed through

goodness-of-fit-plots, residuals against time, prediction error and prediction-corrected

visual predictive checks. The validation cohort consisted of 73 children with IBD who

were treated with IFX in our centre between 2017 and 2023 (340 IFX measurements).

Results: We identified 9 PopPK models. Model bias for individual predicted values

ranged from �9.29% to 8.01% compared to bias for population predicted values. The

model by Vande Casteele et al. demonstrated superior performance (individual pre-

dicted bias 2.13, population predicted bias �6.11); upon Bayesian estimation, it pre-

dicted induction trough levels with median error of 12.95% but had a median error of

�69% predicting maintenance concentrations.

Conclusion: The model by Vande Casteele et al. displayed superior performance in

initial evaluations but had a high error in estimating next IFX levels and can only be

used in practice to predict induction levels.
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1 | INTRODUCTION

Inflammatory bowel diseases (IBD), including Crohn's disease

(CD) and ulcerative colitis (UC), are characterized by persistent orPaola Mian was the principal investigator in this study.
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recurrent inflammation of the intestines.1 A paediatric onset of dis-

ease occurs in about 10% of all cases.1 The introduction of infliximab

(IFX), a tumour necrosis factor-� inhibitor, revolutionized the treat-

ment of IBD. IFX was the first monoclonal antibody approved for use

in children with IBD. Intravenous administration of IFX is usually

5 mg kg�1 in week 0, 2 and 6, followed by maintenance therapy of

5 mg kg�1 every 8 weeks.2 Studies have shown that this standard

dosing regimen may lead to underexposure and treatment failure.3

For example, a retrospective study focusing on the safety and

efficacy of IFX in children aged 7 and younger with early-onset IBD

demonstrated poor clinical response on the standard dose of

5 mg kg�1.2,4

In addition, immunogenicity, the development of antibodies to

IFX (ATI), also has a negative impact on IFX exposure.5 ATIs are

estimated to cause up to 1.6-fold acceleration of IFX clearance in

children.5 Other factors known to impact IFX clearance, and

thereby exposure, include inflammatory burden, body weight, serum

albumin concentrations (ALB) and concomitant immunomodulator

use.6

To overcome the variability in IFX exposure in children, there is a

growing interest in therapeutic drug monitoring (TDM).2 Patients with

therapeutic IFX concentrations, 25 mg L�1 during week 2, 15 mg L�1

during week 6 and 5�10 mg L�1 in maintenance phase, have

higher rates of remission compared to those with lower IFX

concentrations.7,8 TDM-guided management, such as development of

model-informed precision dosing (MIPD) of IFX based on plasma

concentrations, could lead to appropriate changes in therapy, resulting

in increased remission rates.9 MIPD uses statistical and mathematical

methods, such as population pharmacokinetic (PopPK) modelling, to

tailor drug dosage regimens to individuals.10 To be suitable for use in

clinical practice, PopPK models need to be thoroughly validated to

ensure that they can accurately and precisely predict the concentra-

tions of IFX in children.3

Successful evaluations include internal validation, external valida-

tion and prospective clinical studies (prospective validation) to assess

the model's performance and predictive capability.11 Internal valida-

tion is often conducted during and after model development using the

same dataset used for model building, while external validation uses

an independent dataset to test the robustness of a PopPK model.12

Unfortunately, external validation is often overlooked in published

studies with only 17% of studies in children and 28% of adult studies

conducting proper external validation.11

As studies focusing on children with IBD increase, there is a

growing emphasis on developing PopPK models tailored specifically

for this population.5,6,13�20 Published PopPK models on IFX in

children are based on different study designs ranging from those

developed for children with moderate IBD to models specific to

children at risk of rapid IFX clearance, including those with acute

severe UC.13 This study aims to externally validate the usability of

published PopPK models on IFX in children with IBD. Additionally,

this study aims to perform a Bayesian estimation on the best-

performing model to predict the next IFX trough levels for children

with IBD.

2 | METHODS

2.1 | Literature research and model reconstruction

A literature search was conducted using PubMed on 25 December

2022 and included various terms related to children and pharmacoki-

netics, such as ‘Child’, ‘Pharmacokinetics’ and ‘Infliximab’. The full

search query can be found in Supporting Information S1: Section A.

Fourteen PopPK models were considered for inclusion in this study.

Exclusion criteria of models were lack of model equations.

2.2 | Data collection

A retrospective single-centre cohort study was conducted in children

and adolescents with IBD receiving IFX between December 2017

and March 2023, at the University Medical Centre in Groningen. All

children were treated with a standard dose of 5 mg kg�1 body-

weight in weeks 0, 2, 6 and 14. Thereafter, dosing and dose inter-

vals varied based on the physician's discretion. Children were

included if they had at least 1 IFX concentration. Data were com-

posed of mainly trough concentrations but also included peak con-

centrations. Patient characteristics were comprehensively collected,

including age, sex, weight, height, body mass index, diagnosis (CD,

UC or IBD�unclassified), disease duration (in years), paediatric

What is already known about this subject

� Standard infliximab (IFX) dosing regimens of 5 mg kg�1

have been associated with subtherapeutic exposure and

treatment failure in children.

� There is a growing interest in using population pharmaco-

kinetic (PopPK) models to guide IFX dosing.

� Many published PopPK models of IFX in children with

inflammatory bowel disease (IBD) have not yet been

externally validated and applied in clinical practice.

What this study adds

� Nine PopPK models were externally validated with an

independent cohort of 73 children with IBD using IFX

(340 concentrations).

� The model by Vande Casteele et al. demonstrated supe-

rior performance for IFX in children with IBD.

� Bayesian estimation analysis by Vande Casteele et al.

showed accurate prediction of induction trough levels

(median prediction error 12.95%) but underestimation of

maintenance IFX trough levels.
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ulcerative colitis activity index, ALB, C-reactive protein, faecal cal-

protectin, serum IFX concentrations and ATI. Dosing information

included the date and time of all entries (both for doses and

samples), dose (mg kg�1), amount (mg) and infusion rate (mg h�1).

Additionally, the dataset also captured the use of concurrent medi-

cation such as corticosteroids and immunomodulators, the presence

of perianal fistulas, pancolitis, current smoking status and the

patient's history of bowel resection.

Serum concentrations of IFX and ATI were measured by

Sanquin Laboratories using an enzyme-linked immunosorbent assay.

The lower limit of quantification is 0.03 mg L�1 for IFX concentra-

tions and 12 AU mL�1 for ATI.21,22 IFX values below the lower limit

of quantification were excluded from the analysis. Sanquin identified

ATI concentrations in 3 levels <12 AU mL�1 is unidentifiable,

12�30 AU mL�1 is demonstrable and >30 is quantifiable. ATIs were

categorized as 1 for present (>12 AU mL�1) and 0 for absent. Miss-

ing dosing records were identified for 14 patients who were already

in maintenance phase from their first recorded dose. To address

this, we simulated induction doses for these patients at 0, 2 and

6 weeks, using each patient's first recorded dose. This step ensures

that the dataset would be compatible with the models to be vali-

dated. This study was approved by the Medical Research Ethics

Committee of the UMCG (METC 2023/182), and informed consent

was waived.

2.3 | External model evaluation

The PopPK models were reproduced and implemented using the pop-

ulation mean and omega values for PK parameters, which were fixed

at values reported in literature. Additionally, the equations published

for each model were also applied. The models were replicated using

the R23 packages mrgsolve24 and mapbayr,25 that respectively aim to

simulate PK data and perform Bayesian estimation. Three types of

model evaluations were used: population-based, individual-based and

simulation-based. Population based evaluations included goodness of

fit (GOF) plots showing population predicted concentration (PRED)

against the observed concentration (OBS), population residuals (RES).

Individual-based included GOF plots of the individual predicted

(IPRED) concentrations against the OBS, and �-distributions and

simulation-based evaluations included prediction-corrected visual pre-

dictive checks (pcVPC). RES were calculated using Equation (1)26 and

plotted against time (TIME) and time after dose (TAD). Eta (�), defined

as the random deviation of the individual parameter estimate from

typical population parameter, was estimated individually for each

patient and its distribution was also plotted to assess each model's

random effects.27

RES … OBS�PRED ð1Þ

To evaluate the accuracy of each of the PopPK models,

prediction error (PE) was calculated, in Equation (2), and absolute PE

(APE) was calculated, in Equation (3), to assess the precision of the

models.10,28,29 Where i stands for the i-th individual with the j-th

concentration.28 From these, the median PE (MdPE), Equation (4) and

median APE (MdAPE) values were used, Equation (5).28,29

PEi,j …
PREDi,j � OBSi,j

� �

PREDi,j
�100 ð2Þ

APEi,j …
PREDi,j � OBSi,j

� �

PREDi,j

����

�����100 ð3Þ

MdPE %ð Þ … median rPE1,1�rPEi,j
� �� �

ð4Þ

MdAPE %ð Þ … median rPE1,1fj j� rPEi,j
�� ��� �

Þ ð5Þ

Lastly, pcVPCs were conducted to correct for the variability in

the observed and simulated data by normalizing each of the

observed and simulated data against the median population predic-

tion.26 For each model, 500 simulations were performed and plot-

ted on a concentration (mg L�1) vs. TAD graph. This analysis

allowed for an assessment of how well the models predicted the

OBSs. Individual plots were created for each model to provide a

visual representation of the observed data against model

predictions.

Criteria for determining the models suitable for clinical practice

include the ability to accurately predict IFX concentrations with an

acceptable range of bias (±20% for MdPE and +30% for MdAPE).

For GOF plots, the regression line of PRED and IPRED should be

closely follow the line of identity. RES should be distributed evenly

around the zero line with a mean of zero and � should follow a

normal bell-shaped distribution. In the pcVPC, the observed data

should fall within the range of the simulated data and follow a simi-

lar trend.

2.4 | Bayesian estimation analysis

Analysing the predictive performance of models allows clinicians to

predict future drug concentrations, aiding in dose optimization,

timing of measurements and enhancing the therapeutic manage-

ment of children with IBD. This additional analysis, which is a

Bayesian estimation, will be done on the best-performing model

from the previous evaluations using mrgsolve24 and mapbayr25 pack-

ages in R.23 The independent children's cohort was divided into

2 separate databases for induction and maintenance phase. The

induction phase serves as the derivation dataset and included initial

dosing data and PK measurements up to 56 days, while the mainte-

nance phase constituted of the evaluation dataset, included all the

dosing information and PK measurements recorded after 56 days.

The best-performing model was fitted using the derivation dataset

and, using the � values from its fit, the PK profiles of children with

IBD were predicted using the evaluation dataset. This step is

explained in Supporting Information S1: Figure B. Based on this PK

data obtained from the analysis; a concentration�time profile was

2202 HEIKAL ET AL.
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created for each child with IBD to predict next IFX level followed

by a GOF plot to assess the predictive performance of the Bayesian

estimation.

2.5 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org and are

permanently archived in the Concise Guide to PHARMACOLOGY

2019/20. Tumour necrosis factor-� specific information is referenced

from the Enzymes chapter of the guide.30

3 | RESULTS

3.1 | Selected models for evaluation

Among the 14 models identified, 4 were excluded due to a lack of

reproducible modelling equations,2,31�33 and 1 was omitted as it

replicated Fasanmade et al.'s16 model which is already analysed in

this study.34 Table 1 summarizes the 9 PopPK models that were

selected for model evaluation, including the PopPK model parame-

ters and covariates. Among the models, 7 were categorized as

2-compartment models,5,6,13,15�18 while 2 were 1-compartment

models.14,19

Seven PopPK models identified weight as a covariate on

clearance, and 6 PopPK models identified ALB and ATI as covariates

on clearance. Weight was also as a covariate in the central (Vc) and

peripheral (Vp) volume of distributions in 7 out of the 9 models.

Bauman et al.5 and Xiong et al.17 (models 4 and 5), used a different

method to assay ATI (ng mL�1) than is used in our cohort

(AU mL�1) and it could not be standardized. Therefore, ATI was

omitted as a covariate in these models, which is not expected to

influence model predictions due to the very low occurrence of ATI

in the cohort. For the model from Fasanmade et al.,16 interoccasion

variability (21.9%) was omitted due to uncertainty regarding its

equation. It should be noted, that as a consequence of this, variabil-

ity can be underestimated in this model. For papers that included

covariates not reported in our study population, the paper's

reported median values for each covariate were used in the model

equations.

3.2 | Patient characteristics

Table 2 represents the patient characteristics of our validation cohort.

A total of 73 children with IBD using IFX were included with a median

age at start of IFX treatment 14 years (range: 5�18); among them,

52% were male. The average dose was 7 mg kg�1 (range: 5�15). The

data contained 340 IFX concentration�time data points with

the median OBS being 8 mg L�1 (range: 0.06�72). Since ATI occur-

rence was very low in the dataset, ATI was re-coded as a binaryT
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covariate with ATI = 0 for absence of ATI (<12) and ATI = 1 for pres-

ence of ATI (>12). There were only 3 occurrences of ATIs in the

cohort, 2 of them being in the same child.

3.3 | Model evaluation

3.3.1 | GOF plots

Figure 1 displays the PRED (blue) vs. OBSs and IPRED (red) vs. OBSs

in each of the models. With the exception of model 3, by Funk et al.,6

all models exhibit relatively accurate IPRED predictions. Accuracy of

the models seems to improve at higher concentrations, overlapping

with the identity line perfectly. In contrast, model 2 by Nassar-Sheikh

Rashid et al.14 displays superior IPRED predictions at lower concentra-

tions, while higher concentrations seem to be slightly trending

towards overprediction.

Evaluation of the PRED regression lines highlights the change in

model performance. For models 1, 3 and 4 the PRED line does not

intersect with the identity line. Models 6 and 8 perform best when

evaluating IPRED, as the line of identity and regression line overlap

with an even distribution of dots around the lines.

F I G U RE 1 Goodness of fit plot depicting population-predicted concentrations vs. observed concentrations (blue) and individual-predicted
concentrations vs. observed concentrations (red). The line of identity (grey) represents a perfect model fit while the regression lines for population
predicted concentrations (blue) and individual predicted concentrations.

HEIKAL ET AL. 2207

 13652125, 2024, 9, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bcp.16126 by U

niversiteitsbibliotheek, W
iley O

nline Library on [29/10/2024]. S
ee the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://bpspubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fbcp.16126&mode=


In Figure 2, the boxplots exhibit considerable variation in MdPE

and MdAPE. The MdPE shown by the models ranges from �82.86 to

118.22%, and MdAPE from 41 to 118%. All models have wide box-

plots, indicating high errors but model 6, despite having a wide

boxplot, had the closest median to zero (MPE �6.11%). The higher

positive MdPE values for models 2, 3, 4, 5 and 7 also align with the

trend of overprediction shown by the other diagnostic plots. Models

8 and 9 have a trend of underprediction with MdPE of �13% and

�39.8% respectively.

Examining the PE for IPRED, shown in Supporting

Information S1: Figure C(a) and C(b) shows that all models fall within

the acceptable range of ±20% for median individual PE. Notably, for

the APE, only model 6 falls completely within the acceptable range of

+30%, but the median absolute individual PE of all models falls within

the acceptable range, with the highest median being 23.7 in model

2. The median individual PE for the models ranged from �9.29% to

8.01%, which showed that all models were able to predict IPRED con-

centrations accurately.

3.3.2 | Residual and �-distribution analysis

Figure 3 presents a comprehensive analysis of the RES vs. time for

each selected model. IRES vs. time for each model can be found in

Supporting Information S1: Figure D. Upon evaluation, the residuals

are randomly distributed around 0, reflecting a balanced distribution.

F I G U RE 2 (A) Represents the prediction error (PE) and (B) represents the absolute PE (APE) of each of the 7 models. The boxplot shows the
25th, 50th and 75th percentiles. The dashed line represents the cut-off for clinically acceptable values ±20% for PE and +30% for APE.28 The
tables on the right represent the median PE and APE for each model.
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