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Aims: The use of factor VIII (FVIII) prophylaxis in haemophilia A is considered the

standard of care, particularly in children. Despite adjustment of doses for body weight

and/or age, a large pharmacokinetic (PK) variability between patients has been

observed. PK‐tailored prophylaxis may help clinicians adjust coagulation factor FVIII

activity (FVIII:C) to the desired level, which may differ in individual patients. The

objective was to develop a population PK model for simoctocog alfa based on pooled

clinical trial data and to develop a Bayesian estimator to allow PK parameters in indi-

vidual patients to be estimated using a reduced number of blood samples.

Methods: PK data from 86 adults and 29 children/adolescents with severe

haemophilia A were analysed. The FVIII data measured using 2 different assays (chro-

mogenic and the 1‐stage clotting assay) were fit to separate develop population PK

models using nonlinear mixed‐effect models. A Bayesian estimator was then devel-

oped to estimate the time above the threshold of 1%.

Results: The PK data for chromogenic and the 1‐stage clotting assays were both

best described by a 2‐compartment models. Simulations demonstrated good predic-

tive capacity. The limited sampling strategy using blood sample at 3 and 24 hours

allowed an accurate estimation of the time above the threshold of 1% FVIII:C (mean

bias 0.01 and 0.11, mean precision 0.18 and 0.45 for 2 assay methods).

Conclusion: In this study, we demonstrated that a Bayesian approach can help to

reduce the number of samples required to estimate the time above the threshold of

1% FVIII:C with good accuracy.
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1 | INTRODUCTION

The use of factor VIII (FVIII) prophylaxis in haemophilia A is consid-

ered the standard of care, particularly in children.1-3 Several
f Claude Négrier and that he
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strategies have been proposed using different dosages and frequen-

cies of FVIII administration.4-8 Despite adjustment of doses for body

weight and/or age, a large pharmacokinetic (PK) variability between

patients has been observed, which presents difficulties for maintain-

ing the level of FVIII coagulant activity (FVIII:C) permanently above

1% in all patients, and at higher levels in some patients in certain

situations.
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What is already known about this
subject

• A longer time above the threshold of 1% coagulation

factor VIII activity is associated with a decrease in the

numbers of spontaneous bleeding and haemarthroses

• Efficacy and safety of pharmacokinetics‐guided

personalized prophylaxis with simoctocog alfa in

patients with severe haemophilia A has been

demonstrated

What this study adds

• Two pharmacokinetic models of simoctocog alfa in

patients with severe haemophilia A were developed

using chromogenic 1‐stage assays

• A Bayesian estimator was developed that can estimate

the target time above the threshold of 1% using only 2

factor VIII plasma concentrations. This can be used to

aid dosing decisions in the clinic.
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PK‐guided prophylaxis dosing strategies may offer several advan-

tages for better dose tailoring. Collins et al. demonstrated that a longer

time above the threshold (TAT) of 1% FVIII:C was associated with a

decrease in the numbers of spontaneous bleeding and

haemarthroses.9 In addition, Carlsson et al. have shown that using a

PK‐based approach could significantly reduce FVIII consumption and

the cost of prophylaxis.10

Simoctocog alfa (Nuwiq) is a 4th generation recombinant FVIII

(rFVIII) produced in a human cell line.11-14 The use of a human cell line

ensures post‐translational modifications that are closer to human

plasma‐derived FVIII compared to other rFVIII produced in hamster

cell lines.11,12 A higher affinity for von Wilbrandt factor (vWF) might

also reduce the amount of free FVIII in plasma and therefore extend

the half‐life of simoctocog alfa.12,13

The efficacy and safety of PK‐guided personalized prophylaxis

with simoctocog alfa in patients with severe haemophilia A was dem-

onstrated in the NuPreviq study.15 In this study, the dosing regimen

for prophylaxis was based on each individual's PK profile measured

during an initial PK assessment using a 10‐point sampling approach

with individual compartmental or non‐compartmental analysis. During

6 months of personalized prophylaxis, 83% of patients had no spon-

taneous bleeding, 57% of patients were treated with ≤2 infusions

per week, and the dose was reduced by 7.2% compared to previous

standard prophylaxis. In Italy, a modified NuPreviq approach that

includes 6 sampling points and at‐home sampling has been used

successfully.16

Population PK modelling offers the possibility to estimate the

individual patient PK parameters using data obtained from limited or

full sampling design and to simulate the impact of different dosing reg-

imens on PK parameters.17-24 Furthermore, by using this approach,

probabilistic Bayesian analysis can be applied using the developed

population PK model to estimate individual PK profiles based on lim-

ited samples.7,25 Such information may be helpful to individualize the

dose and the interval between infusions based on a patient's bleeding

phenotype and lifestyle, particularly if a full sampling strategy PK anal-

ysis is not possible.17

The aims of this study were: (i) to develop a population PK model

for simoctocog alfa based on pooled data from 3 clinical trials; (ii) to

develop a Bayesian estimator to determine individual PK parameters

using a limited blood sampling strategy; and (iii) to develop an interac-

tive web application for individual Bayesian PK estimation using a lim-

ited blood sampling strategy.
2 | PATIENTS AND METHODS

2.1 | Population

Data from 3 clinical studies conducted in 115 previously treated

patients with severe haemophilia A were used to generate the PK

models. GENA‐01 (pivotal, phase II) included 20 adults and 2 adoles-

cent patients treated on demand with 50 IU of simoctocog alfa per
kg of body weight.26 GENA‐03 (pivotal, phase III) investigated the pro-

phylactic efficacy of simoctocog alfa in 59 children27; 27 underwent a

PK evaluation following administration of 50 IU kg−1 simoctocog alfa.

GENA‐21 (NuPreviq, phase IIIb) assessed the efficacy and safety of

individually tailored PK‐guided prophylaxis in 66 adult patients.15

Simoctocog alfa was administered at a dose of 60 ± 5 IU kg−1 for PK

evaluation. The studies were conducted in compliance with Good Clin-

ical Practice, the Declaration of Helsinki and national laws. Each

patient provided a freely given written consent before commencing

the study.
2.2 | Sample collection and determination of FVIII
plasma activity

Blood samples for PK analysis were collected in 5 mL citrated tubes.

PK parameters were derived from FVIII:C time profiles obtained by

serial blood sampling at predefined sampling time points for each

study (Table 1). FVIII:C was measured in the blood samples using

both the chromogenic (ChS) assay and the 1‐stage (OS) clotting

assay. The Coamatest SP test (Chromogenix, Essen, Germany) and

an OS assay (automated activated partial thromboplastin time) from

Trinity Biotech, Siemens BCS‐XP (Siemens, Marburg, Germany) were

used to determine FVIII:C. The lower limit of quantification for both

methods was 0.9 IU dL−1. Within‐run and between‐run coefficients

of variation were below 4% and 8% for the ChS and OS methods,

respectively.



TABLE 1 Patients characteristics

Study GENA‐01 GENA‐03 GENA‐21 Overall

Number of patients 22 27 66 115

Sampling time points (n) 12 7 10 7–12

Sampling time points before infusion and at 15,
30 and 45 min and 1, 3,
6, 9, 12, 24, 30 and 48 h
after the end of the infusion

before infusion and 30 min
and 2, 5, 10, 24 and 48 h
after the end of the infusion

before infusion and at 30 minutes
and 1, 3, 6, 9, 24, 30, 48 and 72 h
after the end of the infusion

‐

Weight (kg) 69 [48–105] 22 [13–73] 79 [50–140] 70 [13–140]

Age (years) 41 [12–65] 6 [2–12] 33 [18–67] 31 [2–67]

Height (cm) 177 [154–188] 115 [92–172] 177 [155–196] 174 [92–196]

Age, weight and height are expressed as median [range].
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2.3 | Pharmacokinetic analysis

Before analysis, the dataset was divided into 2 groups: (i) a learning set

(n = 95) and (ii) a validation set (n = 20). A stratified randomization was

used to allocate patients in each dataset according to their age. FVIII:C

activity values measured by the ChS or OS assay were analysed sepa-

rately because the difference in the potency measurements between

assays was approximately 15% and affect significantly the estimation

of PK parameters.15,27

Data were analysed using MONOLIX, a nonlinear mixed effects

modelling software (Lixoft, version 4.3.2)28 using the Stochastic

Approximation Expectation–Maximization (SAEM) algorithm. The

parameters of the model were assumed to be log‐normally distributed.

We built our model according to a stepwise procedure, initially identi-

fying the best structural model for simoctocog alfa PKs (base model)

by estimating 1‐, 2‐ and 3‐compartment PK models.

In a second step, we examined the effect of covariates on

simoctocog alfa exposure. The covariates tested were total body

weight, ideal body weight, lean body weight, age, height and body sur-

face area of patient. The covariates were included in the model using a

stepwise method with forward inclusion and backward elimination.

Covariates were kept in the model if they improved the fit, reduced

interpatient variability and decreased the objective function, calcu-

lated as –2log likelihood, by at least 3.84 com‐ pared with the previous

model (χ2, P < .05 for 1 degree of freedom). The statistical significance

of covariate was individually assessed during the stepwise deletion

phase at the P < .001 level. Only covariates associated with an

increase of at least 10.83 in OFV were retained in the model.

Data below the lower limit of quantification were simulated in a

right‐truncated Gaussian distribution using the SAEM algorithm.29 All

graphics were generated using R software.30 Model evaluation and

selection were based on visual inspection of the goodness‐of‐fit plots,

the precision of parameter estimates, and the decrease in objective

function (calculated by importance sampling). The goodness‐of‐fit

was established by plotting the population predictions of the model

vs observations, the individual predictions vs observations, and the

normalized prediction distribution errors (NPDE) vs time. The

prediction‐corrected visual predictive check (pcVPC) was generated

by simulating 1000 times datasets using the model of interest and
the design of the observed data.31 The ability of the model to describe

the observations was evaluated by visual inspection of the distribution

of the simulated concentrations. The median parameter values and the

90% prediction interval of the pcVPC replicates were compared with

the observations comprising the original dataset.
2.4 | Simulations

From the variance–covariance matrix of the estimated PK parameters,

Monte Carlo simulations were performed using R software. A total of

1000 datasets were generated according the patients characteristic

(age, weight) of the study. In the simulation, all patients received a sin-

gle dose of 50 IU kg−1 of simoctocog alfa. For simulations, 90% of pre-

diction interval of the model were superposed to a typical patient aged

2, 6, 12, 30 or 50 years.
2.5 | Bayesian approach and model prediction

To optimize the blood sampling times, a global approach combining

external validation and optimal design was used. For external valida-

tion, the individual parameters of 20 subjects included in the valida-

tion dataset were estimated by the maximum a posteriori probability

method using the nonlinear mixed‐effects population PK model esti-

mates for the ChS and OS assays. Individual parameters were esti-

mated using 4 sampling scenarios and the (TAT of 1%, 3% and 5%

FVIII:C were calculated. The reference sampling strategy used the full

PK samples. Limited sampling strategy 1 (S1) was close to that recom-

mended by Bjorkman (6, 24 and 48 hours),17 and strategy 2 (S2) used

sampling times of 3, 9 and 24 hours. Limited sampling strategies 3 (S3)

and 4 (S4) used only 2 samples, at 3 and 24 hours and 6 and 24 hours,

respectively. The performance of Bayesian estimations was evaluated

by comparing TAT of 1% estimated by limited sampling strategies

(Bayesian) and by full sampling strategy (observed). Bias of Bayesian

estimation was estimated by mean error (ME), and percentage of bias

(PBIAS%). Precision of Bayesian estimation was estimated by root

mean square error (RMSE) and mean absolute error (MAE).



TABLE 2 Population pharmacokinetic model parameters based on the chromogenic (ChS) and 1‐stage (OS) factor VIII:C assays

Parameter

ChS model OS model

Population mean
(RSE %)

Interindividual variability, %
(RSE %)

Population mean
(RSE %)

Interindividual variability, %
(RSE %)

Structure parameters

Cl (mL.h−1) 200 (4) 33.8 (8) 271 (4) 35.2 (8)

Vc (mL) 2700 (2) 22 (8) 3750 (3) 20.2 (8)

Vp (mL) 451 (9) 27.8 (56) 960 (7) 16 (51)

Q (mL.h−1) 80.2 (15) — 349 (18) —

Corr_Cl_Vc — 35.1 (27) — 9.8 (25)

Covariate effect

log Clð Þ ¼ Clþ bClBW × log
BW
70

� �
þ bClAGE × AGE − 30ð Þ

bClAGE −0.00805 (26) — −0.0058 (39) —

bClWT
0.75 FIX — 0.75 FIX —

log Vcð Þ ¼ Vc þ bVc
BW × log

BW
70

� �

bVC
WT

1 FIX — 1 FIX —

log Vpð Þ ¼ Vc þ bVp

BW × log
BW
70

� �

bVp

WT
0.546 (22) — 0.613 (15) —

Error model

Additive (SD) (IU dL−1) 0.0181 (7) — 0.0236 (5) —

Proportional (CV) (%) 0.0867 (5) — 0.0831 (6) —

ChS, chromogenic substrate assay; OS, 1‐stage assay; Cl, clearance; Vc, volume of central compartment; Vp, volume of peripheral compartment; Q,
intercompartment clearance; BW, body weight; Corr_Cl_Vc, covariance of Cl and Vc. RSE, root square error; SD, standard deviation. The parameters

bVc
BW , bClBW , bClAGE correspond to the regression coefficient.

FIGURE 1 Goodness‐of‐fit plots for the pharmacokinetics of FVIII measured by chromogenic (ChS; top row) and 1‐stage (OS; bottom row)
assays. Left: observed FVIII:C vs population predictions; centre: observed FVIII:C vs individual predictions (mode); right: normalized prediction
distribution error (NPDE) vs time. The blue line corresponds to the identity line and the red line to the regression line

774 DELAVENNE ET AL.



DELAVENNE ET AL. 775
ME ¼ 1
n
∑
n

i¼1
TAT 1%Bayesian − TAT 1%observed

� �

PBIAS% ¼ ∑n
i¼1 TAT 1%Bayesian − TAT 1%observed

� �
∑n

i¼1TAT 1%observed

MAE ¼ 1
n
∑
n

i¼1
TAT 1%Bayesian − TAT 1%observed

�� ��
RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

i¼1

TAT 1%Bayesian−TAT 1%observed

� �2
n

× 100

s

As an extension of the design analysis, we evaluated the optimal

sampling times using a Bayesian individual Fisher information matrix

method. This approach optimally incorporates all the information

available from the whole population to increase the ability to estimate

individual parameters. Design for maximum a posteriori estimation of

individual parameters was evaluated (S1–S4) and finally optimized

for 2 or 3 samples. For a satisfactory strategy, the predicted root mean
FIGURE 2 Prediction‐corrected visual
predictive check. The black dash curve
represents the 5, 50 and 95 empirical
observed percentiles. The purple and pink
shaded envelope represents the prediction
interval for the simulations of 5, 50 and 95
percentiles. The grey dots represent the
observed FVIII activities. The green dots
represent the observed data below the lower
limit of quantification
square error for all fixed parameters had to be lower than 30%. Eval-

uation and optimization were performed using PFIM 4.0 software.32
2.6 | Development of interactive web application

The population PK model reported here has been established through

a project initiated by the national reference centre for haemophilia in

France and made available for haemophilia care centres as a free inter-

active tool (http://www.hemotik.org) to help physicians to tailor pro-

phylaxis regimens for individual patients receiving simoctocog alfa

using a limited blood sampling strategy. Hemotik is a Shiny application

that allows the user to estimate individual PK parameters using a lim-

ited sampling strategy, to visualize FVIII activity over time, to estimate

the time above different threshold, and finally to simulate individual-

ized dosing regimens. With this application, individual PK were

http://www.hemotik.org
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estimated using a Bayesian approach derived from a previous work.33

The posterior distributions and uncertainty of parameters were esti-

mated with Markov Chain Monte Carlo simulations.
2.7 | Nomenclature of targets and ligands

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

responding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY, and are permanently archived in the Concise Guide to

PHARMACOLOGY 2017/18.34
3 | RESULTS

3.1 | Population description and samples

PK data from 1114 FVIII:C assays of blood samples from 115 patients

were included in the pooled population PK analysis. Patient character-

istics are summarized inTable 1. The median patient was a 30‐year‐old

male, weighing 70 kg. A total of 1107 ChS‐FVIII:C and 1114 OS‐FVIII:

C results were included in the analysis. The BLQ were recorded for 80

samples (7.2%) and 41 samples (3.6%) for ChS and OS methods,

respectively.
FIGURE 3 Estimated distribution of time above the threshold
3.2 | Population PK models

The final parameter estimates for the ChS and OS assays are reported

in Table 2. Continuous covariates were log transformed and scaled or

centred to a typical value; for example, the effect of body weight or

age on the parameter VC or Cl was evaluated as follows:

log Clið Þ ¼ Clþ bClBW × log
BWi

70

� �
þ bClAGE × AGEi − 30ð Þ þ ωCl

i

log Vcið Þ ¼ Vc þ bVcBW × log
BWi

70

� �
þ ωVc

i

log Vpið Þ ¼ Vp þ bVpBW × log
BWi

70

� �
þ ωVp

i

where Vci, Vpi Cli, BWi, and AGEi denote respectively the volume

of distribution of central and peripheral compartment, the clearance,

the bodyweight, and age. Parameters ωVc
i ; ωVp

i ; ωCl
i represent the and

between subject variability of patient i. The parameter bVc
BW , bClBW ,

bClAGE corresponds to the regression coefficient. The regression coeffi-

cient of size descriptor was fixed at 0.75 and 1 for Cl and Vc parame-

ters, respectively.35,36 The goodness‐of‐fit plots of the final models

are presented in Figure 1. The data exhibited no apparent bias in

model predictions. According to the pcVPC (Figure 2), the average

observed values were well predicted. Only extreme profiles were not

within 90% of the simulated values, demonstrating good predictive



FIGURE 4 Relationship between estimated time above the threshold of 1%, 3% and 5% obtained by limited and full sampling strategies.
Symbols: black open circle: 3‐sample determinations (t = 6, 24, 48 h), blue crosses: 3‐sample determinations (t = 3, 9, 24 h), red open
diamonds: 2‐sample determinations (t = 3, 24 h), green open triangles: 2‐sample determinations (t = 9, 24 h). The black curve corresponds to the
line of identity
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capacity of the models. Distributions of TAT 1%, 3% and 5% FVIII:C

relative to the patient's age are presented in Figure 3.
3.3 | Simulations

Using the parameters of the final estimated models, simulations were

performed to illustrate the effect of covariates for patients receiving

50 IU kg−1 of simoctocog alfa. The simulated PK profiles presented

in supplementary data S1 demonstrate the impact of age and body

weight on the half‐life and then on time above the threshold of 1%

FVIII:C. These simulations demonstrated that a body weight‐adjusted

dose was not sufficient to obtain comparableTAT 1% in children, ado-

lescents and adults.
3.4 | Bayesian estimation and limited sampling
strategy

The results of the Bayesian estimations of TAT 1%, 3% and 5% FVIII:C

are presented in Figure 4 and show the concordance of TAT obtained

with 2‐ or 3‐sample PK estimates and those obtained with full sam-

pling data (7–12 samples). A correlation coefficient (r) >0.89 was

obtained between Bayesian estimated TAT 1% FVIII:C by 2 or 3 sam-

ples and a full sampling strategy (Table 3). The best sampling strategy

for the ChS assay was based on the time points of 3 and 24 hours

(RMSE = 0.18, r = 0.99). For the OS assay, the best sampling strategy

was based on the time points of 3, 9, 24 hours (RMSE = 0.21, r = 0.98).

Whichever limited sampling strategy was evaluated, the estimation of

TAT 1%, 3% and 5% FVIII:C was accurate (Figure 5).

The evaluation of the relative standard errors of PK parameters by

Bayesian Fisher information matrix of the different strategies is pre-

sented in supplementary data (S2). The best 2‐sample strategy was

0.1, 29.7 hours and 0.1, 26.4 hours ChS and OS method. For each

parameter, whatever the design, the expected relative standard errors

were quite similar and lower than 30%. The difference of the relative

standard error between the 3, 9 hours strategy and optimal design was

lower than 2.1% for each parameter and for each assay method.

Finally, the optimization step, which determine the most informative

sampling time, slightly improve the estimation of Q, Vc and Vp. This

optimization did not improve the estimation of Cl, the most important

PK parameter to estimate the time above the threshold (S3).
TABLE 3 Quantitative statistics for comparison of full vs 4 limited sampl

Parameter

Time above threshold of 1% estimated by ChS assay

S1 S2 S3 S4

ME −0.06 0.05 0.01 0.04

MAE 0.13 0.13 0.13 0.17

RMSE 0.22 0.23 0.18 0.24

PBIAS % −1.90 1.70 0.40 1.50

R 0.98 0.98 0.99 0.98

ChS, chromogenic; OS, 1‐stage; ME, mean error; MAE, mean absolute error; RM
relation; S1, sampling strategy 1 (t = 6, 24, 48 h); S2, sampling strategy 3 (t = 3,
1 (t = 9, 24 hours).
3.5 | Development of interactive web application

An illustrative example of how the Hemotik tool can be used in clinical

practice is given in Figure 5. In the first step, patient details (e.g. age,

body weight; Figure 5a) and treatment details (e.g. sampling informa-

tion, assay used; Figure 5b) are entered into predefined fields. By

clicking the Data and prediction tab, predicted PK parameters are

displayed (Figure 5c). By clicking the Simulation tab, FVIII:C profiles

are shown for a chosen dose and dosing frequency (Figure 5d). In this

example, a dose of 35 IU kg−1 every 3 days would be expected to main-

tain FVIII:C above 1%. An important feature of the Hemotik tool is that

target FVIII:C levels, as well as dose and frequency, can be personalized.

This flexibility is in line with a recent Delphi Consensus Statement that

recommended the use of different target plasma FVIII levels depending

on a patient's physical activity levels and bleeding phenotype.37
4 | DISCUSSION

The present paper describes a population PK modelling and Bayesian

approach for simoctocog alfa, a 4th generation rFVIII produced in a

human cell line. We modelled FVIII PK using data measured with the

ChS or OS assays and developed a Bayesian estimator for each assay

to estimate PK parameters using a limited sampling strategy.

This study is the first report of a population PK analysis of

simoctocog alfa using pooled studies of a large population of patients

with a wide range of body weight and age. This analysis showed that

the PK profile of simoctocog alfa in patients with severe haemophilia

A was adequately described by a 2‐compartment model. The models

were influenced by age and body weight, as reported previously with

another rFVIII population PK analysis. The mean population parame-

ters estimates were close to those presented in other studies.17-21,38

For example, by using the OS assay, a typical 30‐year‐old and 70‐kg

patient has an estimated clearance of 270 mL h–1 and an estimated

volume of the central compartment of 3.75 L.

The difference in the potency measurements between assays has

been reported to be approximately 15% and is expected to signifi-

cantly affect the estimation of PK parameters.15,27 For this reason,

we developed 2 separate models for the ChS and OS assays to obtain

precise PK estimates for each patient and assay. The PK models

allowed estimation of the TAT 1% FVIII:C, which is probably the most
ing strategies to estimate time above the threshold of 1% factor VIII:C

Time above threshold of 1% estimated by OS assay

S1 S2 S3 S4

−0.03 0.03 −0.11 −0.01

0.21 0.16 0.26 0.25

0.26 0.21 0.45 0.33

−1.20 1.00 −3.90 −0.50

0.96 0.98 0.89 0.94

SE, root mean square error; PBIAS %, percent bias; R, coefficient of cor-
9, 24 hours); S3, sampling strategy 1 (t = 3, 24 hours); S4, sampling strategy



FIGURE 5 Using the Hemotik tool: (A) patient details, (B) treatment details, (C) pharmacokinetic estimation, (D) dosing simulation. The light grey
shaded envelope represents the 90% confidence interval for the simulations. The grey shaded envelope represents the 50% interval for the
simulation. The lines represent the median for different typical patients.
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important PK parameter because a correlation has been reported

between this parameter and the incidence of bleeding events.9 In

our study, the median estimated TAT 1% was 3 days, with a range

of 1–6 days for both assays. This result emphasizes the need for per-

sonalized prophylaxis for haemophilia A. For instance, some patients

may need daily infusions, whilst others may need every other day or

weekly infusions to maintain a chosen TAT target.

The simulations demonstrated that younger patients (age ≤2

years) have a shorter time above threshold of 1%. The most effective

way to maintain the level of FVIII:C above 1% is to change the dosing

interval. However, many other strategies are possible taking into

account many parameters taking into account the dose level, the cost

of treatment, lifestyle, bleeding phenotype, and individual PK parame-

ters.39 For these reasons, many scenarios are possible and the

Hemotik online tool could help to evaluate their PK effectiveness.

To estimate the TAT for individual patients, we developed Bayes-

ian estimators based on previously obtained nonlinear mixed effect

population PK model estimates of ChS and OS PK data. Our objective

was to evaluate the performance of the Bayesian tool to estimate the

TAT of 1%, 3% and 5% FVIII:C using a limited sampling strategy of 2 or

3 blood samples. The sampling strategies t = 3, 9, 24 hours and t = 3,

24 hours were found to be the optimal schedules for the OS and ChS

assays, respectively. The sampling times were chosen to suit patient

constraints. Our Bayesian approach, using 1 or 3 samples, provided

an accurate prediction of PK parameters and gave an accurate estima-

tion of individual TAT of 1%, 3% and 5% FVIII:C in an independent

group of 20 patients with different characteristics. Surprisingly, the

sampling strategy that included a late time point at 48 hours was

not the best option in our study, in contrast to the results of previous

studies from Bjorkman's group.17 In our study, strategies based on 2 or

3 blood samples were equivalent and only minor differences were

observed between the 2 assays.

This work has some limitations. The most important is the

absence of vWF measurements. Many studies have reported that

vWF levels may explain a significant part of interindividual variability

of the clearance of rFVIII.18,40,41 Blood group may also have an impact

on the clearance of rFVIII.21,42 However, the precision of the models

remains adequate without this information. Moreover, the aim of this

study was to develop a general model that does not depend on too

many biological parameters.43 Another limitation is that we did not

evaluate interoccasion variability of PK parameters. Divergent results

have been reported and often this parameter was not properly

estimated.19,21,37 However, a model including interoccasion variability

would probably not improve model‐based therapeutic drug

monitoring, as this variability remains unpredictable for a given patient

and can only be observed a posteriori. The only way to deal with this

issue is to repeat TDM and adjust the dosage when the patient is

unstable.

In conclusion, we have constructed population PK models based

on the ChS or OS FVIII:C assay data that should facilitate dose tailoring

using Bayesian estimators for simoctocog alfa. The Hemotik on‐line

tool demonstrated its value for estimating time above certain FVIII:C

thresholds with simoctocog alfa using only 2 or 3 blood samples.
ACKNOWLEDGEMENTS

This work was supported by an unrestricted educational grant from

Octapharma.

COMPETING INTERESTS

X.D. has received honoraria for participation in symposia by CSL

Behring, Shire, Octapharma and Sobi. Y.D. has received

grants/research support from Bayer, Baxter, Baxalta, Novo Nordisk,

CSL Behring, LFB, Pfizer, Leo Pharma, Octapharma and Stago; and

honoraria from Bayer, Baxter, Novo Nordisk, CSL Behring, Sobi and

Octapharma. E.O. has no conflict of interest. C.N. has received

grants/research support from Alnylam, Bayer, Baxalta/Shire, CSL

Behring, LFB, Novo Nordisk, Octapharma, Pfizer, and Sobi/Biogen;

and honoraria from Alnylam, Bayer, Baxalta/Shire, CSL Behring, LFB,

Novo Nordisk, Octapharma, Pfizer, and Sobi/Biogen.
CONTRIBUTORS

Data analysis: X.D., E.O., C.N. Writing of manuscript: X.D., Y.D., C.N.

Revision of manuscript: X.D., Y.D., E.O., C.N.
ORCID

Xavier Delavenne https://orcid.org/0000-0001-7134-0713

Edouard Ollier https://orcid.org/0000-0001-6925-2941

REFERENCES

1. Srivastava A, Brewer AK, Mauser‐Bunschoten EP, et al. Guidelines for

the management of hemophilia. Haemophilia. 2013;19(1):e1‐e47.

2. Manco‐Johnson MJ, Abshire TC, Shapiro AD, et al. Prophylaxis versus

episodic treatment to prevent joint disease in boys with severe hemo-

philia. N Engl J Med. 2007;357(6):535‐544.

3. Gringeri A, Lundin B, von Mackensen S, Mantovani L, Mannucci PM,

ESPRIT Study Group. A randomized clinical trial of prophylaxis in chil-

dren with hemophilia A (the ESPRIT Study). J Thromb Haemost.

2011;9(4):700‐710.

4. Ar MC, Vaide I, Berntorp E, Björkman S. Methods for individualising

factor VIII dosing in prophylaxis. Eur J Haematol Suppl. 2014;76:16‐20.

5. Ljung R, Fischer K, Carcao M, et al. Practical considerations in choosing

a factor VIII prophylaxis regimen: Role of clinical phenotype and trough

levels. Thromb Haemost. 2016;115(5):913‐920.

6. Petrini P, Valentino LA, Gringeri A, Re WM, Ewenstein B. Individualiz-

ing prophylaxis in hemophilia: a review. Expert Rev Hematol.

2015;8(2):237‐246.

7. Hazendonk HCAM, van Moort I, Mathôt RAA, et al. Setting the stage

for individualized therapy in hemophilia: What role can pharmacokinet-

ics play? Blood Rev. 2018;32(4):265‐271.

8. Oldenburg J. Optimal treatment strategies for hemophilia: achieve-

ments and limitations of current prophylactic regimens. Blood.

2015;125(13):2038‐2044.

9. Collins PW, Blanchette VS, Fischer K, et al. Break‐through bleeding in

relation to predicted factor VIII levels in patients receiving prophylactic

treatment for severe hemophilia A. J Thromb Haemost.

2009;7(3):413‐420.

https://orcid.org/0000-0001-7134-0713
https://orcid.org/0000-0001-6925-2941


DELAVENNE ET AL. 781
10. Carlsson M, Berntorp E, Björkman S, Lethagen S, Ljung R. Improved

cost‐effectiveness by pharmacokinetic dosing of factor VIII in prophy-

lactic treatment of haemophilia A. Haemophilia. 1997;3(2):96‐101.

11. Casademunt E, Martinelle K, Jernberg M, et al. The first recombinant

human coagulation factor VIII of human origin: human cell line and

manufacturing characteristics. Eur J Haematol. 2012;89(2):165‐176.

12. Sandberg H, Kannicht C, Stenlund P, et al. Functional characteristics of

the novel, human‐derived recombinant FVIII protein product, human‐cl
rhFVIII. Thromb Res. 2012;130(5):808‐817.

13. Leyte A, van Schijndel HB, Niehrs C, et al. Sulfation of Tyr1680 of

human blood coagulation factor VIII is essential for the interaction of

factor VIII with von Willebrand factor. J Biol Chem. 1991;266:740‐746.

14. Lissitchkov T, Hampton K, von Depka M, et al. Novel, human cell line‐
derived recombinant factor VIII human‐cl rhFVIII; Nuwiq® in adults

with severe haemophilia A: efficacy and safety. Haemophilia.

2016;22(2):225‐231.

15. Lissitchkov T, Rusen L, Georgiev P, et al. PK‐guided personalized pro-

phylaxis with Nuwiq® (human‐cl rhFVIII) in adults with severe

haemophilia A. Haemophilia. 2017;23(5):697‐704.

16. Morfini M, Fagnani S. NuPreviq: long‐term Dent Prog of treatment per-

sonalization and support for patients and clinicians. Poster presented at

World Federation onHemophilia Congress, 24–28 July 2016, P‐W‐150.

17. Björkman S. Limited blood sampling for pharmacokinetic dose tailoring

of FVIII in the prophylactic treatment of haemophilia A. Haemophilia.

2010;16:597‐605.

18. Zhang Y, Roberts J, Tortorici M, et al. Population pharmacokinetics of

recombinant coagulation factor VIII‐single chain in patients with severe

hemophilia A. J Thromb Haemost. 2017;15(6):1106‐1114.

19. Nestorov I, Neelakantan S, Ludden TM, Li S, Jiang H, Rogge M. Popu-

lation pharmacokinetics of recombinant factor VIII Fc fusion protein.

Clin Pharmacol Drug Dev. 2015;4(3):163‐174.

20. Garmann D, McLeay S, Shah A, Vis P, Maas Enriquez M, Ploeger BA.

Population pharmacokinetic characterization of BAY 81‐8973, a full‐
length recombinant factor VIII: lessons learned ‐ importance of includ-

ing samples with factor VIII levels below the quantitation limit.

Haemophilia. 2017;2:528‐537.

21. Hazendonk H, Fijnvandraat K, Lock J, et al. A population pharmacoki-

netic model for perioperative dosing of factor VIII in hemophilia A

patients. Haematologica. 2016;101(10):1159‐1169.

22. Iorio A, Keepanasseril A, Foster G, et al. Development of a web‐
accessible population pharmacokinetic service‐hemophilia (WAPPS‐
Hemo): Study protocol. JMIR Res Protoc. 2016;5(4):e239.

23. McEneny‐King A, Foster G, Iorio A, Edginton AN. Data analysis proto-

col for the development and evaluation of population pharmacokinetic

models for incorporation into the web‐accessible population pharma-

cokinetic service – hemophilia (WAPPS‐Hemo). JMIR Res Protoc.

2016;5(4):e232.

24. Berntorp E, Negrier C, Gozzi P, Blaas PM, Lethagen S. Dosing regi-

mens, FVIII levels and estimated haemostatic protection with special

focus on rFVIIIFc. Haemophilia. 2016;22(3):389‐396.

25. Iorio A, Blanchette V, Blatny J, et al. Estimating and interpreting the

pharmacokinetic profiles of individual patients with hemophilia A or

B using a population pharmacokinetic approach: communication from

the SSC of the ISTH. J Thromb Haemost. 2017;15(12):2461‐2465.

26. Tiede A, Oldenburg J, Lissitchkov T, Knaub S, Bichler J, Manco‐
Johnson MJ. Prophylaxis vs. on‐demand treatment with Nuwiq®

(Human‐cl rhFVIII) in adults with severe haemophilia A. Haemophilia.

2016;22(3):374‐380.

27. Klukowska A, Szczepański T, Vdovin V, et al. Novel human cell line‐
derived recombinant factor VIII (Human‐cl rhFVIII, Nuwiq®) in children
with severe haemophilia A: efficacy, safety and pharmacokinetics.

Haemophilia. 2016;22(2):232‐239.

28. Lixsoft‐Incuballiance: Monolix user guide version 4.3.2. http://monolix.

lixoft.com. Accessed 9 October 2018.

29. Samson A, Lavielle M, Mentré F. Extension of the SAEM algorithm to

left‐censored data in nonlinear mixed‐effects model: application to

HIV dynamics model. Comput Stat Data Anal. 2006;51(3):1562‐1574.

30. R Development Core Team. R: a language and environment for statis-

tical computing. R Foundation for Statistical Computing, Vienna,

Austria, 2013. http://www.R‐project.org. Accessed 9 October 2018.

31. Bergstrand M, Hooker AC, Wallin JE, Karlsson MO. Prediction‐
corrected visual predictive checks for diagnosing nonlinear mixed‐
effects models. AAPS J. 2011;13(2):143‐151.

32. Dumont C, Lestini G, Le Nagard H, Mentré F, Comets E, Nguyen TT.

PFIM 4.0, an extended R program for design evaluation and optimiza-

tion in nonlinear mixed‐effect models. Comput Methods Programs

Biomed. 2018;156:217‐229.

33. Lavielle M. Bayesian fitting longitudinal data. http://shiny.webpopix.

org/mcmc/bayes1/ Accessed 9 Oct 2018

34. Alexander SPH, Kelly E, Marrion NV, et al. The Concise Guide to

PHARMACOLOGY 2017/18: Overview. Br J Pharmacol.

2017;174(Suppl 1):S1‐S16.

35. Anderson BJ, Holford NH. Tips and traps analyzing pediatric PK data.

Paediatr Anaesth. 2011;21(3):222‐237.

36. Holford NH. A size standard for pharmacokinetics. Clin Pharmacokinet.

1996;30(5):329‐332.

37. Iorio A, Iserman E, Blanchette V, et al. Target plasma factor levels for

personalized treatment in haemophilia: a Delphi consensus statement.

Haemophilia. 2017;23:170‐179.

38. Björkman S, Oh M, Spotts G, et al. Population pharmacokinetics of

recombinant factor VIII: the relationships of pharmacokinetics to age

and body weight. Blood. 2012;119(2):612‐618.

39. Dargaud Y, Delavenne X, Hart DP, Meunier S, Mismetti P. Individualized

PK‐based prophilaxis in severe hemophilia. Haemophilia. 2018;24:s3‐s17.

40. Lalezari S, Martinowitz U, Windyga J, et al. Correlation between

endogenous VWF:Ag and PK parameters and bleeding frequency in

severe haemophilia A subjects during three‐times‐weekly prophylaxis

with rFVIII‐FS. Haemophilia. 2013;20:15‐22.

41. Butenas S, Parhami‐Seren B, Mann KG. The influence of von

Willebrand factor on factor VIII activity measurements. J Thromb

Haemost. 2009;7(1):132‐137.

42. Klarmann D, Eggert C, Geisen C, et al. Association of ABO(H) and I

blood group system development with von Willebrand factor and Fac-

tor VIII plasma levels in children and adolescents. Transfusion.

2010;50(7):1571‐1580.

43. Sheiner LB, Beal S, Rosenberg B, Marathe VV. Forecasting individual

pharmacokinetics. Clin Pharmacol Ther. 1979;26(3):294‐305.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Delavenne X, Dargaud Y, Ollier E,

Négrier C. Dose tailoring of human cell line‐derived recombi-

nant factor VIII simoctocog alfa: Using a limited sampling strat-

egy in patients with severe haemophilia A. Br J Clin Pharmacol.

2019;85:771–781. https://doi.org/10.1111/bcp.13858

http://monolix.lixoft.com
http://monolix.lixoft.com
http://www.R-project.org
http://shiny.webpopix.org/mcmc/bayes1/
http://shiny.webpopix.org/mcmc/bayes1/
https://doi.org/10.1111/bcp.13858

