
Population pharmacokinetic modeling of factor concentrates in
hemophilia: an overview and evaluation of best practice

Tine M. H. J. Goedhart,1 Laura H. Bukkems,2 C. Michel Zwaan,1 Ron A. A. Mathôt,2,* and Marjon H. Cnossen,1,* for the OPTI-CLOT study
group and SYMPHONY consortium
1Department of Pediatric Hematology andOncology, ErasmusMCSophiaChildren’sHospital, University Medical Center Rotterdam, Rotterdam, TheNetherlands; and 2Department
of Clinical Pharmacology - Hospital Pharmacy, Amsterdam University Medical Centers, University of Amsterdam, Amsterdam, The Netherlands

The accuracy of pharmacokinetic (PK)-guided dosing depends on the clinical and

laboratory data used to construct a population PK model, as well as the patient’s individual

PK profile. This review provides a detailed overview of data used for published population

PK models for factor VIII (FVIII) and factor IX (FIX) concentrates, to support physicians in

their choices of which model best suits each patient. Furthermore, to enhance detailed data

collection and documentation, we do suggestions for best practice. A literature search was

performed; publications describing prophylactic population PK models for FVIII and FIX

concentrates based on original patient data and constructed using nonlinear mixed-effect

modeling were included. The following data were collected: detailed demographics, type of

product, assessed and included covariates, laboratory specifications, and validation of

models. Included models were scored according to our recommendations for best practice,

specifically scoring the quality of data documentation as reported. Respectively, 20 models

for FVIII and 7 for FIX concentrates were retrieved. Although most models (22/27) included

pediatric patients, only 4 reported detailed demographics. The wide range of body weights

suggested that overweight and obese adults were represented. Twenty-six models reported

the assay applied to measure factor levels, whereas only 16 models named reagents used.

Eight models were internally validated using a data subset. This overview presents detailed

information on clinical and laboratory data used for published population PK models. We

provide recommendations on data collection and documentation to increase the reliability

of PK-guided prophylactic dosing of factor concentrates in hemophilia A and B.

Introduction

Patients with moderate and severe hemophilia receive replacement therapy with factor VIII (FVIII) and factor
IX (FIX) concentrates to prevent spontaneous bleeding and bleeding after minor trauma.1 Ahlberg et al
reported fewer joint bleeds in patients with trough levels .0.01 IU/mL.2 Therefore, clinicians historically
use prophylactic replacement therapy to maintain trough factor levels of $0.01 IU/mL or higher in case
of a severe bleeding phenotype by body weight-based dosing. However, body weight-based dosing
does not account for inter-individual variability in pharmacokinetics (PK) of respective factor concentrates,
that affect the achieved factor levels.3 As an example, body weight-based dosing may lead to higher dosing
than necessary in obese patients because FVIII concentrate is distributed in the blood plasma, which does
not increase proportionally with body weight.4 To address these inter-individual differences, PK-guided dos-
ing using a posteriori Bayesian estimation is increasingly applied.5 This methodology relates an individual’s
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measured factor levels to the PK observed in a population to obtain
more reliable individual PK parameters.6 To perform PK-guided dos-
ing, accurate and validated population PK models are obligatory to
enable the ability to prospectively predict data reliably.7

The accuracy of PK-guided dosing of factor concentrates is both
dependent on the clinical and laboratory data used to construct the
individual PK profile of the patient and on the quality of the underlying
population PK model if Bayesian forecasting is applied. The clinical
characteristics of the individual patient undergoing PK-guided dosing
should preferably correspond to the population used to develop the
population PK model because allometric exponents may otherwise
not be accurate. If the characteristics do not correspond, the model
may need to be further validated or enriched with such a specific
patient group. However, population PK models are generally con-
structed with data from drug trials that often do not include specific
patient populations such as children or older and obese patients. Con-
sequently, estimation of their PK characteristics may be less accurate.
In the same way, if factor levels of an individual patient are measured
with different assays than with which the factor levels were measured
within a certain population PK model, this may affect estimation of the
individual PK parameters. As an example, a specific B-domain
depleted recombinant FVIII should be measured by the chromogenic
substrate assay (CSA) because factor levels are significantly lower
when measured by one-stage assay (OSA), therefore affecting PK
parameters and subsequently population PK modeling.8 Discrepan-
cies between results obtained by CSA and OSA have been exten-
sively discussed in literature and are especially relevant when
extended half-life (EHL) FVIII and FIX concentrates are considered.9-11

In addition, variation in assay results may also be caused by variation in
reagents used within an assay. Moreover, the source of the applied
factor-deficient plasma, and instruments such as analyzers and
the material used to calibrate, may be of influence on measured
factor activity levels, in particular levels when measuring below
0.10 IU/mL.12,13

Therefore, clinicians and clinical pharmacologists should be aware of
the specifications with regard to clinical and laboratory data of the indi-
vidual patient undergoing PK-guided treatment, as well as the data
with which the population PK model has been constructed. Recently,
Preijers et al discussed available population PK models for FVIII and
FIX concentrates, focusing on the methods used to construct these
models, key features, and established covariate relationships.14 Our
review aims to provide a detailed overview of the clinical and labora-
tory data used to construct available population PK models for both
standard half-life (SHL) and EHL FVIII and FIX concentrates, as
reported in literature. In this way, we aim to support physicians in their
choices that model best suits each individual patient. Moreover, we
propose some suggestions for best practice with regard to data col-
lection and documentation after evaluating these models in detail to
increase the reliability of PK-guided dosing and to aid in future popu-
lation PK model construction.

Methods

Literature search strategy

We performed the following literature search to identify publications
found on PubMed: (search date January 26, 2021): (haemophilia*
OR hemophilia*) AND (“VIII”[Tiab] OR “IX”[Tiab]) AND (“population
pharmacokinetic*”[Tiab] OR “pharmacokinetic model*”[Tiab] OR

“population pharmacokinetic analysis”[Tiab] OR “population
PK”[Tiab]) NOT (“monkey*”[Tiab] OR “mice*”[Tiab] OR “dog*”[Tiab]
OR “rabbit*”[Tiab] OR “rat*”[Tiab]).

First, publications were selected by title and abstract. Reading full text,
we included publications that described a new population PK model
for prophylactic treatment with both SHL and EHL FVIII or FIX concen-
trates. In addition, models were required to be based on original
patient data and had to be constructed using nonlinear mixed-effect
modeling. Backward citations were screened to include additional
studies. Population PK models for von Willebrand factor (VWF) con-
taining concentrates were excluded. The screening process was per-
formed by 2 independent authors (M.G., L.B.).

Data collection

We collected data from both the publications describing the develop-
ment of the population PK model as well as from publications of the
underlying clinical trials. The following clinical data of the study popu-
lations were collected: total number of patients, number of children
(age ,18 years), age; morphometric variables: body weight, body
mass index (BMI), ideal body weight (IBW), lean body weight
(LBW), body surface area (BSA), fat-free mass (FFM); endogenous
factor level; factor concentrate; and assessed and included covariates
and number of patients used for validation by data splitting. The col-
lected laboratory data included the following items: type of assay
used (OSA/CSA) and further specifications, namely reagent, calibra-
tor, deficient plasma, and analyzer. Missing data were kindly requested
from respective pharmaceutical companies or by correspondence
with authors of the included publications.

Criteria to establish best practice

Based on our expert opinion and literature, we defined 12 clinical cri-
teria of data documentation that should be reported in publications of
population PK models. Thereafter, our included models were evalu-
ated accordingly as complete (1), incomplete (6), absent (2), or
not applicable. To specifically evaluate the quality of data documenta-
tion of included publications, only data were used as reported in the
respective publications for this separate best practice evaluation.
This is in contrast to the overview tables (Tables 1-4), in which all avail-
able and requested data are included. Documentation of 3 main
demographic characteristics (number, age, and body weight) were
evaluated for both the total population and pediatric populations sep-
arately. The first criterion (number) was scored as complete when the
exact number of included (pediatric) patients was reported. If a mini-
mum of pediatric patients was reported, we evaluated this item as
incomplete. The criterion’s age, body weight, and other morphometric
variables such as BMI, LBW, FFM, and IBW were scored “complete”
if both measures of location (eg, median, mean) and dispersion (eg,
range, standard error) were available as is scientifically common prac-
tice, and “incomplete” and “absent,” respectively, if 1 or both of those
elements were lacking. In addition, if no exact age of the included chil-
dren was given but only numbers of patients per age group (eg,
between 6 and 12 years) was reported, age was defined as incom-
plete. As data splitting is a powerful method for model evaluation,15

we scored the criterion validation as complete if a data subset was
used (comprising patients not used in the calibration population) to
validate the constructed model. If other internal validations were exe-
cuted, such as simulations and/or goodness-of-fit plots, we labeled
the criteria as absent. Next, covariate analysis was evaluated as com-
plete if the performance of a covariate analysis was reported (or the
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explanation why analysis was not performed), otherwise as absent.
“Laboratory assay” was scored as complete, if the applied assay
(OSA orCSA)was reported. If the other 4 further laboratory test spec-
ifications (applied reagent, calibrator, deficient plasma, and analyzer)
were reported, this criterion was assessed as complete. If at least 1
of the 4 or no specification was reported, the publication was scored

as incomplete or absent, respectively. Finally, we assessed whether
the applied assays and reagents corresponded to the recommenda-
tions for that factor concentrate according to UK Haemophilia Centre
Doctors' Organization guidelines.16 This guideline describes, for each
licensed and available product in the United Kingdom, specific
reagents that are regarded as suitable, or should be avoided. If the

Table 1. Literature search and detailed data on patient populations used to construct available FVIII population PK models

Study

Factor

concentrate

Endogenous

FVIII, IU/mL

Total population Pediatrics

N

Age, y

(range)

BW, kg

(range)

Morphometric

variables

(range) N

Age, y

(range)

BW, kg

(range)

Standard half-life factor concentrates

Stass, 200617 Kogenate-FS ,0.01-0.05 19 Mean 13 (4-12) Mean 56 (21-96) LBW mean 44.8 (18-66)
BSA mean 1.5 (21-96)

19 Mean 13 (4-12) Mean 56
(21-96)

Bolon-Larger,
200739

NA ,0.01-0.19 33 40 (7-77) 68 (21-120) BSA 1.76 (0.85-2.32) NA NA NA

Bjorkman, 200919 Several* ,0.01-0.05 34 24 (7-74) 68 (26-124) NA 11 12 (7-17) 44 (26-82)

Bjorkman, 201229 Advate #0.02 100
52

19 (10-66)
4 (1-6)

68 (35-108)
16 (11-27)

NA
NA

45
52

NA (1-6)
4 (1-6)

.35
16 (11-27)

Karafoulidou,
200942

ReFacto ,0.01-0.17 28 34 (18-70) 75 (54-104) NA — — —

Abrantes, 201711 ReFacto,
Xyntha

.0.01-0.40 754 23 (0-73) 69 (3-134) NA 234 NA (0-17)† NA

Jim�enez-Juste,
201543

NovoEight ,0.01 76 21 (1-60) 57‡ (12-107) BMI 21.4 (12-34)§ 30 6‡ (1-17) 21 (12-66)‡

Tiede, 202044 NovoEight ,0.01 231 20 (1-60) 63 (12-120) BMI 23.7 (14-40)jj 87 8 (1-17) 27 (12-95)

Garmann, 201731 Kovaltry ,0.01 183 22 (1-61) 60 (11-124) BMI 20.4 (13-38)
LBW 54.1 (9-79)

.51¶ 6 (1-11) 23 (11-59)

Shah, 201745 Kovaltry ,0.01 18 36 (19-64) 80 (55-99) BMI 26.1 (19-29) — — —

McEneny-King,
201920

All SHL 0.05 310 NA (1-62) 660 (10-132) NA NA NA NA

Standard and extended factor concentrates

Allard, 202018 Several# 0.01-mild 258 30 (3-77) 64 (15-130) BMI 21.3 (13-45) 87 10 (3-17)‡ 37 (15-109)‡

Extended half-life factor concentrates

Zhang, 201746 Afstyla** ,0.01 91
39

29 (12-60)
5 (1-11)

72 (38-106)
23 (10-87)

BMI 23.7 (15-38)
BMI 16.5 (13-30)

10‡
39

16 (12-17)‡
5 (1-11)

50 (37-100)‡
23 (10-87)

Delavenne, 201847 Nuwiq ,0.01 115 31 (2-67) 70 (13-140) NA 29 Otherwise† NA

Nesterov, 201523 Elocta ,0.01 180 NA (12-65) (42-127)‡‡ NA NAa NA NA

Bukkems, 202024 Elocta #0.02 43 28 (5-70) 72 (20-113) BMI 23.73 (13-34)‡ 13‡ 10 (5-17)‡ 34 (20-113)‡

Shah, 201921 Jivi, Elocta ,0.01 18 34 (22-65) NA BMI 25.0 (19-30) — — —

Solms, 202037 Jivi ,0.01 198 29 (2-62) 67 (12-126) BMI 22.0 (13-42)
LBW 49.0 (10-75)

153 NA (2-17)b NA

Solms, 202022 Jivi and Adynovi ,0.01 18 34 (23-56) NA BMI 24.45 (18-30) — — —

Chelle, 202038 Adynovi ,0.01 154 19 (3-72) 70 (15-150) BMI 23.2 (14-5) NA NAc NA

All data are reported in median (range) unless otherwise specified.
NA, not available.
*Kogenate, Immunate, Helixate Nex Gen, Monoclate, Octanativ-MK.
†Number of patients per age group: age 0-1 y, N 5 62; age 1-2 y, N 5 21; age 2-6 y, N 5 8; age 6-12 y, N 5 25; age 12-17 y, N 5118.
‡Data provided by authors/pharmaceutical company on request.
§BMI ,18 y 16.2 (12.4-25.6), $18 y 23.5 (15.3-33.8).
jjBMI based on 168 patients (24 children ,18 y and 144 adults).
¶Possibly 20 extra children from Leopold 1 and 2 study aged $12 y but not reported how many were included in final model.
#Factane, Advate, Kogenate, Kovaltry, Afstyla, Refacto, NovoEight, Elocta.
**PK model pooled from the 2 PK studies; data shown separately.
††Number of patients per age group: age 2-5 y, N 5 29; age 6-12 y, N 5 30; age 12-18 y, N 5 2.
‡‡Number of patients and median body weight per subgroup: subgroup 1, N 5 16, median 82.7; subgroup 2, N 5 164, median 71.6.
aA maximum of 14 children aged $12 y until 18 y was included. No exact number available.
bTherapeutic indicated and administered to patients $12 y. Number of patients per age group: age , 6 y, N 5 32; age 6-12 y, N 5 29; age .12 y, N 5 13.
cTherapeutic indicated and administered to patients $12 y.
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model was constructed using data obtained, by applying a suitable
reagent, or if no specific recommendations were given by the guide-
lines for the specific factor concentrate, we evaluated this item as
complete (1). If specific recommendations were given by Gray et
al, but the applied reagent was neither defined as suitable, nor as a
reagent that should be avoided, the criterion was evaluated criteria
as incomplete (6). If models used factor concentrates that were not
included in the UK guideline at time of publication, or if the reagents
were not specified, scoring this criterion was not applicable (2).

Results

The initial search yielded 85 publications, of which 26 were included
and 59 were excluded based on the set inclusion criteria. In addition,
we included 1 supplementary article by backward citation,17 leading
to a total of 27 included publications.

FVIII population PK models

A population PK model for FVIII concentrates was reported in 20 pub-
lications (Table 1). Of these 20, 6 combined data of multiple concen-
trates.11,18-22 Eleven publications described a population PK model
for a SHL FVIII concentrate, 8 publications for an EHL FVIII concen-
trate, and 1 publication for both SHL and EHL FVIII concentrates.

Patient characteristics

Pediatric patients (,18 years) were included in most population PK
models (16/20), although the exact number of included children could
not be found or obtained in 5 population PK models. Details on the
age of the children of 12 publications were collected and showed
that all pediatric age groups were represented. Of the remaining 4
models that included children, only Nesterov et al restricted inclusions
to children $12 years of age.23 Strikingly, we were only able to
retrieve body weight of pediatric patients in 9/20 models.

Overweight and obese patients seem to be included in most studies
based on the total maximum reported body weight. Details on other
morphometric variables of the total population were reported in 13/
20 publications (Table 1). BMI was mostly presented (11 publica-
tions), followed by LBW (3 publications) and BSA (2 publications).
Of the 7 studies that did not report other morphometric variables, 3
assessed such a variable as a covariate but did not incorporate it in
the model.

Model covariates and validation

Table 3 depicts all evaluated and included covariates. The following
other morphometric variables were assessed and included as covari-
ates: BMI by respectively 4 and no publication(s), BSA by 3 and 1
publication(s), LBWby 5 and 3 publications, and FFMby 2 and 2 pub-
lications. Remarkably, 5/7 models for EHL factor concentrates evalu-
ated the incorporation of VWF levels, in contrast to 1 model for a SHL
factor concentrate. Of these 6 models, 4 models included VWF as a
covariate.

Table 3 also shows that 6 models have been validated using a subset
of the data, in addition to validation by simulations. The ratio between
the number of included patients used to develop the model (calibra-
tion dataset) and the number of patients used to validate the model
(validation dataset) varied between 0.17 and 1.27. Bukkems et al24

externally validated and enriched the model by Nesterov et al.23

Laboratory data

Laboratory data are presented in Table 4. Both OSA and CSA were
used to measure the FVIII levels. Moreover, 4 models applied both
methods. The reagents used were described in 12/20 models, result-
ing in a total of 14 different reagents. Only 4 publications reported all 4
laboratory specifications.

Table 2. Literature search and detailed data on patient populations used to construct available FIX population PK models

Author, y Factor concentrate

Endogenous

FIX, IU/mL

Total population Pediatrics

N Age, y (range) BW, kg (range)

Other morphometric

variables (range) N Age, y (range) BW, kg (range)

Standard half-life factor concentrates

Bjorkman, 201230 pdFIX* #0.02 26 39 (16-65) 70 (47-115) NA NA NA NA

Brekkan, 201648 pdFIX† #0;02 34 Mean 28 (10.9 SD) Mean 67 (13.5 SD) NA .16‡ NA‡ NA

Bjorkman, 201349 BeneFIX ,0.01-0.05 56 23 (4-56) NA (18-133) NA 22 Otherwise§ NA

Suzuki, 201628 BeneFIX 0.01-0.02 201 12 (0-69) 44 (1-173) NA .88jj NA NA

Extended half-life factor concentrates

Diao, 201427 Alprolix #0.02 135 31 (12-76) 73 (45-187) NA 11 NA NA

Collins, 201225 Refixia ,0.013 15 30 (21-55) 78 (47-101)jj BMI 25.2 (18-29) —¶ — —

Zhang, 201626 Idelvion #0.02 104 26 (1-61) 64 (11-132) BMI 21.8 (13-63) 38 8 (1-17)jj 28 (11 –71)jj

All data are reported in median (range) unless otherwise specified.
pdFIX, plasma-derived FIX.
*Alphanine, Mononine, Preconativ, Nanotiv, Replenine-VF.
†Alphanine, Mononine, Preconativ, Nanotiv, factor IX Grifols, Immunine, Octanin.
‡At least 16 pediatric patients with minimal age of 12 y.
§Number of patients and mean age per age group: age 4-9 y, N 5 11, mean 6; age 10-19 y, N 5 10, mean 13.
jjData provided by authors/pharmaceutical company on request.
¶Therapeutic indicated as administered to patients $12 y.
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FIX population PK models

Four population PK models for SHL FIX concentrates and 3 popula-
tion PK models for EHL FIX concentrates were reviewed (Table 2).
The models included a single recombinant FIX concentrate, with the
exception of 2 models which combine multiple plasma-derived FIX
concentrates.

Patient characteristics

Except for the nonacog beta pegol (Refixia) population PKmodel,25 all
other 6 models included pediatric patients (,18 years), of which 3
only included children 12 years and older. However, only 3 of the 6
models reported the exact number children, although 2 models
showed the number of included pediatric patients per age group.

Morphometric variables for pediatric patients were only available for
the population model reported by Zhang et al. In descriptions of the
total population, body weight was presented for all models and BMI
for 2 models. Furthermore, only 1 model by Zhang et al assessed
the inclusion of other morphometric variables as covariates (Table
3). Despite this lack of data, the parameter “patient’s body weight”
showed a wide inter-individual variation in all studies. Strikingly, Zhang
et al included patients up to a BMI of 63.1.26

Model covariates and validation

As shown in Table 3, only Collins et al did not report assessed and
included covariates. As also depicted in Table 3, only 2 of the 7 mod-
els were internally validated by data splitting.27,28 The number of
patients included in the calibration and validation dataset in the model

Table 3. Assessed and included covariates in population PK models

Author, y Validation, N* Assessed covariates Included covariates

FVIII population PK models

Stass, 200617 — Age, BW, HT, BSA, LBW, HCT, HG, WBC count, platelets, BG, PTT, INR, AST,
ALT, Sodium, MCV, MCH, VWF:Ag, comedication

LBW

Bolon-Larger, 200739 18 Age, BW, BSA BW, BSA

Bjorkman, 200919 16 Age, BW, baseline FVIII, preparation and BG Age, BW, baseline FVIII

Bjorkman, 201229 — Age, BW Age, BW

Karafoulidou, 200942 — Age, BW, viral status BW, viral status

Abrantes 201711 — Age, BW, race, inhibitor status and titer, assay, LBW, TBW Age, BW, race, inhibitor, assay

Jim�enez-Juste, 201543 — Age, BW Age, BW

Tiede, 202044 — Age, BW Age, BW

Garmann 201731 — Age, BW, HT, BMI, LBW, race LBW

Shah, 201745 — — —

McEneny-King, 201920 394 Age, BW, FFM, brand Age, BW, FFM, brand

Allard, 202018 — Age, BW, brand, structure of FVIII, EHL Age, BW, EHL

Zhang, 201746 — Age, BW, BMI, AST, ALT, CrCl, VWF, HCT, HCV status, antidrug antibody,
geographical region, race, initial PK assessment vs repeat

BW, VWF

Delavenne, 201847 20 Age, BW, HT, IBW, BSA Age, BW

Nesterov, 201523 28† Age, BW, HT, race, BG, HCT, VWF:Ag, albumin, NNA presence, IgG1
concentrations, HCV status, HIV status

Age, BW, VWF:Ag, HCV status, HCT

Bukkems, 202024 — Age, BW, BG 0, HCT, VWF:Ag, presence of target joints VWF:Ag, BW

Shah 201921 — LBW, VWF LBW

Solms, 202037 — Age, BW, HT, BMI, LBW, VWF:Ag, race LBW, VWF:Ag

Solms, 202022 — —‡ —

Chelle, 202038 26 Age, BW, HT, FFM, assay Age, FFM, assay

FIX population PK models

Bjorkman, 201230 — Age, BW, FIX concentrate preparation Age, BW, FIX concentrate

Brekkan, 201648 — Age, BW, FIX concentrate, baseline FIX activity BW, baseline FIX activity

Bjorkman, 201349 — Age, BW BW

Suzuki, 201628 72 Age, BW, race BW

Diao, 201427 100 BW, Albumin, race BW

Collins 201225 — Unknown Unknown

Zhang, 201626 — Age, BW, dose, BMI, AST, ALT, CrCL, HCV status, antidrug antibody, region BW, weight adjusted dose

ALT, alanine transaminase levels; AST, aspartate transaminase levels; BW, body weight; BG, blood group; CrCl, creatinine clearance; FFM, fat-free mass; HCT, hematocrit; HCV, hepatitis C
virus; HT, height; HG, hemoglobin; IgG1, immunoglobulin; INR, international normalized ratio; MCH, mean corpuscular hemoglobin; MCV, mean corpuscular volume; NNA, non-neutralizing
antibody; PTT, prothrombin time; TBW, total body water; VWF:Ag, von Willebrand factor antigen; WBC, white blood cell.
*Validation using a data subset.
†Externally validated by Bukkems et al.
‡Because of the small study size, no additional covariate search was conducted.

4318 GOEDHART et al 26 OCTOBER 2021 • VOLUME 5, NUMBER 20

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/5/20/4314/1832283/advancesadv2021005096.pdf by guest on 17 N

ovem
ber 2021



by Suzuki et al were, respectively, 201 and 72, and 135 and 100 in
the model by Diao et al.

Laboratory data

All FIX levels were measured using the OSA for both SHL and EHL
FIX concentrates (Table 4). The used reagent was stated in 4 of the

7 population PK models. Only Collins et al reported all 4 laboratory
specifications.

Best practice

Figure 1 shows the evaluation of best practice of the included publi-
cations in this review. The scored items have been discussed

Table 4. Laboratory data specifications used in population PK models

Author, y Assay Reagent Calibrator Deficient plasma Analyzer

FVIII population PK models

Stass, 200617 OSA NA NA NA MDA 180 (BioMerieux)

Bolon-Larger, 200739 NA NA NA NA NA

Bjorkman, 200919 CSA Coatest FVIII kit Coatest FVIII kit Coatest FVIII kit KabiVitrium

Bjorkman, 201229 OSA NA NA 20th British Standard NA

Karafoulidou, 200942 CSA Coamatic FVIII RLS (Wyeth) Diagnostica Stago Chromogenix
instrumentation Laboratory

SpA

Abrantes 201711 OSA and CSA NA NA NA NA

Jim�enez-Juste, 201543 OSA SynthASil NA Standard Human Plasma Coasys Plus, Roche

Tiede, 202044 OSA SynthASil NA Standard Human Plasma Coasys Plus, Roche

Garmann 201731 CSA NA NA NA NA

Shah, 201745 CSA NA NA Standard Human Plasma NA

McEneny-King, 201920 OSA NA NA NA NA

Allard, 202018 OSA STA R-STA-CK Prest,
Pathrombin, SynsthAsil

NA NA NA

Zhang, 201746 CSA Coamatic FVIII NA Coamatic FVII kit Behring Coagulation
System

Delavenne, 201847 OSA and
CSA

Trinity Biotech &
Coamatest SP

NA NA Siemens BCS-XP

Nesterov, 201523 OSA Actin FSL (Dade) NA SHP (Precision Biologics
CRYOcheck)

Siemens BCS XP

Bukkems, 202024 OSA and CSA Several*,† Several*,† Several*,† Several*,†

Shah 201921 OSA HemosIL SynthASil NA Standard Human Plasma ACL Advance System

Solms, 202037 OSA and CSA HemosIL SynthAFax &
BIOPHEN chromogenic
assay kit (HYPHEN)

NA NA ACL Advance System

Solms, 202022 OSA HemosIL SynthASil NA Standard Human Plasma ACL Advance System

Chelle, 202038 OSA and CSA Several*,‡ Several*,‡ Several*,‡ Several*,‡

FIX population PK models

Bjorkman, 201230 OSA NA NA NA NA

Brekkan, 201648 OSA Organon, Diagnostika
Stago,

Dade Behring Marburg
GmbH

NA NA NA

Bjorkman, 201349 OSA NA NA Standard Human Plasma NA

Suzuki, 201628 OSA NA NA NA NA

Diao, 201427 OSA From Trinity Biotech NA Precision Biologic NA

Collins 201225 OSA Trinty Automated aPTT N9-Gp-calibrator Precision Biologic Siemens BCS-XP

Zhang, 201626 OSA Pathromtin SL NA Standard Human Plasma Behring Coagulation
System

*Data provided by authors/pharmaceutical company on request.
†Specifications of model by Bukkems et al: reagents: HemosIL SynthASil, HS Tcoag, Actin FS, Biophen Kit,
Tcoag Trinichrom, Siemens Bovine, HemosIl Electrachrome, Siemens Chromogenic; calibrator: CRYOcheck, Stago calibrator, Siemens, Hyphen Biomed-Biophen, HemosIL; deficient

plasma: HemosIL, Stago, Immunodeficient plasma, Siemens; analyzer: ACL TOP (Werfen-IL), Star Max Stago, Sysmex (Siemens).
‡All levels have been extracted from the Web-Accessible Population Pharmacokinetic Service Hemophilia (WAPPS-Hemo). All reagents were used with no 1 covering a significant larger

size of sample than any other.
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previously. As is clearly visible, most publications cannot be scored as
complete according to our strict set of criteria because of a lack of
detailed information in several domains.

Discussion

In this overview, we have collected detailed information on the demo-
graphic, clinical, and laboratory data used to construct 27 published
population PK models for both SHL and EHL FVIII and FIX concen-
trates. We also introduce recommendations for best practices of
data collection and documentation after evaluating the publications
of included population PK models accordingly.

Patient characteristics

Importantly, because children have other PK characteristics than do
adults, pediatric patients (mostly) of all ages were included in 22/27
PK populations. Body weight adjusted clearance decreases during
normal development from child until adulthood, automatically affecting
elimination half-life time because it is inversely related to clearance.29

Notably, approximately one-half of these age-related differences dis-
appear when an identical sampling strategy is performed in children
as in adults, instead of a reduced sampling strategy. Therefore, we
advise, if possible, measuring FVIII and FIX levels 15 to 30 minutes
after infusion.3 When both pediatric and adult patients are included

Figure 1. Evaluation of included models according to our personal recommendations of best practice, specifically on the quality of data documentation in the

publications. Results presented as complete (green, ), incomplete (orange, ), absent (red, ) or not applicable ( – ). * According to UK guidelines by Grey et al.

Haemophilia 2020. † Bukkems et al. have externally validated the model by Nesterov et al.
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in the data collection on the basis of which a population PK model is
constructed, an exponential relationship between body weight, both
total body weight and/or LBW, and clearance is introduced. This is
also called allometric scaling. As a result, a population PK model
can be used for patients of all ages.24,26,30 Allometric scaling is
applied in all published models in this review, which is a positive find-
ing. Historically, Bjorkman et al illustrates the importance of sufficient
variation and volume of the included pediatric participation, as a poor
population prediction for children of ages 3 to 10 years was observed
with predicted FVIII levels 31% lower than observed FVIII levels
because of inclusion of only 4 children from this age group.19 In Buk-
kems et al, it was shown that population clearance and central volume
of distribution were underpredicted in patients aged,12 years when
applying a population PKmodel based solely on patients 12 years and
older.24

Overweight and obese adults are represented in most models. This is
clinically relevant because of the increasing prevalence of overweight/
obesity in 31% of hemophilia patients in Europe and North American,
with concomitant risks of under- or overdosing of factor concen-
trates.31,32 With increasing BMI, studies show an increasing in vivo
recovery of FVIII concentrate both in children and adults, with a
decreasing steady state distribution volume.33-35 Unfortunately, no
guidelines yet exist to optimize factor concentrate dosing in this
patient group.

Van Moort et al reported that IBW-based dosing most accurately cal-
culates doses of FVIII concentrate in comparison with other morpho-
metric variables.36 This approach led to both better targeting of FVIII
levels, as well as a mean reduction of 48.9% in prophylactic FVIII con-
centrate consumption during a 3-month period.4 Interestingly how-
ever, in the included population PK models in this review, IBW was
neither evaluated nor included as a covariate. Contrastingly, LBW
was evaluated and included as a covariate in 4 and 5 publications
in our review, respectively. LBW showed a linear correlation with cen-
tral volume of distribution and a positive nonlinear relationship with
clearance.11,17,21,31,37 Stass et al reported that scaling to LBW is
superior to scaling to actual body weight. A third morphometric vari-
able that was included in several models as a covariate was FFM,
which seemed to correlate better to plasma volume than total body
weight.20,38

Model covariates and validation

Covariate analysis was described in all models, among which we spe-
cifically highlight the inclusion of VWF in the FVIII population PK mod-
els. Overall, a negative association between VWF and FVIII clearance
is reported.23,24,37 In other words, the higher VWF level, the lower
FVIII clearance. This is explained by the fact that VWF protects FVIII
from proteolytic degradation and rapid clearance from the blood circu-
lation.23 In our review, VWF was evaluated and included as covariate
in 6 and 4 FVIII population PK models, respectively. Stass et al
reported VWF as an important covariate, although it was not identified
as one in the performed analyses. This contradiction can be attributed
to the fact that only sparse data were available to adequately test
covariate analysis,17 as also reported by Chelle et al.38 Therefore,
when possible, we advise measurement of VWF antigen (VWF:Ag)
levels during PK profiling and monitoring of FVIII concentrates to
improve both PK guidance and model development.

Interestingly, only 8 models were validated by data splitting, a power-
ful, advanced method of internal validation. Although, the decision to

split available data into a calibration and a validation set of course
depends on the number of included study patients.7 Notably, in the
FVIII population PK models by Bolon-Larger and Bjorkman et al, the
number of included patients in the calibration dataset was 33 and
34, respectively. These were relatively small numbers compared
with the patients in the validation sets of these studies (eg, 18 and
16 patients). In contrast, McEneny-King et al included 310 and 394
patients in the calibration and validation dataset, respectively.

Laboratory data

All publications described which assay was used to measure the fac-
tor levels, except for the model by Bolon-Larger et al.39 Because of the
discrepancies between OSA and CSA and the effects on PK param-
eter estimation, it is essential that population PK models include
results of both assays when both are used in clinical practice. Solms
et al constructed separate population PK models based on OSA and
CSA results and described that PK parameters were similar.37 How-
ever, application of correction factors for OSA and CSA is also gen-
erally applied when other assays are used.24,38 For example, Bukkems
et al calculated an exponential function of 1.06 to correct for FVIII lev-
els in an enriched FVIII-Fc Fusion protein population PK model. This
resulted in an increase of FVIII levels from 100 IU/dL when measured
by OSA compared with 131 IU/dL when measured by CSA.24

Because reagents have been identified as the most important cause
of assay variability,16 it is striking that we were not able to identify
the used reagent of 11/27 models. Interestingly, we identified 16 dif-
ferent documented reagents. Five models used several reagents,
therefore increasing accuracy of PK guidance because of the included
inter-reagent variability. To illustrate the importance of this covariate,
external quality organizations for laboratories have reported variation
between FIX measurements when using different OSA reagents
between 2.0 and 19.0 IU/mL and when applying a golden standard
of spiked plasma with recombinant FIX Fc fusion protein level of 6.0
IU/ML FIX.40 These variations may lead to underestimations that
amount to up to 75%.16,40 Understandingly, these differences may
lead to errors in PK guidance of dosing, especially when targeting FVIII
or FIX trough levels, if reagent variability is not captured in the popu-
lation PK model.

Therefore, UK Haemophilia Centre Doctors' Organization guidelines
provide helpful advice on the appropriate choice of assays and
reagents for each factor concentrate, which is licensed for use in
the United Kingdom.16 Recommendations are based on safeguarding
of assay results within 20% and 30% of FVIII and/or FIX target levels
based on potency label in samples spiked as.30 IU/dL and,10 IU/
dL. In addition, with each recommendation, it is noted if sufficient data
are available to substantiate the guidelines. No population PK models
in this review used assays or reagents that were advised to avoid.16

Strengths and limitations

The importance of more insight into the construction of population PK
models is highlighted by the comparative study by Preijers and van
Moort et al. For identical patients, 3 available PK tools produced sig-
nificantly different PK parameters and clinically relevant variation in
doses of recombinant FVIII concentrate. This was due to the influence
of the patient data on which the population PK model was based and
the resulting PK parameters that affected individual estimations.41

Our review has some limitations. First, wemay havemissed population
PK models because we only performed the literature search using
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PubMed and reference searches; however, we do believe that we
have included most population PK models used in clinical practice
with this approach. Second, we did not succeed in contacting all
authors, which may have affected the completeness of presented
results. Next, in the formulation of best practice, we did not integrate
the number of patients in the validation dataset relative to the number
patients in the calibration set because experts have not reached con-
sensus on aspect of validation.7 Finally, we did not apply ranking to
the items incorporated in our recommendations for best practice.
Despite these limitations, we believe this review provides a valuable
and objective overview of the most relevant aspects needed to ensure
reliability and feasibility of PK guidance of factor concentrates in
hemophilia care.

Recommendations

Clinicians or clinical pharmacologists, who treat patients with PK-guided
dosing, should evaluate whether the population PK model is suitable for
each individual patient, based on the data used to construct the model.
According to our evaluation of best practice in hemophilia, improve-
ments can be made on data collection and documentation. If a factor
concentrate is approved and registered for all age groups, we recom-
mend that the corresponding population PK model includes pediatric
patients and that their characteristics are described. Also, patients
with both underweight and overweight/obesity should be included
with documentation of morphometric variables such as BMI, LBW,
IBM, or FFM. Next, new population PK models should be validated by
a subset of the dataset or even more optimally by external validation
to ensure optimal safety in standard clinical practice. Also, when per-
forming PK guidance, it is essential that laboratory specifications, both
of the patient populations used to construct the models as well as the
patients who receive PK guidance, are reported and taken into account,
preferably in accordance with international guidelines.

These recommendations with regard to detailed information on patient
characteristics, laboratory assays and reagents, and validation strate-
gies may of course also apply to PK guidance of novel and upcoming
therapies in hemophilia with alternative administration routes, as well
as expected combined treatment modalities such as emicizumab
and on-demand FVIII concentrate, gene therapy, and on-demand FVIII
or FIX concentrates.

Conclusion

This overview presents the wide variation in detail of included clinical
and laboratory data used to construct 27 population PK models. By
providing detailed information on these population PK models, the
applicability and reliability of PK-guided prophylactic dosing of factor
concentrates in hemophilia A and B can be investigated by (pediatric)
hematologists. We also recommend best practice with regard to data
collection to enable reliable PK guidance of treatment in patients with
bleeding disorders as a whole for current and future therapies.
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