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Abstract
Hemophilia A and B are bleeding disorders caused by a deficiency of clotting factor VIII and IX, respectively. Patients with 
severe hemophilia (< 0.01 IU mL−1) and some patients with moderate hemophilia (0.01–0.05 IU mL−1) administer clotting 
factor concentrates prophylactically. Desmopressin (d-amino d-arginine vasopressin) can be applied in patients with non-
severe hemophilia A. The aim of administration of factor concentrates or desmopressin is the prevention or cessation of 
bleeding. Despite weight-based dosing, it has been demonstrated that factor concentrates still exhibit considerable pharma-
cokinetic variability. Population pharmacokinetic analyses, in which this variability is quantified and explained, are increas-
ingly performed in hemophilia research. These analyses can assist in the identification of important patient characteristics and 
can be applied to perform patient-tailored dosing. This review aims to present and discuss the population pharmacokinetic 
analyses that have been conducted to develop population pharmacokinetic models describing factor levels after administration 
of factor VIII or factor IX concentrates or d-amino d-arginine vasopressin. In total, 33 publications were retrieved from the 
literature. Two approaches were applied to perform population pharmacokinetic analyses, the standard two-stage approach 
and non-linear mixed-effect modeling. Using the standard two-stage approach, four population pharmacokinetic models 
were established describing factor VIII levels. In the remaining 29 analyses, the non-linear mixed-effect modeling approach 
was applied. NONMEM was the preferred software to establish population pharmacokinetic models. In total, 18 population 
pharmacokinetic analyses were conducted on the basis of data from a single product. From all available population pharma-
cokinetic analyses, 27 studies also included data from pediatric patients. In the majority of the population pharmacokinetic 
models, the population pharmacokinetic parameters were allometrically scaled using actual body weight. In this review, the 
available methods used for constructing the models, key features of these models, patient population characteristics, and 
established covariate relationships are described in detail.
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Key Points 

Population pharmacokinetic analyses are increasingly 
performed in hemophilia research.

In total, 33 population pharmacokinetic models have 
been retrieved from the literature, describing factor lev-
els after dosing of factor concentrates or desmopressin.

1  Introduction

Hemophilia A and B are caused by a deficiency of either 
clotting factor VIII (FVIII) or IX (FIX), respectively 
[1, 2]. Disease severity is categorized by the patient’s 
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endogenous baseline factor activity level. Patients with 
severe, moderate, and mild hemophilia have a baseline 
factor level of < 0.01 IU mL−1, between 0.01 and 0.05 
IU mL−1, and between 0.05 and 0.40 IU mL−1, respec-
tively [3]. These definitions of severity are similar for both 
hemophilia A and B. As patients with severe hemophilia 
experience spontaneous and more frequent bleeding with 
development of joint arthropathy and long-term invalidity 
if left untreated, patients with severe hemophilia and some 
patients with moderate hemophilia with a severe bleeding 
phenotype administer factor concentrates prophylactically 
[4].

In general, prophylactic dosing of factor concentrates 
in patients with severe hemophilia is targeted at a trough 
level of 0.01 IU mL−1 [5]. In contrast, factor levels are 
augmented to physiological levels to maintain optimal 
hemostasis during a surgical procedure [6]. Following the 
surgical procedure, higher target trough levels than during 
the non-surgical prophylactic setting are maintained up 
to 2 weeks depending upon the type and severity of the 
surgery, according to current treatment guidelines.

An alternative to factor concentrates in patients with 
non-severe hemophilia A is desmopressin (d-amino d-argi-
nine vasopressin or DDAVP) [7]. Desmopressin releases 
von Willebrand Factor (VWF) from Weibel Palade bodies 
in endothelial cells of the vessel wall. As VWF functions 
as a FVIII carrier protein, protecting it from proteolysis in 
the circulation, FVIII activity will also rise upon adminis-
tration of desmopressin. The reason desmopressin can only 
be applied in patients with non-severe hemophilia A is that 
synthesis of endogenous FVIII is required [8].

For FVIII and FIX, various plasma-derived (pd) and 
recombinant (r) concentrate products are available with a 
standard terminal half-life (SHL). Recently, FVIII and FIX 
protein molecules have been designed with an extended 
terminal half-life (EHL) [9]. For both FVIII and FIX, fac-
tor molecules have been linked to the Fc domain of immu-
noglobulin G (rFVIIIFc and rFIXFc) [10, 11]. Other meth-
ods to extend the terminal half-life were linking FIX with 
albumin (rIX-FP) and by PEGylation (N9-GP) [12, 13]. In 
comparison to SHL products, EHL products of FVIII and 
FIX exhibit hemostatic activity for longer time periods.

Although factor concentrates are dosed according to a 
patient’s body weight (BW), it has been demonstrated that 
FVIII and FIX concentrates show considerable pharma-
cokinetic (PK) variability [14, 15]. Population PK analy-
ses are increasingly performed in hemophilia research, as 
constructed population PK models are able to quantify 
and explain the variability of PK parameters. These stud-
ies have provided population PK models that allowed the 
characterization and comparison of the pharmacokinetics 
of FVIII and FIX concentrates, and models that can be 
applied to perform dose individualization and evaluations 

of limited sampling schedules. Moreover, population PK 
analyses can assist in the identification of patient charac-
teristics that describe and predict pharmacokinetics [16]. 
A validated population PK model can be used to perform 
a maximum a posteriori (MAP) Bayesian estimation to 
obtain individual PK parameter estimates [17]. The latter 
estimates are useful to describe the factor level vs time 
curve for any given dose and help to design individual-
ized dosing regimens. In addition, population PK mod-
els allow optimization of clotting factor dosing by an in 
silico evaluation. In the latter, Monte Carlo simulations 
are applied that allow the exploration of the resulting fac-
tor levels as the dosing regimen or patient characteristics 
varied [18–20].

In this review, the population PK analyses that have been 
conducted to develop population PK models describing fac-
tor levels after administration of FVIII or FIX concentrates 
or desmopressin are presented and discussed. Moreover, 
methods used to construct these models, key model fea-
tures, patient characteristics of studied populations, and 
established covariate relationships are discussed in detail.

2 � Methods

2.1 � Search Strategy

To identify the available literature on population PK analyses 
of FVIII, FIX, and desmopressin in patients with hemophilia 
A and B, the following PubMed search query was applied: 
(haemophilia* OR hemophilia*) AND (“VIII”[Tiab] OR 
“IX”[Tiab] OR “desmopressin”[Tiab] OR “DDAVP”[Tiab]) 
AND (“population pharmacokinetics”[Tiab] OR “pharma-
cokinetic model*”[Tiab] OR “Two-Stage*”[Tiab] OR “pop-
ulation pharmacokinetic analysis”[Tiab] OR “population 
PK”[Tiab]) NOT (“monkey*”[Tiab] OR “mice*”[Tiab] OR 
“dog*”[Tiab] OR “rabbit*”[Tiab] OR “rat*”[Tiab]) AND 
(“1960/01/01”[Date—Publication]: “2020/04/30”[Date—
Publication]). The last date of publication inclusion was 30 
April, 2020.

The retrieved publications were evaluated for eligibility 
on the basis of title and abstract. From the selected publica-
tions, backward citation screening was conducted to identify 
additional studies from the reference listings. Publications 
were only selected if they presented a population PK model 
derived from real-world patient data (i.e., data that are not 
obtained using Monte Carlo simulations), and were estab-
lished using either a standard two-stage (STS) analysis or by 
non-linear mixed-effect modeling (NLMEM). Publications 
describing non-compartmental PK analyses or population 
PK models derived solely using simulation techniques, i.e., 
without real-world patient data, were not included.
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2.2 � Data Collection

From selected publications, the following data were 
retrieved: demographics of study population, type of prod-
uct, laboratory assays used to obtain FVIII or FIX activity 
levels, modeling software applied, sampling design, other 
relevant study characteristics related to treatment using 
FVIII or FIX concentrates or desmopressin, and all pre-
sented model parameters.

2.3 � Methodology of Population Pharmacokinetic 
Model Construction

In general, multiple methods can be applied to construct 
population PK models [21]. However, two methods have 
specifically been applied in hemophilia treatment. In hemo-
philia, the earliest population PK models were established 
using a STS analysis, which is the “traditional” approach 
[22]. However, currently the most widely used method is 
NLMEM, which is a one-stage method. The STS and the 
NLMEM approach both have their advantages and limita-
tions. The complexities and constraints of both methods will, 
therefore, first be elaborated upon below.

2.3.1 � Standard Two‑Stage Approach

The application of the STS approach is less time consum-
ing and less complex than the NLMEM approach. The first 
stage of the STS approach consists of obtaining individual 
PK parameter estimates for each individual in the studied 
population using a compartmental model [23, 24]. In the 
second stage, distributions of these individual PK param-
eter estimates are described with summary statistics, i.e., the 
mean and standard deviation of clearance (CL) or volume of 
distribution (Vd). The values of the means from the param-
eter distributions represent the population PK parameters, 
whereas standard deviations represent the inter-individual 
variability (IIV) for the corresponding parameters.

In this method, it is assumed that each individual from 
the studied population contributes equally to the estimation 
of the population PK parameters, although the amount of 
data may differ between patients. Moreover, the IIV of the 
population PK parameters is generally overestimated, as the 
residual error (difference between the predicted and meas-
ured factor levels) is included in the IIV for estimating the 
individual PK parameters [25].

Another drawback of this method is the need for rich data, 
i.e., ten or more factor levels are required for each individual 
to adequately estimate individual PK parameters. However, 
sparse sampling strategies have also been investigated for 
this method [26]. Essentially, this renders the STS method 

less suitable for analyzing sparse data, which is often the 
case in clinical studies.

2.3.2 � Non‑Linear Mixed‑Effect Modeling

Non-linear mixed-effect modeling is a one-stage approach, 
referred to as the “population” approach [27]. In this method, 
some or all fixed and random effects enter the model non-lin-
early, hence the term “non-linear”. The term ‘mixed-effect’ 
refers to combining fixed and random effects in a single 
model [28]. Fixed effects comprise typical (median) param-
eters and parameters describing covariate effects, whereas 
random effects refer to the parameters describing the IIV or 
the residual unknown variability. In addition, random effects 
can also be estimated within an individual (intra-individual 
variability). For instance, an individual PK parameter may 
change between occasions using inter-occasion variability 
(IOV) [29]. An occasion can be defined, for example, as a 
dosing event or a surgical procedure.

After estimating the IIV and IOV associated with the 
model parameters, these may be explained using covariate 
relationships such as the patients’ BW or age. In the covari-
ate analysis, various covariate models may be evaluated for 
their ability to explain parts of the IIV or IOV. Moreover, 
the covariate relationships may also be applied to explain a 
part of the residual unknown variability [28].

In population PK modeling, population parameters are 
often scaled using the BW of the patients, especially in pop-
ulations containing both children and adults [30]. By scaling 
or normalization, a part of the IIV is explained. Although 
several methods are available to scale model parameters 
[31], the following equation is generally used for allometric 
scaling using BW:

in which θTV is the estimated typical value of the popula-
tion PK parameter scaled to a patients’ BW (BWi), θPop is 
the estimated population PK parameter value, BWmed is the 
median of the BW from the studied population (or a value 
used to scale the population PK parameters such as 70 kg), 
and EXPBW is the value for the estimated allometric expo-
nent. When fixed allometric exponents are used, a value for 
EXPBW of 0.75 (or ¾) is used for all clearance parameters, 
whereas a value of 1 is used for all volume of distribution 
parameters [32]. These fixed values for the allometric expo-
nents have been derived from biological principles and 
observations from diverse areas in biology [33]. The allo-
metric exponents may also be estimated empirically, on the 
basis of the collected data. In that case, the value of expo-
nents may differ from 0.75 and 1 and may differ between the 
PK parameters.

(1)�TV = �Pop ×

(

BW
i

BWmed

)EXPBW

,
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The NLMEM approach is the most frequently applied 
method for analyzing vast amounts of population data. 
However, the application of this method is more complex 
and time consuming than the STS approach and requires 
considerable expertise. This method allows simultaneous 
estimation of both fixed and random effects. Moreover, this 
method is suitable for analyzing both rich and sparse data, 
which may be heterogeneously collected between the indi-
viduals from the studied population [24, 34]. Similar to the 
STS method, sparse data impose constraints on the model’s 
complexity. Therefore, clinical trial design is important to 
optimally collect data before the modeling process is initi-
ated [35].

3 � Results

In the literature search, a total of 132 publications were 
obtained from which 31 publications describing a popula-
tion PK analysis were selected. Backward citation screen-
ing yielded another two publications [36, 37], providing 33 
publications in total.

As either prophylactic (non-surgical) data or periopera-
tive data were used to construct the population PK models, 
each category is discussed separately. In addition, as popula-
tion PK models established for FVIII or FIX concentrates 
can only be applied in patients having hemophilia A or B, 
respectively, these analyses will also be discussed separately. 
Below, the methods used to construct the population PK 
models and their characteristics are elaborated upon.

3.1 � Standard Two‑Stage Approach

The available population PK models established using 
STS are shown in Table 1. One population PK model was 
established using data from a single SHL-FVIII product, 
whereas the other population models were constructed using 
combined data from multiple SHL-FVIII products. In one 
report, the administered product was not specified [38]. The 
population PK analyses conducted using the STS method are 
currently of limited clinical value as most of the products 
that were investigated in these analyses are currently rarely 
used. Moreover, the models were constructed using sparsely 
sampled data, which may have hampered the adequate esti-
mation of the IIV associated with the population PK param-
eters from these models.

3.1.1 � Prophylactic Population Pharmacokinetic Factor VIII 
Models

In two studies, STS analysis was conducted to establish three 
prophylactic population PK models for several FVIII prod-
ucts (Table S1 of the Electronic Supplementary Material 
[ESM]) [39, 40]. In both studies, a one-compartment model 
was used to describe the time profile of FVIII activity after 
the administration of the dose. In Ruffo et al., population PK 
parameters were derived for 27 patients with hemophilia A 
[39]. In Messori et al., two population PK models were con-
structed using data of single-dose curves from 56 patients 
and multiple-dosing curves from 32 patients, having either 

Table 1   Population pharmacokinetic (PK) models for factor VIII established using a standard two-stage analysis

CSA chromogenic substrate assay, NA not available, No. number, OSA one-stage assay
a For the endogenous baseline, 1% corresponds to 0.01 IU mL−1

b Sparse is < 10 samples; rich ≥ 10 samples; semi-sparse was defined as the application of both sparse and rich sampling frequencies
c Subtraction: the endogenous measured baseline level was subtracted from the levels measured following dose administration

Study, year No. of 
sub-
jects

Age, years 
(range)

Body 
weight, kg 
(range)

Endogenous 
baselinea (%)

Sampling: 
sparse/
richb

OSA/CSA Endog-
enous baseline 
correctionc

Products Software

Prophylactic population PK models
Ruffo et al., 

1985 [39]
27 29.3 (mean) NA NA Sparse NA Subtraction Kryobulin HP-41 CV

Messori et al., 
1988 [40]

62 6–70 21–90 0.1–25.0 Sparse OSA Subtraction Kryobulin 
TIM3, heated 
Hemofil, 
heated Koate

HP-41 CV

Perioperative population PK models
Ruffo et al., 

1986 [38]
5 NA NA NA Sparse NA Subtraction NA MS BASIC

Longo et al., 
1989 [37]

20 1–67 8–84 0.1–25.5 Sparse OSA Subtraction Kryobulin 
TIM3, heated 
Hemofil, 
heated Koate

HP-41 CV
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a FVIII dose to treat a minor bleeding episode or a prophy-
lactic FVIII dose, respectively [40].

In the studies by Ruffo et al. and Messori et al., similar 
values were observed for CL and Vd after administration 
of a single dose (Table 1) [39, 40]. Moreover, CL (3.93 
mL h−1 kg−1) and Vd (61.8 mL kg−1) after administration of 
a single dose were comparable to the CL (4.14 mL h−1 kg−1) 
and Vd (53.8 mL kg−1) after multiple dosing.

3.1.2 � Perioperative Population Pharmacokinetic Factor VIII 
Models

Two population PK models were established using STS anal-
ysis based on FVIII activity data obtained perioperatively 
subsequent to dosing of the FVIII concentrate (Table S2 of 
the ESM). During and after a surgical procedure, the elimi-
nation of FVIII may be higher prior to the surgery owing 
to consumption of the factor concentrate. Therefore, Longo 
et al. investigated whether a PK model with time-dependent 
elimination performed better than a model with constant 
elimination when describing the FVIII levels in 20 surgical 
patients [37]. The time-dependent elimination was described 
as follows:

where K is the first-order time-dependent elimination rate 
constant, Kin is the initial value of K at start of surgery, Kfin 
is the final steady-state value of K at time infinity, Kvar is the 
change of K over time, and tas is the time after surgery [38]. 
After the surgical procedure, the elimination rate constant 
decreases from Kin to the final steady-state value Kfin. A one-
compartment open model comprising the time-dependent 
elimination rate constant is subsequently used to describe 
the time profile of FVIII activity.

For ten patients, this model was used to estimate their 
individual PK parameters. The mean for the calculated early 
postoperative CL was higher (5.67 mL h−1 kg−1) than the 
mean of the final steady-state CL (3.05 mL h−1 kg−1), dem-
onstrating the time dependency for CL [37].

The estimated population PK parameter values for the Vd 
were similar for the constant-elimination one-compartment 
model (64.7 mL kg−1) and the time-dependent elimination 
model (65.0 mL kg−1), whereas the value obtained for CL 
using the constant-elimination model was lower than the 
values for early post-operative CL calculated using the time-
dependent elimination model: 4.87 mL h−1 kg−1 vs 5.67 
mL h−1 kg−1, respectively. Although the time-dependent 
elimination model was only appropriate in ten from 20 sur-
gical patients, the latter suggests that surgical patients may 
actually have a higher CL during surgery than after a surgi-
cal procedure.

(2)K =

(

Kin − Kfin

)

× e
−Kvar×tas + Kfin,

Ruffo et al. also performed a population PK analysis of 
FVIII during surgery using the STS approach. In their study, 
the value for Vd was comparable to the value observed by 
Longo et al. [37, 38]. In Longo et al., the estimated values 
for the elimination rates from Eq. 1 were presented as half-
lives, whereas Ruffo et al. presented rate-constant values. 
When the terminal half-life reported by Longo et al. (9.6 h) 
is recalculated as the rate-constant Kin, a value (0.072 h−1) 
was found that was comparable to that of Ruffo et  al. 
(0.071 h−1).

3.2 � Non‑linear Mixed‑Effect Modeling

Non-linear mixed-effect modeling allows the assessment of 
all model parameters more accurately than an STS analy-
sis [25]. In total, 29 population PK models of FVIII, FIX, 
and desmopressin have been published (Table 2). The most 
applied software was NONMEM [41, 42]. In a single case, 
SAS was applied, which uses a comparable minimization 
algorithm to estimate model parameters as NONMEM 
[43]. In two cases, MONOLIX was used, which performs 
a stochastic approximation expectation–maximization rou-
tine [44]. The most important findings of the published 
population PK models and their covariate relationships are 
discussed below. The models were categorized according 
to disease (hemophilia A or hemophilia B), setting (pro-
phylactic or perioperative), and product (SHL, EHL, or 
desmopressin).

3.2.1 � Hemophilia A

3.2.1.1  Prophylactic Population Pharmacokinetic Factor VIII 
Models  Standard Half-Life Factor VIII Products In 10/16 
publications, a population PK model was described for 
one specific SHL-FVIII concentrate, whereas in one study, 
data from multiple products were combined (Table  2). In 
the majority of the population PK analyses, data from both 
pediatric (aged < 18  years) and adult patients with hemo-
philia A were combined and analyzed simultaneously. Con-
sequently, PK parameters had to be normalized to reduce 
the IIV caused by differences in body size. In general, actual 
BW and lean body weight (LBW) were used to allometri-
cally scale the population PK parameters. Normalization 
of the PK parameters by BW or LBW explained the IIV 
considerably. For example, in the study from Karafoulidou 
et al., allometric scaling reduced the unexplained IIV of CL 
from 47.8 to 38.9% [45]. The reported half-lives from SHL-
FVIII products generally have a range of 11–16 h [46].

Children have a higher FVIII CL per kilogram BW than 
adults and, therefore, a shorter terminal half-life of FVIII 
[14]. In 14/16 models, the effect of age on CL was evalu-
ated in the covariate analysis (Table S3 of the ESM). From 
16 population models describing the pharmacokinetics of 
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SHL-FVIII, nine studies identified age as a covariate asso-
ciated with CL [14, 47–50]. Although age and BW are cor-
related, incorporation of an association between age and CL 
improved the model even when PK parameters were normal-
ized by BW. In two of eight models, the allometric expo-
nent on CL was estimated instead of fixed, which allowed 
an estimation of the empirical correlation between BW and 
an individual PK parameter [14, 50]. The effect of age on 
CL in the eight population PK models was considerable, 
from an age of 1 year, CL decreased between 0.45 and 1% 
per year until the age of 73 years. However, the effect of age 
was not always included as a monotonic (linear) relation-
ship, as piece-wise linear models were used as well. A piece-
wise linear model allows first to increase CL linearly with 
increasing age and, subsequently, after a set cut-off point, 
CL may decrease while age increases. As only eight of 16 
studies identified the effect of age on CL, this effect may 
be too small to be easily identified. Moreover, collinearity 
between age and BW may further complicate the estimation 
of this effect.

Other covariates associated with the pharmacokinetics 
of SHL-FVIII were having an human immunodeficiency 
virus-positive status, the race of the patient, and the pres-
ence of inhibitors (> 0.6 BU mL−1). V1 was 36% higher for 
patients who were human immunodeficiency virus positive 
than for patients who were human immunodeficiency virus 
negative [45]. These patients may, therefore, need higher 
loading doses. Abrantes et al. showed a significant corre-
lation between the Vd of the peripheral compartment and 
race [49]. In addition, only Abrantes et al. included patients 
having FVIII neutralizing inhibitors, present in 45 of 754 
patients (6%). As expected, CL may be up to 166% higher 
when inhibitors are detected. However, this association has 
little clinical relevance for dose individualization, as patients 
with high titer neutralizing inhibitors will generally not be 
treated with FVIII concentrates.

Extended Half-Life Factor VIII Products Although mul-
tiple EHL-FVIII products are currently available [51], only 
three population PK analyses have been reported (Table S4 
of the ESM) [52–54]. Extended terminal half-life-factor VIII 
exhibits half-lives longer than those of SHL-FVIII concen-
trates with values from 14 to 19 h [9]. In the population PK 
model of Nestorov et al., only the central Vd was allometri-
cally scaled using the patients’ BW. In the covariate analysis, 
a significant negative association between the level of VWF 
and CL was identified [55]. As a result, an increase in VWF 
levels will lead to a decrease in the estimate for CL. Moreo-
ver, hematocrit was found to be negatively associated with 
V1. In the final model, the remaining (unexplained) IIVs for 
CL and V1 were 25.1% and 13.6%, whereas the IOVs were 
22% and 9.3% for CL and V1, respectively.

In the population PK analysis from Chelle et al., both the 
one-stage assay and chromogenic assay were used to obtain 

measured FVIII levels [54]. As there may be discrepancies 
between the results from these assay methods, a correction 
factor was included in the model [56]. This allowed the use 
of both types of assay to derive the model parameters with 
the data from both types of assay simultaneously.

3.2.1.2  Perioperative Population Pharmacokinetic Factor 
VIII Models  Only one population PK model has been pub-
lished in the perioperative setting (Table S6 of the ESM), 
for patients with severe and moderate hemophilia A [57]. 
This population model was constructed using data from var-
ious pdFVIII and rFVIII products. As target levels are aug-
mented to physiological levels to maintain hemostasis dur-
ing the surgical procedure, these models are able to describe 
higher FVIII levels than in the prophylactic setting.

In the study by Hazendonk et al., the population PK 
parameters were allometrically scaled using BW with fixed 
exponents for CL terms (0.75) and volume terms (1.0) [57]. 
The CL from patients having blood group 0 was increased by 
26% [58]. Patients having a major surgical procedure had a 
7% lower CL. Moreover, age was negatively correlated with 
CL and V1. In contrast to the perioperative population PK 
models established using a STS analysis, no time-dependent 
CL parameter was included in the final model.

3.2.1.3  Perioperative Population Pharmacokinetics of  Fac‑
tor VIII after Dosing of Desmopressin  For FVIII levels after 
desmopressin administration, a population PK model was 
constructed in 128 patients with non-severe hemophilia 
A (Table S5 of the ESM) [59]. Included patients received 
a standard intravenous or intranasal dose of desmopres-
sin. A two-compartment population PK model was con-
structed with first-order absorption to describe the rate of 
FVIII response after desmopressin administration. As no 
actual FVIII was infused and the dose of desmopressin in 
each patient was set to unity, all PK parameters are apparent 
parameters. Nevertheless, this model is able to describe the 
increase and decrease of FVIII over time after administra-
tion of desmopressin. In the base model (i.e., the structural 
model without covariates), considerable IIV was present in 
the endogenous FVIII baseline (81%), CL (86%), and V1 
(67%). In the covariate analysis, this IIV could partially be 
explained by the most recently measured FVIII level, which 
was positively correlated to the individual estimated endog-
enous FVIII baseline and the underlying mutation. Further-
more, a negative correlation was demonstrated between 
the most recently measured FVIII activity and CL and V1. 
These associations contribute to the higher exposure to 
FVIII after administration of desmopressin in patients with 
the higher most recently measured FVIII levels. Incorporat-
ing these covariates in the population model decreased the 
IIV of the endogenous FVIII baseline, CL, and V1 by 44%, 
36%, and 17%, respectively.
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3.2.2 � Hemophilia B

3.2.2.1  Prophylactic Population Pharmacokinetic Factor 
IX Models  Standard Half-Life Factor IX Products Factor 
IX is a smaller protein (55 kDa) than FVIII and, therefore, 
distributes more easily to the interstitial fluids [46]. Moreo-
ver, FIX binds rapidly to type IV collagen on endothelial 
cells in the extravascular compartment, resulting in a higher 
inter-compartmental CL (Q2) for FIX than for FVIII [60]. 
This may explain why all population PK models for SHL-
FIX concentrates, except for the model from Suzuki et al., 
comprised three compartments (Table S7 of the ESM) [15, 
61–63]. For rFIX products, the half-lives have a range of 
18–24 h, whereas the half-lives from pdFIX have a range 
of 29–43 h [64]. Not surprisingly, the two population mod-
els constructed using rFIX data were based on data from a 
single product as only one rFIX product was available [65]. 
The two population PK models established using pdFIX 
data were based on data from various pdFIX products.

In all four published population PK models, the popu-
lation PK parameters were allometrically scaled using the 
patients’ BW. In Suzuki et al., the allometric exponents were 
estimated [63]. In the other models, all exponents were fixed 
to 0.75 for CL terms and 1.0 for Vd terms. For all models, 
markedly high IIV (> 19) was associated with the popu-
lation PK parameters CL (19–36.8%), V1 (19–46%), V2 
(28–97.4%), and V3 (19–33.2%). Moreover, in all studies, 
except for Björkman et al., considerable IOV (range) was 
estimated for CL (15–48.8%) and V1 (12–47.2%), allow-
ing the corresponding parameters to change between dose 
administrations within an individual [15, 62, 63].

Although all population PK analyses conducted for the 
SHL-FIX products investigated the relationship between 
age and CL, none of the studies included age in their final 
model [15, 61–63]. However, one study identified age as 
a significant covariate relationship for the volume of the 
second distribution compartment [61]. Two population PK 
models described the measured FIX levels after dosing of 
pdFIX products [15, 62]. Although CL differed between dif-
ferent pdFIX products in both models, only Björkman et al. 
established a significant covariate relationship, allowing CL 
to be 16% lower for one brand of the administered pdFIX 
products [15].

In none of the population PK analyses, conducted for the 
SHL-FIX products, data from both pdFIX and rFIX prod-
ucts were combined (Table S7 of the ESM). In Björkman 
et al., the values for CL and steady-state Vd (Vss) from the 
population PK analyses for pdFIX and rFIX were compared 
[64]. The typical value of CL obtained for pdFIX products 
(286 mL h−1) is almost half the typical value for the CL of 
rFIX (564 mL h−1), demonstrating the more rapid CL of 
rFIX products. Moreover, the value for Vss was considerably 

higher for the rFIX products (14.2 L) than for the pdFIX 
products (9.0 L).

Extended Half-Life Factor IX Products For each of the 
three EHL-FIX products that are currently available, popu-
lation PK analyses have been conducted (Table S8 of the 
ESM). The population median half-lives obtained for these 
three EHL-FIX products had a range of 82–102 h [9]. The 
population PK models for N9-GP and rIX-FP comprised 
two compartments, whereas a three-compartment model 
was used to describe FIX levels after rFIXFc administration 
(Table S8 of the ESM) [66–68]. A remarkable difference 
was obtained for the estimate of IIV from Q2 between the 
population PK analyses for Refixia and Alprolix. While in 
the population PK analysis conducted for Alprolix an IIV for 
Q2 of 37% was estimated, a value of 127.3% was obtained in 
the population PK analysis for Refixia. The latter may have 
resulted from the small number of patients (n = 15) used to 
perform the population PK analysis.

Although multiple covariates were investigated by Zhang 
et al. and Diao et al., only BW was found to be significantly 
correlated to CL and V1 [66, 68]. As a result, allometric 
exponents were estimated for CL and V1.

For a 70-kg patient, the estimates of CL from Refixia, 
Idelvion, and Alprolix were 47.8 mL h−1, 57 mL h−1, and 
234.7 mL h−1, respectively, whereas respective values for the 
Vss were 6265 mL, 8060 mL, and 19,503 mL. In compari-
son to the estimates for Vss from the SHL-pdFIX products 
(9.0 L) and SHL-rFIX (14.2 L), the estimates from Refixia 
and Idelvion were lower, whereas the estimate for Alprolix 
was higher [64].

3.2.2.2  Perioperative Population Pharmacokinetic Factor IX 
Models  For perioperative administration of FIX in patients 
with severe and moderate hemophilia B, only one popula-
tion PK model was developed (Table S9 of the ESM) [69]. 
The model was constructed using data from 118 patients 
undergoing a total of 255 surgical procedures. The popula-
tion PK model described dosing of various pdFIX products 
and one rFIX product. A three-compartmental model was 
established with IIV estimated for CL and V1.

In this analysis, all model parameters were allometrically 
scaled using similar fixed exponents for all CL terms (0.75) 
and all Vd terms (1.0). The age of the patients was signifi-
cantly related to CL and V1 using a linear relationship. For 
an age below 34 years, the BW-normalized CL and V1 were 
decreased with 0.89% and 1.15% per year. Above 34 years, 
no differences were obtained for the BW-normalized CL and 
V1.

For patients using a pdFIX product, the typical values for 
CL and V1 were 11% and 17% lower than for a patient using 
rFIX, respectively. In addition, for patients with moderate 
as opposed to severe hemophilia B, the typical value for V1 
was 10% lower. Remarkably, the estimate obtained for CL 
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from rFIX (564 mL h−1 70 kg−1) in the prophylactic setting 
was almost twice as high as the CL estimates for rFIX in the 
surgical setting (284 mL h−1 70 kg−1) [64]. Although this 
contradicts what was expected, an explanation for this effect 
is unknown. For pdFIX, less difference was demonstrated, as 
the estimate for CL in the non-surgical setting (286 mL h−1) 
was slightly lower than the CL estimated in the surgical set-
ting (252 mL h−1 70 kg−1) [64].

4 � Discussion

In this review, all available population PK models describing 
FVIII and FIX activity or desmopressin after dose adminis-
tration were summarized. In total, 33 population PK mod-
els were retrieved from the literature. In 29 population PK 
analyses, the NLMEM approach was applied, whereas in 
four population PK analyses, the STS approach was per-
formed. The latter four analyses described administration 
of SHL-FVIII only. Moreover, with the advent of NON-
MEM, this is currently the preferred software to established 
population PK models. Only one population PK model was 
developed to describe FVIII levels after administration of 
desmopressin. From all available population PK analyses, 27 
studies also included data from pediatric patients. In total, 
18 population PK models were established on the basis of 
data derived from a single product, whereas the remaining 
models were established using data from multiple products.

In a minority of the population PK models, IOV of the 
population PK parameters CL or V1 was described. In three 
of the four population models describing the pharmacokinet-
ics of SHL-FIX concentrates (Table S7 of the ESM), IOV 
ranged considerably from 15 to 48.8% and 12–47.2% for 
CL and V1, respectively. As a consequence of IOV, CL and 
V1 differ with every dose administration. In a MAP Bayes-
ian analysis, individual PK parameter estimates can still be 
obtained for population PK models having IOV associated 
with a population PK parameter [70]. Using the individual 
PK parameters, individualized doses of FVIII or FIX con-
centrates can be calculated. Dose calculations based on indi-
vidual PK parameters obtained with a MAP Bayesian analy-
sis will compensate for the IIV only. If a MAP Bayesian 
analysis is iteratively applied with the most recent measured 
factor level, the resulting individual PK parameter estimates 
will gradually represent the average for the parameter value 
of an individual. Therefore, despite administration of indi-
vidualized doses obtained using (iterative) a MAP Bayesian 
analysis, the resulting factor levels may vary still depending 
on the extend of IOV. Therefore, one should be cautious 
when the IOV considerably exceeds the extent of IIV associ-
ated with one or more PK parameters from a population PK 
model used to perform dose individualization.

Several studies have indicated that CL of FVIII immedi-
ately after a surgical procedure may be increased because 
of consumption of FVIII [71–73]. To address this change in 
FVIII CL during and after surgery, population PK models 
were constructed allowing the CL to change after the surgi-
cal procedure (Table 1) [37, 38]. In the study from Longo 
et al., the time-dependent elimination model allowed a better 
description of the measured FVIII levels than the constant 
elimination model in ten out of 20 patients [37]. These popu-
lation PK models were constructed using the STS approach 
only. Although Hazendonk et al. evaluated different rela-
tionships allowing the prediction of a time-dependent CL in 
their perioperative population PK model constructed using 
NLMEM, no time dependence of CL was observed [57]. 
In a recent study, Preijers et al. did not observe changes 
over time in the PK parameters during perioperative dosing 
of FIX concentrates (Table S9 of the ESM) [69]. Whether 
population PK models constructed using NLMEM allow the 
description of time-dependent PK parameters in the surgical 
setting remains to be further studied in prospective studies 
having well-timed samples before, during, and after surgery 
[74].

In the majority of the population PK models, the popu-
lation PK parameters were allometrically scaled using the 
actual BW. Only in two cases was LBW used for scaling 
(Table S3 of the ESM). The allometric exponents can be 
fixed to a value that is set before the relationship is evalu-
ated (“3/4 rule”) or can be estimated [32, 75]. However, if 
allometric exponents are estimated, the allometric scaling 
is not based on biologic principles but rather based on sta-
tistical heuristics driven by an empirical relationship pre-
sent in the collected data used to construct the model. As 
a result, obtaining values for the estimated exponents may 
be influenced by confounding factors. When the allomet-
ric exponents are not accurately estimated, potential issues 
may arise when the model is used for extrapolation to other 
populations, such as from adults to children [76]. Moreover, 
allometric exponents may not be accurate for obese patients 
if they were not present in the data used to construct the 
model, as FVIII and FIX are not likely to distribute to the 
fatty tissue. Nevertheless, the population PK models may be 
applied to describe the FVIII or FIX levels after administra-
tion of a factor concentrate for their corresponding study 
populations. When applying these models in Therapeutic 
Drug Monitoring, they should have been validated using 
independent datasets.

In the majority of the population PK models summa-
rized in this review, the endogenous baseline factor level of 
the patients with hemophilia from the studied populations 
was taken into account (Tables 1 and 2). Different meth-
ods were applied to correct the predicted factor levels using 
the endogenous baseline level. Moreover, if the patients 
used prophylactic doses previous to the loading dose from 
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which, subsequently, the FVIII or FIX levels were meas-
ured, a residual pre-dose factor level may be present next to 
the endogenous baseline level. A correction for the endog-
enous baseline level may also be performed prior to the ini-
tiation of the modeling process. It is important to correct 
the predicted factor levels using the residual or endogenous 
baseline levels, as doing not so will affect the estimation 
of the model parameters [77]. Not correcting for a residual 
pre-dose or baseline factor level may result in underestima-
tion of Vd and/or overprediction of CL [78]. Therefore, the 
endogenous baseline factor level and the residual pre-dose 
factor level should be taken into account when a population 
PK model is constructed at least for patients with non-severe 
hemophilia.

When performing patient-tailored dosing using a MAP 
Bayesian analysis, the availability of a population PK model 
is a prerequisite. However, if a model contains a covariate 
relationship, a covariate value must be supplied to calcu-
late the typical value for the corresponding population PK 
parameter. In a MAP Bayesian analysis, empirical Bayesian 
estimates are obtained for the model parameters containing 
IIV or IOV. Using the typical values and empirical Bayesian 
estimates, the individual PK parameters can be calculated. 
In the majority of the population PK models summarized 
in this review, the model parameters were allometrically 
scaled. In one population PK analysis, the levels of VWF 
and hematocrit were also associated with covariate relation-
ships to population PK parameters (Table S4 of the ESM). 
In that case, these VWF and hematocrit levels have to be 
measured or, if measurements are unavailable, imputed 
before the individual PK parameters can be obtained accu-
rately. The requirement of extra laboratory measurements 
poses a limitation for obtaining patient-tailored doses using 
a MAP Bayesian analysis. Nevertheless, taking covariates 
into account could improve the selection of the right dose 
for the right patient and, therefore, all covariate relationships 
that are likely to have a predictive ability should be evaluated 
in the construction of a population PK model.

For the majority of the established population PK models, 
parts of the IIV were explained using covariate relationships. 
Still, there is considerable unexplained IIV present in most 
of the population PK models with ranges of 17–50% and 
8–54.2% for CL and V1, respectively. Further research may 
explain the extent of explained IIV. Only a minority of the 
established population PK models has been applied success-
fully to perform individualized dosing of factor concentrates 
[79]. Although the established population PK models are 
validated internally using the same data set used to construct 
the model, only a limited number of external validations 
have been conducted comprising an independent data set 
[80]. As the latter is considered to be the most stringent 
approach for model evaluation, such studies must first be 
conducted before the population models can be applied 

standardly into clinical practice. Therefore, to allow the 
application of the established population PK models in clini-
cal practice to obtain individualized doses, further studies 
have to be performed to validate these models. Currently, 
various ongoing studies are investigating individualized 
dosing using population PK models in patients with non-
severe hemophilia A (DAVID study) [81], surgical patients 
with hemophilia A (OPTI-CLOT) [74], and in patients using 
extended terminal half-life FVIII and FIX products (Target 
Study).

5 � Conclusions

In total, 33 population models describing the pharmacoki-
netics of FVIII and FIX concentrates and desmopressin 
are currently available. Four population PK models were 
established using an STS analysis, whereas the remaining 
models were constructed using NLMEM. In the majority 
of the available population PK models, allometric scaling 
of the model parameters was applied using the BW of the 
patients. In general, there were two methods applied to take 
the endogenous baseline or residual factor level in patients 
with non-severe hemophilia prior to a loading dose into 
account. Only a minority of the population PK models was 
successfully evaluated to obtain patient-tailored dosing of 
factor concentrates. Moreover, only a limited number of the 
available population PK models have yet been externally 
validated. As population PK models are increasingly applied 
to perform dose individualization in clinical practice, further 
studies are paramount to validate this application.
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