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Chapter 1 | General introduction

GENERAL INTRODUCTION

Inborn bleeding disorders constitute a heterogeneous group of hematological disorders
characterized by abnormalities in the coagulation process, leading to prolonged bleed-
ing. Among these bleeding disorders, hemophilia A, hemophilia B, and von Willebrand
disease (VWD) are the most well-known "2,

o—

o0 , @

ey st
N

@——O
@—-J o
—-\
Fibrin clot
formation
. ) Broken vessel Activated platelet Fibrin strands

- S " &lood clot

Factap Vi

on Wikbrand factar

Figure 1. The blood coagulation cascade. This figure illustrates the coagulation cascade and the process of
blood clot formation in response to a damaged blood vessel wall. The top section depicts the intrinsic, extrin-
sic,and common pathways of the coagulation cascade. The intrinsic pathway (blue arrows) involves the activa-
tion of Factors Xll, Xl, IX, and VIIl. The extrinsic pathway (red arrows) involves Tissue Factor (TF) and the activa-
tion of Factor VII. Both pathways converge at the activation of Factor X (Xa), leading to the common pathway
(purple arrows), where thrombin (lla) converts fibrinogen (1) to fibrin (la), forming the hemostatic clot. The bot-
tom section shows the sequence of events at a damaged blood vessel: platelets are activated and accumulate
atthe injury site, von Willebrand factor stabilizes Factor VIII, and fibrin strands form a meshwork to stabilize the
platelet plug, resulting in the stable blood clot. Subsequently, the third phase of the coagulation cascade takes
place, known as fibrinolysis (not depicted here). This phase involves the breakdown and removal of the fibrin
clot once the blood vessel is sufficiently healed, ensuring that the clot does not persist longer than necessary.

Characteristics of hemophilia A and B

Hemophilia A and B are both inborn bleeding disorders caused by deficiencies of
specific coagulation factors. Hemophilia A results from a deficiency or dysfunction of
coagulation factor VIII (FVIII), while hemophilia B is caused by a deficiency or dysfunc-
tion of coagulation factor IX (FIX). Both are inherited in an X-linked recessive pattern,
predominantly affecting males. Prevalence is 17.1 and 3.8 cases per 100,000 males for all
severities of hemophilia A and B®. Females are disease carriers and diagnosed as patients
when factor levels <0.40 IU/ml.*



Disease severity is categorized based on residual coagulation factor activity, often but
not always with concomitant clinical symptoms. Patients with severe hemophilia (factor
levels <0.01 IU/mL) may suffer from spontaneous and frequent often bleeding, whereas
moderate (factor levels 0.01 - 0.05 IU/mL) and mild hemophilia (factor levels 0.06 — 0.40
IU/mL) patients mainly bleed after sometimes only minor trauma or medical procedures
such as surgery or dental extractions. Bleeding typically occurs in joints and muscles
and when treated inadequately may lead to joint deterioration and persistent pain
(hemophilic arthropathy). In clinical practice, severity of bleeding is also differentiated
into: mild bleeding encompassing among others mucocutaneous bleeding, and first
symptoms of a joint or muscle bleed, severe bleeding among others including joint and
muscle bleeds as well as gastrointestinal and psoas muscle bleeds and life-threatening
bleeding including (suspected or anticipated) cerebral bleeding and (suspected risk of)
severe bleeds necessitating long-term treatment. The various types of bleedings require
different dosing regimens of factor concentrates and consequently, different peak and
trough factor levels for adequate treatment over time.

Characteristics of von Willebrand disease

VWD is the most common hereditary inborn bleeding disorder in humans with an inci-
dence of 10 cases per 100,000 °. VWD patients have a quantitative of qualitative defect
of von Willebrand factor (VWF). VWF is a large glycoprotein synthesized by endothelial
cells and megakaryocytes, which plays a pivotal role in both the primary and secondary
hemostasis. The primary hemostasis is the initial phase of blood clot formation. VWF
promotes platelet adhesion and aggregation at sites of vascular injury. Additionally
during the secondary hemostasis, VWF protects FVIII by acting as a chaperone protein,
preventing its rapid clearance from the circulation and enhancing its availability for
blood clot formation®. VWD is a heterogeneous disorder, categorized into three different
types®. Type 1 and 3 VWD are caused by the respective partial and complete absence
of VWF, whereas type 2 VWD is caused by qualitative defects of VWF. Type 1 is the most
prevalent type of VWD, embodying >75% of cases. Normal VWF levels range from 0.50
to 1.50 IU/mL, whereas type 1 VWD patients present with VWF levels below 0.30 IU/mL
or below 0.50 IU/mL with abnormal, excessive bleeding. Type 2 VWD is subdivided in
type 2A, 2B, 2N, and 2M, each characterized by distinct molecular abnormalities and
clinical features.? VWD type 2A is marked by a decreased ability of VWF to form large
multimers, leading to reduced platelet adhesion. Type 2B involves an enhanced affinity
of VWF for platelets, resulting in increased platelet binding and clearance, potentially
leading to thrombocytopenia and also presenting with abnormal multimers. VWD type
2N involves a defect in VWF’s ability to bind FVIII, especially lowering FVIII levels in the
circulation. Type 2M is characterized by a defect in VWF function due to impaired bind-
ing to platelets without significant alterations in VWF levels and normal multimers. Type
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3VWD is the most severe form, characterized by a complete absence of VWF leading to a
severe bleeding tendency similar to severe hemophilia’. However, type 3 VWD is also the
most rare type of VWD with <5% of VWD cases. Overall, the most common symptoms
of VWD are hematomas, bleeding from minor wounds, menorrhagia, and bleeding
around medical procedures such as surgery, dental interventions and child birth e.g.
peri-procedural bleeding®. Type 2 and 3 VWD patients however may present with more
severe bleeding, as observed in hemophilia.

Treatment of hemophilia A and B

Treatment options for hemophilia A and B have evolved significantly over the years.
For severe hemophilia, treatment generally consists of prophylactic therapy to prevent
bleeding episodes. This approach maintains a certain level of coagulation factor in the
blood persistently over time to reduce the risk of spontaneous bleeding.

However, a subset of patients with moderate hemophilia may also require prophylactic
treatment to prevent spontaneous or frequent bleeding, highlighting the variability in
treatment needs even among those with similar levels of residual coagulation factors.
The mechanisms behind this inter-individual variation in bleeding phenotype, even in
patients with the same diagnosis and similar residual coagulation factor levels, are yet to
be unraveled. In contrast, overall moderate and mild hemophilia can often be managed
on an on-demand basis, where treatment is administered only when bleeding occurs or
in anticipation of medical procedures.

In mild and some patients with moderate hemophilia A, desmopressin which is a syn-
thetic vasopressin analog, can be used to prevent and treat bleeding. Desmopressin
stimulates the release of stored VWF and FVIII from vascular endothelial cells’. Desmo-
pressin effectively increases plasma levels of VWF and FVIII, offering a non-immunolog-
ical treatment option without risk of developing inhibiting antibodies to therapy as is
seen in coagulation factor concentrates. This is an important concern associated with
factor concentrate replacement therapy. Other treatments include replacement therapy
with recombinant standard half-life (SHL) coagulation factor concentrates, which are ad-
ministered intravenously to replace deficient FVIII (hemophilia A) or FIX (hemophilia B)™.
Extended half-life (EHL) coagulation factor concentrates, engineered for longer duration
of action, require less frequent dosing while maintaining therapeutic levels'®. Non-factor
replacement therapy for hemophilia A includes emicizumab, a bispecific monoclonal
antibody mimicking FVIII's function, that can be administered subcutaneously. But also
alternative approaches such as fitusiran and concizumab will probably form a part of the
standard treatment landscape for inborn bleeding disorders in the near future '*''. Gene
therapy aims to introduce functional copies of the deficient coagulation factor gene into
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patient liver cells to restore coagulation factor levels for extended periods, potentially
indefinitely. In this way, making prophylaxis unnecessary. These options highlight the
urgent obligation to tailor therapeutic options in hemophilia, according to patient char-
acteristics and preferences but also bleeding phenotype and economical possibilities'.

Treatment of von Willebrand disease

On-demand treatment is typical for VWD, while prophylactic treatment is mainly initi-
ated for more severe patients with type 3 VWD presenting with frequent bleeding
episodes’. Desmopressin also can be used in VWD treatment, demonstrating efficacy
in certain subtypes of VWD, particularly type 1 VWD and some cases of type 2 VWD'*",
By stimulating the release of stored VWF from vascular endothelial cells. Plasma-derived
VWF containing concentrates still play a crucial role in managing of VWD in instances
where desmopressin is inadequate for severity of bleed or medical procedure, ineffec-
tive or contraindicated'®. These concentrates are especially vital in treating patients with
more severe forms of VWD and those who require surgery or face significant bleeding
episodes'®. It is important to note that the concentrates containing VWF also include
FVIIlin varying ratios. Additionally, these concentrates contain VWF multimers in varying
concentrations'®. One such product is Haemate P®'°, which is effectively in the treatment
of VWD. But recombinant VWF concentrates are also coming to market, still only consist-
ing of recombinant VWF (Vonvendi®)'". This concentrate offers an alternative treatment
option for individuals with VWD, providing purified VWF without additional FVIII found
in plasma-derived concentrates.

The road to more personalized treatment of inborn bleeding disorders

Historically, dosing of FVIII, FIX, combined VWF/FVIII concentrates and desmopressin in
patients with hemophilia and VWD has been based on body weight. However, studies
show that coagulation factor levels are reported both above and below targeted levels
when dosing according to body weight in both the perioperative and prophylactic set-
tings is applied *>**. High coagulation factor levels increase the risk of thrombotic events

23,24

and are excessively costly™*, while low coagulation factor levels increase the risk of

bleeding. Alternatively, pharmacokinetic-guided dosing, particularly in hemophilia, has
emerged in recent years as a promising approach to individualize dosing regimens®?.
This method tailors treatment regimens to each patient’s unique pharmacokinetic pro-

file, optimizing dosing to achieve better target levels.

Pharmacometrics in bleeding disorders

Pharmacometrics involves the integrating of biology, physiology, and pharmacology to
quantify drug-patient interactions through mathematical models, thereby individualiz-
ing therapeutic approaches”. Pharmacometrics can be categorized into pharmacokinet-
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ic, pharmacodynamic, and physiologically-based pharmacokinetic modelling. Through
pharmacometric modelling, we can predict how a patient with a bleeding disorder will
respond to different treatments, allowing for the optimization of dosing regimens. This
approach not only aims to maximize therapeutic efficacy but also to minimize potential
adverse effects by tailoring treatment plans to the individual’s specific needs. Figure 2
gives an overview of pharmacometric methods applied in quantifying drug treatment
effect in bleeding disorders.

Absorption

Distribution
Pharmacokinetics Metabolism

Excretion

Drug concentrations over time

Drug effect mechanisms
/— Pharmacodynamics —<
Dose-response relationships

\ Integrates pharmacokinetics with human physiology
Physiologically-based pharmacokinetics { Predicts drug concentrations in tissues

Predicts drug concentrations in extravascular

Pharmacometrics

Based on patient's characteristics (covariates)
Individualized dosing strategies —<
Personalized treatment —< Based on patient's individual pharmacokinetic profile

Minimizing Adverse Effects

Adjusting doses based on patient response

Figure 2. Schematic overview of application of pharmacometrics in the personalization of treatment, which is ap-
plied in inborn bleeding disorders within the OPTI-CLOT/To WiN studies.

Pharmacokinetics

Pharmacokinetics describes the relationship between dose and concentration of the
drugs over time, in which the processes of absorption, distribution, metabolism and

excretion are crucial®

. Absorption describes how the drug moves from the site of ad-
ministration into the bloodstream. Distribution refers to how the drug spreads through
body fluids and tissues. Metabolism involves the biochemical transformation of the
drug, mainly in the liver, into inactive or more active substances. Finally, excretion is
the process of removing the drug from the body, which occurs primarily through the

kidneys in urine or by the liver in bile.

Pharmacokinetic parameters, such as clearance and volume of distribution, provide
quantitative measures of drug disposition®’. Clearance refers to the volume of plasma or
blood from which a drug is removed per unit of time. It indicates the ability of the body
to eliminate the drug. Clearance is expressed in terms of volume per time (e.g., liters per
hour). Volume of distribution is a theoretical volume representing the apparent space in
the body available to contain the drug. It describes how a drug distributes throughout the
body relative to its concentration in the bloodstream. These pharmacokinetic parameters
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vary among individuals, leading to inter-individual variability. Consequently, pharmacoki-
netic parameters of blood coagulation factors and desmopressin differ between patients.
To account for this variability, a population pharmacokinetic model can be developed,
which quantifies the variability in pharmacokinetics within a specific population.

Pharmacokinetic-guided dosing in inborn bleeding disorders
Pharmacokinetic-guided dosing represents a significant advancement in the treat-
ment of hemophilia and VWD, addressing the challenges of inter-individual variability
that complicate dosing based solely on body weight. Pharmacokinetic-guided dosing
involves the use of individual pharmacokinetic parameters, such as clearance and vol-
ume of distribution, to customize the dosage for each patient, aiming to achieve and
maintain target peak and trough levels within a therapeutic range.

To characterize the pharmacokinetic profile of an individual patient, numerous samples
are typically required. To overcome this problem, a previously developed population
pharmacokinetic model combined with maximum a posteriori (MAP) Bayesian estima-
tion can be used®'. This approach enables the estimation of individual pharmacokinetic
parameters with fewer samples, combining prior knowledge about the population with
individual-specific data samples. Population pharmacokinetic models are compre-
hensive, incorporating patient characteristics (e.g., age, body weight) and treatment
specifics (e.g., type and brand of coagulation factor concentrate or VWF containing
concentrate) to account for observed inter-individual variability. By combining this
pre-existing population-level data with a small number of FVIII, FIX or VWF level mea-
surements levels from the individual patient, MAP Bayesian estimation can accurately
predict the individual pharmacokinetic parameters of a patient with one of these inborn
bleeding disorders. This method significantly reduces the patient burden associated
with traditional pharmacokinetic profiling while providing the detailed information
necessary to individualize dosing®.

Pharmacodynamics in bleeding disorders

Pharmacodynamics describes the relationship between concentration and effect. Unlike
pharmacokinetic-guided dosing that describes the behavior of the drug within the body,
pharmacodynamics takes into account the actual effects observed in patients. This dis-
tinction is important because individuals may respond differently to a drug even if they
share similar pharmacokinetic profiles®. In conditions like hemophilia, pharmacodynamic
modelling is essential for understanding how varying levels of coagulation factors in the
bloodstream correlate with hemostatic outcomes. Similarly, for VWD, pharmacodynamic
research is important in determining the efficacy of treatments such as desmopressin in
increasing VWF and FVIII levels, thereby guiding optimal therapeutic strategies.
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Physiologically based pharmacokinetics in bleeding disorders

Physiologically based pharmacokinetic modelling uses a mechanistic framework that
incorporates human anatomy, physiology, and the physicochemical properties of drugs
to simulate their pharmacokinetics*. Unlike empirical population pharmacokinetic
models that rely on drug concentration data from specific populations to develop the
model, physiologically based pharmacokinetic modelling can be developed without di-
rect drug concentration measurements. This characteristic makes physiologically based
pharmacokinetic an attractive approach in scenarios where developing a population
pharmacokinetic model is not feasible or when a more mechanistic insight into drug
pharmacokinetics is desired.

The utilization of physiologically based pharmacokinetic modelling in the field of inborn
bleeding disorders has been limited, yet it presents notable opportunities for enhancing
patient care. For instance, in bleeding disorders like hemophilia B which are treated with
FIX concentrates, it is critical to understand not just the presence of these coagulation
factors in the plasma compartment but also their distribution in the extravascular
spaces®?®. Especially as studies have shown that FIX plays a hemostatic role in the
extravascular compartment REF. Physiologically based pharmacokinetic modelling has
the potential to mechanistically predict the pharmacokinetics and pharmacodynamics
of FIX beyond the vascular compartment.

Artificial intelligence and machine learning in pharmacometrics

Traditional pharmacometric modelling relies on statistical and mathematical techniques
to describe and predict the effects of drugs, focusing on their pharmacokinetics and
pharmacodynamics®. This process often involves the use of software like non-linear
mixed-effects modelling (NONMEM) to conduct population-based analyses, facilitating
the understanding of drug action and variability among individuals®. However, the
novel integration of artificial intelligence and machine learning into pharmacometrics
marks a novel era in the field*’. These advanced technologies offer the ability to process
and analyze vast datasets more efficiently, uncovering relationships that traditional
methods are not able to investigate. By applying artificial intelligence and machine
learning in a thoughtful manner, also realizing its limitations, we are able to further
optimize our models, ultimately leading to tailoring of therapeutic strategies to meet
the unique needs of patients.

14



THESIS OUTLINE

The aim of this thesis is to further optimize treatment of patients with inborn bleeding
disorders by using various pharmacometric modelling techniques to personalize dosing.
Application of these different techniques will ultimately lead to further personalization
of therapeutic approaches in patients.

Part | of this thesis focuses on using pharmacometric modelling within hemophilia A
and B. In chapter 2, the effects of FVIIl gene (F8) missense mutations on the response
of desmopressin in non-severe hemophilia A were investigated. A population pharma-
cokinetic model was developed in order to explain the inter-individual variability of the
response of desmopressin in patients with F8 missense variants applying machine learn-
ing techniques. In chapter 3, the predictive performance of a previously developed
pharmacokinetic-pharmacodynamic model of a plasma derived VWF/FVIIl concentrate
(Haemate P®) on thrombin and plasmin generation was investigated by using an external
independent dataset of hemophilia A patients. Chapter 4 describes the quantification
of recombinant factor IX-Fc fusion protein (rFIXFc) in the extravascular spaces by using
a physiologically based pharmacokinetic model. Here, we quantify and discuss how
rFIXFc distributes outside the plasma compartment and the hemostatic importance of
extravascular rFIXFc.

Part Il of this thesis focuses on the application of pharmacometrics in VWD. In chapter 5,
we aim to investigate and assess the relationship between desmopressin concentration
and VWF in type 1 VWD patients by developing a population pharmacokinetic-phar-
macodynamic model. By using this population pharmacokinetic-pharmacodynamic
model, we investigate the feasibility of a capped desmopressin dose. In chapter 6, the
external validation of a population pharmacokinetic model of desmopressin response
in terms of VWF:Act levels is described. Chapter 7 describes the predictive performance
of pharmacokinetic-guided dosing in VWD in the perioperative setting. This prospective
study investigates the feasibility and reliability of using pharmacokinetic-guided dosing
in VWD. In Chapter 8, a previously reported population pharmacokinetic model describ-
ing the interaction between VWF/FVIII is refined, using the data from the prospective
study presented in chapter 7.

Part lIl of this thesis focuses on the application of artificial intelligence in pharmacomet-
rics. Chapter 9 describes the usage of an artificial intelligence tool e.g. ChatGPT, within
pharmacometrics. We present an example of how ChatGPT could be used in population
pharmacokinetic modelling and its limitations.

15
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In Part IV, in Chapter 10 the results of the studies presented in this thesis are discussed
in broader context to the literature and different areas of future research are speculated
on. Finally, chapter 11 summarizes the results of the studies presented in this thesis.
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ABSTRACT

Observed inter-individual variability in factor VIII (FVII) response after desmopressin
administration to patients with non-severe hemophilia prompts the need for individual
testing before clinical application. The FVIII gene (F8) variant is a strong determinant of
the desmopressin response. In this multicenter cohort study, a machine learning ap-
proach (Shapley Additive exPlanations; SHAP) was applied to investigate the effect of
F8 missense variants on desmopressin response in the context of other covariates in
a population PK model, using data from 1441 non-severe hemophilia A patients with
55 different F8 variants who underwent desmopressin testing. The reference group
included patients who received intravenous desmopressin and had non-significant F8
missense variants, representing the typical responders. After subcutaneous and intra-
nasal administration, the desmopressin response quantified by FVIII peak levels was
88% and 73% compared to peak FVIII levels after intravenous administration(100%). F8
missense variants Pro149Arg, Gly477Val, and Tyr450Asn were associated with a lower
FVIIl increase of respectively 24%, 25% and 56%, compared to the reference population
(100%). Asn637Ser, Phe2146Ser, Glu132Asp, Arg550His, Ser2030Asn, Thr74Met and Ar-
g717Leu were associated with an augmented FVIIl increase of respectively 199%, 219%,
231%, 252%, 265%, 296% and 336% compared to the reference population (100%).
Inclusion of all covariates reduced desmopressin response variability from 141.6% to
78.1%. This population pharmacokinetic study using machine learning enables a com-
prehensive analysis of the effect of F8 missense variants on desmopressin response and
illustrates the complexity of inter-individual variability. Moreover, these findings provide
deeper insights in the underlying molecular mechanisms that influence the response of
desmopressin.
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INTRODUCTION

Hemophilia A is an x-linked bleeding disorder caused by a reduced functional activ-
ity of coagulation factor VIII (FVIII) '. Patients are typically classified based on residual
FVIII activity levels. Severe hemophilia A is defined as FVIII activity levels <0.01 [U/mL
and non-severe hemophilia A as FVIIl activity levels between 0.01 - 0.40 IU/mL> These
patients are further classified as moderate when FVIII levels are 0.01 - 0.05 IU/mL and
as mild when FVIII levels exceed 0.05 IU/mL 2. Etiologically, non-severe hemophilia A is
primarily caused by missense variants in the FVIIl gene (F8)> . More than 976 missense
variants have been reported, making non-severe hemophilia A genetically extremely
heterogenous *. Baseline FVIII activity levels are determined by the underlying F8 mis-
sense variant and age as well as other unknown factors®.

FVIII circulates in the blood plasma in a complex with Von Willebrand Factor (VWF) that
protects FVIII from rapid clearance and proteolytic degradation ¢’. FVIII is activated
after proteolytic cleavage by thrombin enabling its accelerative role in the coagulation
cascade®. More specifically, activation by thrombin leads to dissociation of the FVIII -
VWF complex and formation of the membrane bound complex of both activated FVIII
(FVIlla) and factor IX (FIXa)*'®. Subsequently, this leads to activation of FX (FXa), that is
required for thrombin and consequent fibrin formation to achieve hemostasis''. FVIII
variants may affect any aspect of FVIII function, such as protein expression, VWF binding,
activation by thrombin, stability of the activated mutant FVIII, and/or its binding to FIXa
or phospholipid membranes (Figure 1),

Cell Blood stream

Figure 1. FVIII modification and expression in endothelial cells and associated (coagulation) factors in blood
plasma Several steps are necessary for synthesis, secretion and intravascular survival of functional Factor VIII: DNA is first
transcribed in the nucleus and translated in the ER (Endoplasmic Reticulum), subsequently the synthesized amino acid
sequence is folded in the Golgi Apparatus; the FVIIl is secreted into the blood stream. In the circulation, the protein stability
and structure of FVIII will determine whether successful interaction with lipids, FX, FIX and VWF can take place. Mutations
interfering with any of these processes will also hamper desmopressin response. Figure created with BioRender.
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Non-severe hemophilia patients generally suffer from prolonged and/or excessive
bleeding after minor trauma and dental or surgical procedures''. In the majority of
non-severe hemophilia A patients bleeding is successfully prevented or treated by
administration of desmopressin'>'®. Desmopressin is a synthetic analogue of vaso-
pressin that is physiologically involved in bodily stress responses'’. Administration of

desmopressin results in an increase of circulating VWF and FVIII'

. Arise in FVIIl plasma
levels >0.50 IU/mL is defined as a complete response whereas a rise to 0.30-0.50 lU/mL is
considered a partial response'®*. Desmopressin is a safer and less expensive alternative
when compared to FVIIl concentrates for the treatment of bleeding, as it does not pose
the risk of inhibitor development associated with administration of FVIIl concentrates"?,
However, the widespread clinical implementation of desmopressin use is hampered by
a large inter-individual variability in FVIII response, requiring desmopressin testing in
patients to obtain certainty about the hemostatic effect that can be expected®?*. It has
been reported that several factors are associated with desmopressin response, such as
FVIIl and von Willebrand antigen baseline levels, peak von Willebrand factor activity,
body weight and route of administration **. The achieved FVIII levels following desmo-
pressin administration depend on the availability of sufficiently stored FVIII, efficacy of
FVIll release from the endothelial cells and the rate of clearance and/or stability of FVIil in
the circulation®. F8 variants may impact on one or more of these mechanisms, thereby
affecting desmopressin response®?’. Yet, the effect of each specific FVII variant remains
largely unknown, as itis challenging to address the large heterogeneity of variants when

each occurs in a very limited number of patients.

In the present study, we aim to investigate the effect of F8 missense variants on des-
mopressin response in the context of other covariates. To this end, population pharma-
cokinetic modelling and machine learning (ML) techniques were employed to identify
variants with a strong effect on desmopressin response. Shapley Additive exPlanations
(SHAP) was used to interpret the ML model. Recent advances in the application of
machine learning tools in pharmacometrics are promising to enable fast screening of
covariates, especially when facilitated by ML explainability methods such as SHAP?,
Particularly, SHAP decomposes a ML model into a simplified additive representation
for identifying importance of specific covariates used in ML models***°. Here we used
pharmacokinetic (PK) modelling and SHAP to resolve the contribution of specific F8
missense variants on desmopressin response in patients receiving desmopressin from
a large multicenter cohort study.
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METHODS

Study population

Data from the multicenter RISE (Response to desmopressin in non-severe hemophilia A
patients, in Search for determinants) cohort study was used **. According to the partici-
pating review boards, informed consent was not required as the initial dataset involves
retrospective data collection.

Data from desmopressin tests were collected from 1474 non-severe hemophilia patients
at 24 Hemophilia Treatment Centers in nine countries in Europe, Canada and Australia.
Data from patients who had been treated with medication affecting hemostasis other
than desmopressin within 72 hours of desmopressin administration, or patients who
had an inhibitor at the time of desmopressin administration were excluded.

Data collection

Demographic and clinical data was extracted from medical records using a standardized
electronic case report form. The following data were included: age, weight, and inhibitor
status. Presence of inhibitors was an exclusion criterion for this study. Each F8 variant
is reported using the Human Genome Variation Society (HGVS)-type numbering. Upon
testing: date of desmopressin response, route of administration and desmopressin dose
were recorded. Data were collected on FVIIl measured by one-stage clotting assay and
VWF antigen and activity before desmopressin administration and at least 1 hour after
desmopressin administration. Some patients also had blood samples taken 4 hours and
24 hours after desmopressin administration.

Pharmacokinetic modelling and machine learning

A population pharmacokinetic (PK) model, describing the desmopressin response and
FVIII activity levels over time after desmopressin administration was made. For a one-
compartment model, the PK parameters were a first-order absorption rate constant
(ka), relative amount of released FVIII after desmopressin administration (F), apparent
clearance (CL/F) and apparent central volume of distribution (Vd/F). F relates normally
to the bioavailability of the drug. In this manuscript bioavailability (F) was adjusted to
the relative amount of released FVIII after desmopressin administration. This adjustment
aimed to provide a clearer understanding of the effect of depression on FVIII bioavail-
ability. Relative amount of released FVIIl after desmopressin administration was fixed as
one after IV desmopressin administration. Subsequently, inter-individual variability was
attributed on relative amount of released FVIII after desmopressin administration. Pa-
tients with a lower relative amount of released FVIII after desmopressin administration,
would result in a lower FVIII exposure, whereas patients with a higher relative amount
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of released FVIII after desmopressin administration, would result in a higher exposure of
FVIII. The dose of FVIII was arbitrarily set to one in all patients, since no actual FVIII was
administered *' .

The population PK model was developed using NONMEM (7.4., ICON, Hanover, MD,
United States)**’and further evaluated using PsN and R studio®?**. Development of the
model was performed in three steps (i) a structural model including inter-individual vari-
ability, (ii) residual error model and (iii) covariate analysis. Details of model development
are provided in the supplementary.

Allometric body weight scaling was applied to CL/F and Vd/F in the structural model.
The following covariates were evaluated: age, VWF activity (VWF:Act) and VWF antigen
baseline, VWF:Act after desmopressin administration, FVIII variant and route of adminis-
tration. A single variant had to be present in at least three patients to be included in the
evaluation of its association with PK parameters. For the remaining covariates, all patients
were used. All variants used in our model development are listed in Supplement table
1. Moreover, the relative amount of released FVIII after desmopressin administration
was adjusted for body weight with an exponential function, in which the exponent was
estimated®. This is based on our assumption that the absolute amount of released FVIII
is likely correlated exponentially to body weight. In our population PK model, the FVIII
baseline was fixed at the level measured before the administration of desmopressin.

For the covariate analysis, we first fit a random forest model to individual PK parameter
estimates produced by a baseline population PK model. Covariates for consideration in
the final model were determined based on their importance in the random forest model.
Next, SHAP analysis was performed to inspect the variants’ mean effect on the relative
amount of released FVIII after desmopressin administration *. The variance of the SHAP
values between subjects can be used to evaluate the strength of the effect of variants
as previously reported.” F VIII variants demonstrating large interindividual variability
SHAP values may indicate model overfitting or spurious effects. Therefore, inclusion in
the model should be carefully evaluated. Variants were ranked based on their absolute
mean SHAP value. The first twenty ranked variants from the SHAP analysis were added
to the structural population PK model in a stepwise manner followed by a backward
elimination procedure to establish the full and final PK model. More details about the
covariate analysis are in the supplementary.
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Model evaluation

Visual evaluation methods (goodness-of-fit plots) were applied to evaluate the perfor-
mance of all models. The precision of the parameter estimates was expressed as relative
standard error (RSE, %) and confidence intervals (Cl). A RSE value < 30% for fixed effects
and <50% for random effects were considered acceptable *. For internal validation, a
bootstrap and prediction-corrected visual predictive check (pcVPC) were performed.

Pharmacokinetic simulations

After establishing the final model, simulations up to 24h after desmopressin admin-
istration were performed based on the final PK parameter estimations to display the
difference in desmopressin response on FVIII levels for specific variants and routes of
administration. Typical patients, defined as the average individual within this popula-
tion PK analysis, were used to perform the simulations. Typical patients presenting
each variant were grouped, simulated and compared to the reference population. One
typical patient per variant was simulated. The reference population was defined as all
individuals with variants that were unknown or did not have a significant impact on the
PK parameters.

Simulations were based on the following parameters: baseline FVIII 0.16 1U/mL or as
the observed median of the variant group, bodyweight 70 kg, unless stated otherwise.
Target levels between 0.30 and 0.50 IU/mL were used, as these target levels were used
as partial response.

RESULTS

Patient characteristics: RISE cohort

Data cleaning was performed to eliminate incorrectly observed FVIII levels, thus ensur-
ing the reliability of our analysis. In Table 1, we present the patient characteristics of
the 1441 non-severe hemophilia A patients included in this study. The median age was
24 years (IQR 11-42) and the median body weight was 72 kg (IQR 41-82). Baseline FVIII
was 0.16 IU/mL (IQ 0.10-0.25). Desmopressin was administered intravenously (IV, 62%),
subcutaneously (SC, 35%) and intranasally (IN, 3%). Baseline VWF antigen (VWF:Ag) was
0.97 1U/ml (IQR 0.76-1.19). Altogether, 55 genetic variants were used for the analysis
(Supplemental Table 1).
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Table 1. Patient population and treatment characteristics

Patients and phenotype

Age, years

Body weight, kilogram

Route of administration and dose, n [%)]
Intravenous

Subcutaneous

Intranasal

Dose intravenous and subcutaneous, mcg/kg
Dose intranasal, mcg

Baseline characteristics, lU/mL

Baseline (TO) FVIII

Baseline (T0) VWF:Act

Baseline (T0) VWF:Ag

Hemophilia severity, n [%]

Mild

Moderate

24 (11 -42) [0.08 - 87]
72 (41 -82)[4-143]

891 [62]

510[35]

40 [3]
0.30(0.29-0.31)
150 (150 - 300)

0.16 (0.10 - 0.25) [0.01 - 0.80]
0.90 (0.71-1.15) [0.21 - 3.00]
0.98 (0.78 - 1.23) [0.29 - 3.00]

1351 [94]
90 [6]

FVIII: factor VIII, VWF:Act: von Willebrand factor Activity, VWF:Ag: von Willebrand factor Antigen,

Pharmacokinetic analysis

FVIII levels were collected at multiple time points up to 24 hours after desmopressin
administration, resulting in 4086 data points (Figure 2a). A one-compartment model
could adequately describe the change in FVIIl levels over time after IV, SC, and IN admin-
istration of desmopressin (Figure 2b).

FVIII (1U/mL)
)

: lj i i

001

B f Desmopressin administration

Relative amount released
of FVIll after desmopressin

administration (F)

[ 2 4 ) [] 10 14

12
Time ()

* Intravenous * Subcutaneous *

Figure 2. Desmopressin test response 2A) Measured FVIII activity levels over time after intravenous (red), intranasal
(blue) or subcutaneous (green) desmopressin administration in study cohort. 2B) Schematic overview of the one-com-

partment pharmacokinetic model
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Table 2. Population pharmacokinetic parameter estimates

General characteristics of the PK model

Ka intravenous 53.1 FIX 53.1 FIX -

Ka subcutaneous and intranasal 2.43(19) 2.89 FIX -

F intravenous (%) 100 FIX 100 FIX -

Clearance/F (L/h/70 kg) 0.389 (6) 0.299 (6) 0.301 [0.265 - 0.347]
Volume of distribution/F (L/70 kg) ~ 3.12 (4) 2.48 (3) 2.47[2.30 - 2.64]
Covariates

Body weight on F

Exponent body weight - 1.23(3) 1.23[1.15-1.32]
Route of administration on F (% compared to intravenous)

Intravenous 100 FIX 100 FIX

Subcutaneous - 88.2 (45) 87.7 [78.9 -99.9]
Intranasal - 734 (42) 72.7 [50.5 - 98.2]

Mutations on F (% compared to reference population)

Tyr450Asn - 24.2(5) 24.2[18.9-38.0]
Gly477Val = 25.1 (4) 25.2[18.2-30.2]
Pro149Arg - 56.0 (27) 57.8[32.2-84.2]
Reference population 100 FIX

Asn637Ser = 199 (10) 200[179-219]
Phe2146Ser = 219 (43) 232[122-358]
Glu132Asp - 231(23) 233167 -301]
Arg550His - 252 (20) 254 [202 - 339]
Ser2030Asn - 265 (20) 272205 - 342]
Thr74Met - 296 (17) 296 [226 - 393]
Arg717Leu ° 336(30) 3441200 -477]
Inter-individual variability (CV%)

F 141.6 (3) [4] 78.1(3) [5] 77.6[71.7 - 84.4]

Residual variability
Proportional error (%) 15.5(5) [18] 14.5 (5) [17] 14.4[13.0-16.2]

Applied formulas to calculate PK parameters
ody weight
Clearance/F = Bﬂ'iﬂ'& rance X {'”TLH}D-TE :

R body weight

Volume of distribution/F = A . X [(————————Y)

. syt Brotume of distribution ( )
=B X (05—

1.28
70 ) X 1l‘nrraucnaus X _o'llssubcuraenaus X _0'266inrranas¢t X _O'%Oﬁramurg X

—0.749%1y477vat X —0.758ryraspamm X 2-364rg7170eu X 1.96rnr7ancer X L655er20304sn X 1.524rg550mis X
13%gn1a1asp % 1-19%peniasser X 0990, cngzrser X €07

The reference population constituted of the remaining variants not included in the final model or unknown mutations in
the patients. FIX: parameter was fixed in the model.

Abbreviations: F: Relative amount of released factor VIII (FVIII) after desmopressin administration, FIX: Values were fixed

in the model, instead of estimating the parameter, Cl: confidence interval, Clearance/F: apparent clearance, CV: coeffi-

cient of variation calculated as 4/ e — 1 % 100, Ka: absorption rate constant, RSE: relative standard error, Volume of

distribution/F: apparent volume of distribution
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Table 2 shows the estimates of the population PK parameters. The inter-individual
variability in relative amount of released FVIII after desmopressin administration was
estimated to be 141.6% in the model without covariates. This indicates substantial
variation among individuals in their response to desmopressin in terms of FVIII release.
Inter-individual variability was not estimated on clearance and volume of distribution to
avoid excessive complexity in the model. The absorption rate constant was estimated in
the structural model and fixed during covariates analysis. The absorption rate constant
was 53.1 1/h and 2.69 1/h after IV and SC/IN administration, respectively. A lower value
of the absorption rate indicates the FVIII peak levels occur later, whereas a high value of
Ka indicates the FVIII peak levels occurs rapidly. Thus, the lower absorption rate constant
observed after subcutaneous and intranasal indicates the peak FVIII occurs later than
after intravenous administration. The Ka values for subcutaneous and intranasal were
combined in further analysis. Baseline FVIII values were read from the dataset, instead
of estimated, since this improved the accuracy of the model. The residual variability was
described by a proportional error model. Goodness-of-fit plots showed good agree-
ment between predicted and observed FVIII levels (Supplemental Figure 1). The visual
predictive check plots show that most of the observed FVIII levels are within the 95%
confidence interval of the model predictions (Supplemental Figure 2). The bootstrap
median and confidence intervals were comparable to the parameter estimates. (Table
2). Thus, we concluded that the validity of the final model was adequate.

Investigating missense variant contribution to response variance using
machine learning

Results from the SHAP analysis were used to evaluate the contribution of specific FVIII
variants to desmopressin response, based on their effect on the relative amount of FVIII
released after desmopressin administration. SHAP values were calculated to estimate
the additive contribution of each variant to the relative amount of FVIII released after
desmopressin administration in the model. These values represent the relative change
in FVIII for each specific variant compared to the reference population. In total 55 genetic
variants were evaluated (Supplemental Table 1). The missense variants with the strongest
effect on relative amount of released FVIII after desmopressin administration and the
observed FVIII peak levels after desmopressin administration are displayed in Figure 3.

Table 2 displays all significant covariates included in the final model. Variants Tyr450Asn,
Gly477Val and Pro149Arg had a negative association with relative amount of released
FVIII, while variants Asn637Ser, Phe2146Ser, Glu132Asp, Arg550His, Ser2030Asn,
Thr74Met and Arg717Leu had a positive association with relative amount of released
FVIIL. All significant variants are mapped to the structure of FVIIl in Figure 4 and include
domains A1, A2, A3 and C1.
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Figure 3. Effect of FVIII variants on the desmopressin response using SHAP analyses. 3A) displays the SHAP analy-
sis. 3B) displays the median peak FVIII levels after desmopressin administration for each variant. Each dot repre-
sents an individual patient. Red dots illustrate a negative effect on F (negative mean SHAP value), reflecting lower FVIII
levels observed after desmopressin administration when compared to the population median. Blue dots illustrate a posi-
tive effect on FVIII (positive mean SHAP value), reflecting higher FVIII levels observed after desmopressin administration
compared to the population median. SHAP = SHapley Additive exPlanations

Figure 4. Locations of FVIII variants associated with a decreased or an increased d p

The structure of FVIII is displayed in grey. Within the transparent surface, the amino acid back bone of the different FVIII
domains is depicted in lines with the following colors: A1=magenta, A2=aquamarine, A3=orange, C1=grey, C2=yellow.
Mutations of the amino acids that are associated with a decreased (red) or increased (green) desmopressin response are
represented by spheres.
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Other significant covariates associated with the relative amount of released FVIII
after desmopressin administration included route of administration and body weight
(Supplemental Figure 3). Relative amount of released FVIII after desmopressin admin-
istration was respectively 12% and 27% lower via SC and IN administration compared
to IV administration. In addition, relative amount of released FVIII after desmopressin
administration increases with body weight using a power function with an estimated
exponent of 1.24. We were not able to find a significant effect of VWF levels on relative
amount of released FVIII after desmopressin administration. In the structural population
PK model, no covariates were included, while the final model incorporated all covariates,
resulting in a reduction of inter-individual variability from 141.6% to 78.1% in the rela-
tive amount of released FVIII after desmopressin administration. Body weight explained
most of the inter-individual variability (53.4%), while the F8 variants explained 7.5% and
the remaining covariates explained a further 2.6%.

Simulating the effect of missense Variants on FVIIl response using the
final PK model

Based on the final model, simulations were performed to display the difference in re-
sponse for body weight, specific variants, and route of administration (Figure 5). Among
the analyzed variants in our population PK model for hemophilia A patients, we identi-
fied a subset of variants that demonstrated a significant influence on the PK parameters
as shown in table 2, while the remaining variants constituted the reference population
with no significant impact on the PK parameters.

The reference population had a FVIll baseline of 0.16 IU/mL, the peak FVIII level was 0.56
IU/mL after desmopressin administration and a FVIII level of >0.30 IU/mL was sustained
for 8.8h after desmopressin administration. Supplemental Figure 4 displays the FVIII
levels over time after desmopressin administration for the variants that were retained in
the final model as they had a significant effect on relative amount of FVIII released after
desmopressin administration.

In Figure 5A, variants associated with a lower response compared to the reference popu-
lation are displayed. Following IV desmopressin administration the presence of variant
Pro149Arg (n=13), Gly477Val (n=4) and Tyr450Asn (n=4) resulted in a relative amount
of released FVIII after desmopressin administration of respectively 24%, 25% and 56%
compared to the reference population (100%). In Figure 5B, variants are displayed with
a higher response compared to the reference population The presence of variants
Asn637Ser (n=113), Phe2146Ser (n=5), Glu132Asp (n=6), Arg550His (n=11), Ser2030Asn
(n=7), Thr74Met (n=5) and Arg717Leu (n=3) resulted in an increased relative amount
of released FVIII after desmopressin administration of respectively 199%, 219%, 231%,
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252%, 265%, 296% and 336% compared to the response in the reference population
(100%). Both route of administration and weight were covariates identified to have a
significant effect on relative amount of released FVIII. Figure 5C displays the difference
in response between intravenous, subcutaneous, and intranasal administration. Lastly,
figure 5D shows the difference in response between various body weights. These data
indicated that intravenous administration and a larger body weight were associated
with higher FVIIl peak levels.

A

08

305 Mutation (response)
g 04 — Reference population (100%)
20.3 — Glya77Vval (25%)
g 0.2 — Tyr450Asn (24%)
T
w01 — — Pro149Arg (56%)
0.0
0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)
B Mutation (response)

20 — Reference population (100%)
=18 — AsnB37Ser (199%)
=116
E14 — Phe2146Ser (219%)
5 1.2
=10 — Glu132Asp (231%)
= 8:655 — Arg550His (252%)
E 04 % ——— S o

02 = Ser2030Asn (265%)

0.0 — Thr74Met (296%)

0 4 8 12 16 20 24
Time (h) — Arg717Leu (336%)
c

0.6
EU.S Route of administration (response)
= - — Intravenous (100%)
z’g'g ~— Subcutaneous (88%)
: 0:1 — Intranasal (73%)

0.0

0 4 8 12 16 20 24
Time (h)
D

08
<05 Body weight in kg (response)
Eoa — 90 (104%)

%0.3 — 70 (100%)
=iy — 50 (95%)
o1 — 30 (87%)
0.0
0 4 8 12 16 20 24
Time (h)

Figure 5. Simulated FVIII plasma levels over time after desmopressin administration in the typical hemophilia A
patients. 5A and 5B) display desmopressin response after intravenous desmopressin administration in the reference
population and in patients with specific mutations. 5C) displays desmopressin response after intravenous, subcutaneous
and intranasal desmopressin administration in the total population. 5D) displays desmopressin response after intravenous
desmopressin administration in patients with varying body weights. The shaded grey areas correspond with FVIII levels
between 0.30 and 0.50 IU/mL, indicating a partial response to desmopressin.
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Discussion

In the present study, we combine population PK analysis with a SHAP analysis to assess
the impact of patient characteristics on desmopressin response; in particular the role of
the F8 variants. Notably, the utilization of machine learning techniques enabled evalu-
ation of F8 variants that occurred in very few patients, thereby enhancing our insight
into the way that these variants affect the pharmacokinetics of desmopressin response.
In total, 55 F8 missense variants were evaluated. Of these, ten missense variants had
a significant effect on FVIII release after desmopressin administration. Moreover, we
observed that IV administration leads to higher responses compared to SC and IN
administration. Previously, FVIII levels upon treatment with desmopressin have been
reported to correlate to several patient characteristics including route of administration

and genetic FVIIl variants associated with hemophilia A??"?73%,

Three missense variants (Pro149Arg, Gly477Val and Tyr450Asn) were significantly associ-
ated with a reduced relative amount of released FVIII after desmopressin administration
compared to the reference population. Pro149Arg and Gly477Val have been reported to
lead to a poor desmopressin response ***°, Although these three variants have various
mechanistic associations, they may be linked to a defect in FVIII synthesis. Pro149Arg is
in a highly conserved region in the AT domain, that is also predicted to be important for
maintaining the correct structure of FVIIl, while Gly477Val and Tyr450Asn are in the A2
domain®. Tyr450Asn may hamper stability of the A2 domain and Gly477Val has been
associated with rapid clearance®®. These variants may therefore reflect misfolding of FVIII
thereby reducing FVIII storages.

Conversely, we identified seven missense variants (Thr74Met, Glu132Asp, Arg550His
Asn637Ser, Arg717Leu, Ser2030Asn and Phe2146Ser) that were associated with an in-
creased relative amount of released FVIII after desmopressin administration in our final
population PK model compared to the reference population. Five of these (Glu132Asp,
Arg550His, Asn637Ser, Ser2030Asn, Phe2146Ser) have previously been noted in patients
that respond well to desmopressin®®?’. To our knowledge, the two remaining variants,
Thr74Met and Arg717Leu, have not been reported in any study investigating desmo-
pressin response. According to the SHAP analysis, Asn637Ser had the largest effect on
the relative amount of released FVIII after desmopressin administration. Interestingly,
this variant has been observed to induce intracellular accumulation due to impaired
secretion in transfected C127 cells*'. It is tempting to speculate that this also occurs in
vivo, resulting in an increased storage of FVIII in Weibel Palade bodies that is released
upon desmopressin treatment.
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Variants Ser2030Asn and Glu132Asp have previously been shown to lead to a decreased
stability of FVIIlin the circulation®. Intriguingly, these variants are located at the interface
between two domains or a binding partner and may thus be associated with a disrup-
tion of interdomain association®. For example, Ser2030Asn is a missense variant in the
A3 domain that alters the A1/ A3 interface, while variant Glu132Asp is located on the
surface of A1, in proximity of A3***  Accordingly, these variants may reduce the ability
to support the interaction between the A domains, resulting in a decreased stability
of FVIII which may be reflected by a reduction of activity. Although FVIII peak levels
may be quite high upon initial release, the activity of FVIIl may decrease rapidly. The
reason for the other variants to show an increased response to desmopressin remains to
be established. We propose that their storage might be intact but upon release, these
variants may rapidly become non-functional.

Though Thr74Met is a novel variant that has not been described before, variants in the
neighboring positions 72, 73, and 75, have been previously observed in hemophilia A
patients**. Amino acids in this region of the A1 domain are highly conserved across
several primate species, implying that they are indeed important for the proper func-
tioning of FVIII. Remarkably, some of these variants are also often associated with a
higher FVIII baseline suggesting that these variants have no major hindering effects on
the synthesis, storage or release of FVIII*,

Surprisingly, some substitutions at the same amino acid position presented different
SHAP values, e.g. the missense variants in position 550 at the A2 domain. This is normally
an Arginine that forms a hydrogen bond with Arginine in position 282 (A1 domain)
stabilizing domains A2 and A1. The substitution Arg550Cys had a negative SHAP value,
whilst Arg550His had a positive one. Like Arg550Cys, Arg550His also disrupts the hydro-
gen bonding with Arg282¥, but the substitution for a Cysteine is predicted to have more
disruptive consequences by SIFT, PROVEAN and GRANTHAM scores® . In addition, two
distinct missense variants in position 717 were associated with a positive SHAP value of
different magnitude, namely Arg717Leu and Arg717Trp. Notoriously, these two variants
have been reported to have an impact on the stability of FVIII as they also lie on the
interface of the A2 domain with A1 domain®.

Consistent with previous literature, the route of administration has a significant impact
on the relative amount of released FVIII. IV administration of desmopressin was most
effective in increasing FVIII plasma levels'. It has previously been shown that VWF pro-
tects FVIII from fast clearance from circulation®. As desmopressin administration also
increases VWF levels, the role of VWF increase as a covariate was also addressed in this
study. We were not able to find a significant additional effect of the rise in VWF on the
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relative amount of released FVIII after desmopressin administration. This may suggest
that the level of VWF prior to desmopressin administration is sufficient to stabilize the
increased level of FVIIl in the circulation.

Some limitations were experienced when developing the population PK model. Firstly,
high variability was observed in response to desmopressin within the variant groups.
When we tested the significance of each variant on the PK parameters, many variants
had a high relative standard error (>50%) value due to low frequency within the dataset,
indicating the imprecision in estimating the effects of certain variants on desmopressin
response. As response data of several FVIII variants occurred less than ten times in our
data set (Supplement table 1) the effect of variants on the PK parameters is difficult
to establish with such low frequency®. Secondly, only 77 FVIIl samples were measured
around 24h after desmopressin administration. The limited data hindered investigating
the influence of missense variants on FVIII clearance. Thirdly, only a limited number of
patients (n=40) had received IN administration compared to IV (n=891) and SC (n=510)
administration. SC and IN routes were utilized as covariates for PK parameter estima-
tion. The discrepancy in sample sizes may have impacted the robustness regarding IN
administration. However, despite this smaller IN sample size, population PK models
have been successfully developed with fewer than 40 patients. Future studies with a
more balanced representation across all administration routes would be essential to
strengthen the generalizability and precision of the observed PK relationships.

In conclusion, by using novel ML techniques, we Identified ten missense variants that
had a significant effect on the relative amount of released FVIII after desmopressin ad-
ministration. Moreover, IV administration leads to higher responses compared to SC and
IN administration. This information can be utilized to optimize the use of desmopressin
in patients with non-severe hemophilia A, as identifying the specific F8 mutation may
improve the prediction of a patient’s response to desmopressin. Moreover, these insights
also contribute to our understanding of the clinical impact of the molecular mechanism
associated with these F8 missense variants.
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Pro2319Leu
Leu523Leu
1le192Thr
Gly477Val
Gly1729Glu
Glu291Lys
GIn2265Arg
Arg717Leu
Arg2326GIn
Trp2248Cys
Ser714Leu
Pro1873Leu
Pro1844Ser
Leu562Pro
Ala723Thr
His1980Tyr
Glu72Asp
Glu2247Asp
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Supplemental Figure 1. Goodness-of-fit plots of the final pharmacokinetic model of FVIII. A) Individual predicted
(IPRED) vs observed concentrations, B) Population predicted (PRED) vs observed concentrations, C) Conditional weighted
residuals (CWRES) vs PRED, D and H) Time after administration vs CWRES. The solid line is the line of identity. The dashed

line represents the local regression smooth line (loess smooth).
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Supplemental Figure 2. Prediction corrected visual predictive (pcVPC) check of the final pharmacokinetic model of
FVIIL. Dots represent observed FVIII levels; the solid black line represents the 50th percentile of observed data; the dashed
black lines represent the 5™ and 95" percentiles of the population model. Shaded areas depict the model predicted 95%
confidence intervals of the simulated percentiles. Most of the FVIII levels are within the 95% confidence interval.
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Supplemental Figure 3. Effect of body weight and route of administration on the desmopressin response using
SHAP analyses. SHAP values for FVIIl increase (F1) Left) on Body weight and Right) Route of administration. V= Intrave-
nous, IN=Intranasal, SC=Subcutaneous. SHAP = SHapley Additive exPlanations;
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Supplemental Figure 4. Factor VIl levels over time after desmopressin administration. Stratified in the mutation
groups that had a significant effect on the response of desmopressin
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SUPPLEMENTARY METHODS SECTION

Population PK model development

Development of the model was performed in three steps (i) a structural model with
inter-individual variability added, (ii) residual error model and (iii) covariate analysis.

An one and two-compartment model was tested and evaluated. The compartment
model with the best fit was selected. Evaluation of the compartment model was based
on the goodness-of-fit (GOF) plots, objective function value (OFV) and relative standard
error (RSE) of the PK parameters.

GOF plots are graphical representations that allow to visually assess the model’s predic-
tions match the observed data. They are used to evaluate the overall performance of the
model in describing the data. The OFV is a quantitative measure used in statistical model
fitting. It quantifies how well the model fits the observed data. A lower OFV indicates a
better fit, as it implies that the model’s predictions are closer to the actual data. To assess
the significance of the improvement in fit, p-values of 0.05 and 0.01 are commonly used
thresholds. A reduction in OFV by a value greater than the critical chi-squared distribu-
tion value corresponding to these p-values (i.e., 3.841 for p=0.05 and 6.635 for p=0.01)
suggests a statistically significant improvement in model fit.

The RSE is a statistical measure used to assess the precision or reliability of estimated
parameters in a model. A lower RSE indicates a more precise estimate, meaning that
the parameter’s value is well-determined with relatively small uncertainty. Whereas, a
higher RSE suggests that the estimate is less precise and may have more uncertainty.

Allometric body weight scaling was included on the PK parameters in the structural
model. on clearance (CL) and central volume of distribution (V) (equation 1):

Bad}wsight)gexp

E_,’JE‘_,‘!JPK = gpk X ( 70 (M

In which, 8,0, ¢« is the typical population value for a PK parameter dependent on body-
weight, 6, is the typical PK value for a patient with a body weight of 70 kg, and 8.y, is an
exponent fixed at 0.75 for CL and 1 for V.

The individual PK parameters were described by using equation 2.

8, = eprPK ¥ exp™

(2)
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In which, 6;is the estimated individual PK parameter of the i individual, Bpop p IS the typi-
cal population value for a PK parameter, ni is the inter-individual variability from normal
distribution with a mean of zero and estimated variance of w? of the i" individual.

Regarding the residual error model, we explored three different approaches: additive
error (described by equation 3), proportional error (as shown in equation 4), and a
combined error model (which combines the equations 2 and 3). In these equations, Yij
represents the predicted concentration for individual i at time j f(6, ni, x;)corresponds
to the individual’s concentration prediction at time j, and ¢ signifies the residual error
arising from a normal distribution with a mean of zero and an estimated variance of o’

¥ii =f(5‘,m’,xij-) + £ 3)

¥ii =f(9rmrx:-; x{i-l_sijj @

Continuous covariates were included by a power model, involving the centering of the
covariate around its median value, while the exponent was estimated as indicated in
equation 5. On the other hand, categorical covariates were handled using flag variables,
where values of 1 and 0 represented “true” and “false” conditions, respectively, as out-
lined in equation 6.

g
Cow exXp
6, =6, X (—j ©
s . Covmedian
_ Flagl Flag2? Flagd |
El;:u':.v.r.:l - Epk X (EJ_ X 92 X EE ] (6)

A stepwise approach involving both forward inclusion and backward exclusion was used
for covariate assessment. During forward inclusion, a reduction in the objective func-
tion value (OFV) of 3.84 or more (with a corresponding p-value of 0.05) was considered
statistically significant. In the backward exclusion process, an increase in OFV of 6.64
or more (with a corresponding p-value of 0.01) was deemed significant. The covariate
that led to the most substantial reduction in OFV was initially incorporated into the
model. Subsequently, other covariates that demonstrated significant OFV reductions
were systematically added to the covariate model in a sequential manner. This process
was repeated iteratively until all relevant covariates exhibiting significant effects were
included in the final model.

Internal validation

A nonparametric bootstrap method was used for internal validation. The bootstrap
method is a resampling technique that is used to assess the robustness of parameter
estimates and the uncertainty associated with them. One thousand bootstrap data sets
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were generated by resampling from the original data set. Median parameter values
and the 2.5th-97.5th percentile from bootstrap estimates were compared with the final
model estimates. Moreover, a prediction-corrected visual predictive check (pcVPC) was
also performed by simulating 1,000 patients to evaluate the predictive performance of
the final model. Visual checks were performed by overlaying the observed data points
with the 95%Cl of the simulated 5th, 50th, and 95th percentile curves.

Visualizing learned covariate effects using SHapley Additive
exPlanations

Individual estimates of the PK parameters were obtained from the population PK model.
Based on the covariates (patient weight, height, age, route of administration and the
presence of each of the FVIII variants) a random forest model was fit to predict these
PK parameters. Random forest models were also fit to predict the proportional and
absolute increase in FVIII levels following DDAVP administration.

K-fold cross validation was performed with K = 10. Models were fit on the training fold
and SHAP values were calculated on the test folds and pooled over all the training repli-
cates in order to obtain the SHAP values for all samples. In the case of the prediction of
PK parameters, the SHAP values represent the contribution of each of the covariates to
the final prediction in an additive fashion:

y=E[yl+s1+s2+s3+...+sX (7)

Here E[y] represents the expectation of the dependent variable y (e.g. the increase in
FVIII levels) over all samples. The SHAP values are specific to one of the covariates indi-
cated by the subscript. X here represents the number of covariates. After calculating the
SHAP values, the SHAP value for each of the samples can be collected and visualized to
produce the figures in the main manuscript. By pooling this information we can deter-
mine the mean effect of each of the covariates, as well as the variance of the effect. The
variance between samples comes from the covariate implementation in random forest.

Covariates with high variance SHAP values combined with a low sample size in specific
regions of the covariate space (for example, a low number of patients with a specific
mutation) might be indicative of the random forest model overfitting to the data. Even
though SHAP values can be used to explain model output it does not mean that we
can understand how the model produces predictions. It is thus important to carefully
evaluate the results of the analysis to prevent including effects that are only important
in the model by correlation rather than causation.
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ABSTRACT

Background Hemophilia A patients are treated with factor (F) VIII prophylactically to
prevent bleeding. In general, dosage and frequency are based on pharmacokinetic
measurements. Ideally, an alternative dose adjustment could be based on the hemo-
static potential, measured with a thrombin generation assay (TGA), like the Nijmegen
Hemostasis Assay.

Objective Investigate the predicted performance of a previously developed pharmaco-
kinetic-pharmacodynamic model for FVIII replacement therapy, relating FVIIl dose and
FVIIl activity levels with thrombin and plasmin generation parameters.

Methods Pharmacokinetic and pharmacodynamic measurements were obtained from
29 severe hemophilia A patients treated with pdVWF/FVIII concentrate (Haemate P®).
The predictive performance of the previously developed pharmacokinetic-pharmacody-
namic model was evaluated using nonlinear mixed-effects modelling (NONMEM). When
predictions of FVIIl activity or TGA parameters were inadequate (median prediction error
(MPE) >20%), a new model was developed.

Results The original pharmacokinetic -model underestimated clearance and was refined
based on a two-compartment model. The pharmacodynamic model display no bias in
the observed normalized thrombin peak height and normalized thrombin potential
(MPE of 6.83% and 7.46%). After re-estimating pharmacodynamic parameters, EC50 and
Emax values were relatively comparable between the original model and this group.
Prediction of normalized plasmin peak height was inaccurate (MPE 58.9%).

Conclusion Our predictive performance displayed adequate thrombin pharmaco-
dynamic predictions of the original model, while a new pharmacokinetic model was
required. The pharmacodynamic model is not factor specific and applicable for multiple
factor concentrates. A prospective study is needed to validate the impact of the FVIII
dosing pharmacodynamic model on bleeding reduction in patients.
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INTRODUCTION

Hemophilia A is characterized by a deficiency of coagulation factor (F) VIl leading to re-
current spontaneous and trauma-induced bleeding.[1] Current guidelines recommend
treatment with prophylactic FVIII replacement therapy,[2] bypassing agents (BPAs) in
case of inhibitors, [3] and non-factor replacement therapies, such as emicizumab,[4] for
hemophilia A patients (FVIII activity level of <1 IU/dL) with the goal to reduce bleeding.
[5] Prophylactic or on-demand FVIII replacement therapy is still the mainstay of treat-
ment in large parts of the world, as other, more expensive therapies, are not available.[5]

Prophylactic FVIII replacement therapy can be dosed according to body weight and
subsequently adjusted based on bleeding episodes or can be pharmacokinetic-based.
[3]Increasingly pharmacokinetic guidance is applied using population pharmacokinetic
models to individualize dosing and to relate FVIIl activity levels to bleeding, as bleeding
risk varies significantly between persons with hemophilia.[6, 7] Both strategies exhibit
disadvantages as additional bleeding episodes may occur before adequate dosing is
achieved.[2] Bayesian forecasting analysis is used to apply limited sampling and to
overcome a factor concentrate wash-out period.[8-10] However, this approach relies on
plasma factor activity monitoring and does not consider the effect of factor replacement
therapy on hemostasis (hemostatic potential or pharmacodynamics) and the inter-
individual variation in bleeding tendency is not taken into account.[11]

The thrombin generation assay (TGA) measures the amount of thrombin generated over
time and is able to assess hemostasis globally.[12] It has been suggested that throm-
bin generation parameters are a better representation of the bleeding phenotype in
hemophilia A patients than measurement of FVIII activity level.[13-15] In addition, FVIII
replacement therapy can be monitored by TGA and this global hemostatic assay may
better reflect the patients bleeding risk in the presence of similar FVIII activity levels
after dosing.[14] To date, only two pharmacokinetic-pharmacodynamic models for FVIII
replacement therapy have been described in literature,[16, 17] of which one suggests
that bleeding can be decreased by intensifying treatment in patients presenting with
low thrombin generation parameters.[17]

The previously developed model [16] is based on the Nijmegen Hemostasis Assay
(NHA) which incorporates thrombin generation with plasmin generation in one assay.
[18] Multiple standard half-life (SHL) FVIII replacement concentrates were used in this
model,[16] but the results have not yet been replicated. In the current study, we per-
formed a combined pharmacokinetic-pharmacodynamic analysis with the NHA of he-
mophilia A patients treated with only plasma-derived von Willebrand factor (VWF)/FVIII
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(pdVWEF/FVII) concentrate (Haemate P®). Here, we describe the thrombin and plasmin
generation parameters of these patients after a single bolus. These data were used to
investigate the predictive performance, and eventually adapt, the previously developed
pharmacokinetic-pharmacodynamic model by Bukkems et al.[16]

METHODS

Patients

Twenty-nine severe (FVIII activity level <1 [U/dL) adult hemophilia A patients were
included in this study between August 1 2011 and December 20™ 2012 in the Ghaem
Hospital, Mashhad University of Medical Sciences, Mashhad, Iran. This project was a sub-
study of the IMPALA study (registered at the Dutch Trial Register, number NL2808) and
it was approved by the Medical Ethical Committee of the Radboud university medical
center and of the regional ethics committee of Mashhad University of Medical Sciences
(number 89-88215). All patients gave written informed consent and the study was con-
ducted in accordance with the Declaration of Helsinki. Only adult patients (>18 years)
with severe hemophilia A were included. Exclusion criteria were: active bleeding, known
allergy to plasma proteins, liver cirrhosis, hepatitis C treated with interferon within six
months before inclusion, HIV infection, hemoglobin level <8.0 mmol/Il, platelet count
<50x10%/, difficult venous access, and specific medications known to interact with he-
mostasis (non-steroidal anti-inflammatory drugs (NSAIDs), platelet aggregation inhibi-
tors, antimicrobials, thyroid inhibitors and selective serotine reuptake inhibitors (SSRIs)).

The pharmacokinetic-pharmacodynamic study was performed with a single bolus of 25
IU/kg pdVWF/FVIII (Haemate P®, CSL Behring, King of Prussia, PA, USA). A standard wash-
out period of 72 hours was issued. Plasma samples were obtained before the bolus and
at nine time points until 24 hours after the bolus, as described before.[19] Blood samples
were collected by venipuncture in 3.2% buffered sodium citrate siliconize blood collec-
tion tubes (Becton Dickenson, Plymouth, UK). At baseline hemoglobin, hematocrit, and
blood platelets were determined locally and an additional samples were collected for
FVIIl activity and VWF activity level and inhibitor level determination.

Sample preparation

All blood samples were processed immediately after collection. Platelet poor plasma
(PPP) was obtained for NHA measurement by centrifuging the sample at 4200 g for 15
minutes at 4°C. The PPP was aliquoted into multiple 1.5 mL tubes for long-term freezer
storage. All samples were frozen in liquid nitrogen, stored at -80°C and shipped to the
Radboud university medical center, Nijmegen, the Netherlands on dry ice. Samples were
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stored at -80°C and were defrosted only once to measure FVIII activity level, VWF activity
level, inhibitor levels and the NHA.

FVIIl activity level and inhibitor measurement

FVIII activity level was measured with the one-stage (OSA) Cephascreen reagent at the
STA Evolution (Stago Group, Asniéres sur Seine, France) and chromogenic (CSA) assay
(Biophen FVIII:C assay, HYPHEN Biomed SAS, Neuville-sur-Oise, France), according to the
manufacturer’s instructions at the STA Evolution (Stago Group).

Inhibitor titers were determined with the Nijmegen-modified Bethesda Assay (NBA; cut-
off for positivity =0.60 NBU/mL),[20, 21] and Nijmegen Low Titer Inhibitor Assay (NLTIA,
cut-off for positivity =0.04 NLTIU/mL),[22] as previously described.

Nijmegen Hemostasis Assay measurement

The NHA was measured as described before and is described in detail in the supple-
mentary methods.[18, 19] The essential parameters obtained with the NHA are shown
in supplementary figure 1. All NHA measurements were performed in batches between
30" September until 23" November 2015. For all results, the mean of two measurements
was used. Normal pooled plasma (NPP) was used as control measurement and to nor-
malize the NHA parameter to the percentage of normal. The absolute NHA parameter
of the patient was divided by the mean of the NPP samples that were used in the same
run as the patient samples. The reference values of the NHA based on healthy controls
(n=20), healthy men and women not using medication interfering with coagulation, are
shown in supplementary table 1 and are shown as a gray area in the figures.

Model development

The previously described population pharmacokinetic-pharmacodynamic model was
developed by Bukkems et al.[16] The population pharmacokinetic-pharmacodynamic
model was developed using nonlinear mixed-effect modelling (NONMEM, version 7.4).
Their original pharmacokinetic analysis used 466 samples from 30 patients, while the
pharmacodynamic analysis used 252 samples from 24 patients.

To investigate the predictive performance of the previous model in this replication
study, two sequential steps were performed using the first-order estimation method in
NONMEM. Firstly, the performance in predicting the FVIII activity levels was assessed by
the population pharmacokinetic model of Bukkems et al. The relative prediction error
(PE%, Eq. 1) was estimated by comparing the predicted population concentrations and
the corresponding observations for each subject in the dataset.[23] In which, Cpred is
the model predicted value and Cobs is observed value. VWF activity was not measured

55



Chapter 3 | PK-PD modelling in hemophilia A

after pdVWF/FVIII administration, therefore this covariate effect was not included in
evaluating the population pharmacokinetic model. The median prediction error (MPE)
and median absolute prediction error (MAPE) were used for the evaluate bias and preci-
sion of the models. Model appropriateness was confirmed when the MPE was below
20% with the 95% Cl including zero and the MAPE was below 30%.[23]

PEY = ﬂﬂ?ﬂ X 100 (equation 1)
0BS
Secondly, if the population model failed to adequately predict the observations, then
a novel population model was developed. During the population pharmacokinetic
model development, both one and two-compartment models were evaluated. A priori
allometric scaling of pharmacokinetic parameters by body weight was included in the
structural pharmacokinetic model. Inter-individual variability (IIV) was estimated and
evaluated for each population pharmacokinetic model parameter. For residual error
models, a proportional, an additive and a combined error model were evaluated. Next,
associations between covariates and pharmacokinetic parameters were tested to explain
the 1V in the pharmacokinetic parameters. The following covariates were tested: age,
NLTIA and NBA. During the covariate analysis, stepwise forward inclusion and backward
elimination approaches were used. A reduction in the objective function value (OFV)
of at least 3.84 (p<0.05, chi-square distribution with 1 degree of freedom) and greater
than 6.64 (p<0.01, chi-square distribution with 1 degree of freedom) were required for a
covariate to be considered significant in the forward inclusion and backward elimination
steps, respectively. The supplement provides further details about the development of
the pharmacokinetic model. The individual pharmacokinetic parameters obtained from
the pharmacokinetic model were used as input for the population pharmacodynamic
model.

To investigate the predictive performance of the pharmacodynamic model by Bukkems
et al., a similar approach was used as for the pharmacokinetic part of the model. When
the population pharmacodynamic model failed to adequately predict observations,
a novel population pharmacodynamic model was developed by using the external
pharmacodynamic dataset. A maximum effect (Emax) and a sigmoidal Emax model
were tested to describe the relationship between FVIII activity levels and normalized
thrombin peak height, normalized thrombin potential and normalized plasmin peak
height. Evaluation of the residual error models, addition of IV to the pharmacodynamic
parameters and performance of the covariate analysis were similar to those for the
pharmacokinetic model part.
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Model evaluations criteria included the change in the OFV, goodness-of-fit (GOF)
plots, precision of parameter estimates, decreases in IV and residual variability, condi-
tion number, shrinkage and a successful convergence step.[24] Prediction-corrected
visual predictive checks (pcVPCs) were used to assess the predictive performance of
the model. The supplement contains more details on the evaluation and development
of the models. A schematic overview of the predictive performance of the population
pharmacokinetic-pharmacodynamic models is displayed in figure 1.

External dataset
(n=29): 276
normalized
Population PK thrombin peak,
model by 285 normalized Population PK
Bukkems et al. thrombin model by
potential, 275 Bukkems et al.
normalized
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model ) . parameters if
necessary TR

J
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Figure 1: Schematic workflow of predictive performance of population pharmacokinetic-pharmacodynamic models.
CSA, chromogenic substrate assay; OSA, one-stage assay; PD, pharmacodynamic; PK, pharmacokinetic

Statistical analysis

The reported parameters are shown as median (interquartile range; IQR) unless oth-
erwise stated. Descriptive statistics were used for demographic parameters and NHA
parameters. Spearman correlation was used for the correlation between FVIII OSA and
CSA assay, and for the correlation between FVIII activity level and thrombin generation
parameters. For the analysis of differences before and after the FVIII bolus, the Wilcoxon
matched-pairs signed ranked tests were used.

Statistical analyses were performed using Prism GraphPad, version 9.4. All p-values are
two-sided and a p-value of less than 0.05 was considered statistically significant.
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RESULTS

Patient characteristics

A total of 29 male severe hemophilia A patients were included in the study. The baseline
patient characteristics are described in table 1. The median age was 27 years (range 19-
53), the mean body weight was 62 kg (SD: 7) and median body weight was 62 kg (range
48-73 kg). The median pre-bolus FVIII activity level was <1 IU/dL, as measured by both
the OSA and CSA assay. The correlation of FVIII activity level measured by the OSA and
CSA assay was excellent (r=0.96, 95%-confidence interval (95%-Cl): 0.95-0.97, p<0.0001,
see figure 2A). Eight patients had a detectable FVIIl activity level pre-bolus with the CSA
(5 patients 1 1U/dL and 3 patients 2 IU/dL), while 4 were detectable with the OSA (3

patients 1 IU/dL and 1 patient 2 [U/dL).

Table 1: Baseline characteristics of the 29 included patients

Age, median (range), in years 27 (19-53)
Body weight, in kg

Mean (SD) 62 (7)
Median (range) 62 (48-73)
Baseline values

Baseline one stage FVIII concentration in IU/dL, median (range) <1(<1-2)
Baseline chromogenic FVIII concentration in IU/dL, median (range) <1(<1-3)
Baseline VWF concentration in %, mean (SD) 117 (46)
Total pharmacokinetic number samples

OSA 258

CSA 258

Total pharmacodynamic number samples® 287

FVIIl product and dosage

Haemate P, n (%) 29 (100)

Dosage FVIII replacement therapy, median (IQR)
Dosage FVIII/kg, median (IQR), in 1U/kg

FVIII half-life in hours, median (IQR)

Inhibitor positivity

NBA, n (%)

NLTIA, n (%)

1600 (1500-1700)
25.0 (24.6-25.4)
10.6 (8.3-12.9)

1(3)
7 (24)

Abbreviations: CSA, chromogenic substrate assay; FVIII, factor VIII; IQR, interquartile range; NBA, Nijmegen Bethesda Assay;
NLTIA, Nijmegen Low Titer Inhibitor Assay; OSA, one-stage assay; SD, standard deviation.
4 Of the normalized thrombin peak height and normalized plasmin potential, 9 and 10 measurements were not detectable,

respectively.
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The mean VWF activity level before the bolus was 117% (SD 43%). All 29 patients received
the same pdVWF/FVIII concentrate, with a median bolus of 1600 IU FVIII (IQR 1500-1700
IU), corresponding to 25 IU/kg FVIII (24.6-25.4). One patient had an inhibitor detected
with the NBA (titer 1.1 NBU/mL), while six additional patients had an inhibitor measured
with the NLTIA (titer 0.04-0.05 NLTIU/mL), all patients were included in the analysis. For
the population pharmacokinetic -analysis, all 258 FVIII activity levels measured with OSA
and CSA were used. The FVIII activity level measured before pdVWF/FVIII concentrate
administration was considered to be the endogenous baseline and subtracted from the
observed FVIIl activity levels during model development. One patient had a FVIIl activity
level that was not detectable at 24 hours after administration. In one patient, 3 samples at
3,5 and 15 min were missing. In the full dataset 5.2% (OSA) and 4.2% (CSA) of the samples
were below the detection limit of the assay, mostly samples taken before pdVWF/FVIII
administration. These samples were excluded in the pharmacokinetic data analysis.
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Figure 2: Correlations of factor VIl activity level with thrombin generation parameters. (A) Correlation between fac-
tor VIII activity level determined with the one stage assay and chromogenic assay. Correlation of factor VIII activity level
with (B) thrombin peak height, (C) thrombin potential and (D) velocity of thrombin generation.

59



Chapter 3 | PK-PD modelling in hemophilia A

Pharmacokinetic measurements

After the bolus injection, FVIII activity level increased to 52 IU/dL (42-62; see figure 3A
and supplementary table 2) after 15 minutes, which was the anticipated increase with
the amount of infused FVIIl concentrate. At 1 hour FVIII activity level was 46 1U/dL (35-
53), at 6 hours 29 1U/dL (19-35) and 7 IU/dL (4-10) at 24 hours post the bolus. This led to
a median FVIII half-life of 10.6 hours (8.3-12.9).
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Figure 3: Factor VIl activity level, thrombin peak height, thrombin potential and plasmin peak height after a bolus
of factor Vil replacement therapy.

Thrombin and plasmin generation

Thrombin generation parameters were low at baseline but differed between patients as
illustrated by the large range of obtained results (figure 3B, 3C). At baseline, thrombin
peak height was 15 nM (undetectable-19; figure 3B), thrombin potential was 280 nM-
min (undetectable-280; figure 3C) and plasmin peak height was within the normal range
despite the low thrombin generation (median 27.4 (IQR 17.5-32.0); figure 3D). The other
parameters are shown in supplementary figure 2 and supplementary table 2.
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After the FVIIl bolus, parameters increased rapidly to near normal values (figure 3,
supplementary figure 3 and supplementary table 2). Thrombin peak height rose to 142
nM (92-166) at 15 minutes and decreased slowly to 109 nM (61-144) at 6 hours and to 62
nM (37-89) after 24 hours. The increase in thrombin potential persisted even longer, with
1823 nM-min (1683-2028) at 15 minutes, 1886 nM-min (1565-2128) at 6 hours and 1440
nM-min (1044-1878) after 24 hours. This is best illustrated with plasmin peak height
which was 21.5 nM (14.5-25.0) at 15 minutes after the bolus and persisted at this low
level with higher thrombin generation (plasmin peak height 24.4 nM (18.9-29.0) at 6
hours and 19.5 nM (13.8-23.6) after 24 hours). With the increase in thrombin generation,
plasmin generation decreased (figure 3D).
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Figure 4: Factor VIII activity level and normalized thrombin peak height and thrombin potential after a bolus of
factor Vil replacement therapy.
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Previously, it was reported that velocity of thrombin generation is a better representation
of the effect of factor supplementation in hemophilia patients.[25] The correlation be-
tween FVIIl activity level and velocity of thrombin generation (r=0.64 (95%-Cl 0.57-0.70);
figure 2D) was equal to the correlation of FVIII activity level and thrombin peak height
(r=0.61 (95%-Cl 0.53-0.68); figure 2B) and thrombin potential (r=0.51 (95%-Cl 0.41-0.59);
figure 2C). Furthermore, differences in velocity of thrombin generation between patients
were significant (as illustrated by the large range in supplementary figure 2C).

Normalized thrombin generation parameters are preferred above absolute parameters
according to guidelines of the ISTH[26] to compare results at different laboratories. In
figure 4 the normalized thrombin peak height and normalized thrombin potential are

Table 2: Comparison population pharmacokinetic parameter estimates of Bukkems et al. and external dataset in
patients of this replication study.

Pharmacokinetic model Parameter Inter-individual Parameter Inter-individual
estimation variability (RSE%) estimation variability (RSE%)
(RSE%) [Shr9%] (RSE%) [Shr%]

CL (dL/h/70 kg) 3.07 (10) 57.3(15)[1.4] 1.69 (11.1) 41.2(18.9) [2.1]

V1 (dL/70 kg) 39.1(7.7) 38.2(15) [0.1] 27.7 (5.80) 15.6 (16.5) [2.8]

Q (dL/h/70 kg) 1.09 (35.5) 2.27 (44.5) -

V2 (dL/70 kg) 9.16(32.3) 5.63(19.2) -

Correction factor CSA 0.939 (2.2) 1.20 (3.50) 18.1(13.3) [4.7]

Correlation IV CL and V1 (%) 77.0 43.6

Covariates

Positive NLTIA on V1 (%) = 114 (3.9)

Full-length recombinant product on = 117 (6.8)

V1(%)

VWEF exponent on CL - -0.52 (26.6)

Positive NLTIA on CL (%) = 149 (11.1)

Full-length recombinant product on = 127 (10.3)

CL (%)

Positive NBA on CL (%) 153 =

Residual variability

Proportional error OSA (%) 25.0 (6.6) 11.2(21.6)

Additive error OSA (IU/dL) 0.854 (26.5) 4.15 (14.9)

Proportional error CSA (%) 21.0(17.5) 10.5(17.5)

Additive error CSA (IU/dL) 4.28(9.7) 2.69 (49.8)

Abbreviations: CL, clearance; CSA, chromogenic FVIII activity assay; CV, coefficient of variation calculated as v/(exp[w2]-1)
% 100; 11V, inter-individual variability; NBA, Nijmegen-modified Bethesda Assay; NLTIA, Nijmegen Low Titer Inhibitor Assay;
OSA, one-stage FVIIl activity assay; Q, intercompartment clearance; RSE, relative standard error; Shr, shrinkage; V1, central
volume of distribution; VWF, von Willebrand factor activity level (%); V2, peripheral volume of distribution.
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shown. The results in figure 4 illustrates that Tmax is identical for FVIII activity level,
normalized thrombin peak height(normalized thrombin peak height 51% (35-71)), but
it remains higher compared to FVIIl activity level (at 6 hours 29 IU/dL (19-35) versus 46%
(26-60) and at 24 hours 7 IU/dL (4-10) versus 24% (15-39), respectively). The same holds
true for normalized thrombin potential, which is 92% (79-104) after 15 minutes, and
remains 91% (78-107) at 6 hours, but the Tmax occurred at 9 hours post dose with 98%
(74-109) and 71% (56-94) at 24 hours(see figure 4 and supplementary table 3).

Re-estimation of the population pharmacokinetic model

The predictive performance of the population pharmacokinetic model by Bukkems et
al. was evaluated with the current data.[16] The observed FVIII activity was lower than
the predicted activity (supplementary figure 4) with a MPE and MAPE value of 60.9 and
61.3% (figure 5). Therefore, a novel population pharmacokinetic model was developed. An
one- and two-compartment model were tested. The data was best described with a two-
compartment model with IV attributed on clearance and central volume of distribution.
For the residual error, a combined proportional and additive error model was used. Since
FVIIl activity levels were measured with both OSA and CSA, a correction factor was included
to correct for the difference in assay methods. Samples measured with CSA were 0.939
times lower compared to samples measured with OSA. lIV was tested on the correction
factor, but including IIV on the correction factor did not significantly improve the model fit.

=)
3

Prediction error (%)

0 -

-100

Factor VIl Factor VI Thrombin peak height Thrombin peak height Thrombin potential  Thrombin potential ~ Plasmin peak height ~Plasmin peak height

ES Model by Bukkems et al.

Models
B3 Model refined by external data

Figure 5: Box plots of the prediction error (PE%) of the novel models vs Bukkems et al.
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During the covariate analysis, a relationship was found between FVIII clearance and the
presence of an NBA inhibitor leading to a 153% increase in clearance. The NLTIA did
not have an effect on FVIII clearance. The final pharmacokinetic parameter estimates are
displayed in table 2. The GOF plots and pcVPC of the final pharmacokinetic model are
presented in supplementary figure 4 and 5.

Re-estimation of the population pharmacodynamic models

For the population pharmacodynamic analysis, 285 values of normalized thrombin peak
height and potential, and normalized plasmin peak were measured. Of the normalized
thrombin peak height and normalized plasmin potential, 9 and 10 measurements were
undetectable, respectively. These were excluded from the pharmacodynamic data
analysis, since only a small portion of the samples (<4%) were undetectable.

The individual pharmacokinetic parameters obtained from the pharmacokinetic model
were used for estimation of the pharmacodynamic part of the model. The predictive
performance of the previously published FVIII population pharmacodynamic models
was tested. As shown in figure 5, differences in the predictive performance of different
models were observed. For the models of Bukkems et al. the MPE and MAPE was 6.83
and 38.6, 7.46 and 18.6, 58.9 and 58.9% for normalized thrombin peak height, normal-
ized thrombin potential, and normalized plasmin peak, respectively. This indicates that
the final pharmacodynamic parameters by Bukkems et al. for the normalized thrombin
potential adequately predict our external dataset. There is no bias in prediction of the
normalized thrombin peak height, however the prediction is not accurate since the MAPE
is 38.6%. Moreover, the normalized plasmin peak pharmacodynamic model showed over
prediction. It should also be noted that the models have a high IV, therefore a high MAPE
is expected. The MPE and MAPE of all models are summarized in supplement table 4.

Afterwards, re-estimations of pharmacodynamic parameters were performed by us-
ing the external pharmacodynamic dataset. The final pharmacodynamic parameter
estimates are displayed in table 3. As expected, similar pharmacodynamic parameters
for normalized peak height and normalized thrombin potential were obtained. For the
normalized thrombin peak height an EC50 of 51.6 1U/dL and an Emax (factor of baseline)
of 8.06 was obtained (supplement equation 9), while previously the EC50 and Emax was
50.1 IU/dL and 7.05, respectively. For the normalized thrombin potential an EC50 of 1.93
IU/dL and an Emax (percentage of NPP) of 65.3 was obtained (supplement equation 10),
while in Bukkems et al. the EC50 and Emax was 13.9 [U/dL and 72.5 respectively. For the
normalized plasmin peak height a baseline and EC50 of 81.2 IU/dL and 256 1U/dL was
obtained (supplement equation 9), while in the original model the baseline was 125 [U/
dL and EC50 was 614 IU/dL. In our novel pharmacodynamic models, IIV was only added
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to one pharmacodynamic parameter. Adding IIV to more than one pharmacodynamic
parameter did not result in a significant improvement (p=0.05) in model fit. Therefore, in
the re-estimated pharmacodynamic models, IIV was included on the pharmacodynamic
parameter with the largest drop in OFV (<3.84, p=0.05). Afterwards, a covariate analysis
was performed, in which age and body weight were tested. However, none of the co-
variates had significant effect on the pharmacodynamic parameters. GOF plots using
models of Bukkems et al. and the re-estimated models are displayed in supplementary
figure 6-8. The pcVPC of the plasmin peak height in which parameters are re-estimated,

Table 3: Comparison population pharmacodynamics parameter estimates of Bukkems et al. and external dataset
in patients of this replication study.

Pharmacodynamic model Parameter Inter-individual ~ Parameter Inter-individual
estimation variability (RSE%) estimation variability (RSE%)
(RSE%) [Shr9%] (RSE%) [Shr%]

Normalized thrombin peak height

Baseline effect (% of NPP) 11.2(26.3) 34.7(33.6) [7.5] 15.6 (18.8) =

EC50 (IU/dL) 51.6(13.2) 50.1(24.4) 55.1(26.8) [12.5]

Maximal effect (factor of baseline) 8.06 (32.6) 7.05 (33.6) 37.3(25.8)[16.8]

Hill coefficient 1 FIX 1.85(25.7) -

Additive error (% of NPP) 17.4 (7.4) 11.2(8.0) -

Normalized thrombin potential

Baseline effect (% of NPP) 21.9(13.6) - 37.5(13.1) 41.8 (25.2) [15.7]

EC50 (IU/dL) 1.93 (46.4) - 13.9(21.2) 88.0(16.9) [15.5]

Maximal effect (Emax) (% of NPP) 653 (6.7)  33.1(37.0) [4] 72.5(9.5) 22.9(23.9)[17.5]

Mild haemophilia on Emax (% of severe) - 70.9 (15.9) -

Coefficient bodyweight on Emax - -0.28 (21.0) -

Hill coefficient 1 FIX 1.62 (20.8) -

Additive error (% of NPP) 16.2 (6.7) 8.62(12.2) =

Normalized plasmin peak height

Baseline effect (% of NPP) 81.2(45) 264(129)[0.1] 125(8.2) 32.1(19.0) [1.0]

EC50 (1U/dL) 256 (49.9) - 614 (47.7)

Maximal effect (% of NPP) 1 FIX - 1 FIX -

Hill coefficient 1 FIX - 1 FIX -

Proportional error (%) 16.3 (5.8) - 26.8 (6.6) -

Abbreviations: CV, coefficient of variation calculated as (exp[w2]-1) x 100; EC50, the FVIII activity level which produces
50% of the maximal effect; IV, inter-individual variability; NPP, normal pooled plasma; RSE, relative standard error; Shr,
shrinkage

Pharmacodynamic formula external dataset:

Normalized thrombin peak height: E = Ep_.. % (1 + [:mm;ﬁ)
Normalized thrombin potential: E = Ep .. % (1 + %)

. . ioht B o— ) ax*C
Normalized plasmin peak height: E = Ep,.. % (1 + |;Er:5[:"+|::"_‘|)
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is displayed in supplementary figure 9.The GOF plots and pcVPC show that the final
models adequately described the observed data. The pcVPC using the thrombin peak
height and thrombin potential models of Bukkems et al. with the external dataset is
displayed in supplementary figure 10-11.

Figure 6 displays patients with similar pharmacokinetic profiles, but have a different
normalized thrombin potential profile, which is caused by the IIV in the baseline, EC50
and Emax. The third patient has longer effect of the normalized thrombin potential due
to a lower EC50 compared to the other patients. In this figure, the model of Bukkems
et al. further displays sufficient predictive performance in an external dataset. Supple-
mentary figure 12 displays the normalized thrombin potential response after factor VIII
administration in a patient with inhibitor.
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Figure 6: Three patients from the external dataset with a similar pharmacokinetic profile displaying a different
normalized thrombin potential response after factor Vil administration using the model by Bukkems et al.

DISCUSSION

In this replication study, we show that our previously developed pharmacodynamic
model for dosing of SHL FVIIl concentrates was able to adequately describe the relation-
ship between FVIII activity level and normalized thrombin peak height and normalized
thrombin potential in another factor concentrate containing VWF e.g. pdVWF/FVIII
concentrate (Haemate P®). This finding underscores the additive value of measuring
pharmacodynamics by TGA in hemophilia A patients, as thrombin generation measured
by NHA subsequent to prophylactic FVIIl administration, was able to predict the hemo-
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static potential of FVIIlin an individual patient. The original developed pharmacokinetic-
pharmacodynamic FVIII concentrate dosing model included a wide range of plasma
derived and recombinant FVIII concentrates, as to secure the generalization of the
model.[16] As this study shows, thrombin generation remains equal despite differences
in administered factor concentrates, while the pharmacokinetic model was unable to
describe the pharmacokinetic of this pdVWF/FVIII product.

In the previous study, it was difficult to compare pharmacokinetic-pharmacodynamic
profiles of different patients, as it was unknown whether differences in the pharma-
cokinetic-pharmacodynamic profile were caused by patient-related factors or were
dependent on the factor VIl concentrate administered. Both recombinant and plasma
derived FVIII concentrates were used, and some patients (n=3) also received pdVWF/
FVIII concentrate. Therefore, the use of only one FVIII/VWF product in this replication
study enabled the comparability of the generated pharmacokinetic-pharmacodynamic
profiles. Subsequently, differences found between patients will be caused by patient-
related factors, like body weight, pre-existent VWF concentration and the presence of
(very) low-titer inhibitors.

Our data show that thrombin generation remained increased after replacement of FVIII
activity during the first 24 hours, even though FVIII activity levels decrease rapidly. This
is clearly illustrated by the normalized thrombin potential which remained at 71% of
normal (IQR 56-94) after 24 hours while FVIII activity level was only 7 IU/dL (4-10). This is
comparable with our previous study, in which normalized thrombin potential was 75% of
normal (59-87) with an associated FVIIl activity level of 15 IU/dL (10-26).[19] It should be
noted that the FVIIl activity level in the prior study was twice as high as observed in this
current study because of higher dosage in the prior study, while normalized thrombin
potential remained roughly equal. This indicates that FVIII stimulated thrombin genera-
tion has a maximum capacity and only little FVIIl is necessary to stimulate thrombin gen-
eration (i.e. FVIIl supplementation has a low EC50 for thrombin generation). Moreover,
plasmin generation may not be suitable as a pharmacodynamic target, because of little
difference in plasmin generation between healthy and hemophilia A patients.

In the current study, we observed a plasmin peak height that was within normal range
compared to healthy controls. Nonetheless, plasmin peak height decreased after FVIII
replacement therapy, and this decrease was present until 24 hours after the bolus. This
apparent hyperfibrinolysis in patients has been observed earlier and is possibly due
to the reduced activation of thrombin activated fibrinolytic inhibitor (TAFI), for which
a higher amount of thrombin is required than can be produced when amplification is
insufficient.[27, 28] Because the NHA is the only assay that measures thrombin and plas-
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min generation simultaneously in a single well,[29, 30] the interplay between thrombin
and plasmin generation can only be investigated using this assay.[18] This observation
was in accordance with our previous study, in which we also observed hyperfibrinolysis
before the FVIII bolus in patients with HA, which was resolved after normalization of FVIII
activity level.[19]

Previously, the velocity of thrombin generation was suggested to correspond better
with factor activity levels in both HA and hemophilia B (HB).[25, 31] The correlation
between FVIII activity level and velocity of thrombin generation was slightly better than
the correlation with thrombin potential and thrombin peak height. Also, the curve of
FVIII activity and velocity of thrombin generation corresponds better with each other
than the curve of thrombin potential (supplementary figure 3). However, it remains
questionable whether a thrombin generation parameter that corresponds better with
FVIII activity level also reflects the hemostatic potential of the patient. Especially since
previous studies have shown that thrombin potential could better identify patients with
an increased bleeding risk.[14] Furthermore, velocity of thrombin generation is calcu-
lated with a formula that consists of three components of the thrombin generation assay
(lag time, time to thrombin peak, and thrombin peak height) and is therefore vulnerable
for artefacts when one or more of these parameters are slightly aberrant. Therefore,
thrombin potential could be a better parameter to adjust dosage of FVIII replacement
therapy upon. It has a better correlation with bleeding phenotype, where it is able to
differentiate patients between and mild and severe bleeding phonotype, based on the
ABR.[32, 33] Furthermore, it can improve identification of patients who will bleed while
treated compared to FVIII activity level.[14] The main difficulty, however, is that trough
levels of thrombin generation are not known yet. A prospective study investigating the
optimal amount of thrombin generation to prevent bleeding is highly needed.

The previously developed population pharmacokinetic model by Bukkems et al. could
not sufficiently predict the FVIII activity levels in the current study, since the predictions
were higher compared to the observed FVIII activity levels. Therefore, a novel popula-
tion pharmacokinetic model was developed which estimated a higher clearance (3.07
dL/h) compared to clearance of Bukkems et al. (1.69 dL/h). The volume of distribution
is larger as well (39.1 dL versus 27.7 dL).[16] Bukkems et al. previously published also a
population pharmacokinetic model describing the interaction between FVIIl and VWF in
von Willebrand disease, in which patients received pdVWF/FVIII. The volume of distribu-
tion was estimated as 44.4 dL which was similar as to our estimate (39.1 dL), whereas
the clearance was estimated as 1.17 dL/h, which was different compared to our estimate
(3.07 dL/h).[31] It is known that VWF protects FVIII from proteolysis[5], therefore we
expected a lower clearance in the novel population. In this study all 29 patients received
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pdVWEF/FVIIl whereas in Bukkems et al. only 3 received pdVWF/FVIIl. Hence the influence
of pdVWF/FVIII could be underestimated in the population pharmacokinetic of Bukkems
et al. Moreover, the interindividual-variability on the clearance was 41.2% in Bukkems
et al. In the previous population pharmacokinetic model, a significant effect between
a very low-titer inhibitor and clearance and volume of distribution was found. Patients
with a very low-titer inhibitor have 149% increase in the clearance. In the current study,
only a significant effect between a positive NBA and clearance was found.

The predictive performance of the previously developed pharmacodynamic models was
also evaluated with the current dataset. Predictive performance was adequate when us-
ing the normalized thrombin potential models, but overprediction was observed when
using the normalized thrombin peak height and plasmin peak height model. However,
there was no bias in the predictions of the normalized thrombin peak height (MPE <20%),
but the MAPE was slightly >30% which shows inaccurate predictions. A reason for the
overprediction in plasmin peak height model could be that the estimated baseline was
different in our dataset (81.2% of NPP) compared to Bukkems et al. (125% of NPP). This
difference is probably caused by an assay artefact in plasmin peak height determina-
tion. Re-estimations of the pharmacodynamic parameters for normalized thrombin
peak height and normalized thrombin potential models displayed similar parameter
estimation, further enhancing the adequate predictive performance of the previously
developed models. In the normalized thrombin potential we estimated an EC50 of 1.93
IU/dL, whereas Bukkems et al. estimated an EC50 of 13.9 IU/dL. In both models, a low
level of FVIII was already sufficient to produce a higher normalized thrombin potential.
As a result, the normalized thrombin potential displays a sustained effect after 24 hours
(Figure 4C). Moreover, the pharmacodynamic models have a high IV and residual error.
Even after improving the models, there is still considerable inter-patient and residual
variability. In this study, we did not opt to use Bayesian approaches because we wanted
to investigate the predictive performance of the previous models and re-estimate
parameters if no adequate predictions were made. However, Bayesian approaches can
be a valuable tool for improving predictive performance by individualizing models and
incorporating prior knowledge.

This study has a number of limitations. First, patients were included in Iran and samples
were handled, frozen and afterwards collectively shipped to Nijmegen, the Netherlands
ondry ice. It is unknown whether this could have influenced the quality of the samples
and if results are impacted by this. For example, the 3 hour sample showed lower than
expected results in some patients, possibly due to pre-analytical disturbances.To prevent
further deterioration by repeated thaw-freeze cycles, all samples were defrosted only
once to measure FVIIl activity levels, inhibitor titers and NHA at one occasion. However,
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lack of standardization or pre-analytical and analytical procedures is still a major. Second,
samples for the pharmacokinetic-pharmacodynamic study were only collected for the
first 24 hours. Therefore, we were unable to identify the course of thrombin generation
after 24 hours, which would be highly interesting, as FVIIl activity levels had not reached
the baseline level corresponding to the grade of hemophilia severity while thrombin
potential was still increased. To overcome this difficulty with the model development,
the pre-bolus sample was also used as if it was determined after 72 hours, which was
equal to the washout period. Thirdly, numerous studies have previously shown a clear
association between thrombin generation and bleeding phenotype as determined with
the annual bleeding rate (ABR). Here, the ABR was not systematically determined when
patients were included and it was not possible to determine the ABR retrospectively.
Because this is associated with reporting and recall bias, we were not able to include
an analysis between ABR and as such the bleeding phenotype and pharmacokinetic-
pharmacodynamic parameters. Lastly, VWF was only measured before pdVWF/FVIII
concentrate administration. It is known that VWF acts as a protector and chaperone of
FVIIL. In the previously developed population pharmacokinetic -model, VWF had an ef-
fect on the clearance of FVIII. Unfortunately, the effect of VWF could not be tested in the
external dataset because samples after administration did not include measurements of
VWF due to insufficient sample volumes.

Despite the development of non-factor replacement therapies for HA (like emicizumab),
FVIIl concentrate will remain an important part of the treatment. FVIIl concentrates are
still used for bleeding episodes and during the peri-operative period during prophylactic
therapy with non-factor concentrates. Therefore, it remains important to measure and
improve dosing of FVIII concentrates. Furthermore, expensive non-factor concentrates
will remain out of reach for large parts of the world while the decreasing price of FVIII
concentrates enforces them to remain an important corner stone in the treatment of
HA. This study adds to the knowledge of optimal dosing FVIIl concentrates on the basis
of pharmacokinetic-pharmacodynamic measurements which can become available
to larger parts of the world due to point of care measurement techniques and digital
powered devices.
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CONCLUSION

The previously developed population pharmacodynamic models of normalized throm-
bin peak height and normalized thrombin potential were able to adequately predict the
observations in our external dataset. These thrombin generation models can be used
to guide the application of pharmacokinetic-pharmacodynamic guided dosing of FVIII
concentrates in patients with hemophilia A. A prospective study in which this thrombin
generation pharmacodynamic based dosing model is used and combined with bleed-
ing phenotype data to individualize prophylactic therapy with FVIII concentrate will
answer the question whether the current prophylactic HA management can be further
individualized and improved.
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SUPPLEMENT

Detailed execution of the Nijmegen Hemostasis Assay

The NHA was performed by mixing 80 uL of patient plasma with 2 uL crude cephalin
(Roche), 2 L tissue factor (Innovin®, Healthcare Diagnostics, final concentration cor-
responding to approximately 0.3 pM), 4 uL fluorescent thrombin-specific substrate
Bz-B-Ala-Gly-Arg-7-amino-4-methylcoumarin (final concentration 833 umol/L) and 2
pL fluorescent plasmin-specific substrate (Cbz-L-phenylalanyl-L-arginyl)-rhodamine-
morpholino urea (final concentration 33 pmol/L). Substrates (Symeres) were dissolved
in Tris Buffered Saline (TBS, 50 mmol/L Tris, 150 mmol/L NaCl, buffer pH 7.4). The reac-
tion was started with 18 pL TBS buffer containing tissue plasminogen activator (tPA;
Actilyse®, Boehringer Ingelheim, with a final concentration of 193 IU/mL) and 4 pL CaCl,
(Merck, final concentration 16.7 mmol/L), which resulted in a total volume of 120 pL.
Prewarmed black polystyrene Fluotrac microtiter plates (Greiner Bio-One) were used
and fluorescence was measured alternately every 30 seconds for 70 minutes in a 37°C
thermo-stated fluorometer (Fluostar Optima Fluorometer, BMG Labtechnologies). The
thrombin-specific substrate was excited at 355 nm and measured at an emission wave-
length of 460 nm.The plasmin-specific substrate was excited at 485 nm and measured at
an emission wavelength of 520 nm. A calibration curve prepared with known amounts
of human a-thrombin and human plasmin was used to calculate thrombin and plasmin
proteolytic activities, respectively. The calibration curve demonstrated linear substrate
cleavage throughout the reaction. The first derivative of the calibration curve was used
to convert the fluorescence tracing to thrombin and plasmin concentrations. This first
derivative was calculated from the fluorescent cumulative signal and all parameters of
the NHA were determined by a Microsoft Excel macro program in Microsoft Visual Basic
(version 11.1.1 (Microsoft Corporation)), as described before.[1] The obtained param-
eters are shown in supplementary figure 1.

Control measurements were obtained with normal pooled plasma (NPP) which consisted
of equal amount of platelet poor plasma, collected from 10 healthy donors, representing
males and females equally, in the age range 18-70 years. Females were not pregnant, nor
on oral contraceptives. The negative control measurements were obtained with plasma
deficient of FVIII (HRF Inc, NC, USA).

Additional details of the modelling process

A sequential PK-PD analysis method was performed. A population PK model was devel-
oped using NONMEM subroutines ADVAN3, TRANS4 with the FOCE method.
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A priori allometric scaling of bodyweight on clearance (CL), central volume of distribu-
tion (V1), intercompartmental clearance (Q) and peripheral volume of distribution (V2)
was included in the structural model (equation 1):
Bod eight ge-rp

gpop K = gpk X (%} M
In which, 6,, s« is the typical population value for a PK parameter dependent on body-
weight, 6, is the typical PK value for a patient with a body weight of 70 kg, and 8, is an
exponent fixed at 0.75 for CL and Q and 1 for V1 and V2.

The individual PK parameters were described by using equation 2.

8, =8 )

ni
i pop PK X exp

In which, 6;is the estimated individual PK parameter of the i" individual, Bpoprris the typi-
cal population value for a PK parameter, ni is the inter-individual variability from normal
distribution with a mean of zero and estimated variance of w? of the i" individual.

For the residual error model, an additive (equation 3), proportional (equation 4) and
combined error models (combination of equation 2 and 3) were tested, in which Yjis
the prediction of the concentration of individual i at time j f(8,nix; ) is the individual
concentration prediction at time j and ¢ is the residual error originating from a normal
distribution with a mean of zero and estimated variance of ¢°.

. 3
Yij =f(91n1rxij) +Eij' @
Y :f(elnirxij) X (1+ &) @
Continuous covariates were included by a power model, in which the covariate was cen-

tred around its median value and the exponent was estimated (equation 5). Categorical
covariates were modelled with the use of flag variables (1 and 0 for “true” and “false”;

equation 6).
6. = 6, x (L}g“" ®)
pop TPk CoVmedian
Flagl Flag2? Flag3
Opop = Bpre X (B 0 % 8, %9 x 6,9 ) ©6)

A stepwise forward inclusion and backward exclusion process was used to evaluate
covariates, in which a reduction in the objective function value (OFV) of 3.84 (p=0.05) or
more was considered significant during forward inclusion and a reduction in OFV of 6.64
(p=0.01) or more in the backward exclusion process.
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Pharmacodynamic model

The relationship between FVIII activity level and hemostatic effect defined by normal-
ized thrombin peak height, normalized thrombin potential and normalized plasmin
peak was described by a maximal effect (Emax; equation 7) or sigmoid Emax (equation

8) relation.

— Emax*C
Edrug ('Ecsn"' <) (7)
B _ EmagsC"

d n
rug  (Ecl+ €™ ®)

In which. Emax is the maximal effect, C the FVIII activity level, Slope the slope of the lin-
ear relation, ECsothe FVIIl activity level that is associated with 50% of the maximal effect
and n the hill factor that determines the steepness of the sigmoidal concentration-effect
curve.

Both an proportional (equation 9) and additive(equation 10) relation between the base-
line effect and drug effect were investigated.
E= Ebﬂss i (1 +or— Edru_g j

E= Ebnss + (1 + Edru_g:]

9)
(10)

Afterwards, IIV was estimated for the PD parameters to obtain individual PD parameters
by using equation 11.

8, = ngpPD X exp™

(1
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Supplementary figure 1: Standard curve and essential parameters of the Nijmegen Hemostasis Assay (NHA). The
following parameters are obtained with the NHA: 1. lag time: the time after initiation at which thrombin generation is initi-
ated; 2. time to thrombin peak: the time after initiation when thrombin production reaches maximal velocity; 3. thrombin
peak height; the maximal concentration of thrombin generation; 4. the area under the curve (AUC, also called thrombin
potential), the total amount of thrombin generated; 5. velocity of thrombin generation, the amount of thrombin formed in
the acceleration phase; 6. plasmin peak height: the maximal concentration of plasmin production; 7. fibrin lysis time (FLT):
the time between the initiation of thrombin generation and the time plasmin generation reaches maximal velocity, and: 8.
plasmin potential: area under the curve that represents the total amount of plasmin generated.
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Supplementary figure 2: Additional parameters measured with the Nijmegen Hemostasis Assay after a bolus of
factor VIl replacement therapy. (A) Lag time, (B) time to thrombin peak, (C) velocity of thrombin generation, (D) fibrin
lysis time, and (E) plasmin potential prior and after a standardized bolus of plasma derived von Willebrand factor / fac-
tor VIIl concentrate. Box represents median with interquartile range, whiskers indicate minimum and maximum, dots are
outliers. Dotted line represents mean of individual healthy control Nijmegen Hemostasis Assay measurements, gray area
+ 2 standard deviations.
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Supplementary figure 3: Absolute thrombin peak height, thrombin potential, velocity of thrombin generation and
plasmin peak height after a bolus of factor VIl replacement therapy. Reached factor VIiI activity level (left y-axis, in
black) and (A) thrombin peak height, (B) thrombin potential, (C) velocity of thrombin generation, and (D) plasmin peak
height, all on right y-axis in red, before and after a standardized bolus of plasma derived von Willebrand factor / factor VIIl
concentrate.
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100
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25 50 75
Population predicted FVIII
Supplementary figure 4: Predictive performance of novel population PK model vs Bukkems et al.[2]
Population predicted (PRED) vs observed concentrations The black solid line is the line of identity. The blue
and red solid line represents the linear regression line. Blue lines and dots represents predictions based on
the PK model of Bukkems et al. Red lines and dots represents predictions based on the novel PK model.
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Supplementary figure 5: Prediction-corrected visual predictive check of the novel population PK model. Dots rep-
resent observed FVIII levels; the solid black line represents the 50th percentile of observed data; the dashed black lines
represent the 5 and 95" percentiles of the population model. Shaded areas depict the model predicted 95% confidence

intervals of the simulated percentiles.
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Supplementary figure 6: Goodness-of-fit plots of novel population normalized thrombin peak height vs Bukkems
et al.[2] (A) Individual predicted (IPRED) vs observed concentrations, (B) Population predicted (PRED) vs observed con-
centrations, (C) Conditional weighted residuals (CWRES) vs PRED, (D) Time after dose vs CWRES. The black solid line is the
line of identity. The blue and red solid line represents the linear regression line. Blue lines and dots represents predictions
based on the PD model of Bukkems et al. Red lines and dots represents predictions based on the novel PD model.
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Supplementary figure 7: Goodness-of-fit plots of novel population normalized thrombin potential vs Bukkems et
al.[2] (A) Individual predicted (IPRED) vs observed concentrations, (B) Population predicted (PRED) vs observed concentra-
tions, (C) Conditional weighted residuals (CWRES) vs PRED, (D) Time after dose vs CWRES. The black solid line is the line of
identity. The blue and red solid line represents the linear regression line . Blue lines and dots represents predictions based
on the PD model of Bukkems et al. Red lines and dots represents predictions based on the novel PD model.
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Supplementary figure 8: Goodness-of-fit plots of novel population normalized plasmin peak height vs Bukkems et
al.[2] (A) Individual predicted (IPRED) vs observed concentrations, (B) Population predicted (PRED) vs observed concentra-
tions, (C) Conditional weighted residuals (CWRES) vs PRED, (D) Time after dose vs CWRES. The black solid line is the line of
identity. The blue and red solid line represents the linear regression line. Blue lines and dots represents predictions based
on the PD model of Bukkems et al. Red lines and dots represents predictions based on the novel PD model.
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Supplementary figure 9: Prediction-corrected visual predictive check of the novel plasmin peak height model. Dots
represent observed plasmin peak height levels; the solid black line represents the 50th percentile of observed data; the
dashed black lines represent the 5 and 95" percentiles of the population model. Shaded areas depict the model pre-

dicted 95% confidence intervals of the simulated percentiles.
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Supplementary figure 10: Prediction-corrected visual predictive check of the thrombin peak height model by Buk-
kems et al. Dots represent observed plasmin peak height levels; the solid black line represents the 50th percentile of
observed data; the dashed black lines represent the 5th and 95th percentiles of the population model. Shaded areas depict

the model predicted 95% confidence intervals of the simulated percentiles.
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Supplementary figure 11: Prediction-corrected visual predictive check of the thrombin potential model by Buk-
kems et al. Dots represent observed plasmin peak height levels; the solid black line represents the 50th percentile of
observed data; the dashed black lines represent the 5th and 95th percentiles of the population model. Shaded areas depict

the model predicted 95% confidence intervals of the simulated percentiles.
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Supplement figure 12: Patient with inhibitor from the external validation dataset displaying its pharmacokinetic
profile (A) and normalized thrombin potential response after factor VIl administration using the model by Buk-
kems et al (B). The green lines display the individual prediction, the blue lines display the population prediction, the
red dots display the observed data. CL; individual predicted clearance, Vss; individual predicted volume of distribution at
steady state., Emax; maximum effect of the normalized thrombin potential as a percentage of the normal pooled plasma,
EC50; the factor VIIl level that is associated with the half maximum effect.
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SUPPLEMENTARY TABLES

Supplementary table 1: Reference values of the Nijmegen Hemostasis Assay based on the results of healthy indi-
viduals (n=20).

Lag time (min) 4.0 (1.0)
Time to thrombin peak (min) 11.1(1.7)
Thrombin peak height (nM) 134 (32)
Thrombin potential (nM-min) 1580 (199)
Velocity of thrombin generation (nM/min) 20.0 (7.0)
Plasmin peak height (nM) 17.2 (8.5)
Fibrin lysis time (min) 19.5(2.7)
Plasmin potential (nM-min) 280 (86)
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Supplementary table 4: Precision and accuracy assessment of the published and re-estimated PK-PD models

Factor VIIl Bukkems et al. 60.9 61.3

Thrombin peak height Bukkems etal.  6.83 386

Thrombin potential Bukkems et al. 7.46 18.6

Plasmin peak height Bukkems et al. 58.9 58.9
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Chapter 4 | PBPK modelling of rFIXFc and rFIX in hemophilia B

ABSTRACT

Patients with severe and sometimes moderate hemophilia B are prophylactically treated
with factor IX concentrates to prevent bleeding. For some time now, various extended
terminal half-life (EHL) recombinant factor IX concentrates are available allowing less
frequent administration during prophylaxis in comparison to standard half-life recombi-
nant FIX (rFIX). Especially recombinant FIX-Fc fusion protein (rFIXFc; Alprolix®) exhibits a
rapid distribution phase, potentially due to binding to type IV collagen (Col4) in the ex-
travascular space. Studies suggest that the presence of extravascular rFIXFc is protective
against bleeding as without measurable FIX activity in plasma, no extra bleeding seems
to occur. The physiologically-based pharmacokinetic (PBPK) model for rFIXFc which we
describe in this study, is able to accurately predict the observed concentration-time
profiles of rFIXFc in plasma and is able to quantify the binding of rFIXFc to Col4 in the
extravascular space after an intravenous dose of 50 IU/kg rFIXFc in a male population.
Our model predicts that the total AUC of rFIXFc bound to Col4 in the extravascular space
is approximately 19 times higher compared to the AUC of rFIXFc in plasma. This suggests
that rFIXFc present in the extravascular compartment may play an important role in
achieving hemostasis after rFIXFc administration. Further studies on extravascular dis-
tribution of rFIXFc and the distribution profile of other EHL-FIX concentrates are needed
to evaluate the predictions of our PBPK model and to investigate its clinical relevance.
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INTRODUCTION

Hemophilia B patients are characterized by a deficiency of coagulation factor IX (FIX) re-
sulting in bleeding, typically in joints and muscles'. Patients with severe and sometimes
moderate hemophilia B receive FIX prophylaxis to prevent bleeding by maintaining a
plasma FIX trough level of at least >1 1U/dL?. For some time now, biochemically modified
FIX concentrates with extended terminal half-lives (EHL-FIX concentrates) are available
for prophylaxis *. One of these concentrates consists of recombinant FIX coupled to
the human IgG1 Fc domain (rFIXFc; Alprolix). Compared to standard terminal half-life
recombinant FIX concentrate (rFIX; Benefix), rFIXFc has been shown to have a four to five
times longer terminal half-life?, resulting in less frequent dosing to maintain target FIX
trough concentrations, thereby improving patient burden of administration frequency
and quality of life.

Especially rFIXFc has been demonstrated to exhibit a rapid distribution phase, which
is possibly due to binding to the neonatal Fc-receptor (FcRn) and to type IV collagen
(Col4) in the extravascular space (Figure 1). Col4 is a major component of the basement
membrane, which is a differentiated extravascular space that provides support and
structural integrity to various tissues and organs, including blood vessels®. Endothelial
cells line the inner surface of blood vessels and form a continuous layer known as the en-
dothelium.The basement membrane, which lies beneath the endothelium, is composed

? Extravascular space @9 m ‘9

o o

re

Extravascular space @ '\.
( Factor IX l Type IV collagen

Figure 1. Schematic representation of a blood vessel showing the distribution of Factor IX (FIX) in plasma and the
extravascular space. FIX circulates in plasma. In the extravascular space, FIX binds to Type 4 collagen in the extracellular
matrix.

&
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of various components, including Col4°. The extravascular concentration pool of both
rFIX and rFIXFc is approximately 17-20 times greater compared to plasma according to
studies®’ Studies suggest that the presence of extravascular rFIXFc is protective against
bleeding as without measurable FIX activity in plasma, no extra bleeding seems to oc-
cur’. Despite these findings, current empirical population pharmacokinetic (PK) models
for FIX only describe FIX concentrations over time in plasma, as FIX concentrations
are typically measured in the blood and not in the extravascular space’. Therefore, a
better understanding of the distribution and PK of rFIXFc in the extravascular space is
important for optimization of the treatment of hemophilia B patients with this and other
EHL-concentrates.

Physiologically-based pharmacokinetic (PBPK) modelling is a powerful tool that allows
for the prediction of drug distribution and PK in various tissues, including the extra-
vascular space®. Unlike empirical population PK models, PBPK models are based on
mechanistic understanding of drug absorption, distribution, metabolism, and elimina-
tion in the body, and can take into account physiological factors and physicochemical
characteristics of the drug. Therefore, PBPK modelling offers a potential solution to the
current limitations of FIX PK modelling, allowing for the prediction of rFIXFc distribution
and PKin both plasma and extravascular space.

In this study, we aim to develop a PBPK model for rFIXFc using the PK-Sim platform.
Our goal is to predict the PK of rFIXFc in plasma and investigate the distribution and
binding of rFIXFc to Col4 in the extravascular space of various tissues. By exploring the
distribution and PK of rFIXFc in the extravascular space, we will gain new insights into
the potential impact of these factors on the hemostatic characteristics of the drug. Ad-
ditionally, we aim to assess the applicability of the developed PBPK model for other
FIX concentrates such as rFIX . With this study, we hope to begin to acquire a better
understanding of the most optimal use of EHL-FIX concentrates in people living with
hemophilia B.

METHODS

Software

The whole-body scale PBPK modelling of rFIXFc and rFIX was performed using PK-Sim
(version 11 — build 150, Open Systems Pharmacology)’. Plasma concentration-time
curve data for rFIX were obtained from literature using GetData Graph Digitizer (Version
2.26.0.20). Data analysis and graphics were performed with the R (Version 4.1.1) and R
Studio (version 1.4.1717).
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PBPK model development of rFIXFc

The base model for large molecule drugs in the software package has been described
previously®. Fifteen organs were included in the model structure to represent a virtual
human. Each tissue compartment is subdivided into a plasma compartment, vascular
endothelium compartment, an endosomal compartment, an interstitial fluid or extra-
vascular compartment, and an intracellular space compartment (figure 2). In the endo-
somal compartment, a generic mechanistic model for FcRn-drug binding and complex
recycling was included. The transit of drugs around the body and between organs is
mediated via plasma flow into tissues and then returned via plasma flow except for the
portion undergoing lymphatic drainage into a lymph node compartment, which then
returns back to plasma. More details about the PBPK model and mass transfer process
can be found in the supplementary.

For development of the PBPK model for rFIXFc, physicochemical properties and clinical

observations of rFIXFc were collected from published literature and the European public
assessment report (EPAR).
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Figure 2. Schematic overview of the physiologically-based pharmacokinetic model. Each of the organ compartments
consist of a vascular space (red or blue), containing blood serum and blood cells, an endothelial barrier (white, interrupted
by small and large pores), interstitial/extravascular space (yellow), which contains the type 4 collagen (Col4). Factor IX (FIX)
is able to bind reversibly to the Col4 in the extravascular space and FIX has binding partner in the vascular endothelium
(VEBP). In the endosomal space (green) the reversible binding of rFIXFc to the neonatal Fc receptor (FcRn) is included.
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Using the PK-Sim software, we developed a PBPK model for rFIXFc in a virtual Caucasian
male patient of 30 years with a height of 176 cm and body weight of 73 kg receiving
an intravenous (IV) dose of 50 1U/kg rFIXFc (approximately 0.6 mg/kg)'. According to
the EPAR specification, 1 mg of rFIXFc contains 55-84 IU rFIXFc activity. In our model,
we used 11U of rFIXFc activity corresponding with 12 g of protein. Concentrations of
rFIXFc activity are expressed in nanomolar (nM); molecular weight of rFIXFc is 98 kDa,
Therefore, in our model we used 1 IU/mL of rFIXFc is equal to 122 nM. However, FIX has
a normal activity of 90 nM"", therefore we opted for the conversion of 1 IU/mL of rFIXFc
is equal to 122 nM, as this was the closest to the FIX activity of 90 nM.

To account for the rapid distribution phase of rFIXFc, we incorporated binding to Col4
in the extravascular space. The tissue expression distribution of Col4 (relative expression
amount) in the model was informed by the PK-Sim® expression database based on array
profiles'”. It has been reported that FIX may also bind to the vascular endothelium'.
Therefore, we also included a binding site for rFIXFc in the vascular space as a vascular
endothelium binding partner (VEBP) to replicate the mechanics of binding to vascular
endothelium. A generic enzyme was added to the model to simulate the degradation
of rFIXFc in plasma. The reaction was implemented as first-order reaction described
by the catalytic rate constant Kcat. Moreover, we incorporated the FcRn pathway into
our model to account for the recycling of rFIXFc through these receptors. The model
parameters related to the binding of rFIXFc to Col4 and VEBP, available Col4 and VEBP in
tissues, enzymatic degradation, and recycling through FcRn receptors were calibrated
using observed clinical data of rFIXFc in plasma. Functionalities provided in PK-Sim for
model parameter estimation (Monte-Carlo optimization method) and local sensitivity
analysis were applied. A detailed description of the sensitivity analysis is provided in the
supplement.

Model verification

To verify the accuracy of our PBPK model, we compared the simulated rFIXFc PK profiles
with the observed clinical data from the EPAR'. A virtual male population was gener-
ated, consisting of 1000 subjects ranging in age from 12 to 60 years. Each individual
in the population was characterized by their height, weight and BMI. The population
predictions were plotted as the median with a 95% prediction interval. If the observed
concentrations and its standard deviation fall within the 95% prediction interval in the
majority of calculations, it indicates that the model provides a reasonable estimate of
the observed data variability.

98



Applicability of developed PBPK model for rFIX

To assess the applicability of the developed PBPK model for other FIX concentrates such
as rFIX, we predict plasma rFIX concentrations after IV administration of rFIX. In the
rFIXFc model the FcRn pathway was disabled and the molecular weight was adjusted
to 55 kDa for rFIX'. Here, we aim to understand the impact of FcRn-mediated recycling
to the PK of rFIXFc. If the model accurately predicts the PK of rFIX when disabling FcRn
recycling, then it indicates that other parameters and mechanisms incorporated in the
model (aside from FcRn recycling) are sufficient to predict the PK of rFIXFc.

The predicted rFIX plasma concentrations were then compared by using observed clini-

cal data provided by Suzuki et al™

where patients received a median dose of 55 IU/kg
of rFIX (approximately 0.25 mg/kg, since 1 mg of rFIX contains at least 200 IU/dL rFIX
activity)'®. The model performance was assessed in which the observed clinical data had

to be within a two-fold error of the PBPK model prediction.

Prediction of extravascular rFIXFc concentration in major tissues

To further understand the PK behavioral characteristics of rFIXFc in the extravascular tis-
sues, we simulated the extravascular rFIXFc binding to Col4 over time of 50 1U/kg rFIXFc
in major organs in a Caucasian male patient of 30 years with a height of 176cm and body
weight of 73kg. The extravascular tissues concentrations of major organs in the human
body were simulated, including bone, brain, gonads, heart, intestinal mucosa, (small
and large) intestines, kidney, liver, lung, muscle, pancreas, skin, spleen and stomach.

RESULTS

PBPK modelling and model evaluation

A PBPK model was developed for rFIXFc using the base model for large molecules in
PK-Sim with modifications to feature the binding of rFIXFc to Col4. Supplement figure 1
displays a schematic overview of the model development. The model was optimized by
fitting the model to the reference plasma concentration-time profiles through estima-
tion of drug specific parameters relevant for the elimination and distribution.

Parameter sensitivity analysis

A sensitivity analysis was performed to evaluate model parameters that influence the PK
of rFIXFcin plasma. In summary, total body clearance was most sensitive to Kcatand to a
lesser degree the binding to FcRn, while the hydrodynamic radius was the most influen-
tial on the volume of distribution. Albeit important for the overall model performance,
the binding to Col4 and VEBP was identified to have less influence on the plasma PK of
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rFIXFc. Further information and details on the sensitivity analysis method and results are
displayed in the supplement and supplement figure 2.

Simulations of rFIXFc and rFIX in plasma

Observations and simulated rFIXFc plasma concentration-time profiles using the final
model are shown in Figure 3. We simulated 1000 virtual males with ages ranging from
12 to 60 years that matched the population of the observed clinical trial'. In Figure
3A the observed rFIXFc and predicted rFIXFc concentrations in plasma over time after
single bolus dose of 50 1U/kg (0.6 mg/kg) in a virtual male population are displayed.
After refining the model, the observed rFIXFc concentrations were adequately predicted
by the model.
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0.1
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Figure 3: Population predicted of rFIXFc and rFIX concentrations in plasma over time. A) Observed rFIXFc and pre-
dicted rFIXFc concentrations in plasma over time in a virtual male population of 12-60 years old after single bolus dose
of 50 1U/kg (0.6 mg/kg). Observations were obtained from the EPAR'® B) Observed rFIX and predicted rFIX concentrations
in plasma over time in a virtual male population 12-60 years old on after single bolus dose of 50 1U/kg (0.25 mg/kg).
Observations were obtained from Suzuki et al.”V Black solid line: population predictions, red circles: median observed
rFIXFc concentrations and standard deviation, green circles: median observed rFIX concentrations, grey shaded area: 95%
prediction interval.

Table 1 summarizes the model parameters that were used and estimated in the final
PBPK model. The observed rFIXFc concentrations and most of its standard deviations are
within the 95% prediction interval. This shows that the PBPK model is able to the predict
rFIXFc concentrations in a male population between 12 and 60 years old. For rFIXFca CL
of 2.49 mL/h/kg and a Vss of 370 mL/kg was obtained. The calculated terminal half-life
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Table 1. Parameters of the final PBPK model

rFIXFc

Molecular weight 98 kDa Drugbank

Hydrodynamic radius 3.6 nm Estimated

Kprein 1.42 nM Estimated

Ko™ 5.26 UM Estimated

Ko 0.04 pm Estimated

rFIX'

Molecular weight 55 kDa Drugbank

Hydrodynamic radius 34nm Estimated with inbuild calculator

Binding partners (concentration)

Collagen IV extravascular 3.83 uM Estimated
Endothelium vascular 20.0 uM Estimated
Enzyme

Enzymatic activity (Kcat) 0.061 1/day Estimated

Ko™ : Dissociation constant for FcRn binding in endosomal space; K,": Dissociation constant for binding in extravascular
space, Ky,"**": Dissociation constant for vascular endothelium binding partner (VEBP) The Ky for rFIX was set to 9999 M,
indicating no binding to the FcRn receptor. Values for K,“* and K,"** were the same as for rFIXFc. rFIXFc = Alprolix®

was 142h. The binding of rFIXFc to the FcRn receptor played a crucial role in accurately
characterizing the concentration profiles of rFIXFc in plasma, as the Kd to Fc-Rn receptor
was estimated as 1.42 nM.

To assess the applicability of the developed PBPK model for rFIX, we disabled the FcRn
recycling mechanism and used the molecular weight to rFIX (55 kDa), in all other respect
the same parameterization was applied. In Figure 3B, the median observed rFIX and
predicted rFIX concentrations in plasma over time in a virtual male population of 12-60
years is displayed. Most median observed rFIX concentrations are within the 95% predic-
tion interval, although the median observed rFIX concentrations at t=48 and 72h are
somewhat lower compared to the model prediction. For rFIX we obtained a CL of 7.51
mL/h/kg and a Vss of 339 mL/kg, while the terminal half-life was 44h.

PBPK model predictions of rFIXFc concentrations in tissues of
extravascular Space

The rFIXFc PBPK model quantified the binding of rFIXFc to Col4 in the extravascular
space. Figure 4 displays the extravascular rFIXFc concentrations in tissues and Table
2 displayed the PK parameters in plasma and tissues. The results showed that area
under the curve (AUQ) of rFIXFc to Col4 in the extravascular space was approximately
19 times higher compared to the plasma concentration. The highest concentrations
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Figure 4: Predicted rFIXFc concentration over time in plasma and extravascular tissues after an intra-
venous bolus of 50 1U/kg rFIXFc. Black solid line: predicted population median curve.

of extravascular rFIXFc bound to Col4 were found in the spleen and lungs. The peak
rFIXFc concentrations and AUC in the extravascular spleen and lungs were 154 and 26.2
nmol, and 10.1 and 7.9 mmol*h/L, respectively. The peak rFIXFc concentrations in the
extravascular lungs were lower compared in the extravascular spleen. It is important to
note that the concentration of rFIXFc in the extravascular space of the lungs decreased
very slowly over time, resulting in a high AUC. Moreover, the extravascular rFIXFc peakin
the spleen is higher (154 nmol) compared to the plasma rFIXFc peak (61 nmol).
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Table 2. Plasma and tissue exposure after 50 1U/kg rFIXFc

rFIXFcintravascular
Plasma 2455 60.9 0.05

rFIXFc extravascular

Bone 431.5 1.557 76.5
Brain 3601 7.430 94.00
Gonads 2715 20.46 20.50
Heart 3996 27.28 26.50
Intestinal mucosa 17549 27.28 8.00
Intestines 3996 210.6 5.75
Kidney 4952 57.55 9.50
Liver 1402 21.84 2.25
Lungs 7933 26.22 79.50
Muscles 1421 3.921 81.25
Pancreas 1785 22.05 6.75
Skin 1340 6.247 47.50
Spleen 10131 154.4 2.25
Stomach 998.2 9.320 14.75
Total rFIXFc in extravascular tissues 49052 = =

AUC: area under the concentration versus time curve, Cmax: maximum concentration, Tmax: time to reach maximum con-
centration; rFIXFc = Alprolix®

DISCUSSION

PBPK modelling is a valuable tool for assessing drug distribution in various tissues and
organs. It can be applied to predict drug distribution in previously unexplored scenarios,
such as binding in extravascular spaces of tissues, with the aim of enhancing our un-
derstanding of potential associations between extravascular concentrations and drug
effects. In this study, we developed a PBPK model for rFIXFc. Our model was able to
predict the PK of rFIXFc in plasma. We also quantified the binding of rFIXFc to Col4 in the
extravascular space of various tissues. Moreover, the rFIXFc model was able to predict
the plasma concentration-time profile of rFIX.

Previous studies have acknowledged the potential importance of extravascular rFIXFc
for hemostasis and protection form bleeding """'®. However, to our knowledge, no stud-
ies have quantified the concentration of rFIXFc in the extravascular space of tissues in
a human population. Our study provides novel insights in this area by predicting that
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the AUC of rFIXFc in the extravascular space of tissues is approximately 19 times higher
than in plasma, suggesting that extravascular rFIXFc plays a significant role in the local
control of bleeding. Our study also revealed the highest AUC of extravascular rFIXFc
to be present in the spleen, lungs, intestinal mucosa, and kidney. These higher tissue
concentrations of rFIXFc suggests that they may be particularly responsive to treatment
with rFIXFc, and that the drug may have a more pronounced effect on hemostasis in
these tissues compared to other organs with lower concentrations of extravascular
rFIXFc.

Previous studies investigated the distribution of rFIX and rFIXFc concentrations in
animals. Van der Flier et al. observed that both rFIX and rFIXFc distributes outside the
plasma compartment in certain tissues at higher plasma levels, indicating that rFIX and
rFIXFc act similar'®.They found highly perfused tissues such as the heart, liver and lungs
signaled a high extravascular level of rFIXFc. While Herrmann et al. found that the high-
est homogenate plasma FIX level was in the liver, kidney, and lungs in rodents, with a
high homogenate plasma FIX level also observed in the lungs after 72h*. Our study
similarly describes a high level of rFIXFc in the extravascular space of the lungs, not
only supporting the potential importance of extravascular rFIXFc for local hemostatic
control but also verifying the accuracy and applicability of our PBPK model. However,
our PBPK model also predicted the highest extravascular rFIXFc concentration in the
spleen. Contrastingly, Herzog et al. found the highest distribution of rFIX to be in the
liver, while the distribution to the spleen was much lower compared to the liver.”

In our PBPK model for rFIXFc, the distribution to the extravascular space in the liver was
much lower compared to the distribution to other organs. The expression distribution
of Col4 (relative expression amount) was provided by the PK-Sim® expression database
based on array profiles.

The relative expression of Col4 was widely distributed in most organs of humans, with
highest expression occurs in the spleen, followed by the lungs, which is reflected by the
predictions made by the PBPK model. However, clinical measurements were only ob-
tained from human plasma and not from human extravascular space. Van der Flier et al.
used single-photon emission computed tomography/computed tomography (SPECT/
CT) technique to investigate the bio distribution of rFIXFc in mice. These SPECT/CT im-
ages show the distribution of rFIXFc in various organs. However, we cannot quantify
these SPECT/CT images to molar concentrations'®, Our PBPK model therefore seems to
be the only tool now available to estimate the binding of rFIXFc to Col4. Further studies
may be needed to investigate the impact of tissue-specific PK on the efficacy and safety
of rFIXFc. At low rFIXFc plasma concentrations, extravascular rFIXFc may be particularly
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important for achieving hemostasis, since it may provide a local source of the drug that
can rapidly be available at the site of injury.

The simulated terminal half-life for rFIXFc and rFIX in plasma was calculated as re-
spectively 142 h and 44 h. Our PBPK model considered the binding of rFIXFc to FcRn
receptors, which enabled us to capture the prolonged half-life effect. This modelling
approach allowed us to simulate the PK behavior of rFIXFc and rFIX in a dynamic and
mechanistic manner, taking into account relevant physiological processes and receptor
interactions®. When comparing our findings with the study by Diao et al., Koopman et
al. and Bjérkman et al., half-lives of respectively 82, 88 h for rFIXFc and 22 h for rFIX**™**
were reported, which are notably lower than our calculations. Tardy et al. observed a
median half-life of 50h for rFIX in a group of patients aged 13-75 years. This half-life
closely aligns with our own findings of 44h. Notably, their study extended the sampling
period beyond 72 h, while Bjorkman et al. restricted sampling to a maximum of 72 h.
This divergence in sampling duration may account for the disparity in reported half-
life values. Moreover, in our study PK-Sim calculated the half-life based on the terminal
10% of the data points, which might also have contributed to the observed discrepancy
compared to other reported half-lives.”. While the previous mentioned studies deter-
mined the half-life based on the elimination rate, which provides a different perspective
on the PK of rFIXFc and rFIX. As our model accurately describes the dynamics of the
terminal phase of the plasma profile it is obvious that this discrepancy between the
simulated and observed half-lives is caused by the different approaches for calculation.
Furthermore, it is important to consider the complexity of the PK profile of rFIXFc and
the potential limitations of the population PK models used in previous studies”?"*%,
Many existing population PK models for rFIXFc are based on two- or three-compartment
models, which assume distinct phases in the drug concentration-time profile. However,
our findings suggest that a three-compartment model may not adequately capture the
complete PK behavior of rFIXFc. As it was necessarily to include an extra binding partner
site for rFIXFc to adequately describe the rFIXFc plasma levels. Our PBPK modelling ap-
proach allowed us to simulate the PK behavior of rFIXFc and rFIX in a more mechanistic
manner. By considering relevant physiological processes and receptor interactions, our
model successfully captured the prolonged half-life effect of rFIXFc through its binding
to FcRn receptors.

In our PBPK model, we estimated the (Kd of rFIXFc to Col4 as 5.3 uM in the extravascular
compartment, while the available Col4 concentration in the extravascular compartment
was estimated as 3.8 uM. It is important to consider other studies that have investigated
the binding affinity of rFIXFc to Col4. One study focused on mice and reported a Kd of
40 nM for rFIXFc, with an available Col4 concentration of 574 nM’. We obtained differ-
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ent values regarding the Kd for rFIXFc and the available Col4 concentration, although
a direct comparison of mice data to human data is challenging due to species differ-
ences. However, an extra binding site of rFIXFc was necessarily to implement in order
to describe the rFIXFc over time in plasma adequately. Machado et al. concluded that
there might be other binding partners besides Col4 for rFIXFc®. In our PBPK model, we
included a binding partner in the vascular endothelium site (concentration 13.6 uM) and
a Kd of 0.03 uM, which suggested a strong binding of rFIXFc to this binding partner in
the vascular endothelium.

Although the developed model shows overall good performance, there are several
limitations. Firstly, the model adopts a tissue expression pattern of Col4 binding sites to
the extravascular space according to the array profile included in the PK-Sim database,
while the actual distribution of Col4 may be slightly different from what is predicted by
the array profiles. Secondly, our study did not include a direct comparison of our model
predictions with experimental data from the extravascular space of tissues, since only
plasma observations were available. Therefore, further validation of our predictions in
these tissues is needed. Finally, the binding affinity of rFIXFc to Col4 and the available
concentration of Col4 in the tissues was estimated in our PBPK model based on plasma
rFIXFc observations. It was notable that the Kd constant for rFIXFc to Col4 was found to
be higher compared to the available Col4 in the tissues. Nonetheless, we observed high
concentrations of rFIXFc in the extravascular tissues based on parameter estimations.
We refined the PBPK model by fitting it to observed data, enabling us to estimate the
Kd constant and the available concentration of Col4. It is important to note that the
estimation of binding parameters in PBPK models involves simplifications and assump-
tions. Furthermore, conducting a sensitivity analysis to investigate the parameters that
significantly impact predictions is a crucial step in validating a PBPK model. A model is
considered reliable if small variations in parameter values result in prediction changes
for a dose metric that are within the expected range of its experimental measurement
variability®®. The PBPK model here was shown to be sensitive to parameter changes.
The hydronymic radius significantly influences the rate of extravasation, affecting the

FR showed

distribution of the drug between the plasma and extravascular spaces.. Ky
a medium sensitivity on the clearance. The Ky has an inverse effect on the clearance
as this processes protects the entities from the generic implementation of endo-
somal clearance®. Not including this binding would result in higher clearance. K,"** and
Ko showed respectively, medium and low sensitivity. The binding to Col4 and VEBP
facilitates a localized distribution in the respective biophases, impacting not only the
extravascular but also the intravascular dynamics of the drug. Despite low sensitivity
for overall plasma PK, binding processes were necessary to capture the full dynamics in

the plasma concentration-time profile. This is also in line with literature highlighting the
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importance of the binding of rFIXFc to Col4**'*, Overall, in addition to the biological
rationale, these processes improve model performance in terms of capturing plasma
concentration dynamics. PBPK models aim to capture the overall behavior of drugs
within the body, considering multiple physiological factors and interactions. However,
the accuracy and reliability of specific parameter estimates, such as binding affinity, can
be influenced by the availability and quality of data, as well as the model assumptions.

In conclusion, our study demonstrates the utility of PBPK modelling for predicting the PK
of rFIXFc in plasma and for quantifying the binding of rFIXFc to Col4 in the extravascular
space of various tissues. Furthermore, our study highlights the potential importance of
extravascular rFIXFc for achieving hemostasis and optimizing treatment in people living
with hemophilia B. Future studies should focus on further characterizing the distribu-
tion and PK of rFIXFc in the extravascular space of tissues, as well as the potential impact
of these factors on the hemostatic effects of the drug. In addition, future studies should
investigate other EHL FIX concentrates and their potential binding to Col4.
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Supplement figure 1. Schematic overview of model development Col4: type 4 collagen, rFIX: recombi-
nant factor IX, rFIXFc: Alprolix®, VEBP: vascular endothelium binding partner.

Mass transfer flow in physiologically-based pharmacokinetic modelling
Physiologically-based pharmacokinetic (PBPK) modelling is a mechanistic approach
to describe how a substance behaves in the body by considering substance-specific
properties and the underlying mammalian physiology. This approach relies on the of
biological information for model development.

The fundamental concept involves dividing the body into physiologically relevant
compartments, primarily vital organs. Each compartment has a mass balance equation,
describing the substance’s fate within it. PK-Sim® facilitates this by providing a physi-
ological framework model, dividing the mammalian body into 15 organs, along with
arterial and venous blood pools connecting these organs through blood flow. Within
organs, further subdivisions occur to describe the vascular space in terms of plasma
and (red) blood cells, as well as the vascular space divided into interstitial and cellular
spaces'. This detailed compartmental model serves as the structural foundation for
understanding substance behavior.

To simulate the entire body, a system of interdependent differential equations combines
all mass balance equations. In this system, all organs are connected in parallel between
arterial and venous blood pools, enabling blood to flow from arteries to veins. However,
in the lungs, a closed circulation occurs due to blood flow in the opposite direction.

For the simulation of the whole body, all mass balance equations are combined in a sys-
tem of interdependent differential equations. In the simplest version of this system, all
organs are connected in parallel between the arterial and venous blood pools such that
blood flows from arteries to veins, except in the lung where the circulation is closed by a
blood flow in the opposite direction. The basic passive processes, which determine the
behavior of a substance in an organ, are mass transport via the blood flow, permeation
from vascular space into organ tissue and partitioning between blood plasma and organ
tissue.
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For details on the generic large molecule PBPK model implementation in PK-Sim we
refer to Niederalt et al. 2018". In brief, equations for the mass transfer of the rFIXFc from
plasma (equation 1) and interstitial space (equation 2) to the endosomal space are
displayed below, in which F,..is the fraction of endosomal uptake from plasma, k,
is the endosomal uptake rate constant, Venq is the endosomal volume, C*™ma is the
concentration of rFIXFc in plasma, and C™ o avascular i the concentration of rFIXFc in
interstitial (extravascular) space.

. i _ comp
Equation 1) = Fup X Kyp X Vepg X Cpipoma

. i _ comp
Equatlon 2) o (1_1?“;,) X Kup X Vsnd X Cs.rtruvuscuim"

The recycling of the FcRn complex from the endosomal space going back to plasma
(equation 3) and interstitial space (equation 4) is described below, in which n,comp-rcrn i
the amount of rFIXFc with FCRn compleX, Frecend-splasma is the fraction of recycling of the
FcRn complex from the endosomal space to plasma, K. is the recycling rate constant,
and Ceomp-rern, end IS the concentration of the rFIXFc in the endosomal space.

dnn‘nmp—FcRn
Equatlon 3) dr = Frsc,snd—}piusmu x Krs'c X Vsnd X Ccomp—FcRn,snd

) dcnmp—FcRn
Equatlon 4) = (1_ Frsc,sud—)piﬂsmﬂ] X Krs'c X Vsnd X Ccomp—FcRn,snd

dt
The FcRn binding reaction for rFIXFc in plasma, interstitial (extravascular), or endosomal
space is displayed in equation 5, in which K, is the association rate constant for FcRn
binding, Ceomp is the concentration of the rFIXFc in different organs, Ce, is the con-
centration of FcRn, K; is the dissociation constant for FcRn binding and Ceomp-rern is the
concentration of the FcRn complex with rFIXFc

gromp —FeRn

Equation 5) - ar Koo X Ccomp X Cpopn — Kg X Kgpp X Cc’nmp—Fc’Ru

Sensitivity Analysis

A sensitivity analysis was performed on the developed model to investigate how param-
eter adjustments (conducted as a local sensitivity analysis) affect the predicted values
for half-life, total body clearance, and volume of distribution (plasma) following intra-
venous administration of a single 50 IU/kg dose of rFIXFc. In accordance with equation
6, we calculated the relative change in pharmacokinetic (PK) parameters in response to
variations in model input parameters. This analysis included all optimized parameters
and parameters that could significantly impact the results due to the modelling tech-
niques employed. We applied a relative perturbation of 10% for this analysis.
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A PK parameter % P

£ =

Equation 6) Ap PK parameter

Sis the sensitivity of the PK parameter to the examined model parameter, APK parameter
is the change of the PK parameter (half-life, total body clearance, volume of distribution
(plasma)), PK parameter represents the simulated PK parameter with the original param-
eter value, p is the original model parameter value and Ap the variation of the model
parameter value. For example, a sensitivity value of +1.0 signifies that a 10% increase of
the examined parameter causes a 10% increase of the simulated PK parameter. Accord-
ing to the WHO guidelines (WHO, 2010), sensitivity levels were defined as high (absolute
value = 0.5), medium (absolute value > 0.2 but less than 0.5) or low (absolute value > 0.1
but < 0.2)°.

Half-Life Total body clearance

rFIXFc Kd VEBP = (] °
rFIXFe Kd FeRn - . .
rFIXFc Kd Col4 - . P
rFIXFc hydrodynamic radius = L] .
Reference VEBP concentration - . .

Reference Col4 concentration - . J
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Enzymatic activity (Kcat) - . .

rFIXFc Kd VEBP -

Volume of distribution (plasma)

AUC

.
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Supplement figure 2. Sensitivity analysis of half-life, total body clearance, volume of distribution (plasma) and
area under the curve (AUC) of the PBPK model for Recombinant factor IX-Fc fusion protein (rFIXFc). Absolute sensi-
tivity values are displayed. AUC: Area under the curve, Col4: type 4 collagen, FcRn: Neonatal Fc Receptor, Kd: dissociation
constant, PK: pharmacokinetic, VEBP: vascular endothelium binding partner
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ABSTRACT

Introduction: Desmopressin can be used to prevent bleeding in von Willebrand disease
(VWD), but the relationship between desmopressin and von Willebrand factor activity
(VWF:Act) has yet to be quantified.

Aim: To quantify the relationship between desmopressin dose, its plasma concentration
and the VWF:Act response in type 1 VWD patients.

Methods: Forty-seven VWD patients (median age 25 years, IQR: 19-37; median body
weight 71 kg, IQR: 59-86) received an IV desmopressin dose of 0.3 mcg/kg. In total, 177
blood samples were available for analysis. We developed an integrated population
pharmacokinetic-pharmacodynamic (PK-PD) model using nonlinear mixed effect mod-
elling. Subsequently, we performed Monte Carlo simulations to investigate the efficacy
of the current dosing regimen.

Results: A one-compartment PK model best described the time profile of the desmo-
pressin concentrations. In the PD turnover model, the relationship between desmopres-
sin plasma concentration and release of VWF:Act from the vascular endothelium was
best described with an Emax model. Typically, VWF:Act increased 452% with an EC50
of 0.174 ng/ml. Simulations demonstrated that after 0.3 mcg/kg desmopressin intra-
venously, >90% patients with a VWF:Act baseline of >0.20 IU/mL attain a VWF:Act >0.5
[U/mL up to >4 hours after administration. A capped dose of 30 mcg was sufficient in
patients weighing over 100 kg.

Conclusion: The relationship between desmopressin and VWF:Act was quantified in a
PK-PD model. The simulations provide evidence that recently published international
guidelines advising an intravenous desmopressin dose of 0.3 mcg/kg with a capped
dose of 30 mcg >100 kg gives a sufficient desmopressin response.

Keywords: Desmopressin, PK-PD desmopressin, von Willebrand factor, Von Willebrand
disease, turn-over model.
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INTRODUCTION

Von Willebrand disease (VWD) is the most common inherited bleeding disorder and is
caused by a deficiency or qualitative defect of von Willebrand factor (VWF)'. VWF is a
plasma glycoprotein which plays a crucial role in primary haemostasis by promoting
platelet adhesion to the subendothelium at sites of vascular injury and by initiating
platelet aggregation. Subsequently it also plays a role in secondary haemostasis by
protecting factor VIII (FVIII) from proteolysis in the circulation, safeguarding thrombin
and fibrin generation®. VWD is classified into three main types based on a partial or
complete quantitative defect of VWF (type 1 and 3) or a qualitative defect in VWF (Type
2)>. Type 1 consists of patients with VWF lower than 0.30 IU/mL or between 0.30 and 0.50
IU/mL, with abnormal bleeding® Type 2 is further divided into the subtypes 2A, 2B, 2M
and 2N. Risk of bleeding as well as treatment choice depends on VWD type, although
inter-individual variation in bleeding tendency and response to treatment is notably
large in VWD.

Desmopressin (1-deamino-8-d-arginine vasopressin) is a synthetic analogue of the
antidiuretic hormone l-arginine vasopressin®. Desmopressin binds to V2 receptors and
thereby induces the release of endogenous VWF from vascular endothelial cells *°.
Desmopressin can be used to prevent bleeding during surgical procedures in most type
1 VWD patients and in some patients with type 2A, 2M, and 2N VWD’. The most recent
advice is to always perform a desmopressin test in VWD patients with baseline VWF
activity <0.30 IU/mL, in order to quantify the VWF response’. The use of desmopressin
is contraindicated in type 2B VWD as it may induce thrombocytopenia. Desmopressin is
not effective in type 3 VWD.

Recently published international guidelines recommend an intravenous desmopres-
sin dose of 0.3 mcg/kg, with a capped dose of 20-30 mcg*®. This recommendation is,
however, solely based on empirical evidence. It is unclear if the variability in pharma-
cokinetics (PK) of desmopressin contributes to the consecutive observed variability in
VWF response, or pharmacodynamic (PD) effect. Furthermore, proposed capping of
dosing, i.e. applying a fixed dose independent of body weight when 0.3 mcg/kg exceeds
20-30 mcg, has never been substantiated by pharmacological evidence. Population
PK-PD modelling can be used to establish this concentration-effect relationship®'®. We
developed a population PK-PD model to evaluate and quantify the concentration-effect
relation of desmopressin on the VWF activity (VWF:Act) response in type 1 VWD. The
aim of this study was to investigate if current treatment guidelines -including capped
dosing- can be substantiated with this novel PK-PD model.
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PATIENTS AND METHODS

Patients

VWD patients (historical lowest VWF antigen (VWF:Ag) and/or VWF:Act < 0.50 1U/mL)
with abnormal bleeding and/or a family history of VWD were included if a desmopres-
sin test was performed at the Erasmus MC or Erasmus MC - Sophia Children’s Hospital
Rotterdam, the Netherlands, between April 1* 2011 and July 1st 2014. The study was
not subject to the Medical Research Involving Human Subjects Act (WMO) and was
approved by the Medical Ethics Committee of the Erasmus University Medical Centre
Rotterdam. All patients provided written informed consent.

Blood sampling

Residual stored plasma samples from a prospective single-center cohort study, investi-
gating desmopressin side effects, were obtained''. All patients signed informed consent
before data and samples were collected.

Desmopressin test protocol

In all patients, desmopressin was administered intravenously in a dose of 0.3 pug/kg dis-
solved in 30 or 50 mL of NaCl 0.9% in children and adults respectively and infused in 30
minutes. In children, blood was sampled prior to (TO) desmopressin infusion, and at 1
(T1), 2 (T2), 4 (T4) and 6 (T6) hours after infusion. In adults, blood was sampled at TO, T1,
T3,T6 and T24.

Laboratory measurements

Venous whole blood was collected in 0.105M sodium citrate tubes and centrifuged twice
at 2.200 g for 10 minutes at room temperature and stored at -80°C. Coagulation factor
measurements were performed within a few days after sample collection. VWF:Ag was
measured by ELISA and VWF:Act was measured by Gplba binding assay (HemosIL™ von
Willebrand Factor Activity; Instrumentation Laboratory BV, Breda, the Netherlands). FVIII
activity (FVIII:C) was measured by one-stage clotting assay. Desmopressin plasma con-
centrations were assessed in the Amsterdam UMC using LC-MS/MS in positive ionisation
mode on a Shimadzu LC-30 (Nishinokyo-Kuwabaracho, Japan) UPLC system coupled
to an ABSciex (Framingham, MA, USA) API5500Q LC-MS'. The method was validated
over a range of 0.0200 - 4.00 ng/mL. The accuracy ranged from 89.2% to 111.8% across
the validated range, with intra-day and inter-day imprecision below 17.6% and 13.8%,
respectively.
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Software

Nonlinear mixed-effects modelling software (NONMEM 7.3 ICON Development Solu-
tions, Hanover, MD, USA) and Pirana (version 2.9.4), R (version 3.6.1) and PsN version
(version 4.6.0) were used for PK-PD analysis.

Pharmacokinetic modelling

We performed a sequential PK-PD analysis. During PK model development, both one-and
two-compartment models were evaluated. A priori allometric scaling of PK parameters
by body weight was included in the structural PK model. Inter-individual variability (I1V)
was estimated for each population PK model parameter. Various residual error models
were evaluated. Next, associations between specific covariates and PK parameters were
tested in order to explain the IV in these parameters, by using a stepwise approach. The
following covariates were evaluated: age, sex, height, baseline FVIII, baseline VWF:Act,
baseline VWF:Ag and blood group (O, non-0O). The supplement contains more details
about the development of the PK model.

Pharmacodynamic modelling

We used individual post-hoc PK parameter estimates as input for the PD model. In
literature, the maximum effect of desmopressin occurs approximately 1 hour after the
end of intravenous administration'. We modelled the time lag using a turn-over model
(Figure 1)'. The turn-over model consists of a zero-order rate constant describing the
constant release of VWF from the vascular endothelium (Kin) and a first-order rate con-
stant for loss of VWF (Kout) from plasma. The baseline VWF:Act (BASE) of each patient
is determined by the equilibrium of Kin and Kout and was fixed at the VWF:Act level as
determined before the desmopressin administration.

IV desmopressin

Emax X C

\' Desmopressin EC50+ C

CL

Kout

PK desmopressin PD Von Willebrand Factor: Activity (VWF:Act)

Figure 1. A schematic representation of the PK-PD model relating desmopressin concentration to
VWF:Act. V represents the volume of distribution, CL represents the clearance, C the plasma concentration
of desmopressin, Emax the maximum effect, EC50 the concentration at half maximal effect, Kin, the zero-
order constant for release of VWF:Act by the endothelium and Kout the first-order rate constant for loss of
VWEF:Act, IV = intravenous.
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In the PD analysis, the relationship between the increase in VWF release (Kin) and des-
mopressin plasma concentration was quantified by a linear function, Emax function and
sigmoidal Emax function. IV was estimated for the PD parameters, and various residual
error models were evaluated. The covariates as mentioned under the PK analysis were
tested for correlation with the PD parameters.

The supplement contains more details on the development of the PD model.

Pharmacokinetic-pharmacodynamic model evaluation

Model selection criteria were based on the change in the objective function value (OFV),
goodness-of-fit (GOF) plots, precision of parameter estimates, decreases in IV and re-
sidual variability, condition number, shrinkage and a successful convergence step, with
at least three significant digits in parameter estimates'®.

Visual predictive checks (VPCs) with 1000 simulated data sets were used to assess the
predictive performance of the model. The 5th, 50th, and 95th percentiles of the predic-
tions from the simulations and observations from the original dataset were derived and
plotted against time. A non-parametric bootstrap was performed to assess parameter
precision and to calculate confidence intervals (Cl) for both the population PK and
PD parameters. The 5th and 95th percentiles of the bootstrap parameter distribution
constitute the 90% CI.

Monte Carlo simulations

Using the final population PK and PD models, Monte Carlo simulations were performed
for 1000 patients (females and males) with body weights of 50, 70, 100 and 130 kg to
investigate if recently published international desmopressin guidelines® can be substan-
tiated by the constructed PK-PD model. Moreover, we investigated whether dosing can
be simplified by capping of desmopressin dosing when 0.3 mcg/kg dosing exceeds the
20-30 mcg cap in patients >100 kg.

All virtual patients had a baseline VWF:Act of 0.20 IU/mL. VWF:Act time profiles were
simulated and desmopressin doses of 5, 10, 15, 21, 25, 30, 35 and 39 mcg were adminis-
tered in all patients. A patient was considered a responder if VWF:Act levels were greater
than 0.50 IlU/mL at 4 hours after desmopressin administration. For each body weight and
dose, the percentage of responders was calculated. Treatment was considered effective
when >90% of the simulated patients of each body weight were responders.
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RESULTS

Patients

The study population consisted of 47 patients, 15 males and 32 females with type 1
VWD. The median age was 25 years and body weight was 71 kg. Further characteristics
are summarized in Table 1.

Table 1. Patient characteristics

Sex (female) 32

Age, years 25(19-137)
Body weight, kg 71 (59 - 86)
Height, cm 167 (160 - 177)
Historical lowest VWF:Act , IU/mL 0.46 (0.34-0.51)
Historical lowest VWF:Ag, IU/mL 0.43 (0.35-0.49)
Baseline (TO) VWF:Act, IU/mL 0.48 (0.41 - 0.60)
Baseline (TO) FVIII, IU/mL 0.59 (0.51-0.71)
Baseline (T0) VWF:Ag, IU/mL 0.45 (0.39 - 0.0.59)
Blood group (n)a

Non O 13

(0] 32

Bleeding score (ISTH-BAT) at diagnosis

Blood group non O 5(2-6)

Blood group O 4(1-6)

VWD=Von Willebrand disease; VWF=Von Willebrand factor; FVIII = factor VIII.
?Blood group data were unknown in 2 patients

Pharmacokinetic analysis

A total of 177 desmopressin plasma concentrations were available. A one-compartment
model adequately described the PK of desmopressin. IIV could be estimated for
clearance (CL) and volume of distribution (V), which resulted in a significant (p <0.05)
decrease in OFV. The residual variability was described by a combined (proportional +
additive) error model.

During covariate model selection, inclusion of the following covariates significantly
improved the fit of the PK model to the data (p <0.05): sex on CL and sex, baseline FVIII,
baseline VWF:Ag and baseline VWF:Act on V.The association between sexandV produced
the largest improvement in model fit (p < 0.001): V was 22% higher in females compared
to males. After inclusion of sex in the model, the remaining significant covariates were
added one-by-one. However, no improvement of the model was observed (p > 0.05).
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The goodness-of-fit plots showed sufficient agreement between predicted and observed
desmopressin concentrations (Figure S1). The VPC of the final model is presented in Fig-
ure S2. Overall, the 2.5th, 50th and 97.5th percentiles of observed concentrations were
mostly within the predicted 95% confidence interval (Cl) of the predicted percentiles.
The median values of the parameter estimations of the bootstraps were approximately
equal to the final model’s respective values. (Table 2)

Table 2. Desmopressin population pharmacokinetic parameters

CL (L/h/70 kg) 9.43 (5) 9.48[8.48-10.3]
V (L/70 kg) 25.9(11) 26.1[21.1 - 32.5]
(%) Increase V in females 22.0(10) 20.6 [4.11 - 49.2]

Inter-individual variability

CL(CV%) 31.7 (16) [4] 30.7[21.3-41.7]

V (CV%) 36.3(18) [11] 35.0[20.4 - 46.7]
Covariance CL~V 0.0705 0.0683 [0.0128 - 0.0131]
Residual variability

Proportional error (CV%) 1.22(12) 1.18[0.869 - 2.00]
Additive error (ng/mL) 0.146 (13) 0.145[0.0890 - 0.184]

CL = clearance; V= central volume of distribution; CV= coefficient of variation; RSE= relative standard error; Cl= confidence
interval; CV was calculated as: CV = sqrt(exp(variance)-1) x 100%; RSE was calculated as: RSE = 100 X standard error/pa-
rameter estimate.

Pharmacodynamic analysis

A total of 177 VWF:Act levels were available. The time profile of VWF:Act was described
using the turn-over model shown in Figure 1.1n the modelling procedure BASE (baseline
VWEF:Act) was fixed to individual baseline VWF:Act values (Table 1). The performance of
several PD functions describing the relationship between VWF release and desmopres-
sin concentration was tested (i.e. a linear function, Emax function, and sigmoid Emax
function): The relationship between the VWF release and desmopressin concentration
was best described with an Emax function (supplement eq. 10). We attempted to esti-
mate the value of BASE, but this did not result in successful convergence of the model.
Implementation of IV on Emax significantly improved the model (p <0.001). Residual
variability was best described by an additive error model. No significant relationship was
found between covariates and PD parameters. Baseline VWF release (Kin) was typically
increased by 452% with an EC50 of 0.174 ng/ml (Table 3). The IV of Emax was mod-
est with a value of 29.1%. In the concentration-effect curve, the EC90 was reached at
a desmopressin concentration of 0.314 ng/mL. Figure 2 displays the time profile of the
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desmopressin plasma concentration, PD effect and VWF:Act for a typical patient of 70 kg
receiving 0.3 mcg/kg desmopressin.

Goodness-of-fit plots showed good agreement between predicted and observed
VWEF:Act concentrations (Figure S1). The VPC plots in Figure S2 show that the observed
VWF:Act values are well-centred around the predicted median of the PD model. The
bootstrap median and confidence intervals are comparable to the parameter estimates
(Table 3).

Table 3. Population pharmacodynamic parameters

Kout (h™) 5.66 (4) 5.66 [4.71 - 6.81]
EC50 (ng/mL) 0.174 (26) 0.178[0.107 - 0.277]
Emax 4.52 (10) 4.54[3.80-5.55]
Inter-individual variability

Emax (CV%) 29.1(10) [11] 28.8[22.2-34.1]
Residual variability

Additive error (IU/mL) 0.238(11) 0.235[0.183 - 0.282]

Kout = first-order rate constant for loss of VWF:Act; Emax = maximum effect; EC50= drug concentration which produces
50% of the maximal effect; CV, coefficient of variation; RSE =, relative standard error; Cl= confidence interval; CV was calcu-
lated as: CV = sqrt(exp(variance)-1) x 100%; RSE was calculated as: RSE = 100 x standard error/parameter estimate.

Monte Carlo simulations

The simulated dosage regimens targeting VWF:Act levels above 0.50 IU/mL at 4 hours
after desmopressin administration are shown in Figure 3. Figure 3 displays the percent-
age responders against various dosage regimens for patients with a body weight of 50,
70, 100 and 130 kg. For patients weighing 50 kg, a dose of 15 mcg was necessary to
attain a sufficient response in 92% of patients. For patients weighing 70 kg, a dose of
21 mcg was necessary to attain a sufficient response in 93% of patients. Patients with a
body weight of 100 kg needed a dose of 25 mcg to attain a sufficient response in 92% of
patients. Finally, Patients with a body weight of 130 kg needed a dose of 30 mcg to attain
a sufficient response in 91% of patients.
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Desmopressin (ng/mL)/VWF:Act (IU/mL)
o943

Time (h)

== Desmopressin (ng/mL) == Effect == VWF:Act (IU/mL)

Figure 2. Time profiles of desmopressin plasma concentration, the PD effect and VWF:Act for a typical patient
weighing 70kg with a VWF:Act baseline of 0.20 IU/mL. The red line represents the typical plasma desmopressin con-
centration, the red dots represent the observed concentration in all individual patients. The green line depicts the effect
of desmopressin starting at unity (no effect) with a maximum value of 5.8. The blue line depicts the VWF:Act response on
basis of the turnover model.

DISCUSSION

An innovative and novel turn-over PK-PD model was developed characterizing the rela-
tionship between desmopressin dose, desmopressin plasma concentration and VWF:Act
response. We demonstrate that a maximum increase in VWF:Act can be established by
capped dosing with a fixed dose when body weight exceeds a certain maximum. By
performing simulations based on the developed PK-PD model, we confirm the feasibility
and efficacy of the recently published guidelines for treatment of VWD with desmopres-
sin of the ASH ISTH NHF WFH 2021°.

Our simulations demonstrate that an adequate response is reached when patients weigh-
ing 50 to 100 kg receive a dose of 0.3 mcg/kg desmopressin intravenously. Although ad-
ministration of 25 mcg resulted in an adequate response in patients weighing 100 kg, this
dose may be insufficient for patients over 100 kg (Figure 3). For practical considerations
we therefore suggest a capped dose of 30 mcg desmopressin in all patients above 100 kg
and 0.3 mcg/kg for all patients below 100 kg, to ensure an adequate VWF:Act response.

126



100

80 90

70

60

Percentage reponders
40 50

o
(<2}
o
N
o
o
5 10 15 20 25 30 35 40
Dose (mcg)

Body weight (kg) — 50 — 70 — 100 — 130

Figure 3. Percentage of VWF:Act responders 4 hours (T4) after desmopressin administration. Desmopressin dosages
(5,10, 15, 21, 25, 30, 35, 39 mcg) given to virtual patients with various body weights (50, 70, 100 or 130 kg). Responders
demonstrated VWF:Act greater than 0.50 IU/mL at 4 hours after desmopressin administration. The y-axis denotes the per-
centage of virtual patients that demonstrated a response. The dashed horizontal black line denotes the 90% responders
threshold.

In our PK model describing desmopressin concentrations, the volume of distribution (V)
was 22% higher in females compared to males. V was 25.9 L/70kg in males which may
reflect limited distribution of desmopressin to other tissues other than plasma, which
could be explained by the higher body fat percentage in females compared to males'.
Due to a higher V, females exhibited lower peak concentrations than males. When we
stratified our simulations for sex, a slightly higher peak in desmopressin concentration
in males was observed in comparison to females [data not shown]. However, this has no
implications for the attained VWF:Act levels, as VWF:Act levels at T1 and T4 were similar
in both males and females. The median peak desmopressin concentration for females
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is 0.52 ng/mL and for males 0.63 ng/mL, which is more than adequate to produce the
maximum effect, as the EC50 is 0.174 ng/mL. Therefore, dose adjustments based on sex
are not necessary. In addition, simulations were performed for patients with a VWF:Act
baseline of 0.20 IU/mL. Patients with either a higher or lower baseline will attain higher
and lower VWF:Act values after receiving 0.3 mcg/kg. Nevertheless, in our study popula-
tion, only four patients had a baseline lower than 0.20 IU/ml. In usual clinical practice,
patients with a VWF:Act baseline lower than 0.30 IU/mL always undergo a desmopressin
test to check their responsiveness. If a patient fails to achieve an adequate VWF:Act
response, a VWF-containing factor concentrate should be administered to achieve suf-
ficient VWF:Act levels'®.

Based on figure 2, desmopressin is eliminated from the body after approximately 14h in
a typical patient of 70kg. Still, in most patients, it is advised to administer a subsequent
desmopressin dose only after 24h due to potential side effects, such as fluid retention
due to its antidiuretic effects."”

It is well known that patients with blood group O have lower VWF:Act levels'®. During
population PK-PD model development, we tested blood group O and non-O as a covari-
ate. In our PD model, Kout reflects the CL of VWF:Act. We investigated if the Kout differs
between blood group O and non-0, but this did not improve the model. Therefore, we
did not include blood group O as a covariate in our models.

Argenti et al. explored the relationship between desmopressin concentrations and
VWF:Act in healthy volunteers®. In this study, the temporary delay in VWF response was
described by a hypothetical effect compartment model. A value of 0.237 ng/mL was
reported for EC50 and 367% for Emax, which is comparable to the values observed for
VWD patients in our study. Furthermore, this study reported a value of 2.16 h™' for rate
constant Ke0, which corresponds to a half-life of ca. 20 minutes and a delay of ca. 80
minutes before desmopressin changes in plasma are completely reflected in VWF:Act.
This also corresponds with the results of our simulations.

A strength of this study is that we have included patients from a real-life population, includ-
ing a wide range of ages. We included patients in our study if they had abnormal bleeding
symptoms and either a historical lowest VWF:Ag or VWF:Act below 0.50 IU/mL. In some
patients, there was a difference between historical lowest VWF:Act and VWF:Act at TO. A
few patients were diagnosed with VWD 10-30 years before the desmopressin test. In these
patients, the higher VWF:Act at TO could be explained by an age-related increase of VWF'°.
We however also observed differences in some patients who underwent a desmopressin
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test shortly after diagnosis. It is well known that VWF may also increase due to stress' and
a desmopressin test can be a stressful event for some patients, especially children.

We acknowledge some limitations of our study. Our analysis was limited to only type 1
VWD. Therefore, the concentration-effect relationship could not be established for other
types of VWD. Also, we did not observe extremely fast clearance as observed in type 1
Vicenza in any of the patients. Furthermore, our dataset contained only six patients with
a body weight over 100 kg. Therefore, simulations may be less precise in this category of
patients. V of desmopressin was 25.9 L/70kg and we assumed that desmopressin has a
limited distribution to the other tissues. This is important for obese patients, since they
have more adipose tissue compared to non-obese patients. The total body weight in
obese patients is mainly increased because of the adipose tissue, but lean body weight
would increase much less®. Based on this, we assumed that 30 mcg would be adequate
for more severely obese patients based the finding for the 130 kg patients.

In conclusion, our novel turn-over PK-PD model successfully characterized the relation-
ship between desmopressin dose, desmopressin plasma concentration and VWF:Act re-
sponse. Simulations confirm that current international desmopressin dosing guidelines
in which an intravenous dose of 0.3 mcg/kg and a capped dose of 30 mcg desmopressin
is recommended are effective for the treatment of VWD patients. The developed PK-PD
model can be applied to further investigate the relationship between specific patient
characteristics and VWF response, thereby potentially eliminating the necessity of des-
mopressin testing in the near future.
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Supplement figure 1. Goodness-of-fit plots of the final pharmacokinetic model of desmopressin
(top) and population model of VWF:Act (bottom). A and E) Individual predicted (IPRED) vs observed
concentrations, B and F) Population predicted (PRED) vs observed concentrations, C and G) Conditional
weighted residuals (CWRES) vs PRED, D and H) Time after administration vs CWRES. The solid line is the line
of identity. The dashed line represents the local regression smooth line (loess smooth).
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Supplement figure 2. Visual predictive check of the final pharmacokinetic model of desmopressin and pharmaco-
dynamic model of VWF:Act. Dots represent observed desmopressin concentrations (top) and VWF:Act (bottom); the solid
black line represents the 50th percentile of observed data; the dashed black lines represent the 5™ and 95" percentiles of
the population model. Shaded areas depict the model predicted 95% confidence intervals of the simulated percentiles.
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Supplementary methods section
Population PK model development

A sequential PK-PD analysis method was performed. A population PK model was de-
veloped using NONMEM subroutines ADVAN1, TRANS2 and the Laplacian estimation
method.

A priori allometric scaling of bodyweight on clearance (CL) and central volume of distri-
bution (V) was included in the structural model (equation 1):

o at 1.4
o _ g Bodyweight\ Pexp
pop PE — “pk X 70

In which, 8,0, s« is the typical population value for a PK parameter dependent on body-

(M

weight, 6, is the typical PK value for a patient with a body weight of 70 kg, and 8, is an
exponent fixed at 0.75 for CL and 1 for V.

The individual PK parameters were described by using equation 2.

6, = Opoppx X exp™ &)

In which, 6;is the estimated individual PK parameter of the i"individual, Bpoprris the typi-
cal population value for a PK parameter, ni is the inter-individual variability from normal
distribution with a mean of zero and estimated variance of w? of the i" individual. A full
omega variance—covariance block matrix was tested on the PK parameters

For the residual error model, an additive (equation 3), proportional (equation 4) and
combined error models (combination of equation 2 and 3) were tested, in which Yjis
the prediction of the concentration of individual i at time j , f(6,ni,x;) is the individual
concentration prediction at time j and ¢ is the residual error originating from a normal
distribution with a mean of zero and estimated variance of o°.

Y,; =f(ﬂ,ni,xu) +¢; 3)
¥ Zf(gr"i’f:xu} x(1+sij] )
The following covariates were evaluated: age, sex, height, baseline FVIII, baseline
VWF:Act, baseline VWF:Ag and blood group (O, non-0). Blood groups of two patients
were missing, which were excluded during covariate analysis. Continuous covariates
were included by a power model, in which the covariate was centred around its median

value and the exponent was estimated (equation 5). Categorical covariates were mod-
elled with the use of flag variables (1 and 0 for “true” and “false”; equation 6).
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g
Cov exp
= s (5)
gpnp gpk X (cm’med:'an)
_ Flagl FlagZ Flagd
Bpop = Bpie X (65 79" x 61" x 6] ) ©

A stepwise forward inclusion and backward exclusion process was used to evaluate
covariates, in which a reduction in the objective function value (OFV) of 3.84 (p=0.05) or
more was considered significant during forward inclusion and a reduction in OFV of 7.88
(p=0.005) or more in the backward exclusion process. The covariate that resulted in the
largest decrease in OFV was first implemented in the model. The remaining covariates
that significantly decreased OFV were then sequentially added to the covariate model,
and repeated until all significant covariates were included.

Plasma concentrations below the lower limit of quantification (LLOQ) were taken in con-
sideration in the analysis, but were flagged and treated as categorical data in the popu-
lation PK analysis using the M3 method; a likelihood-based approach which maximizes
the likelihood of the data being below LLOQ with respect to the model parameters'

Population PD modelling

For the population PD model development, the first-order estimation method with the
interaction option (FOCE-I) and NONMEM subroutine ADVAN6, TOL3 was used.

A turnover model was used to describe the release of VWF:Act. The turnover model
consists of a zero-order constant describing release of VWF:Act from the vascular en-
dothelium (Kin) and a first-order rate constant for loss of VWF:Act (Kout). The baseline
VWEF:Act (BASE) is determined by the equilibrium of Kin and Kout (equation 7).
BASE = 2

out

@)

The differential equation for the turnover-model is displayed in equation 8.

AVWFAct _ pASEX K

out

XE—-K

out

® VWF: Act 8

where E is the effect as a function of the individual predicted desmopressin concen-
tration. A linear and a sigmoidal Emax concentration-effect relationship were tested
(equation 9,10).

E=1+86

slope

® O ©)

8 xeh
E=1 | Emax
Brcso +C" (10)
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where C is the desmopressin plasma concentration and slope is the change of effect
per ng/mL of desmopressin, Emax is the maximum effect, EC50 is the desmopressin
concentration which produces 50 % of the maximal effect, n is the hill coefficient which
was both estimated and fixed at 1. The hill coefficient determines the steepness of the
sigmoidal concentration-effect curve. Model comparison using equation 9 and 10 was
done using the Bayesian information criterion (BIC). Afterwards, IV was estimated for
the PD parameters to obtain individual PD parameters by using equation 11.

— ni
8, = EFEFPD ¥ exp )

The following covariates were tested for correlation with the PD parameters: bodyweight,
age, sex, height, VWD type, baseline FVIII, baseline VWF:Act, baseline von Willebrand
factor antigen, von Willebrand factor-multimers and blood group (equations 5 and 6).
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ABSTRACT

Aims

Patients with Von Willebrand disease (VWD) are treated with desmopressin to prevent
or treat bleeding. Previously, we developed a population pharmacokinetic (PK) model
that described von Willebrand factor activity (VWF:Act) after intravenous desmopres-
sin administration. This population PK model aimed to predict desmopressin response
in VWD patients, potentially eliminating the need for a desmopressin test. The aim of
this subsequent study is to prospectively investigate the predictive performance of the
population PK model with regard to VWF:Act levels using an independent validation
dataset.

Methods

The predictive performance was evaluated using nonlinear mixed-effects modelling
(NONMEM). The performance was determined using prediction-based and simulation-
based diagnostics. In the prediction-based method median prediction error (MPE) and
median absolute prediction error (MAPE) determine bias and precision of the VWF:Act
prediction. Criteria applied for model acceptance were: MPE of above -20%, reflecting a
tolerance for a maximum 20% over-prediction, where the observed value is 80% of the
predicted value and a MAPE below 30%.

Results

Sixty-one patients with VWD type 1, 2 and low VWF and 284 VWF:Act samples were
included from the prospective To-WiN study. Analyses demonstrated that the earlier
model displayed an adequate bias, as the MPE for all patients was 27.2% [interquartile
range (IQR) 18.5 - 47.6%] but was not considered sufficiently precise as MAPE was 39.8%
[IQR 22.7 - 60.4]. Predictive performances varied per sub-group, with type 1 VWD dem-
onstrating the best predictive performance (MPE=8.0% IQR[-31.7 - 33.6%], MAPE=33.6%
IQR[19.0 - 54.7%]. With exception of VWD patients with a baseline VWF:Act <0.30 IU/mL,
as this group generally displayed an over-prediction of VWF:Act levels with MPE=-35.0%
IQR[-55.0 - 39.9] and MAPE=51.6% IQR[37.4 - 64.4].

Conclusion

This study shows that the previously developed population PK model demonstrates
adequate bias, meaning it does not consistently overestimate or underestimate values
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significantly, but it leads to less precise predictions when tested with our independent
dataset.Importantly, the over-prediction observed , meaning lower actual VWF:Act and
FVIII levels than predicted, in patients with a baseline VWF:Act before desmopressin
administration <0.30 IlU/mL underscores that desmopressin testing is still warranted in
the clinical setting to safeguard outcomes.

INTRODUCTION

Von Willebrand disease (VWD) is the most common inherited bleeding disorder'. This
autosomally inherited disease is characterized by quantitative or qualitative defects of
von Willebrand factor (VWF) 2. VWF is essential for primary hemostasis as it is responsible
for platelet adhesion and aggregation®. Additionally, it plays a role in the secondary he-
mostasis, as VWF serves as a carrier protein for coagulation factor VIII (FVIII), protecting
it from proteolysis in the bloodstream. Therefore, patients with VWD often also pres-
ent with reduced FVIII levels. Clinical manifestations of VWD characteristically include
mucosa-associated bleeding, such as menorrhagia, gingival bleeding, and postsurgical
bleeding’.

VWD can be divided into different types. These include type 1 (partial quantitative defi-
ciency), type 3 (complete quantitative deficiency), and type 2, which is further catego-
rized into VWF: 2A (decreased platelet adhesion with absence of high-molecular-weight
VWF multimers), 2B (increased platelet glycoprotein Ib affinity), 2M (decreased platelet
adhesion with presence of high-molecular-weight VWF multimers), and 2N (decreased
FVII afﬁnity)4 VWD. There are also patients with a VWF activity (VWF:Act) between 0.30-
0.50 1U/mL, sometimes referred to as low VWF®.

Clinical management of VWD includes treatment that increases the levels of VWF/FVIII,
such as desmopressin® or by replacement of deficient factors with VWF containing con-
centrates when bleeding occurs or when prevention of bleeding is indicated. Desmo-
pressin stimulates the release of VWF from the vascular endothelial cells. Desmopressin
testing is routinely performed in patients to assess their desmopressin response in terms
of VWF and FVIII bioavailability, as described by their levels’. Definitions of this response
vary®"", but generally a complete response is defined as a twofold increase in VWF:Act
levels from baseline, observed one hour after desmopressin administration (known as
peak level), and clinically more relevant, persistence of VWF:Act and FVIII levels above
0.50 1U/mL for up to four hours post-administration’. Achieving VWF:Act peak levels
above 0.80 or 1.0 IU/mL is particularly desirable for medical procedures such as surgery
"2, It has been reported that patients with a historically VWF:Act baseline >0.30 1U/ml

139



Chapter 6 | Predictive performance desmopressin PK Model in VWD

do not require desmopressin testing, as they will present with a complete response”.
Importantly in current guidelines, individuals with VWF levels <0.30 IU/mL before
desmopressin administration are recommended to undergo desmopressin testing to
confirm their response.

Previously, a population PK model was developed describing VWF:Act levels after des-
mopressin administration'®. With this population PK model we aimed to predict VWF:Act
levels after desmopressin administration based on patient characteristics (covariates)'.
FVIIl levels were not included in this population PK model. The following characteristics
were associated with the desmopressin response: VWD type, age and sex. An accurate

predictive performance of this model is essential '

in determining whether a desmo-
pressin test is warranted, especially for patients with VWF:Act levels below 0.30 [U/mL.
If the model is able to accurately predict VWF:Act and FVIII levels post-desmopressin
administration, conducting a desmopressin test may become redundant, unburdening
the patient and caregivers of this laborious intervention. This study therefore aims to in-
vestigate the predictive performance of the previously developed population PK model
by using an independent validation dataset of prospectively included VWD patients

undergoing desmopressin testing.

PATIENTS AND METHODS

Patients

Patients included in the OPTI-CLOT/ To WIiN study, diagnosed with VWD or low VWF
(historically lowest VWF antigen or VWF activity level of 0.30-0.50 IlU/mL) were analyzed.
OPTI-CLOT/ To WiN is a prospective multicenter, non-randomized, multi-arm interven-
tion, cohort study. The cohort study is divided into four different arms. Arm A: patients
who will undergo a desmopressin test, Arm B: patients who will undergo an elective
medical procedure, Arm C: patients with a bleeding episode, Arm D: patients receiving
or requiring prophylaxis'’. The study was approved by the Medical Ethics Committee
of the Erasmus MC, University Medical Center Rotterdam, Rotterdam the Netherlands,
and registered at the Netherlands Trial Register “OMON", as NL-OMONS54546 and in Eu-
draCT as 2018-001631-46. The study was conducted according to good clinical practice
guidelines and the Declaration of Helsinki, and in accordance with the Dutch Medical
Research Involving Humans Act. All patients provided written informed consent.

Sixty-one patients were analyzed from Arm A of the OPTI-CLOT: To WiN trial, described
as patients who were prospectively included and underwent desmopressin testing.
Patients were recruited from hemophilia treatment centers in the Netherlands between
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June 18™, 2019 and May 9", 2023. During desmopressin testing, VWF:Act and FVIIl were
measured directly before desmopressin administration to establish baseline VWF:Act
and FVIII levels for each patient. Each patient received 0.3 pg/kg intravenously desmo-
pressin with VWF:Act and FVIII sampling at approximately 1.5h, 3h or 4h (some patients
also at 5h or 7h) after desmopressin administration to assess desmopressin response in
each patient. VWF:Act was measured by Gplba (VWF:GP1bM) binding assay in all he-
mophilia treatment centers (HemosIL™ von Willebrand Factor Activity; Instrumentation
Laboratory BV, Breda, the Netherlands). FVIIl was measured by one-stage clotting assay.
More detailed information about the study protocol has been published".

External validation of the population PK model

The external validation using prospectively collected data was performed using the
nonlinear mixed-effects modelling, NONMEM 7.4 (ICON Development Solutions, United
States). Statistical analyses and graphical representations of the results were performed
with R version 4.0.2. Prediction-based diagnostics and simulation-based diagnostics
were performed in NONMEM and the results were processed in R to evaluate the pre-
dictive performance of the population PK model. As mentioned earlier the previously
developed population PK model only described the VWF:Act levels after desmopressin
response' and not FVIII levels.

Prediction-based diagnostics and definitions

The relative prediction error (PE%, Equation 1) was estimated by comparing the popula-
tion predicted VWF:Act levels (Cpredicion) and the corresponding observed VWF:Act levels
(Copservation) for each subject in the independent dataset. The population predicted
VWF:Act levels were estimated by fixing the parameters in the final model, including
covariate relationships. The model parameters are displayed in the supplement. The
following covariates relationships were included in the final model explaining the inter-
individual variability: VWD type and sex on clearance (CL) of VWF:Act and age on the
response of desmopressin (F).

In assessing the predictive performance of the population PK model within clinical set-
ting, we focused on three primary criteria: bias, precision, and the ability to accurately
predict peak levels of VWF:Act in response to desmopressin. Generally, bias refers to the
discrepancy between the predictions by the model and actual measurements, with an
unbiased model having an even distribution between underestimations and overesti-
mations, resulting in a mean prediction error (MPE) close to zero (equation 1). Positive
values indicate a tendency of the model to underestimate the actual measurements,
which is deemed clinically tolerable. Conversely, a negative value suggests the model
overestimates measurements, a scenario considered undesirable in clinical settings due
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to the risk of predicting higher than observed measurements. However, for our model to
be considered valid and clinically applicable, it had to meet the following criteria: an MPE
of no less than -20%'®, reflecting a tolerance for maximal 20% over-prediction. Under-
prediction was acceptable regardless of its magnitude. Precision, on the other hand,
indicates the reproducibility of the predictions by the model, measured by the variability
of its estimates, with a lower mean absolute prediction error (MAPE) indicating higher
precision (equation 2); a MAPE of less than 30%, ensuring a high degree of precision in
predictions; and a median absolute difference in predicted versus observed VWF:Act peak
levels of less than 0.15 IU/mL, deemed clinically acceptable according to Goedhart et al.
models that satisfied these thresholds have satisfactory predictive performance and were
deemed clinically acceptable.

PE {I:.I'v'fﬂ-] — Cobserration™ EFFE'JI:ETI:IJFI. % 100

Epred[cr iomn

MAPE (%) = median of |PE]|

(Equation 1)

(Equation 2)

Simulation-based diagnostics

Prediction-corrected visual prediction checks (pcVPC) were performed based on 1,000
Monte Carlo simulated datasets generated using the population PK model and displayed
using the “vpc” R package (version 1.2.2, https://cran.r-project.org/package = vpc.). The
overall fit of the model was visually assessed by overlaying the 90% confidence interval
of 5™, 50™, and 95™ quantiles for the simulations with the corresponding quantiles for
the VWF:Act levels.

Model predictability in clinical practice

The bias and precision of the predictions of the population PK model is important to
ensure that real world measured VWF:Act levels align with the predicted values. We
therefore focused on investigating the predictive performance regarding VWF:Act peak
levels. Adequate response to desmopressin is crucial. There are different definitions of
desmopressin response’. We differentiated results into four groups based on measure-
ments and predictions VWF:Act levels that were clinically relevant. We evaluated three
different thresholds of VWF:Act >0.50, >0.80 or >1.0 IU/mL:

1) both measured and predicted >threshold (true positive);

2) both measured and predicted <threshold (true negative);

3) VWF:Act measured >threshold but predicted <threshold (false negative);

4) VWF:Act measured <threshold but predicted >threshold (false positive).

The last group is of particular clinical interest as this is the group at greatest risk for
bleeding.
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The predictive performance was further analyzed by receiver operating characteristic
(ROC) analysis. A peak VWF:Act level of 0.50, 0.80 or 1.0 IlU/mL was used to separate
observations into the binary outcome of achieving versus not achieving the set target
level. The ROC analysis determines how well the model predicts above or below the
target of 0.50, 0.80 or 1.0 IU/mL. The departure of the ROC curve from the diagonal line
to the upper left corner indicates an improvement in predictive performance for the
dichotomous outcomes. Area under the curve of the ROC curve quantifies the perfor-
mance of the prediction, ranging from 0.5 (random) to 1 (optimal).

RESULTS

A total of 247 VWF:Act samples from 61 patients with VWD were prospectively collected
from June 1st 2016 to July 1°2023. A summary of the baseline demographic and clinical
characteristics of the independent validation dataset is shown in Table 1.

Table 1. Patient characteristics

Male/female 23/38
Age, years 17 (10 -35) 6-78
Body weight, kg 59 (36 - 77) 20-109
Von Willebrand disease type
Low VWF 24
Type 1 26
Type 2A, M, N, unspecified 6,4,-,1
Total historically lowest VWF:Act, 0.33(0.19 - 0.43) 0.04 - 0.68
1U/mL
Low VWF 0.46 (0.41 - 0.50) 0.34-0.68
Type 1 0.25(0.16 - 0.33) 0.05 - 0.46
Type 2 0.18 (0.08 - 0.21) 0.04-0.31
Total historical lowest FVIII, IlU/mL  0.65 (0.47 - 0.75) 0.08 - 1.42
Low VWF 0.75 (0.65 - 0.80) 0.38-1.12
Type 1 0.56 (0.38 - 0.66) 0.08 -1.42
Type 2 0.48 (0.28 - 0.73) 0.11-1.04
Dose (mcg) 18 (10 -22) 5-31
Dose (mcg/kg) 0.30 (0.29 - 0.30) 0.23-0.31
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Prediction-based diagnostics

The results of the model performance based on prediction-based diagnostics using the
population PK model by de Jager et al. are shown in Table 2 and 3. The model param-
eters of de Jager et al. are displayed in the supplement. VWD type 1 patients displayed
the best predictive performance, as the bias was below 20% and (peak) median absolute
was below 0.15 [U/mL.

Table 2. Summary of prediction based diagnostics

All patients (n=61) 27.2 -185-47.6 39.8 22.7 - 60.4
Von Willebrand disease type

Low VWF (n=24) 39.5 19.0 - 60.9 39.5 20.3-60.9
Type 1 (n=26) 8.04 -31.7-336 336 19.0 - 54.7
Type 2 (n=11) 3.32 -52.8-58.7 56.9 39.2-71.1
Baseline VWF:Act

>0.30 IU/mL (n=41) 32.2 8.97 - 54.9 335 17.7 - 56.7
<0.30 IU/mL (n=20) -35.0 -55.0-39.9 51.6 37.4-644

IQR: interquartile range, MAPE: median absolute prediction error, MPE: median prediction error, VWF:Act: von Willebrand
factor activity

Table 3. Summary of absolute difference between measurements and predictions

All patients (n=61) 0.24 0.12-0.51 0.31 -0.18-0.71
Von Willebrand

disease type

Low VWF (n=24) 0.44 0.24-0.63 0.54 0.32-0.91
Type 1 (n=26) 0.086 -0.23-0.34 0.015 -0.32-0.49
Type 2 (n=11) -0.0049 -0.19-0.30 -0.13 -0.41-0.36
Baseline VWF:Act

>0.30 IU/mL (n=41) 0.34 0.11-0.57 0.50 0.13-0.77
<0.30 IU/mL (n=20) -0.18 -0.31-0.23 -0.18 -0.44-0.25

IQR: interquartile range, VWF:Act: von Willebrand factor activity

The bias of the population PK model evaluated is shown in Table 2 and Figure 1. Posi-
tive values indicate the model tends to underestimate actual measurements, which is
clinically tolerable. Conversely, negative values suggest the model overestimates
measurements, an undesirable scenario due to the risk of predicting higher than ob-
served measurements. In Figure 1a, the PE is depicted for all patients. The observed
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Figure 1. Box plots of the prediction error (PE, %) for VWF:Act levels. A) PE of all patients, B) PE of patients stratified
on von Willebrand disease type, C) PE of patients stratified on baseline VWF:Act <0.30 IlU/mL or 20.30 IlU/mL. Black dashed
lines are reference lines indicating PE% +20. The median of the box plot is shown as the solid line within each box, the box
represents the interquartile range (IQR), and the whiskers indicate the range of the data.

bias is acceptable with a MPE of 27.2%, as indicated by a higher under-prediction of
VWEF:Act levels in patients. However, there is a large range in MPE. Figure 1b stratifies
patients according to VWD type. For patients with type 1 and type 2 an acceptable MPE
of 8.04% and 3.32% was observed, meaning there is no significant under- prediction. For
patients with low VWF large over-prediction was observed; the MPE was 39.5%. Figure
1c stratifies patients with a VWF:Act baseline of <0.30 IU/mL and >0.30 IU/mL. Patients
with a VWF:Act baseline of 20.30 IU/mL and <0.30 IlU/mL had a MPE of 32.2% and -35.0%,
indicative of under-prediction and over-prediction, respectively.
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The results of overall precision of the evaluated population PK model are shown in Table
2. When considering all patients, the precision of the model is not acceptable with a
MAPE of 39.8%. However, if we stratify patients according to VWD type, then the MAPE
of the model for low VWF, type 1 and type 2 is respectively 39.5% and 33.6 and 56.9%.
The stratification highlights the significant variability in the performance of the model
across different patient subgroups, with the highest variability observed in patients with
type 2 VWD, as evidenced by the highest MAPE. Moreover, when stratifying patients
into baseline VWF:Act <0.30 and >0.30 IU/mL, then the MAPE is 51.6 and 33.5%. Thus,
VWD type 1 patients with a VWF:Act baseline, before desmopressin testing =0.30 IU/mL
displayed the best precision based on the MAPE.

The absolute difference, or in other words the difference between predicted VWF:Act
and measured VWF:Act, is displayed in Figure S1. Figure S2 displays all PE against the
baseline VWF:Act. Here, we observed a trend showing that patients with a baseline
VWEF:Act <0.30 IU/mL have a lower MPE compared to the other patients. In examining
the absolute differences in IU/mL, all patients had a median absolute difference of 0.24
IU/mL, indicative of under-prediction. However, when categorized based on low VWF,
type 1, and type 2, the median absolute differences were 0.44, 0.086, and -0.0049 IU/mL,
respectively. Further stratification based on VWF:Act baseline levels of >0.30 and <0.30
IU/mL revealed median absolute differences of 0.34 and -0.18 IU/mL, respectively.

In terms of median absolute differences for peak levels across all patients, the value
was 0.31 IU/mL. For groups with low VWF, type 1, and type 2, these differences were
0.54,0.015, and -0.13 IU/mL, respectively, and 0.50 and -0.18 IU/mL for VWF:Act baseline
>0.30 and <0.30 IU/mL, respectively. It should be noted that both type 1 and type 2 pa-
tients demonstrated an IQR of -0.32 to 0.49 IU/mL and -0.41 to 0.36 IU/mL, respectively,
indicating substantial variability in the absolute differences of peak levels.

In summary, both type 1 and type 2 patients demonstrated satisfactory bias levels,
indicating a balanced distribution of predictions both above and below the actual
measurements. However, the precision of predictions for type 2 patients was notably
poor, showing a significant variability in the model’s estimates, whereas type 1 patients
exhibited better precision. Patients with low VWF were generally under-predicted, as
evidenced by the solely positive PE IQR and a positive median absolute difference at
peak levels. Analysis stratified by baseline VWF:Act levels revealed that patients with
baseline levels below 0.30 IU/mL were mostly over-predicted, as shown by a negative
MPE and a negative median absolute difference at peak levels. Conversely, for patients
with a baseline VWF:Act of >0.30 IU/mL, the model tended to under-predict.
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Simulation-based diagnostics

Figure 2 displays simulation-based diagnostics illustrating the overall model perfor-
mance. The pcVPCdisplayed the simulated VWF:Act levels and their variability across the
population PK model compared to the measured VWF:Act levels within the independent
validation dataset. The model-based simulations, accounting for the 90% prediction
interval (PI), covered the measured VWF:Act levels mostly in the population PK model.
However, a minor inconsistency was observed between the 50" and 5™ percentiles
of the observed data and the simulated intervals of the corresponding percentiles,
represented by the solid line and the transparent blue areas, respectively. The primary
inconsistency noted was that the median of the observed values is above the predicted
values. In supplemental Figures 3 and 4, the pcVPC'’s are stratified on VWD type and
baseline.

VWF:Act (IU/mL)
N

Time (h)

Figure 2. Prediction-corrected visual predictive check (pcVPC) plots of the independent dataset for the investi-
gated population PK models of von Willebrand factor activity (VWF:Act) after desmopressin administration. Dots
represent measured VWF:Act; the solid black line represents the 50th percentile of observed data; the dashed black lines
represent the 5th and 95th percentiles of the population model. Shaded areas depict the model predicted 95% confidence
intervals of the simulated percentiles.
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Model predictability in clinical practice

Accurate prediction by the model, ensuring a predicted VWF peak level of >0.50, >0.80
or 21.0 IU/mL matches the measured peak VWF level, is important for clinical practice.
Figure 3 illustrates the relationship between the measured VWF peak levels and their
corresponding predicted values. Sixty-one peak samples were available in total.
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Figure 3. Predicted peak von Willebrand factor activity (VWF:Act) levels against measured peak VWF:Act levels.
Dashed lines indicate the VWF:Act threshold level of 0.50 IU/mL (A), 0.80 IU/mL (B) or 1.0 IU/mL (C). Green shaded area
represents measured and predicted VWF:Act levels above the threshold (True positive), while red shaded area represents
measured VWF:Act levels below the threshold, but a predicted VWF:Act level above the threshold (True negative). Orange
shaded areas represent measured and predicted VWF:Act level below the threshold (True negative), or measured above
the threshold but predicted below the threshold (False negative).
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When applying a threshold of 20.50 IU/mL, analyses show that 55/61 patients presented
with VWF-Act levels exceeding 0.50 IU/mL for both measured and predicted values (true
positive), while 6/61 patients displayed a measured VWF:Act <0.50 IlU/mL, although the
model predicted values >0.50 IU/mL (false negative).

When applying a threshold of >0.80 IU/mL, analyses show that 47/61 patients presented
with VWF:Act levels exceeding 0.80 1U/mL for both measured and predicted values
(true positive), while 7/61 samples displayed levels below this threshold for both mea-
sured and predicted values (true negative). The patients corresponding to these seven
samples had the lowest baseline VWF:Act (median: 0.10 IU/mL, range: 0.04 — 0.16 1U/
mL). Moreover, 6/61 samples displayed a measured VWF:Act <0.80 IU/mL, although the
model predicted values >0.80 IU/mL (false negative). These particular patients had a
relatively lower baseline VWF:Act before desmopressin administration (median: 0.17 U/
mL, range: 0.06 - 0.28 IU/mL) compared to the median baseline VWF:Act observed in
the dataset (median: 0.33 1U/mL, range: 0.04 - 0.68 IU/mL). Additionally, 1/61 sample
displayed a measured VWF:Act >0.80 IU/mL, while the predicted VWF:Act was <0.80 IU/
mL (false negative).

When applying a threshold of >1.0 IU/mL, analyses show that 38/61 presented with
VWF:Act levels exceeding 0.80 IU/mL for both measured and predicted values (true
positive), while 12/61 samples displayed levels below this threshold for both measured
and predicted values (true negative). Moreover, 4/61 samples displayed a measured
VWEF:Act <1.0 IU/mL, although the model predicted values >1.0 IU/mL (false positive).
Additionally, 7/61 samples displayed a measured VWF:Act 21.0 IU/mL, while the pre-
dicted VWF:Act was <1.0 IU/mL (false negative).

The ROC analysis describes the ability of the model to predict a binary outcome, namely
whether the VWF:Act will be above or below the target peak level threshold of 0.50, 0.80
or 1.0 IlU/mL (Figure 4). Only a ROC analysis was performed for the threshold 0.80 and 1.0
IU/mL, as 0.50 IU/mL did not have any false positive or true negative values. The model
showed good predictive performance with an area under the curve of 0.86 (sensitivity
= 97%, specificity = 54%) and 0.80 (sensitivity = 84%, specificity = 75%) for predictions
>0.80 and =1.0 IlU/mL. The high sensitivity suggests that the model is good at identifying
measured and predicted VWF:Act levels >0.80 and >1.0 IlU/mL, missing only one and
seven positive cases. However, while the model showed a high degree of sensitivity, the
specificity indicated a considerable number of cases where VWF:Act levels measured
below these thresholds were incorrectly predicted to exceed them, particularly for the
>0.80 IU/mL threshold, suggesting a higher rate of false positives at this level.
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Figure 4. Receiver operating characteristic (ROC) curve for predicting the peak von Willebrand factor activity above
or below the target peak level of 0.80 IU/mL (A) or 1.0 IU/mL (B). AUC: area under the curve
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DISCUSSION

For VWD patients, assessing their response to desmopressin is critical to enable adequate
prevention and treatment of bleeding with this easily applicable and less expensive
drug. Performing desmopressin tests however is time consuming for both patients and
medical staff. Eliminating the need for these tests would therefore be beneficial, but can
only be realized if accurate prediction of desmopressin response is possible in each indi-
vidual patient. Population PK modelling may be able to predict the individual response
to desmopressin based on individual patient characteristics. Therefore, adequate pre-
dictive performance of such a population PK model must be validated. This study shows
that the previously developed population PK model has adequate performance in terms
of bias across the entire population, yet notable disparities emerge when categorizing
by (sub)type of VWD. Patients with type 1 VWD exhibited the most accurate predictions
in terms of both bias and precision. In contrast, type 2 patients experienced significant
imprecision, indicated by considerable variability in predictions. Patients with low lev-
els VWF generally demonstrated underestimations in their predictions, which from a
clinical standpoint, could still be deemed acceptable. However, predictions for patients
with a baseline VWF:Act less than 0.30 IU/mL tended to be overestimated, a situation
considered clinically undesirable due to the higher than actual measurements predicted
leading to potential bleeding risk for the patient when treated.

Our independent validation dataset represented a heterogeneous group of VWD pa-
tients e.g. VWD type age, and gender. Nevertheless, baseline VWF:Act before desmopres-
sin administration was lower (median: 0.33 IU/mL) in our external independent dataset
when compared to the previously developed population PK model (VWF:Act baseline
before desmopressin administration mean: 0.50 1U/mL)". Although the population
PK model did not fulfill all performance criteria, certain sub-groups showed adequate
bias and higher precision in their predictions. Particularly VWD type 1 demonstrated
more reliable predictions. Conversely, patients with a VWF:Act baseline of <0.30 1U/
mL displayed substantial over-prediction by the model, meaning that their predicted
levels of VWF:Act were consistently higher than what was actually measured. This dis-
crepancy could potentially be attributed to the original dataset used for development
of the population PK model, in which patients had an atypical mean VWF:Act baseline
of 0.50 IU/mL before desmopressin administration'. It is plausible that the previous
developed population PK model by de Jager et al. inadequately captured patients with
lower VWF:Act baselines, resulting in the observed over-prediction in this independent
validation study. Furthermore, the study by de Jager et al. included fewer patients with
low VWF levels compared to our independent validation dataset. Additionally, patients
in our dataset were generally younger and had a slightly lower body weight on aver-
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age. These variations in demographic and clinical characteristics might account for the
differences in predictive outcomes. In addition, over-prediction may also be caused by
unidentified covariates, which were then, of course, not taken into account in the pub-
lished study but which may play a role in desmopressin responses of VWD patients. This
aligns with previous findings indicating a significant variability in how patients respond

to desmopressin®'°.

Previously, it was noted that patients categorized as having low VWF levels, particularly
those with historically lowest VWF levels ranging from 0.30 to 0.50 IlU/mL, demonstrated

a complete response to desmopressin®'?

. While other VWD patients should perform a
desmopressin test to confirm their response. This finding suggested that desmopressin
testing might not be essential for low VWF patients. While the population PK model
aimed to predict the response to desmopressin, the external validation revealed short-
comings in bias and precision. Intriguingly, the model exhibited an under-prediction in
low VWF patients but an over-prediction in patients with a VWF:Act baseline <0.30 IU/
mL. The current population PK model was not able to accurately predict VWF:Act levels
post-intravenous desmopressin administration in patients with a VWF:Act baseline <0.30
IU/mL. Therefore, the necessity for desmopressin testing in VWD patients, especially in

patients with a VWF baseline <0.30 IU/mL, remains unchanged.

VWD type 1 patients typically have a VWF:Act baseline <0.30 IU/mL. However, in our in-
dependent validation dataset, we encountered VWD type 1 patients with VWF:Act base-
line levels as low as 0.05 IU/mL. Our validation analysis highlighted that the increase in
VWF:Act is notably lower in patients with a baseline VWF:Act of <0.30 IU/mL, as observed
by over-prediction of the model. The wide range of baseline VWF:Act levels observed in
type 1 patients underscores the varied response to desmopressin administration, where
the increase in VWF:Act is partially dependent on the baseline VWF:Act level. Thus, for
accurate predictions of VWF:Act levels post-desmopressin administration using popula-
tion PKmodelling, further sub classification of VWD type 1 appears necessary. Previously,
it has been demonstrated that the desmopressin response is influenced by genotype in
type 1 VWD patients®. Moreover, Atiq et al. investigated the impact of desmopressin on
VWEF:Act among patients diagnosed with VWD type 1 and type 2 with various genetic
variants in the VWF gene®. Notably, individuals with genetic variants in type 1 have
substantially lower baseline VWF:Act levels and a reduced increase in VWF:Act following
desmopressin administration compared to type 1 patients when genetic variants cannot
be demonstrated. Itis plausible that certain type 1 patients included in our independent
validation dataset may have gene mutations, potentially explaining the lower response
to desmopressin observed in this subgroup. Moreover, other studies have shown a large
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variability in response after desmopressin administration in type 1 VWD patients®'°. This
further underlies the importance of the characterization of type 1 VWD.

The external validation carried out in our study presents several limitations. Firstly, we
have a lower number of patients (n=61) and VWF:Act samples (n = 247) compared to the
developed model. Specifically, our independent validation dataset included a limited
number of patients with type 2 VWD, which limits the robustness of the results derived.
Secondly, we did not have VWF:Act samples 24h post-desmopressin administration,
therefore CL of VWF:Act could not be accurately described.The published population
PK model by de Jager et al. mainly consisted of covariates implemented on the clear-
ance (CL). Therefore, it is unfortunate that VWF:Act samples 24h post-desmopressin
administration were not collected. Thirdly, our external validation mainly consisted of
peak samples and a large variability in PE was observed. However, there were no covari-
ates included in the population PK model that distinguished different VWF peak levels
obtained for various sub-population within VWD, such as those related to the volume
of distribution or bioavailability. These factors may be important in explaining the high
PE seen across many patients. It is essential to incorporate clinically relevant covariates
related to PK parameters, as the existing population PK model was not able to identify
significant covariates affecting these parameters. Furthermore, accurately characteriz-
ing VWD types is crucial for enhancing the predictive performance of the population PK
model. The current performance of the model is suboptimal across various VWD types,
as indicated by inadequate predictive performance across one or more metrics. This
suggests that the present approach of including covariates related to PK parameters
in the model is insufficient. The characterization of VWD types is key to appropriately
integrating these covariates into the model. Additionally, baseline VWF:Act before des-
mopressin administration is a critical factor, as it appears to be a significant indicator
of desmopressin response across various studies'®. Thus, it is imperative to revise the
current population PK model to incorporate clinically relevant covariates that accurately
reflect PK parameters.

In conclusion, the present study shows that the previously developed population PK
model has adequate performance in terms of bias across the entire population, yet no-
table disparities emerge upon categorizing by types of VWD. Patients with type 1 VWD
exhibited the most accurate predictions in terms of both bias and precision. However,
the observation of over-prediction in patients with a VWF baseline below 0.30 IU/mL
underscores the importance of still using a desmopressin test in these clinical settings
to ensure effective treatment with desmopressin in VWD patients.
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SUPPLEMENT

A population pharmacokinetic (PK) model describing von Willebrand factor activity

(VWF:Act) levels after desmopressin administration in von Willebrand disease (VWD)

was developed by de Jager et al'. Below the final PK parameters are displayed in table

1. The formulas of the PK parameters in the final model are displayed in equation 1-4

Supplement table 1. Final population pharmacokinetics parameters by de Jager et al.

Ka(h™) 1,830
Clearance (L/70kg/h) 0.152
Volume of distribution (L/70kg) 0.994
F 1
F virtual dosing 0.0780
Ageon F 0.57
VWD type 1 on clearance 1
VWD type 2 on clearance 1.99
VWD type 2A on clearance 251
VWD type 2M on clearance 1.9
VWD type 2N on clearance 0.885
Low VWF activity on clearance 0.915
Sex on clearance 0.715
IV clearance (%) 0.461
1IV volume of distribution (%) 0.0697
[N/ (7 essepictestn () 3.35
IV F (%) 0.312 (60.5)
Additive residual variability (%) 0.0517
Proportional residual variability (%)  0.146
Body weight ™7

Clearance (CL) (7) = 0152 x

kil

% Lwp typer % 1.9%wp typez X 2.51pyp type 24 X

l'go‘wi.fb type 2M x O'SSSWD tpye N x 0'915Lﬂw VWF activity X 0'715)‘8an& % et

Volume of distribution (Vd) (L) = 0.994 x Z0 2R o gnvd

AgalsET
e

F= 1x x el

— virtual dosin,
Fuirruui dosing — 0.0714 x &" &
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(Equation 1)

(Equation 2)

(Equation 3)

(Equation 4)
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Supplement figure 1. Box plots of the absolute difference (IU/mL) for VWF:Act levels. A) Absolute difference of all
patients, B) Absolute difference of patients stratified on von Willebrand disease type, C) Absolute difference of patients
stratified on baseline VWF:Act <0.30 IU/mL or >0.30 IU/mL. Black dashed line are reference lines indicating an absolute
different of 0 IU/mL. Absolute difference was calculated as: measured VWF:Act - predicted VWF:Act.
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represents the smooth line (loess smooth). The dashed line represents the prediction error of 0%. Dots represent patients
with a calculated PE where a VWF:Act level was measured.
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Supplement figure 3. Prediction-corrected visual predictive check (pcVPC) plots of the external dataset for the

investigated population PK models of von Willebrand factor activity (VWF:Act) after desmopressin administration

stratified into von Willebrand disease (VWD) type 1, 2 and low VWF. Dots represent measured VWF:Act; the solid black

line represents the 50th percentile of observed data; the dashed black lines represent the 5th and 95th percentiles of the

population model. Shaded areas depict the model predicted 95% confidence intervals of the simulated percentiles.
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Supplement figure 4. Prediction-corrected visual predictive check (pcVPC) plots of the external dataset for the
investigated population PK models of von Willebrand factor activity (VWF:Act) after desmopressin administration
stratified into VWF:Act baseline of <0.30 or 20.30 IU/mL. Dots represent measured VWF:Act; the solid black line repre-
sents the 50th percentile of observed data; the dashed black lines represent the 5th and 95th percentiles of the population
model. Shaded areas depict the model predicted 95% confidence intervals of the simulated percentiles.
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ABSTRACT

Despite body weight-based dosing, there is still substantial interindividual variation in
the Von Willebrand factor(VWF) and factor VIII(FVIII) levels after infusion of VWF/FVIII
concentrate. Therefore, we aimed to investigate the reliability and feasibility of pharma-
cokinetic (PK)-guided dosing of a VWF/FVIII concentrate in patients with Von Willebrand
disease (VWD) undergoing medical procedures.

Methods

A prospective multicenter intervention study was performed in VWD patients requiring
Haemate P® during a medical procedure between April 8" 2019 until July 1*2023. Dosing
regimens based on individual PK parameters, obtained through a priori PK profile, were
calculated using a population PK model. Predicted and measured VWF activity(VWF:Act)
and factor VIII(FVIII:C) levels were compared to assess the predictive performance, aim-
ing at a prediction error (PE) within +25%.

Results

Twenty-nine VWD patients were included: 11 type 1 and 18 type 2 VWD. Medical pro-
cedures were classified as low 17/29 (59%) and medium bleeding risk 12/29 (41%). In
total, 138/202 (65%) VWF:Act levels and 124/202 (61%) FVIII:C levels were within £ 25%
of the predicted levels. The median PE [interquartile range] for VWF:Act peak and trough
levels was 15%[8-26] and 23%[11-41], respectively. For FVIII:C peak and trough levels, it
was 18% [9-30] and 21% [10-37]. The positive PE indicates the observed measurements
were higher than the predictions. Four (14%) patients experienced minor bleeding
complications. No cases of thrombosis occurred. Patients and physicians reported high
satisfaction with PK-guided dosing.

Conclusion

This study shows promising results regarding the reliability and feasibility of PK-guided
dosing in VWD patients undergoing medical procedures. However, due to the hetero-
geneity of VWD, more data is essential to optimize and refine further personalization of
treatment by application of PK-guided dosing of VWF/FVIII concentrates.
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INTRODUCTION

Von Willebrand disease (VWD) is the most common inherited bleeding disorder, affect-
ing 0.6-1.3% of the population'. It results from defects in von Willebrand factor (VWF),
causing mucocutaneous bleeding, hematomas, menorrhagia and bleeding during
medical procedures. VWD is categorized into three types. Type 1 VWD, accounting for
70-80% of cases, involves a partial deficiency of VWF due to reduced synthesis, secretion
or increased clearance. Type 2 VWD, accounting for 20% of cases, represents various
qualitative defects in VWF and is divided into subtypes’. In type 2A, there is reduced
VWEF binding to platelets, while in type 2B VWF has an increased affinity for platelets.
Both subtypes are characterized by low levels of high molecular weight VWF multimers
(HMWM). In type 2M, reduced platelet binding is observed with normal HMWM and in
type 2N a decreased affinity of VWF to FVIIl is seen, resulting in lower FVIII:C levels. Finally,
in type 3 VWD, accounting for <5%, extremely low circulating VWF levels are measured,
resulting in severe VWD?. VWF serves as a chaperone protein for FVIII, protecting FVIII
from proteolysis in the circulation. Therefore, patients with VWD, especially those with
severe deficiencies, also present with lower FVIII:C levels.

The goal of treatment in VWD is to prevent or stop bleeding by increasing VWF and FVIII
levels to adequate levels for hemostasis. This is achieved by administering desmopressin
to stimulate the release of endogenous VWF and FVIII or by infusion of VWF-containing
concentrates. The choice of treatment depends on VWD type, bleeding phenotype,
severity and location of bleeding, and type of medical procedure. Desmopressin is an
option for patients with type 1 and 2 who demonstrate an adequate response of VWF
and FVIII following desmopressin testing®. Although, desmopressin is accessible and
inexpensive, dosing frequency is limited due to tachyphylaxis. Various VWF-containing
concentrates are available for VWD treatment with different VWF/FVIII ratios and HMWM
content®. Dosing these concentrates is still based on body weight and guided by target-
ing of VWF and FVIII levels which are determined by bleeding severity or the type of
medical procedure®,

In a retrospective analysis, Hazendonk et al. reported that treatment with a specific VWF/
FVIII concentrate (Haemate P®) was suboptimal in VWD patients undergoing medical
procedures. Most VWF and FVIII trough levels exceeded predefined target levels (= 0.20
IU/mL), for type 1 (65% and 91%), type 2 (53% and 72% and type 3 VWD (57% and 93%),
respectively. However some fell below target levels, with 16 to 38% of VWF:Act trough
levels and 8 to 14% of FVIII:C trough levels observed to be lower which respectively may
lead to an increased risk of thrombosis and/or bleeding, as well as unnecessary costs
due to excessive dosing.
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The inter-individual differences in response to VWF/FVIII concentrates can be explained
by variation in pharmacokinetics (PK) between patients. Lethagen et. al, studied the
use of an individual PK profile prior to surgery for optimal loading dosage of VWF/FVIII
concentrate, focusing on the feasibility of this approach®. They reported that using a
loading dose based on the VWF PK profile was feasible and resulted in excellent to good
hemostasis in almost all patients®. In a similar study which focused on using prior PK
profiling to guide dosing during surgery, Di Paola et al. observed high intra-individual
variability between PK parameters obtained pre- and post-surgery, limiting its use for
optimal perioperative dosing’.

In a recent randomized controlled trial, we demonstrated that PK-guided dosing of
FVIIl concentrates in patients with hemophilia A improved the attainment of FVIII levels
within the prescribed range®. Importantly, in this study, a preoperative PK profile was
obtained and after the initiation of surgery, doses were iteratively adjusted daily. In
VWD, PK-guided dosing based on this approach has not yet been studied. Therefore,
the aim of this specific arm of our study is to investigate the reliability and feasibility
of iteratively PK-guided dosing of VWF/FVIII concentrate in VWD patients undergoing
medical procedures, focusing on a specific VWF/ FVIIl concentrate in this publication.

METHODS

Study design

The OPTICLOT/To WIN study is a prospective, multicenter, intervention study that is
ongoing in four hemophilia treatment centers in the Netherlands: Erasmus MC, Univer-
sity Medical Center Rotterdam; University Medical Center Groningen; Maxima Medisch
Centrum and Maastricht University Medical Center. The study was approved by the
Medical Ethics Committee of the Erasmus MC and registered at the Netherlands Trial
Register “"OMON”, as N.-OMON54546 and in EudraCT as 2018-001631-46. The design of
OPTICLOT/To WIN study has been described in an earlier publication®.

Study population

The OPTICLOT/To WiN study consists of four interventions arms®. This article focuses on
intervention arm B in which patients were treated with VWF-containing concentrates
during medical procedures, applying PK guidance. We now report on the initial results
using a specific VWF/ FVIIl concentrate, Haemate P®, which is a plasma-derived factor
concentrate containing VWF and FVIIIl with a VWF/FVIII ratio of 2.4:1°. Table 1 shows the
inclusion and exclusion criteria of study, specifically for intervention arm B.
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Table 1: Inclusion and exclusion criteria for OPTICLO/To WIN study, intervention group of Arm B, in which PK-guided dos-
ing of VWF/FVIII concentrate was performed.

All ages Any other known hemostatic abnormalities

Hemorrhagic symptoms or a family history of von Acquired VWD
Willebrand disease with historically lowest levels of

VWF:Ag <0.60 [U/mL and/or VWF:Act <0.60 1U/mL

and/or VWF:CB <0.60 m/L and/or FVIII:C <0.40 IU/mL;

Need for a medical procedure requiring replacement  Presence of VWF antibodies (>0.2 BU)
therapy

Written patient informed consent Withdrawal of informed consent

Abbreviations: VWD, von Willebrand disease; VWF, von Willebrand factor; FVIII:C, factor FVIII activity; VWF:Ag, von Will-
ebrand factor antigen; VWF:Act, Von Willebrand factor activity; VWF:CB, Von Willebrand factor collagen binding activity; IU,
International units; mL, millimeters

Study intervention

Figure 1 depicts the study design and interventions in arm B. Firstly, included patients
underwent PK profiling, involving the infusion of a 25 1U/kg dose of the VWF/FVIII
concentrate based on FVIII with blood sampling at T=0, T=10 (peak level) minutes, T=2
hours, T= 24 hours and T=48 hours. The treating physician established VWF:Act and/
or FVIII:C target levels for patients during the medical procedure, based on guidelines
and patient characteristics and determined the duration of treatment. The clinical
pharmacologist provided first doses based on individual patient characteristics (VWD
type, body weight and age), predefined target levels combined with type and severity
of medical procedure and the individual PK profile. This PK-guided dosing advice was
then discussed with the treating physician for approval. Secondly, during the medical
procedure, PK-guided dosing was applied iteratively, with monitoring of factor levels
to assess if targets were achieved, adjusting the dosing if necessary. Importantly, the
treating physician was allowed to overrule the PK-guided dosing advice if another dose
was preferred due to clinical reasons.

Blood sampling for factor levels was performed at baseline (before the medical pro-
cedure), after each infusion at T=10 minutes (peak level), after the medical procedure
(post-procedure level) and at T>= 12 hours after infusion (trough level). As this study was
designed as a clinical study in a real word setting, exact timing of blood sampling for
factor levels was not always possible. Peak level sampling deviations were allowed up
to 30 minutes and for trough levels and other levels up to +/- 1 to 2 hours, with precise
documentation of time points. At the end of study participation, the treating physician
and patients received a questionnaire regarding their opinion on PK-guided dosing.
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Figure 1: OPTCLOT/To WiN study design: intervention group arm B with VWF/FVIII concentrates
Abbreviation: VWF, Von Willebrand factor; FVIII, factor FVIII; PK, pharmacokinetic

Clinical and laboratory measurements

Data of patients, medical procedures and treatment characteristics were collected. Pa-
tient characteristics included age, most recent body weight, VWD type, historically lowest
levels of VWF (including VWF:Activity (VWF:Act); VWF:Antigen (VWF:Ag), VWF:collagen
binding activity (VWF:CB)), FVIII:C and ABO blood group. Type 1 VWD was defined as
having a VWF:Act/VWF:Ag ratio >0.7, whereas type 2 VWD was categorized as VWF:Act/
VWEF:Ag ratio <0.7. Regarding medical procedures, type of procedure, estimated and
actual duration, starting timepoint and ending time, bleeding risk and ASA classification
were documented. As the estimated duration of the medical procedure was required for
the calculation of the PK-guided dosing regimens, it was obtained from surgery sched-
ules, or procedure appointments. Subsequently, the actual duration was documented
after the procedure: if unavailable, the estimated duration was used instead. The bleed-
ing risk of the medical procedure was classified as minor, medium or high according to
Koshy et al.”. If classifications according to Koshy et al. were not feasible, the most prob-
able bleeding risk was determined. Treatment characteristics were documented includ-
ing treatment duration, timing, dosing and frequency of VWF/FVIII concentrate, mode
of infusion (continuous or bolus infusion) of VWF/FVIII concentrate, co- medication with
effects on hemostasis (tranexamic acid, low molecular weight heparin, non- steroidal
anti- inflammatory drugs) and complications including bleeding and thrombosis.

168



Laboratory measurements were conducted according to locally certified protocols. Rou-
tine blood tests before a medical procedure included measurements of blood group,
hemoglobin, platelets, liver function (alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), gamma-glutamyl transferase (GGT), alkaline phosphatase, lactate
dehydrogenase and albumin) and kidney function (urea and creatinine).

PK-guided dosing

Maximum a posteriori (MAP) Bayesian analysis, using the population PK (PopPK) model
by Bukkems et al. for Haemate P® was applied to estimate the individual PK parameters
for VWF:Act and FVIII:C based on the measurements of VWF:Act and FVIII:C levels during
the individual PK profile'". The individual PK parameters were used to design a dosing
advice for the medical procedure. In the applied population model the covariates of
the PK parameters were: VWD type, estimated medical procedure duration and ASA
score. Therefore, these were incorporated in the dosing calculations. Measurements of
VWEF:Act/FVIII:C collected both before and after the medical procedure were iteratively
added into the model on a daily basis to assess modification of the dosing regimen for
the subsequent day. Any adjustments to the dosing scheme were made if the model’s
predictions were below or significantly exceeded the target levels for VWF:Act/FVIII:C.
The latter was not specified by specific cut-offs but rather discussed with treating physi-
cian if necessary.

Study outcomes

The primary endpoint of the study was the reliability of PK-guided dosing which was
defined as the actual difference between predicted VWF:Act and FVIII:C and measured
VWF:Act and FVIII:C levels, referred to as predictive performance. The relative predic-
tion error (PE) (equation 1) and absolute error (AE) (equation 2) were used to assess
the predictive performance. PE indicates the accuracy of the predictions, where a posi-
tive PE suggests that the observed levels are higher than predicted, and a negative PE
indicates that the observed levels are lower than predicted. AE indicates the precision of
the predictions, with a higher AE signifying greater deviation from the predicted levels.
Importantly, the accepted or ideal AE or PE were not determined at the beginning of
study because the study population was expected to be too heterogeneous. The goal
was to determine the predictive performance by assessing both the PE and AE and to
identify the percentages of levels within a range of +25% of the predicted levels and to

calculate the median PE. Clinically accepted AE was explored.
Obzerved level — predictad level

PE (%}] = predicted level X 100% (equation 1)
w .

AE (—} = |Observed level — predicted level|
mL (equation 2)
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Secondary endpoints included the feasibility of PK-guided dosing, bleeding complica-
tions and incidence of thrombosis. Feasibility was defined as the satisfaction of the treat-
ing physician and patients as well as potential cost-reduction by application of PK-guided
dosing. Satisfaction was measured by questionnaire. Physicians were asked four questions
regarding their satisfaction with PK-guided dosing, the burden for the medical team and
patient and if they would choose PK-guided dosing again. Patients were also asked four
questions regarding satisfaction with PK-guided dosing, the burden of PK-guided dosing,
their appreciation of being aware of their factor levels during treatment and whether they
would recommend PK-guided dosing to other patients. All questions were rated on a scale
from 1 and 10, and if rating included a half number, it was rounded off or up to a whole
number. Cost effectiveness of PK-guided dosing was only assessed for the loading dose of
VWE/FVIII concentrate on the day of the medical procedure in order to compare with body
weight-based dosing. The latter was provided by the treating physician during the study
preparation. Bleeding complications were categorized as minor or major. A minor bleed-
ing complication was defined as additional treatment with a hemostatic drug. A major
bleeding complication was defined as prolonged hospitalization not due to logistic issues
(such as infusion not being possible at home), a need to repeat the medical procedure to
ensure hemostasis and/or (permeant) morbidity due to the bleeding complication.

Statistical analysis

Descriptive data are presented as numbers with percentages for categorical variables
and medians with an interquartile range (IQR) for continuous variables. In cases where
data were not normally distributed, the non- parametric Mann- Whitney U test was
used to compare groups and Wilcoxon Signed Rank test was used for related continues
variables. A p-value of less than 0.05 was considered statistically significant.

RESULTS

A total of 29 patients completed the study and were analyzed. Eleven (38%) patients
were included with type 1 VWD and 18 (62%) patients with type 2. Among patients with
type 2 VWD, there were 11 (61%) with type 2A, three (17%) with type 2B, three (17%)
with type 2M and one (5%) with type 2N. Patients with type 1 VWD had median histori-
cally lowest measured VWF:Ag and VWF:Act level of 0.29 IlU/mL [0.11-0.46] and 0.12 1U/
mL [0.09-0.17], respectively. For patients with type 2 VWD the median historically lowest
measured VWF:Ag and VWF: Act level were respectively 0.34 IU/mL [0.11-0.50] and 0.11
IU/mL [0.08-0.16] IU/mL. The median historically lowest measured FVIII:C level was 0.30
[U/mL [0.13-0.47] IU/mL for patients with type 1 and 0.33 IU/mL [0.17-0.53] for patients
with type 2 VWD.
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Table 2: General characteristics of included study population.

Total Type 1 Type 2
No. of patients 29 11 (38) 18 (62)
Female gender 23 (79) 9(82) 14 (78)
Age, years 61 [49 - 69.5] 66 [54 - 78] 56.5 [40 - 67]
Body weightA, kg 73 [68 - 84.5] 80[71-91] 73[62.5 - 83.75]
Von Willebrand disease
Lowest VWF/FVIIl level, lU/mL
VWF:Ag 0.29[0.11 - 0.46] 0.25[0.10-0.31] 0.34[0.11-0.50]
VWF:Act 0.12[0.09-0.17] 0.13[0.10-0.24] 0.11 [0.08-0.16]
FVIII:C 0.31[0.17-0.51] 0.30[0.13-0.47] 0.33[0.17-0.53]
VWEF/FVIII level before
treatment**, IU/mL
VWF:Act 0.16 [0.09 - 0.53] 0.55 [0.14-0.69] 0.14 [0.06-0.29]
FVIII:C 0.56 [0.25 - 0.85] 0.74[0.22-1.07] 0.39[0.26-0.76]
Medical intervention
Duration, min 40 [30 - 76] 41 [30-60] 35[30-87]
Bleeding riskA
Low 17 (59) 8(73) 9 (50)
Medium 12 (41) 3(27) 9 (50)
Treatment and complications
Treatment duration, days 2[1-5.5] 2[1-2] 2[1-6]
Bleeding complicationsAA
Major 0 - -
Minor 4(14) 109 3(17)
Thrombosis 0 = =

Among patients with type 2 VWD, there were 11 (61%) with type 2A, three (17%) with type 2B, one (5%) with type 2N, and
three (17%) with type 2M. *Measured or collected at time of PK profiling

**VWF/FVIII levels were taken on the day of medical intervention and before the infusion of Haemate P®

A Based on a surgical risk score, adapted from Koshy et al., Blood; 1995

AN Bleeding complication: major was defined as necessity of second surgical intervention, hemoglobin decrease >1.24
mmol/L and/or requiring red blood cell transfusion, or bleeding prolonging patient hospitalization; minor was defined
only required additional haemostatic treatment without requiring second surgical intervention, red blood cell transfusion,
or prolonging patient hospitalization. Abbreviations: No., number (percentages); Median, [IQR = Interquartile range 25%-
75%]; kg, kilogram; VWF, von Willebrand factor; FVIII:C, factor VIII activity; VWF:Act, von Willebrand factor activity; VWF:Ag,
von Willebrand factor antigen; IU/mL international units per milliliter;
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Two (6%) of the 31 initially eligible patients did not complete the study. One patient
with type 3 VWD was not treated with PK-guided dosing, as the treating physician
preferred body weight-based dosing, considering the difference with the proposed
PK-guided dose. The second patient with type 3 VWD experienced an allergic reaction
during Haemate P® infusion. Table 2 shows the general baseline characteristics of the 29
patients included. Only age was shown to be significantly different between type 1 and
2 VWD patients, as patients with type 2 were significantly younger (p=0.019). All patients
underwent PK profiling prior to their medical procedure. Most patients underwent PK
profiling between 1 and 9 weeks before their medical procedure (n=23) and six patients
underwent PK profiling between 28-69 weeks due to the type of medical procedure or
scheduling circumstances.

Patients underwent various medical procedures, with dental interventions being the
most frequent (n=7, 24%). Other medical procedures included colonoscopy (n=3), gas-
troscopy (n=3), gynecologic procedures (n=3), orthopedic surgery (n=3), dermatological
procedures (n=2), urologic procedures (n=2), general surgery (n=2), eye surgery (n=1),
cardiac procedure (n=1), a vaginal delivery (n=1) and an (minor) orthopedic procedure
(n=1). The median duration of these medical procedures was 40 minutes [30-76]. The
bleeding risk was classified as low in 17 (59%) procedures and medium in 12 (41%) pro-
cedures, with no significant difference between patients with type 1 and 2 VWD (p=0.27).

Treatment specifications and hemostatic complications

In total, 117 target levels were set by the treating physician, comprising 82 (70%) VWF:Act
levels and 35 (40%) FVIII:C levels. The predefined target peak levels before the initiation
of the medical procedure were as follows: >0.50 lU/mL(n=5), >0.80 IU/mL (n=13), >1.00
IU/mL (n=23) and >1.50 IU/mL (n=1). For subsequent trough levels during the medical
procedure, predefined target levels were >0.3 IlU/mL (n=6), >0.5 IlU/mL (n=54) and >0.8
IU/mL (n=15). Sixteen patients (55%), only VWF:Act was applied as the target level, in
12 patients (41%) both VWF:Act and FVIII:C were used as target levels, and in one (4%)
patient only FVIII:C was targeted.

The median treatment duration was two days [1-5.5]. The median dosage of the first in-
fusion of Haemate P® was 30 1U/kg FVIII [23-40], for patients with type 1 was the median
dosage 25 IU/kg FVIII [16-33] and patients with type 2 31 1U/kg FVIII [24-46] (p=0.84).

Four (14%) patients experienced minor bleeding complications. No major bleeding
complications occurred and there were no cases of thrombosis. Table 3 shows the char-
acteristics of patients with minor bleeding complications and provides more detailed
information.
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Predictive performance

In total, 202 VWF:Act and FVIII:C levels were measured and predicted, comprising 29
(14%) baseline levels, 84 (42%) peak levels, 62 (31%) trough levels and 27 (13%) post-
procedure level. Measured VWF:Act and FVIII:C levels are presented in Figure 2. Figure
3 illustrates the PE for VWF:Act and FVIII:C levels, specified for peak and trough levels
and Table 4 shows the median PE (MPE) and median AE (MAE) for VWF:Act and FVIII: C,
specified for peak and trough levels and each type of VWD.
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Figure 2: Measured factor levels during treatment. VWF:Act levels are shown in red and FVIII:C levels in blue. Time= 0
indicates the intial infusion of VWF/FVIII concetrate, with subsquently levels starting as peak levels and after the first peak
levels only trough levels are presented. The yellow lines indicates predefined target peak levels and the dashed black lines
indicate the target trough levels. Notably, both the target level of 0.8 IlU/mL and 0.5 IU/mL were used both for peak and
trough levels. *The four high VWF:Act trough levels between 24 and 96 hours were observed in one patient with type 2N
who received continuous VWF/FVIIl concentrate. Abbreviations: VWF:Act, von Willebrand activity; FVIII:C, factor VIl activity;
VWEF/FVIII concentrate, von Willebrand factor and factor VIl concentrate; IU, international units h, hour.

Von Willebrand factor activity

The MPE for VWF:Act peak levels was 14% [4-25] (n=84) and for VWF:Act trough levels
was 21% [2-38] (n=62). No significant in the MPE was observed between VWD types
(Table 4). The MAE for VWF:Act peak levels was 0.19 [0.07-0.31] (n=84) and for VWF:Act
trough levels it was 0.16 [0.06-0.25] (n=62). Patients with type 2 VWD had significantly
higher MAE compared to patients with type 1 VWD (0.20 [0.07-0.32] (n=40) versus 0.10
[0.05-0.18] (n=22); p=0.02). No significant differences in MPE and MAE were observed
between medical procedures with low and moderate bleeding risk.

Overall, focusing on VWF:Act levels, 138 (65%) were within the rang £ 25% of the pre-
dicted levels. Among the VWF:Act peak levels, 61 (73%) fell within this range and 34
(55%) of the VWF:Act trough levels also fell within this range (Figure 3). For peak levels,
22 (26%) were above this range (> +25%) and one (1%) level was below this range (<
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Figure 3: Predictive error for VWF:Act and FVIII:C levels, comparing predicted levels and measured levels. Factor
levels are dived into peak and trough and levels. Peak levels represent all peak levels, which were taken during treatment.
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ter a bolus infusion of VWF/FVIII concentrate (n=28 patients) or during continuous infusion (n=1 patient). Abbreviations:
VWEF:Act, von Willebrand activity; FVIII:C, factor VIII activity; VWF/FVIII concentrate, von Willebrand factor and factor VIII
concentrate; IU, international units h, hour.

Table 4: The predictive performance as assessed by the prediction error (PE) and absolute error (AE).

Peak Total n=84 n=32 n=52 n=84 n=32 n=52
levels
VWF:Act 14[4-25] 17[9-26] 11[1-25] 0.153 0.19 0.20 0.19 0.590

[0.07- [0.13- [0.07-
0.31] 0.27] 0.35]

FVIII:C 17[6-29] 17[8-30] 17[5-27] 0.883 0.24 0.25 0.23 0.980
[0.13- [0.14- [0.10-
0.42] 0.40] 0.56]

Trough  Total n=62 n=22 n=40 n=62 n=22 n=40
levels
VWF:Act  21([2-38] 17[5-36] 22[-3-  0.757 0.16 0.10 0.20 0.020
45] [0.06- [0.05- [0.07-
0.25] 0.18] 0.32]
FVIIi:C 21[6-37] 32[20- 14[4-33] 0.024 0.25 0.27 0.22 0.780
42] [0.11- [0.16- [0.09-

0.41] 0.37] 0.55]

Abbreviations: VWD, von Willebrand disease; VWF:Act, von Willebrand factor activity; FVIII:C, factor FVIII activity; IU, inter-
national units; ml; milliliters, IQR; interquartile range
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-25%). For trough levels, 26 (42%) were above this range (> +25%) and two (3%) levels
were below this range (< -25%).

For VWF:Act peak levels, 24 (29%) and 33 (39%) of levels had AE values < 0.1 IlU/mL and
< 0.15 1U/mL, respectively. In the case of VWF:Act trough levels, 14 (23%) and 23 (37%)
of levels had AE values < of 0.05 IU/mL and < of 0.1 IU/mL, respectively. No significant
differences were found between patients with type 1 and type 2 VWD.

Factor VIl activity

The MPE for FVIII:C peak levels was 17% [6-29] (n=84) and for trough levels it was 21%
[6-37] (n=62) (Table 4). Patients with type 2 VWD had significantly lower MPE compared
to patients with type 1 VWD (14% [4-33] (n=40) versus 32% [20-42] (n=22); p=0.024). No
significant difference was observed in the MPE between medical procedures with low
and moderate bleeding risk.

Patients
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Figure 4: The outcome questionnaires for patients and physicians to assess the feasibility of PK-guided dosing. For pa-
tients, the questions focused on their satisfaction with PK-guided dosing, the burden it placed on them, the importance
of knowing their factor levels during treatment and whether they would recommend PK-guided dosing to other patients.
Physicians were asked about their satisfaction with PK-guided dosing, the burden for the medical team and the patient
and whether they would choose for PK-guided dosing again. Responses were rated on a scale ranging from very dissatis-
fied (1-0) to very satisfied (10) with intermediate categories including dissatisfied (2-3), somewhat dissatisfied (4-5), some-
what satisfied (6-7), satisfied (8-9) and from definitely not (0-1) to definitely (9-10), with intermediate categories including
probably not (2-4), neutral (5-6), probably yes (7-8).
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The MAE for FVIII:C peak levels was 0.24 IlU/mL [0.13-0.42] (n=84) and for FVIII.C trough
levels it was 0.25 IU/mL [0.11-0.41] (n=62). No significant difference was observed in the
MAE between VWD types (Table 4). The MAE for FVIII:C peak levels was significantly lower
in patients undergoing medical procedures with low bleeding risk compared to those
with moderate bleeding risk (0.17 [0.08-0.30] and 0.29 [0.14-52], respectively; p=0.03).

Overall, focusing on FVIII:C levels, 124 (61%) were within + 25% between predicted and
measured levels. Among FVIII:C peak levels, 55 (66%) levels were within this range and
35 (56%) of trough levels also fell within this range (Figure 3). For peak levels, 27 (32%)
were above this range (= +25%) and two (2%) levels were below this range (< -25%). For
trough levels, 26 (42%) were above this range (= +25%) and one (2%) level was below
this range (< -25%).

For FVIII:C peak levels, 17 (20%) and 30 (36%) of levels had AE values < 0.1 IlU/mL and <
0.15 IU/mL, respectively. In case of FVIII:C trough levels, 6 (10%) and 13 (21%) of levels
had AE values < of 0.05 IU/mL and < of 0.1 IU/mL, respectively. No significant differences
in MPE were observed between VWF:Act and FVIII:C. The MAE for VWF:Act level was
significantly lower compared to MAE for FVIII:C level, which applies for peak (p=0.021) as
well as trough (<0.001) levels.

PK-guided and body weight-based dosing

In 23 (79%) patients, information regarding the potential body weight-based dosage for
the first infusion was available. The median differences between PK-guided and body
weight-based dosing of the loading dose (the first infusion) was -3 [U/kg FVIII [-14-4],
which was not significant (p=0.31). Four patients (17%) required similar doses, 12 (53%)
patients required lower doses with PK guidance and seven (30%) patients needed higher
doses with PK guidance when compared to body weight-based dosing. No significant
differences were found between loading doses in patients with type 1 and 2 VWD based
on body weight-based and PK-guided dosing.

Patients and treating physicians’ satisfaction

Figure 4 shows the patient- and physician reported outcomes of the questionnaire
regarding the feasibility and satisfaction with PK-guided dosing. Twenty-four (83%)
patients completed the questionnaire and 23 (79%) physicians. All patients reported
high satisfaction with PK-guided dosing, rating their satisfaction between 7 and 10 on
a 10-point Likert scale. Physicians also reported high satisfaction, rating their satisfac-
tion between 7 and 9. Regarding the study burden, patients were satisfied and scored
between 7 and 10. Physicians were less satisfied, scoring between 4 to 10 score for the
patient burden and reported varying scores regarding the burden on the medical team.
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DISCUSSION

This prospective study reports promising results regarding the reliability and feasibility
of PK-guided dosing in patients with VWD who require VWF/FVIIl concentrate during
medical procedures, by applying an individual PK profile and a previously developed
PopPK model with iterative daily dosing adjustments.

The primary study outcome, i.e. reliability, was defined by predictive performance,
assessed using PE (%) to define accuracy, and AE (IU/mL) to define precision between
measured and predicted factor levels. Our results show that observed VWF:Act levels
were underpredicted, as indicated by the positive PE and relatively accurate: VWF peak
levels by 14 % [4-25] and VWF trough levels by 21% [2-38]. In the ideal situation PE is
not significantly different from zero. However, the majority of VWF:Act levels, includ-
ing 73% of peak VWF:Act levels and 55% of trough levels, were within £25% prediction
range. This chosen prediction range means that all levels within the range are accept-
able and levels exceeding +25% indicate overtreatment and levels below -25% indicate
undertreatment according to predefined levels set by treating physician, the majority
according to guidelines. Importantly, only 1% of peak and 3% of trough levels were
below -25%. These results are beneficial as this minimizes risk of undertreatment while
increasing safety. Moreover, the choice of a £25% prediction range is common practice
to assess predictive performance and it aligns with the findings by Bukkems et al., where
the residual error of the PopPK model was reported to be 27% for VWF:Act. Interestingly,
this residual error reflects the variability caused by intra-patient PK and the imprecision
of the applied assay''. The results in our study for FVIII:C levels are also more of less
similar regarding underprediction and levels within £25% prediction, although there
were fewer FVIII:C levels within this range compared to VWF:Act levels. Additionally,
undertreatment was also less common in our prospective study, with only 2% of both
peak and trough FVIII:C levels below -25%.

Overall, underprediction and overprediction, i.e. lower predictive performance, could
be explained by errors in Bayesian modeling in general, as well as discrepancies in
data used to develop the PopPK model, such as differences in population and assays
for VWF:Act and FVIII:C, for both peak and trough levels. Moreover, the applied PopPK
model shows that VWF clearance decreases when procedures are of longer duration'".
Since estimated duration was used for predictions, which in some cases was significantly
different from the actual duration of the procedure, this discrepancy may have affected
the predictions. This results in lower predictive performance, with VWF:Act levels typi-
cally underpredicted when the actual procedure duration is shorter than estimated.
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Type 2 VWD patients had a significantly lower median PE for FVIII trough levels compared
to type 1 VWD patients, indicating more accurate predictions for FVIII trough levels in
type 2 (14% [4-33] versus 32% [20-42]). In contrast, type 1 patients had a significantly
lower median AE for VWF:Act trough levels compared to type 2 VWD patients, suggest-
ing higher imprecision of the predictions in type 2 VWD patients. These differences are
difficult to explain but may be resolved by further refining the PopPK model with data
from more patients.

Overall, the PE and AE of FVIII:C levels were slightly higher compared to those of VWF:Act
levels, indicating lower predictive performance. The significantly higher MAE suggests
lower precision, which could be attributed to the following factors. As known, FVIII:C
levels depend on VWF levels. Although the PopPK model by Bukkems et al, described
this VWF-FVIII interaction, predicting FVIII:C levels remain challenging due to these
interactions. Additionally, in VWD patients, except for type 2N, endogenous FVIIl is not
directly affected and FVIII:C levels are able to increase due to stress, as experienced dur-
ing medical procedures. This endogenous increase is difficult to predict.

In the retrospective study by Hazendonk et al. most observed VWF:Act and FVIII:C trough
levels exceeded predefined target levels (= 0.20 1U/mL) in VWD patients undergoing
medical procedures and receiving VWF/FVIII concentrate, which was dosed according
to body weight'’. Our approach resulted in fewer VWF:Act trough levels exceeding
predefined target levels (40% for type 1 and 50% for type 2) compared to the findings
reported by Hazendonk et al. (65% for type 1 and 53% in type 2). In contrast, all FVIII
trough levels in our study exceed the predefined target level > 0.201U/mL, highlight-
ing the challenge of predicting FVIIl levels'. Notably, Hazendonk et al. included more
patients with type 1 VWD and more major surgeries, therefore comparisons should be
made with caution. Despite our approach leading to relatively fewer exceeding levels,
there is still a high proportion of VWF and FVIII levels exceeding the predefined target
levels (= 0.20 lU/mL), suggesting that the precision of our predictions is not yet sufficient.
This issue could potentially be resolved by enriching the PopPK model with more data.

No major bleeding occurred and only four (14%) patients experienced minor bleeding.
Furthermore, no thrombosis was diagnosed in our study population. Although FVIII:C
trough levels (median 1.31 [1.11-1.91] were high in our study population, they did not
reach extremely high levels. According to a systematic review, thrombosis due to factor
concentrate treatment is rare (prevalence of 3.6 per 1000 patients) and typically associ-
ated with prolonged FVIII:C trough levels =2.00 IU/mL or with FVIII:C trough levels >1.50
IU/mL along with other thrombotic risk factor'.
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Regarding the feasibility of PK-guided dosing, both patients and physicians were satis-
fied with this approach. Although treating physicians reported some concerns regard-
ing the burden of PK guidance of dosing on patients and the medical team, the patients
did not perceive the increased blood sampling as burdensome. Furthermore, PK-guided
dosing showed no advantage of cost-reduction over body weight-based dosing for the
loading dose. Due to our study design, only the loading dose could be compared. This
aligns with the findings by van Moort et. al, which showed no lower consumption of FVIII
concentrate in the PK-guided intervention arm compared to standard dose arm with
body weight-based dosing in a randomized controlled trial®. Importantly, their findings
are based on the FVIII consumption during the entire treatment period up to 14 days
after initiation of replacement therapy.

Our study is not the first to examine the benefits of PK-guided dosing in VWD. However,
our approach differs from that of Lethagen et al. and Di Paola et al. as we not only as-
sessed a PK profile before the medical procedure to calculate the dosing regimen but
also applied iterative daily dosing adjustments. This approach allowed us to optimize
treatment and manage changes in the PK parameters of VWF and FVIII throughout
the duration of treatment®’. In addition to this strength, our study depicts a real-word
condition with no restrictions regarding study population or medical procedure, making
it easier to translate our findings into clinic practice.

Our study has some limitations. First, the PopPK model by Bukkems et al. primarily con-
sisted of patients with type 1 and type 2A VWD, complicating predictions for other VWD
types. However, due to the heterogeneous nature of VWD and low prevalence of sub-
types within type 2 and type 3 VWD, it will always remain challenging to include enough
representative patients. Therefore, we underline the importance of multicenter settings
in such studies. Second, our results suggest that the clearance of VWF:Act declines
over time during treatment. However the current PopPK model does not describe time
dependent PK of VWF:Act and should therefore be refined. Third, due to the real-world
setting of our study, missing data was inevitable, especially in the questionnaires. Finally,
although patients were satisfied with PK-guided dosing and did not report burdened by
blood sampling, the results could be biased as the study likely included patients less
affected by frequent blood sampling. The requirement for a prior PK profile is especially
burdensome. Although this PK profile is essential to calculate PK parameters, it should
also be practical and patient friendly to minimize the number of blood samples needed.
Future studies should focus on this.

In conclusion, the study results show that the predictive performance of a PK-guided
approach for the treatment of VWD patients undergoing medical procedures with a spe-
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cific VWF/FVIIl concentrate is reliable, mainly demonstrating underprediction, making it
clinically safe. Further data collection within this ongoing prospective study will lead to
the enrichment of existing PopPK model, further improving the precision of predictions
as well as construction of PopPK models for other VWF containing concentrates.
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ABSTRACT

Aims

During a medical procedure, von Willebrand disease (VWD) patients can be treated with
von Willebrand factor (VWF)/factor VIII (FVIIl) concentrate(s) to protect patients from
bleeding. Previously, a population pharmacokinetic (PK) model was developed that
described the PK of VWF: Activity (VWF:Act) and FVIII after infusion of Haemate P® in a
medical procedure setting. The aim of this study was to validate this model and update
the PK parameters using new independent data.

Methods

Data were obtained from the prospective OPTICLOT/ To WiN study, in which VWF/
FVIIl-concentrate (Haemate P®) doses were iteratively adjusted on basis of the observed
VWEF:Act and FVIII activity levels peri-operatively. The predictive performance of the
previously reported model was assessed by calculating the median prediction error
(MPE) and median absolute prediction error (MAPE) to determine bias and precision.
Moreover, the predictive performance was assessed using prediction-corrected visual
predictive check (pcVPC) and goodness-of-fit(GOF) plots. Subsequently, a new popula-
tion PK model was developed by using nonlinear mixed-effects modelling (NONMEM).

Results

Thirty patients were enrolled in the OPTICLOT/ To WiN study. A total of 702 (350 VWF:Act
and 352 FVIII) samples were available for analysis. First, we assessed the predictive per-
formance of a previously developed population PK model for the observed VWF:Act and
FVIIl levels. The MPE for VWF:Act and FVIII was respectively, -15.1% and -9.62%, while the
MAPE for VWF:Act and FVIIl was respectively, 41.1% and 31.7%. Based on the outcomes of
the pcVPC, GOF plots and MPE and MPE, there was room for model improvement. In the
new model activity versus time profiles were adequately described. During the medical
procedure, VWF:Act CL declined over time from a typical value of 513 mL/h/70 kg to 297
mL/h/70 kg at 48 hours post-treatment initiation; inter-individual variability was 49%.
Increased VWF:Act levels were associated with reduced FVIII CL. This phenomenon was
described with an inhibitory maximum effect model, identifying a half-maximum effect at
0.90 IU/mLVWEF:Act. This interaction notably decreases FVIII CL from 513 to 257 mL/h/70kg.

Conclusion

In this study, a previously developed population PK model for VWF:Act and FVIII was
tested and updated. The updated model adequately described the time dependent PK
of VWF:Act and the effect of VWF:Act on FVIII PK. The new model allows individualization
of dosing regimens and thereby potentially enhances treatment efficacy.
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INTRODUCTION

Von Willebrand disease (VWD)is an inherited bleeding disorder characterized by quanti-
tative or qualitative defects in von Willebrand factor (VWF), a protein that plays a crucial
role in primary hemostasis and platelet adhesion to injured blood vessel walls'. Patients
with VWD experience bleeding due to a deficiency or dysfunction of VWF, which results
in defects in primary hemostasis since VWF is essential for platelet adhesion and ag-
gregation. VWF also acts as a carrier protein for FVIII, protecting it from degradation in
circulation and therefore increasing its half-life. Deficiencies and defects in VWF lead
to impaired platelet plug formation. VWD is divided into different subtypes®. Type 1
is characterized by a partial quantitative deficiency of VWF, while type 2 (A, B, M, N)
demonstrate qualitative defects in VWF function. Lastly, in type 3 a severe deficiency or
absence of VWF is observed.

The dynamic interplay between von VWF:Act and FVIII levels plays a critical role in
maintaining hemostasis, both to mediate platelet adhesion to sites of vascular injury?
and to stabilize FVIII presence. Given the complexity of these interactions and the vari-
ability in patient responses, understanding the pharmacokinetics (PK) of VWF:Act and
FVIII, including factors influencing their clearance (CL), becomes imperative to optimize
treatment strategies. Bukkems et al. previously developed a VWF-FVIII interaction popu-
lation PK model during medical procedures, focusing on the administration of VWF-FVIII
concentrate (Haemate P°®)*. Their study, however, exclusively used retrospective data
from historical medical procedures. We aimed to construct a new VWF-FVIII interaction
population PK model based on newly acquired prospective data, including data from
both pre- and post-procedure phases. Our aim is to enhance predictive accuracy and
describe the dynamics of VWF and FVIll interactions in patients with VWD across various
clinical scenarios.

METHODS

Patients

Data of patients diagnosed with VWD or low VWF (historically lowest VWF antigen or
VWEF activity level of 0.30-0.50 IU/mL) were selected from the OPTI-CLOT: To WiN study
This is a multicenter, multi-arm procedure, non-randomized, open label intervention
study’. which is described extensively in an earlier publication. The study was approved
by the Medical Ethics Committee of the Erasmus MC, University Medical Center Rot-
terdam, the Netherlands, and and to EudraCT with number 2018-001631-46. The study
was conducted according to good clinical practice guidelines and the Declaration of
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Helsinki, and in accordance with the Dutch Medical Research Involving Humans Act. All
patients provided written informed consent’.

Data from 30 patients participating in Arm B of the OPTI-CLOT: To WiN trial was used.
All patients underwent varying medical procedures requiring treatment with VWF/FVIII-
containing concentrate to prevent bleeding. Patients were recruited from Hemophilia
Treatment Centers in the Netherlands between April 1 2019 and July 1* 2023. In the
pre-medical procedure, patients received a test dose of VWF/FVIIl-containing concen-
trate to establish the individual PK profile. Blood sampling for VWF:Act and FVIIl was per-
formed before the administration of the VWF/FVIIl-containing concentrate to determine
endogenous VWF:Act and FVIII baseline. Afterwards, samples were taken approximately
10 minutes, 2-6 hours, 24 hours and 48 after administration. On the day of the medical
procedure, samples were collected prior to treatment administration. Following treat-
ment administration, samples were immediately obtained to assess peak VWF/FVIII
levels, and another sample was collected after finalization of the medical procedure.
If patients required treatment with VWF/FVIlI-containing concentrate for multiple days
after the procedure, additional samples were taken before and after each administration
of the treatment during the course of the treatment.

Predictive performance and population modelling

This prospectively collected data was used to investigate the predictive performance
of a previously developed model by Bukkems et al. In NONMEM software (7.4., ICON,
Hanover, MD, United States)® the option MAXEVAL=0 was used to obtain population
and individual Bayesian predictions (goodness of fit (GOF) plots). These predictions were
plotted versus the observed activity levels. Furthermore, a prediction corrected visual
predictive check (pcVPC) was performed. The predictive performance of the previously
reported model by Bukkems et al. was also assessed by calculating the median predic-
tion error (MPE) (equation 1) and median absolute prediction error (MAPE) (equation 2)
to determine bias and precision. With an acceptable MPE of +/- 20% and a MAPE of less
than 30%".

Cob tion ~ Cpredicti
PE {@fu-] — Lobservation prediction w 100 % (Equation 1)
Epredicriun

(Equation 2)

MAPE (%) = median of |PE|

A novel population PK model was developed using prospective data. The population PK
model was developed in NONMEM software as well and further evaluated using PsN and
R studio”®. Development of the model was performed in three steps (i) a structural model
including inter-individual variability, (ii) residual error model and (iii) covariate analysis.
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Details of model development are provided in the supplementary files. Turnover models
were used to describe the change of endogenous of VWF:Act and FVIII levels over time.
First, separate models of VWF:Act and FVIIl were developed, afterwards the models were
combined and the interaction between VWF:Act and FVIII was modelled. An inhibitory
maximal effect (I,.x) function of VWF:Act levels on the FVIII CL was included. This func-
tion was used to describe the decrease of FVIII CL with higher levels of VWF:Act.

Model evaluation

Goodness of fit (GOF) plots were applied to evaluate the performance of all models. The
precision of the parameter estimates was expressed as relative standard error (RSE %)
and confidence intervals (Cl). A RSE value <30% for fixed effects and <50% for random
effects were considered acceptable’®. For assessment of the robustness of the parameter
estimates a bootstrap using 1000 new data sets from the original dataset was used.
Moreover, prediction-corrected visual predictive checks (pcVPC) were performed.

Simulations

Simulations were performed based on the final PK model to evaluate the clinical signifi-
cance of time-dependent CL on the levels of VWF:Act and FVIIl and FVIII CL dependency
on VWF:Act. The aim was to maintain VWF:Act levels above 0.50 IU/mL during the initial
three days post medical procedure'. For these simulations, a typical patient profile of
VWD type 2A from the population PK model was selected. The typical patient had a
VWF:Act baseline of 0.14 IU/mL and body weight of 70 kg.

RESULTS

Data from 30 patients were available of which characteristics are displayed in Table 1.
Seven males and 23 females were included, the median age was 63 years (interquartile
range (IQR) 49 - 69), body weight 73 kg (68 — 83). Most patients had type 1 VWD (n=11),
followed by type 2A (n=11), 2B (n=4), 2M (n=2), 2N (n=1) and type 3 VWD (n=1).

Predictive performance

In our study, a total of 702 samples were collected, with 298 samples taken before the
medical procedure (pre-procedure) and 404 samples taken post-procedure. All samples
were above the limit of quantification of the assays. Our initial analysis focused on as-
sessing the predictive performance of a previously developed population PK model
for VWF:Act and FVIII levels. We performed a pcVPCs using both data pre- and post-
medical procedure. In supplementary figure 1 the pcVPCs of pre-medical procedure
are displayed. We observed that 95" and median percentiles of the observed data do
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Table 1. Patient characteristics

Male/female 7/23

Age, years 63 (48 - 69) 28-79
Body weight, kg 73 (68 - 83) 55-119
Von Willebrand disease type

Type 1 11

Type 2A,B M, N 11,4,2,1

Type 3 1

Lowest VWF:Act, IlU/mL 0.11(0.07 - 0.18) 0.04-0.90
Lowest FVIII, lU/mL 0.30(0.16 - 0.46) 0.06 - 0.97
Endogenous baseline VWF:Act, IU/mL 0.17 (0.08 - 0.32) 0.04-1.89
Endogenous baseline FVIII, IU/mL 0.58 (0.30 - 0.85) 0.08-1.43
Surgery information

No. of surgeries 30

Duration of surgery, min 52.5(30-90) 5-240
Severity of surgery

Minor 18

Major 12

ASA classification

| 7

1l 20

1 3

Dose information

FVIIl dose in 1U/kg during PK profile 25 (24 - 26) 20-56
FVIIl dose in 1U/kg during perioperative setting 31 (24 -48) 12-63

not fall within the prediction areas for both VWF:Act and FVIII. This suggests that the
model does not accurately capture the variability of the data for the pre- procedure
circumstances. In supplementary figure 2 the pcVPCs of the for the of post- procedure
phase are displayed. Again, the 95" and median percentiles of the observed data are
outside the prediction area for VWF:Act, whereas for FVIII the observed data are mostly
within the prediction area. This indicates better model alignment with observed data
post-procedure for FVIII but not for VWF:Act. Importantly, despite the discrepancies
noted above, most of all observed data fall within the prediction areas. Supplementary
figures 3 and 4 display the GOF plots, also using both pre- and post- procedure data.

Moreover, the MPE for VWF:Act and FVIII was respectively, -15.1% and -9.62%, while
the MAPE for VWF:Act and FVIII was respectively, 41.1% and 31.7%. While the bias is

190



acceptable with less than +/- 20%, the precision is not acceptable, as the precision is
above 30%. Thus, the outcomes of the pcVPCs, GOF plots, MPE and MAPE indicate there
is room for model refinement or adjustment, especially to better capture the dynamics
of VWF:Act across different conditions and improve the fit for FVIII pre-procedure.

Development of a new population PK model

A novel population PK model was developed, describing VWF:Act and FVIII levels using
both data pre- and post-medical procedures. A schematic overview of the models is
displayed in figure 1. A two-compartment model was the best fit for VWF:Act, whereas a
one-compartment model was found to be the best fit for FVIII levels. Key to both models
was the application of a turnover model, which was used to describe the endogenous
levels of VWF:Act and FVIII in each patient. A turnover model describes the dynamic
process of synthesis, distribution, and elimination of a VWF:Act and FVIII within the
body. It accounts for the rates at which the VWF:Act and FVIII is produced and cleared.
On both VWF:Act and FVIII, IV was included in on the CL, central volume of distribution
(V1) and the baseline levels.

Following the development of the novel PK model for VWF:Act and FVIII, the relationship
between VWF:Act levels and CL of FVIIl was further explored to understand the dynamic
interplay between these factors. An inhibitory maximum effect (l,,.,) model was used
to quantify the influence of VWF:Act levels on FVIII CL. This inclusion led to a significant
improvement in model performance (p < 0.01). The analysis revealed that at a VWF:Act
level of 0.90 IU/mL, the half-maximum effect (ICsy) of the inhibitory effect on FVIII CL
was achieved. This interaction was further characterized by a marked reduction in FVIII
CL, from an initial rate of 513 mL/h/70kg with a (virtual) VWF:Act level of 0 IU/mL to
257 mL/h/70 kg, upon achieving the I1Cs, VWF:Act level of 0.90 IU/mL. This finding dem-

Kin Dose Dose
VWEF:Act

Peripheral Q

vquF:ne of Central volume Central volume
distribution of distribution of distribution

VWF:Act EVII
(VWF:Act) ( ) (Fvin)
N -~
N . . = - -
- (cL,,,m X time start since medical yracedufe) cL ~—a - CL —04720mm
R e G T R G i VWEAct Imax X VWF:Act_ % py ) X time start since medical procedure
Ac L= g, T vwF Aa

Figure 1. Schematic overview of the population pharmacokinetic model describing the interaction between von
Willebrand factor activity (VWF:Act) and factor VIl (FVIII) and the time dependent CL functions on VWF:Act and
FVIIL. An Imax function was used to describe the inhibitory effect of the VWF:Act levels on the clearance of FVIII. CL: clear-
ance, Kin: zero-order production rate of endogenous VWF:Act or FVIII, Q: inter-compartmental clearance.
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onstrates a substantial decrease in FVIII CL as a function of increasing VWF:Act levels,
highlighting the critical influence of VWF:Act on the CL of FVIII.

Covariate analysis

During the medical procedure, the CL of VWF:Act decreased non-linearly over time. The
time-dependent CL was modelled by a sigmoid Imax function. A typical CL was estimated
to be 513 mL/h/70 kg, and this CL decreased further over time. After 24- and 48-hours
treatment initiation, the CL was approximately 328 and 297 mL/h/70 kg, respectively.
Even with the inhibitory model of VWF:Act on FVIII CL, the CL of FVIII continued to de-
crease over time, following a linear trend post-medical procedure. This decrease in FVIII
CL occurred independently of the VWF:Act levels, indicating that the reduction in CL was
consistent regardless of the presence or absence of VWF:Act. A sigmoid function was
also tested, but did not result in a significantly better model fit. CL decreased linearly
with 0.475 mL/h/70kg per hour. At the start of the medical procedure, the typical FVIII CL
is 476 mL/h/70 kg, While the FVIII CL 24 hours after treatment initiation is approximately
465 mL/h/70 kg (approximately 3% lower). This CL continues to decrease over time,
with the value further reducing to approximately 453 mL/h/70 kg (approximately 5%
lower) 48-hour post-treatment initiation. All the aforementioned FVIII CL values were
calculated in the absence of VWF:Act levels. IV was also tested on the time-dependent
CL parameters (CL,) for both VWF:Act and FVIII, but this resulted in large shrinkage or
imprecise parameter estimations. The time-dependent CL of VWF:Act and FVIII during
medical procedure is illustrated in supplement figure 5.

In the covariate analysis, VWD type was identified as a significant covariate affecting the
baseline von Willebrand Factor Activity (VWF:Act). For type 1 VWD patients and type 2N,
the typical baseline VWF:Act was estimated to be 0.388 IU/mL. However, for individuals
with VWD types 2A, 2B, and 2M, the baseline VWF:Act was estimated to be 0.14 IU/mL,
while for VWD type 3 the VWF:Act baseline was 0.0981 IU/mL.

The GOF plots of the final model demonstrate that the model describes VWF:Act and
FVIII levels adequately (Figure 2 and 3). The pcVPC shows similar adequate model per-
formance (Figure 4). Finally, the estimates and 95% confidence intervals of the bootstrap
confirm robustness of the model (Table 2).

Simulations to illustrate the clinical relevancy of time-dependent
clearance

Simulations were performed to evaluate the clinical significance of time-dependent CL
on the levels of VWF:Act and FVIII. For these simulations, a typical patient profile from
the population PK model was selected. The results are presented in figure 5. In the set-
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Figure 2. Goodness-of-fit (GOF) plots of the final interaction pharmacokinetic model of von Willebrand factor activ-
ity (VWF:Act) and factor VIII (FVIII) before medical procedure. Red dots represent VWF:Act, blue dots represent FVIII. A)
Individual predicted (IPRED) vs observed concentrations, B) Population predicted (PRED) vs observed concentrations, C)
Conditional weighted residuals (CWRES) vs PRED, D and H) Time after administration vs CWRES. The solid line is the line of
identity. The dashed line represents the loess smooth line.

ting observed pre-medical procedure, depicted in Figure 5A, an initial dose of 2500 IU
was administered at T=0 hours, followed by additional 1750 IU doses every 12 hours
up to T=60 hours. This regimen maintained VWF:Act trough levels at 0.51, 0.52, and
0.52 IU/mL at T=24, 48, and 72 hours, respectively, for the typical patient. Conversely,
figure 5B illustrates the time period while the medical procedure was ongoing where a
time-dependent decrease in CL was incorporated in the model. Using the same dosing
scheme, VWF:Act trough levels increased to 0.69, 0.88, and 0.98 IU/mL at T=24, 48, and
72 hours, respectively, indicating VWF accumulation due to reduced CL over time. This
suggests that a reduced dosage could achieve the target VWF:Act levels of >0.50 IU/
mL, as shown in figure 5c¢. Here, an initial dose of 2500 IU was followed by 1000 IU doses
at T=12 and 24 hours, and 750 IU doses at T=36, 48, and 60 hours, achieving VWF:Act
trough levels of 0.54, 0.53, and 0.53 IU/mL at T=24, 48, and 72 hours, respectively.
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Table 2: Final population pharmacokinetic parameter estimates and bootstrap results

CL VWF:Act (L/h/70 kg) 513(10) 513[422-630]

V1 VWF:Act (L/70 kg) 4820 (5) 4774 (4307 - 5246]
Q VWEF:Act (L/h/70 kg) 667 (41) 697 [177 - 1655]

V2 VWF:Act (L/h/70 kg) 998 (28) 1026 [598 - 2024]
Baseline VWF:Act VWD type 1 and 2N (IU/mL) 0.387 (14) 0.383 [0.306 — 0.500]
CLFVIII (L/h/70 kg) 476 (30) 489 [306 - 820]

V1 FVIII (L/h/70 kg) 3470 (6) 3433 [3150 - 3844]
Baseline FVIII (IU/mL) 0.441 (15) 0.443 [0.336 - 0.569]
1C50 VWF:Act (IU/mL) 0.900 (35) 0.914[0.478 - 1.62]
Covariates

Baseline VWF:Act VWD type 2A, B, M 0.140 (18) 0.358[0.254 — 0.534]
Baseline VWF:Act VWD type 3 on 0.0981 (23) 0.254[0.166 - 0.317]
CLyin VWF:Act (during medical procedure) 0.511(7) 0.510[0.443 - 0.592]
Tso of CLinin VWF:Act (h) 10.1 (35) 9.70[1.58 - 16.5]
Decrease CL FVIII per hour (during medical procedure)  -0.472 (44) -0.482 [-0.994 to -0.106]
Inter-individual variability (CV%)

VWF:Act CL 49.2 (14) [5] 47.6 [31.7 - 66.5]
VWF:Act V1 30.6 (23) [4] 289[17.4-43.9]
VWEF:Act baseline 82.7 (12) [0] 79.9 [56.5-110]
FVIIl CL 73.4(19) [9] 75.8[46.1-131]
FVIIV1 13.9 (25) [36] 13.0[5.06 - 20.0]
FVIII baseline 59.8 (2) [0] 57.8[35.6-83.3]

Correlation inter-individual variability CL - V1 VWF:Act ~ 76.1
Correlation inter-individual variability baseline VWF:Act  78.9

—-CLFVII

Residual variability

Proportional error VWF:Act (%) 13.4(9) 13.2[11.0-15.7]
Proportional error FVIII (%) 17.6 (10) 17.2[14.2-20.2]

Cl: confidence interval, CL: clearance, CV: coefficient of variation calculated as v(eA(wA2 )-1) x100, FVIII: factor VIII, RSE:
relative standard error, V1: central volume of distribution, V2: peripheral volume of distribution, VWF:Act: von Willebrand
factor activity, Q: intercompartmental clearance.
Applied formulas to calculate typical PK parameters
CLVWE = By X rﬂ'nd_v ual,gkt.}n 5 o (1 (El.m;“ ¥ time start since medical prncadura)) :
Tgo+time start since medical procedure

VIVWF =g, x (

Bady ual,ghr)n .75 .

QVWF =8, * (

V2 VWF = ﬂp v [Bndy ualgkr}
Baseline VWF VWD type 1and 2N=8g. . otine w0 typeland 2N

Baseline VWF VWD type 2A, Band M = B5assline VWD type2AE and M

Baseline VWF VWD type 3 = Bannaling Twen trneg

CLFVIl =8z * (M}n.rs — 04720 min ¥ time start since medical procedure ;
VIRVl = 8, x (22t
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Figure 3. Goodness-of-fit plots of the final interaction pharmacokinetic model of von Willebrand factor activity
(VWF:Act) and factor VIII (FVIII) during/after medical procedure. Red dots represent VWF:Act, blue dots represent FVIII.
A) Individual predicted (IPRED) vs observed concentrations, B) Population predicted (PRED) vs observed concentrations, C)
Conditional weighted residuals (CWRES) vs PRED, D and H) Time after administration vs CWRES. The solid line is the line of
identity. The dashed line represents the loess smooth line.

Figure 5 also explores the impact of time-dependent CL on FVIII levels. In the setting
pre-medical procedure was initiated (figure 5A), FVIII trough levels remained relatively
stable throughout the following days, averaging about 1.15 IU/mL. However, during
the medical procedure with accounted time-dependent CL (figure 5B), FVIII trough
levels began at 1.15 and rose to 1.54 [U/mL at T=24 and T=72 hours. When applying
the adjusted lower dosing regimen during the medical procedure setting (figure 5C),
simulated FVIII trough levels were lower, at 0.97, 0.94, and 0.91 IU/mL at T=24, 48, and
72 hours, respectively.
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Figure 4. Prediction-corrected Visual Predictive Check (pcVPC) for von Willebrand factor activity (VWF:Act) and
factor VIII (FVIII) of the novel population pharmacokinetic model. A and B) pcVPC of VWF:Act and FVIII levels before
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dian and the 5th and 95th percentiles of the observed data, while the shaded areas show the 90% prediction intervals for
the median and percentiles based on simulations from the final model. Circles represent individual observed data points.
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Figure 5. Impact of time-dependent clearance on von Willebrand factor activity (VWF:Act) and factor VIII (FVIII)
levels. Simulations of a typical patient with von Willebrand disease were performed to illustrate the impact of time-de-
pendent clearance on VWF:Act and FVIII levels. Red lines indicate the predictions for VWF:Act, while blue lines show the
predictions for FVIIl. Dashed horizontal lines indicate the target levels of >0.50 IU/mL for both VWF:Act and FVIIl. Dosages
administered in international units (IU) of FVIIl are shown below these dashed lines. A) displays a typical simulated patient
in the preoperative setting without time-dependent clearance effects on VWF:Act and FVIII. B) displays a typical simulated
patient during medical procedure, incorporating time-dependent clearance effects on both factors. C) demonstrates that
during medical procedure, achieving target levels (>0.50 IU/mL) required lower dosages compared to before medical pro-
cedure, based on simulations.
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DISCUSSION

This study presents the development of a novel population PK model describing the
complex interaction of VWF:Act and FVIII before and after a medical procedure, high-
lighting the significant dynamics in the CL of both coagulation factors especially during
the post-procedure period. Notably, our findings reveal a discernible pattern of (non)-
linear reduction in the CL of VWF:Act and FVIII over time in the post-medical procedure
setting, a phenomenon not observed in the pre-medical procedure phase. This suggests
a potential for reduction of this specific VWF-FVIII concentrate dosage while maintain-
ing target levels, optimizing treatment and minimizing bleeding risks during medical
procedures.

In the perioperative setting, our analyses revealed patterns of CL dynamics for VWF:Act
and FVIIl. While the CL of VWF:Act decreased non-linearly over time, following a sigmoi-
dal pattern, the CL of FVIIl exhibited a linear decrease. The clinical relevance of these
findings lies in the impact on dosing regimens and treatment optimization. As the CL of
VWEF:Act and FVIIl decrease over time, higher plasma levels of these factors are attained.
Consequently, in patients receiving treatment with longer durations, lower dosages
may be sufficient to achieve target plasma levels of VWF:Act and FVIII due to the pro-
longed presence of these factors resulting from the lower CL over time. This highlights
the importance of considering the changes in CL dynamics when optimizing dosing
strategies in the perioperative setting. Additionally, Hazendonk et al., observed an ac-
cumulation of VWF:Act and FVIII levels during medical procedures involving the use of
the same VWF-FVIII concentrate (Haemate P®) as in our model in a retrospective study'".
This accumulation aligns with our observation of a decreased CL of VWF:Act and FVIIl in
the perioperative setting. The study by Hazendonk et al. provides a valuable parallel to
our current studies, reinforcing the concept that the CL of these coagulation factors un-
dergoes significant alterations in response to therapeutic procedures. A reason for the
decrease in CL over time could be due to saturation of CL pathways as FVIIl and VWF are
cleared from circulation through receptor-mediated pathways. For FVIII, the low-density
lipoprotein receptor-related protein 1 (LRP1) plays a major role in the CL of FVIII, and it
is also likely involved in the the CL of VWF:Act'*". While ADAMTS13 is not a receptor but
an enzyme, it is crucial for the cleavage of large VWF multimers in the circulation into
smaller, less active forms'®. The administration of Haemate P® may lead to a saturation of
these CL pathways, particularly at higher or sustained levels. As the treatment continues
and endogenous production is supplemented by the treatment, the CL pathways may
become increasingly saturated, leading to a decrease in CL rates over time. The novel
model underscores the clinical relevance of incorporating time-dependent CL in the PK
of VWF:Act and FVIII, particularly in the perioperative setting. They suggest that dosage
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adjustments based on dynamic CL changes can effectively maintain target factor levels,
optimizing patient care while potentially reducing the risk of excessive coagulation
factor accumulation. However, it may also be possible due to increase in endogenous
productions of factor levels.

An additional critical consideration stemming from our findings, is the implication of
sustained high levels of VWF:Act and FVIII. Prolonged levels (>2.50 IU/ml) of these fac-
tors can elevate the risk of thrombosis'*'®. This potential for thrombotic complications
highlights an essential advantage of reducing the dosage of VWF-FVIII concentrates in
the perioperative setting. By optimizing the dosing regimen to maintain target levels
without excessive accumulation, we not only preserve the therapeutic efficacy but also
mitigate the thrombosis risk. Reducing thrombotic risk through dose adjustment could
be important when incorporating PK insights into clinical decision-making processes.

Our study had some limitations. In the analysis, we integrated data from a previously
developed model by Bukkems et al. into our analysis [data not shown]. The rationale
behind this approach was to obtain a larger dataset encompassing a broader patient
population, thereby enhancing the robustness and generalizability of the model.
However, we encountered challenges during the model development process, when
combining the data from the previous model with our current dataset. Despite efforts to
integrate the datasets, the combined model was instable. This instability may be attrib-
uted to differences in data quality, study design, and patient characteristics between the
two datasets. Notably as stated earlier, the dataset from the previous model comprised
retrospective data, whereas our current dataset was derived from a prospective study.
Prospective data collection offers several advantages, including standardized data col-
lection protocols, more stringent quality control measures, ensuring data accuracy. In
contrast, retrospective data may be subject to inherent limitations such as incomplete
or inconsistent documentation, variability in data collection practices over time, and
potential biases introduced during data extraction and analysis.

Secondly, the disparity in sample sizes between the two datasets also influenced the
stability of the combined model. The previous dataset, which included 118 patients,
provided a larger and more diverse sample compared to our current dataset, which
comprised of only 30 patients. Consequently, PK parameter estimations tended to be
biased towards the larger dataset, potentially overshadowing the contributions of our
prospective data. Thirdly, there is an under-representation of certain VWD subtypes,
specifically type 2B, 2N, 2M, and type 3, within our dataset. The scarcity of data on these
subtypes in our model currently limits the applicability of our findings to the broader
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VWD patient population. The absence of substantial data from these patient groups
hampers our ability to fully understand the PK dynamics and treatment responses in
these VWD subtypes. Lastly, the applicability of our model is specific to Haemate P®,
which possesses a von VWF-FVIII ratio of 2.4:1. This specificity raises concerns about
the management of prolonged high FVIII levels, a situation that might be inevitable
due to its inclusion in VWF-FVIII concentrates, even for patients who already possess
adequate endogenous FVIII levels. This characteristic of Haemate P® underscores a criti-
cal challenge in treatment strategies, particularly for individuals who might not require
additional FVIII supplementation and demonstrate FVIIl accumulation. Therefore, while
Haemate P° is effective in addressing deficiencies of both VWF and FVII, its fixed ratio
presents a limitation that necessitates patient-specific management to mitigate the risk
of inducing excessively high FVIll levels.

In conclusion, our study provides valuable insights into the PK of VWF:Act and FVIII by
a novel model describing the interaction of VWF:Act and FVIII levels in pre- and post-
medical procedure settings. The observed differences in PK pre- and post-medical
procedure phases allow for iterative dose adjustments to individualize dosing regimens.
However, this interim analysis shows that continued data collection is essential to fur-
ther understand and anticipate the dynamics of replacement therapy in VWD patients.
We believe this approach will facilitate optimized therapeutic strategies, enhancing
treatment efficacy.
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Supplement figure 1. Predictive Check (pcVPC) using pre-medical intervention data for von Willebrand factor ac-
tivity (VWF:Act) and factor VIII (FVIII) population pharmacokinetic model by Bukkems et al. The solid lines represent
the median and the 5th and 95th percentiles of the observed data, while the shaded areas show the 90% prediction inter-
vals for the median and percentiles based on simulations from the final model. Circles represent individual observed data
points, corrected for prediction discrepancies due to covariate and dosing differences. The divergence of observed per-
centiles from the predictive intervals, with solid lines lying outside the shaded areas, highlights discrepancies between the
model predictions and the observed data, suggesting a potential misspecification in the model’s predictive performance.
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Supplement figure 2: Prediction-corrected Visual Predictive Check (pcVPC) using post-medical intervention data
for von Willebrand factor activity (VWF:Act) and factor VIII (FVIII) population pharmacokinetic model by Bukkems
et al. The solid lines represent the median and the 5th and 95th percentiles of the observed data, while the shaded areas
show the 90% prediction intervals for the median and percentiles based on simulations from the final model. Circles rep-
resent individual observed data points, corrected for prediction discrepancies due to covariate and dosing differences. The
divergence of observed percentiles from the predictive intervals, with solid lines lying outside the shaded areas, highlights
discrepancies between the model predictions and the observed data, suggesting a potential misspecification in the mod-
el’s predictive performance.
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Chapter 9 | ChatGPT in pharmacometrics? Potential opportunities and limitations

ABSTRACT

The potential of using ChatGPT in pharmacometrics was explored in this study, with
a focus on developing a population pharmacokinetic (PK) model for standard half-life
factor VIII. Our results demonstrated that ChatGPT can be utilized to accurately obtain
typical PK parameters from literature, generate a population PK model in R, and develop
an interactive Shiny application to visualize the results. ChatGPT’s language generation
capabilities enabled the development of R codes with minimal programming knowl-
edge and helped to identify as well fix errors in the code. While ChatGPT presents
several advantages, such as its ability to streamline the development process, its use
in pharmacometrics also has limitations and challenges, including the accuracy and
reliability of Al-generated data, the lack of transparency and reproducibility regarding
codes generated by ChatGPT. Overall, our study demonstrates the potential of using
ChatGPT in pharmacometrics, but researchers must carefully evaluate its use for their
specific needs.

INTRODUCTION

Over the years, the use of artificial intelligence (Al) in medical research has shown great
promise in enhancing drug discovery, identifying new treatment targets, and predicting
disease outcomes'. Al is an umbrella term encompassing several advanced technolo-
gies, such as machine learning, natural language processing, and deep learning. These
methods facilitate the extraction of patterns and insights from vast amounts of data.
A recent exciting development in Al research has been the public release of ChatGPT?,
developed by OpenAl. The model architecture behind ChatGPT (GPT; Generative Pre-
trained Transformer®) has shown to be very capable of achieving strong natural language
understanding, while its accessible graphical user interface has resulted in widespread
adoption.

Large Language Models (LLMs) such as ChatGPT are trained on an enormous corpus of
text in order to generative responses to queries®. By devoting considerable human time
labeling the quality of generated responses and re-training the model to produce the
best responses, ChatGPT has suprised many by producing fluent and accurate responses
to human inquiries. Aside from the public interest in the use of ChatGPT, there have also
been suggestions to using the model to assist students and researchers by editing text,
answering questions, writing code, and finding relevant literature given a query®™.
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There already exist several publications discussing the potential impact of LLMs on
a wide range of different research fields”"'". It however remains unknown if tools like
ChatGPT can also support researchers from relatively small research fields, potentially
underrepresented in the training data. In this work, we investigate if ChatGPT can be
used to assist during the development of population pharmacokinetic (PK) models. As
an use-case, we use ChatGPT to generate R code for predicting in vivo drug concentra-
tions of standard half-life factor VI (FVIII) concentrates in patients with haemophilia A",
Next, we query ChatGPT to generate an interactive R shiny application that can be used
for the interpretation of the model and the selection of optimal doses to reach certain
target FVIII levels. Based on this use-case, we aim to show that researchers unfamiliar
with programming in R can nonetheless produce usable code for data analysis and
discuss its limitations.

METHODS

Data collection and model development

We used the official implementation of ChatGPT v3.5 (https://chat.openai.com; OpenAl;
2023 May 24 version) to send and receive answers to queries. We wanted to make a pop-
ulation PK model for standard half-life FVIIl in R and visualize the results by using a Shiny
application. First, a simple query (“in R, make an one-compartment pharmacokinetic
model for FVIII") was used and the output generated by ChatGPT was evaluated. Based
on the generated R code, follow-up queries were used to extend the functionalities of
the PK model:

Population PK modelling

1) In R, can you make an one-compartment pharmacokinetic model for FVIII using the
package “desolve”? In the R code, use a CL of 2.5 dL/h and a V of 40 dL

2) Canyou use a dose of 1000 IU(International units)?

3) Canyou add allometric body weight scaling on the PK parameters?

4) Canyou also include inter-individual variability on the PK parameters?

Population PK simulations

5) Canyou simulate a population of 50 subjects?

6) Can you display every subject into one plot?

7) How can | reproduce this population for the simulation?

8) In the plot, can you display a prediction interval of the FVIII levels for the simulated
population? Add a shaded area for the prediction interval in the plot.
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Shiny application

9) Canyou display the results in a shiny application?

10) Define a slider input for dose (250 to 4000 IU, steps of 2501U) and body weight (40 to
100kg, steps of 1kg).

11) Also, add as a slider a target FVIII level (ranging from 30 to 100 IU/dL with steps of 10
IU/dL). The app should also print the probability of reaching the target FVIII level at

time 0 in this whole population.

The full queries are available at: https://chat.openai.com/share/5bd2a0fb-1662-4baa-
88a2-2a7a44b31e1f. Answers to the above queries were regenerated multiple times to
investigate the reproducibility of responses by ChatGPT.

RESULTS

Developing a population PK model using ChatGPT

First, we asked ChatGPT to make an one-compartment pharmacokinetic model for FVIII
in R and regenerate the responses. Each time, we obtained different R codes with dif-
ferent R packages used to develop the PK model. Furthermore, we encountered several
errors while executing some of the generated R codes. A short overview of the output is
displayed in figure 1.

Query:

Tn R, make an one compartment, PK model for FVII.

Different responses:

Figure 1. Example of variability in responses from ChatGPT when asking simple queries. Original conversations
can be obtained from https://chat.openai.com/share/340f6b7a-324c-4d07-ba2c-adb85337520b, https://chat.openai.
com/share/0b992845-cebd-40f8-81a9-e7753a83eb2a, and https://chat.openai.com/share/cbd18eca-aea9-4cea-a99d-
6707ae42cd7b.
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Generated R

In R, can you make an one-compartment pharmacokinetic model for FVIIL using
Bl the package "desolve'? In the R code, use a CL of 2.5 dL/h and a V of 40 dL

Sure, I can help you create a one-compartment, pharmacokinetic model for Factor

A VI (FVIII) using the * e package in R. The one-compartment model assumes
that the drug is instant ly and complotely absorbed into the central compartment
and follows first-order cl ion,

First, you need to install and load the *deSolve’ package. If you haven't installed it
before, you can do so with the following command:

install.packages("deSolve") PO—
After installing, you can load the package:
library(deSolve)

<- 1000

Now, let's define the one-compartment model for FVITT using the clearance (CL) and
volume of distribution (V) provided:

<R code and explanation>

Can you use a dose of 1000 IU?
&

® Certainly! Tf yon want to simulate the one-compartment pharmacokinetic model for
. FVIII with a dose of 1000 U, you need to update the initial amount (initial _amount)
to reflect the dose.
Here's the modified R code with a dose of 1000 TU:
<R code and explanation>

In the R code, a dose of 1000 IU was used. I ran the code and the plot displays
- at t=0h a FVIII concentration of 1000 IU/dL. This is a mistake. Can you fix it?

Apologies for the oversight. You are right; 1 made a mistake in the initial amount
B24  assignment. We should convert, the dose (U) to concentration (TU/mL) based on
the volume of distribution (V) to get the correct initial concentration.

Let's fix the code:

<R code and explanation>

Figure 2. Example of conversation-wise development of population PK model using ChatGPT. Excerpt of our conver-
sation with ChatGPT with the goal of iteratively developing a population PK model for factor VIIl. ChatGPT produces usable
code with detailed explanations and correctly resolves code errors when prompted. Full conversation can be obtained
from https://chat.openai.com/share/5bd2a0fb-1662-4baa-88a2-2a7a44b31e1f

Next, more detailed queries were used in a step-wise manner to generate a population
PK model by ChatGPT. Some of the output is displayed in figure 2. We then iteratively
asked ChatGPT to add components to the model. ChatGPT understood how to normal-
ize the PK parameters to body weight using allometric scaling and add inter-individual
variability. Some of the code generated by ChatGPT resulted in errors. For example,
after requesting ChatGPT to use a dose of 1000 IU, the initial concentration of FVIII
was incorrect. We promptly asked ChatGPT to correct the error, in which ChatGPT suc-
cessfully corrected the initial concentration. Other errors occurred, however ChatGPT
demonstrated its problem-solving capabilities by providing revised R codes and solu-
tions to address these issues. Not only did ChatGPT often produce functional code, it
also provided explanation on each section of the code. Afterwards we asked ChatGPT
to develop a shiny application to visualize FVIII levels. The Shiny application allowed the
adjustment of patient body weight (from 40 to 100 kg with steps of 1 kg) and within the
desired dosing interval (between 250 and 4000 IU). A shaded area displayed the 95%
prediction interval. ChatGPT was able to successfully generate a Shiny application that
can simulate population FVIII levels over time, with realistic predictions' (figure 3). The
R code is displayed in supplement 1.
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FVIII Concentration-Time Profiles for Population of 50 Subjects

Mean Concentration-Time Profile with 35% Prediction Interval for Population of 50 Subjects
Choose Dose (IU) 100-
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R e
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Figure 3. Generated Shiny application for simulating population factor VIl (FVIII) levels. The figure shows the simu-
lated FVIII levels over 48 hours in a population. The black solid line represents the mean FVIII prediction, the shaded areas
display the 95% prediction interval. The probability of reaching the target FVIII level at time = Oh in the population is
printed.

What it cannot do

While ChatGPT was successful in generating the model and Shiny application, reruns of
the prompts often resulted in different outcomes. In some of these, the R code resulted in
an error. To assess the impact of different querying approaches, a comparison was made
between simple query and step-wise queries. The results revealed that the reproduc-
ibility of outcomes was higher when employing step-wise queries. However, even with
this approach, achieving exact replication of R code based on a given query was difficult.
Nonetheless, more similar R code was produced through step-wise querying. Moreover,
ChatGPT was successful in generating R code for single dose simulations, but struggled
to provide appropriate code for simulating multiple doses of FVIIl. Therefore, caution
must be exercised when using R codes generated by ChatGPT in pharmacometrics.
We also asked ChatGPT to produce NONMEM code for the same model. Although the
produced code did resemble a NONMEM control stream, the produced file contained
multiple errors and redunancies and failed to run.
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DISCUSSION

We show that ChatGPT has the ability to generate functional R code for predicting drug
concentration using a population PK model as well to develop an interactive Shiny ap-
plication to visualize model predictions.

ChatGPT generated an one-compartment population PK model in R and updated the
code based on user specifications. By using ChatGPT to develop a Shiny application in
R, users inexperienced with R shiny can easily produce web applications for interpreting
their models. Both applications show how ChatGPT can be used without extensive cod-
ing or programming knowledge. This can significantly reduce development time and
effort, while potentially improving user experience of such applications. Another advan-
tage of using ChatGPT for programming is its ability to assist developers in identifying
and fixing errors in their code. ChatGPT can suggest possible solutions for errors and
other coding mistakes, which helps inexperienced users to debug their code'". This
feature can help streamline the development process and improve the overall quality
of R code.

There are also some limitations and challenges to the use of ChatGPT for applications
related to pharmacometrics. ChatGPT is a stochastic model, meaning that generating
responses to the same query multiple times may yield different results. This variability
can be influenced by factors such as model randomness, potential biases in the training
data, but most importantly input phrasing. During our analysis, we observed that using
a simple query yielded different outcomes. For instance, ChatGPT generated R code
using packages such as mrgsolve or deSolve to generate a PK model. To address this,
we incorporated step-wise queries with specific instructions to use the deSolve pack-
age. Additionally, we employed more detailed queries to develop the model and Shiny
application, resulting in higher success rates and improved reproducibility. Therefore,
it is important to employ careful phrasing of queries in order to produce the desired
results. To enhance reproducibility, it is recommended to document the specific inputs
used and the code generated by ChatGPT. This documentation can help ensure that
the exact same conditions are used in subsequent runs or when sharing the code with
others. By providing detailed information about the inputs and code, other researchers
or users can attempt to reproduce the results. Moreover, the generated code by ChatGPT
may contain errors and therefore the code may not provide the intended results. Often
errors may resolved by regenerating the R code by ChatGPT or by copying the error from
the R console as a follow-up query into ChatGPT. Code generated by ChatGPT should
be thoroughly reviewed and validated to ensure its correctness and completeness. This
involves testing the code, comparing the results with expected outcomes, and verifying
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that it aligns with established pharmacometric principles and practices. Unfortunately,
this might be difficult for the potential target audience of those learning to code.

Next, the accuracy and reliability of Al-generated data may be affected by biases and
knowledge gaps in the training data or the complexity of the query, for example when
asking to produce code for more complex biological systems'®"”. ChatGPT often appears
very confident in its responses. However, when responding with queries such as “there
was an error in the code’, it is quick to acknowledge the previous response as incor-
rect, even if it was not. Additionally, the lack of transparency and interpretability of Al

algorithms may raise ethical concerns and limit their widespread adoption'®'’.

Another limitation to consider is that in our tests, ChatGPT was unable to generate func-
tional NONMEM control streams. This was unfortunate as NONMEM is considered to be
the gold standard in pharmacometrics research, and the identification of errors in these
streams can greatly support students learning to use it®. This may be due to the limited
availability of publicly available control streams, making it difficult for ChatGPT to learn
from and generate accurate and reliable code for NONMEM models.

In conclusion, the integration of ChatGPT in pharmacometrics has the potential to
streamline the development process and improve the user experience for pharmaco-
metrics researchers. We deem it unlikely that ChatGPT will replace pharmacometricians
in its current state. ChatGPT does have great value with respect to aiding researchers
in finding and explaining information, generating and helping to debug code, and the
education of new generations of pharmacometricians. As ChatGPT continues to evolve
and improve, it has the potential to become an even more valuable tool in the field of
pharmacometrics. It is likely that other pharmacometricians will find new and innovative
ways to integrate it into their workflows and further enhance its capabilities in the field
of pharmacometrics.
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SUPPLEMENT

Final R code of the population PK model for factor VIil and Shiny
application

# Install and load required packages

if (IrequireNamespace(“shiny”, quietly = TRUE)) {

install.packages(“shiny”)

}

library(shiny)

ggplot2)

dplyr)

library(deSolve)

(
library(
library(
(
# Set the seed for reproducibility
set.seed(123)

# One-compartment model for FVIII with allometric scaling and inter-individual variability
one_compartment_model <- function(time, amount, parms, BW) {

CL_typical <- parms[1]

V_typical <- parms[2]

CL_IIV <- parms[3]

V_IIV <- parms[4]

scaling_factor_CL <-0.75

scaling_factor_V <- 1

CL <- CL_typical * (BW / 70) A scaling_factor_CL * exp(CL_IIV)
V <-V_typical * (BW / 70) A scaling_factor_V * exp(V_IIV)
dFVIIl <- -CL/V * amount

list(dFVIII = dFVIII) # Ensure that the result is always a list

}

# Parameters: typical CL in dL/h and typical V in dL for an individual with BW_typical = 70 kg
CL_typical <- 2.5
V_typical <- 40

# Body weight of the individuals (in kg) for the population
BW_population <- rnorm(50, mean = 70, sd = 10)

# Inter-individual variability on CL and V (log-normally distributed with mean = 0 and variance = 0.1) for
the population

CL_IIV_population <- rnorm(50, mean = 0, sd = sqrt(0.1))

V_IIV_population <- rnorm(50, mean = 0, sd = sqrt(0.1))

# Time points for simulation (in hours)
time_points <- seq(0, 48, by = 0.1)
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# Shiny App Ul

ui <- fluidPage(

titlePanel(“FVIII Concentration-Time Profiles for Population of 50 Subjects”),

sidebarLayout(

sidebarPanel(

sliderInput(“dose”, “Choose Dose (IU)", min = 250, max = 4000, value = 1000, step = 250),
sliderlnput(“body_weight’, “Choose Body Weight (kg)’, min = 40, max = 100, value = 70, step = 1),
sliderInput(“target_fviii’, “Choose Target FVIII Level (IU/dL)", min = 30, max = 100, value = 50, step = 10)
)

mainPanel(

plotOutput(“fviii_plot”),

textOutput(“probability_text”)

)

)

)

# Shiny App Server
server <- function(input, output) {

# Create reactive expression for the simulation
fviii_simulation <- reactive({

dose <- input$dose

BW <- input$body_weight

# Perform Monte Carlo simulations for each subject in the population

results_population <- vector(“list”, length = length(BW_population))

initial_concentrations <- numeric(length = length(BW_population)) # Store initial concentrations for
each subject

for (i in 1:length(BW_population)) {

BW <- BW_populationli]

CL_IIV <- CL_IIV_population([i]

V_IIV <-V_IIV_population[i]

# Calculate the initial concentration (IU/mL) based on the dose and volume of distribution with IV
initial_concentration <- dose / (V_typical * (BW /70) A 1 * exp(V_IIV))

# Parameters vector (passing BW and IIV as additional parameters)
parameters <- c(CL_typical, V_typical, CL_IIV, V_IIV)

# Solving the one-compartment model using ‘ode’ function with the initial concentration
result <- ode(y = initial_concentration, times = time_points, func = one_compartment_model, parms =
parameters, BW = BW)

# Store the results for the current subject

results_population[[i]] <- data.frame(time = result[, 1], concentration = result[, 2], subject =
paste(“Subject”, i)
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# Store the initial concentration for this subject
initial_concentrationsli] <- result[1, 2]
}

# Combine the results for all subjects into a single data frame
all_results <- do.call(rbind, results_population)

all_results <- all_results %>%

group_by(time) %>%

summarize(mean_concentration = mean(concentration),
lower_ci = quantile(concentration, 0.025),

upper_ci = quantile(concentration, 0.975))

# Calculate the probability of reaching the target FVIII level at time 0 for the whole population
prob_reaching_target <- mean(initial_concentrations >= input$target_fuviii)
return(list(all_results = all_results, prob_reaching_target = prob_reaching_target))

i

# Create the plot

outputSfviii_plot <- renderPlot({

all_results <- fviii_simulation()$all_results

ggplot(data = all_results, aes(x = time, y = mean_concentration)) +

geom_line(color ="black’, size = 1.5) +

geom_ribbon(aes(ymin = lower_ci, ymax = upper_ci), fill =“blue’, alpha = 0.3) +

labs(x = “Time (hours)’, y = “FVIIl concentration (IU/mL)’, title = “Mean Concentration-Time Profile with
95% Prediction Interval for Population of 50 Subjects”)

# Display the probability of reaching target FVIII level at time 0 for the whole population
output$probability_text <- renderText({
prob_reaching_target <- fviii_simulation()$prob_reaching_target
paste(“Probability of reaching’, input$target_fviii, “IU/dL at time 0 in the whole population:’,
scales::percent(prob_reaching_target))

# Run the Shiny App
shinyApp(ui, server)
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GENERAL DISCUSSION

The application of pharmacometrics in the clinical management of inborn bleeding
disorders represents a significant advancement in personalization of treatment, offer-
ing new insights into the optimal use of drugs like FVIIl and FIX concentrates, VWF/FVIII
concentrates and desmopressin. Importantly, pharmacometrics can also be applied for
upcoming novel drugs and dosing strategies. This thesis provides a comprehensive ex-
ploration of pharmacokinetic, pharmacodynamic and physiologically based pharmaco-
kinetic modelling techniques across various contexts of hemophilia and von Willebrand
Disease (VWD), highlighting the role of pharmacometrics in the treatment of bleeding
disorders. In addition to pharmacometrics, this thesis incorporates machine learning
and artificial intelligence techniques to aid in developing pharmacometric models, ad-
dressing areas where traditional methodologies fall short in data analysis. The promising
integration of these techniques underlines the importance of this multidisciplinary ap-
proach, merging different scientific domains to advance treatment strategies within this
field. The findings from each chapter contribute to a deeper understanding of the drug
dynamics and patient response variability, displaying the potential for pharmacometric
approaches to optimize treatment strategies for these complex conditions.

Interconnectivity between methodological approachesin
pharmacometrics

The methodological approaches throughout the chapters of this thesis showcase the
dynamic use of pharmacometrics in a new advancement of personalized treatment for
inborn bleeding disorders. In conjunction with these methodological approaches, in this
general discussion the findings are placed within a broader context that includes bio-
molecular mechanisms and clinical relevance. This comprehensive approach not only
enhances our understanding of drug behavior and patient variability but also bridges
the gap between theoretical models and practical, clinical applications, underscoring
the significance of pharmacometrics in advancing patient-specific therapy in the field
of bleeding disorders.

Bridging methodologies for personalized treatment

A common theme in this thesis is the use of pharmacometrics to personalize treat-
ment for patients with hemophilia and VWD. The incorporation of machine learning,
as detailed in chapter 2 on F8 missense variants and desmopressin response, further
emphasizes the interaction of pharmacometrics and machine learning. This approach
allows for a understanding of the complex relationships between genetic F8 missense
variants and desmopressin response, surpassing the capabilities of traditional phar-
macometric methods. One of the key benefits of incorporating machine learning is its
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ability to efficiently handle and analyze the extensive diversity of F8 missense variants.
Given the abundance and complexity of F8 missense variants, traditional pharmaco-
metric approaches may struggle with the analysis or require an impractical amount of
time to reach similar conclusions. Machine learning, however, can rapidly process and
interpret large amounts of datasets, identifying patterns and correlations that might not
be immediately apparent through traditional methods'* The F8 missense variants and
its desmopressin response were further analyzed by also considering the bio-molecular
mechanisms for biological plausibility of inclusion of F8 missense variants.

Further expanding in new advances in pharmacometrics, Al, including tools like Chat-
GPT, has been increasingly used in various scientific areas. In chapter 9, ChatGPT was
able to extract pharmacokinetic estimates from the literature, while building population
pharmacokinetic models, and visualizing the results through interactive applications.
The ability of artificial intelligence to navigate vast amounts of data, identify relevant
information, and assist in model construction represents a shift in how researchers ap-
proach pharmacometric analysis. ChatGPT has demonstrated remarkable capabilities in
streamlining the model development process, from initial data gathering to the final
presentation of results.

Novel integration of physiologically based pharmacokinetic modelling

A standout contribution of this thesis is the novel integration of physiologically based
pharmacokinetic modelling, particularly in the context of recombinant factor IX Fc fusion
protein (rFIXFc) and recombinant factor IX (rFIX) in chapter 4. Physiologically based phar-
macokinetic modelling is an exceptional technique due to its ability to provide a detailed
and mechanistic understanding of drug distribution®, especially in areas not directly ac-
cessible through conventional pharmacokinetic studies, such as drug behavior prediction
in the extravascular space. This is particularly crucial for the management of hemophilia
B, where the efficacy of treatment depends not just on the levels of coagulation factors
within the plasma compartment but also on their presence and activity in extravascular
space®. By incorporating the binding mechanisms of rFIXFc and rFIX to extravascular type 4
collagen, physiologically based pharmacokinetic models provide invaluable insights into
how these treatments exert their hemostatic effects beyond the plasma compartment,
highlighting their true therapeutic potential in hemophilia B treatment. The exploration
of physiologically based pharmacokinetic modelling within the context of bleeding dis-
orders is novel. Prior to this work, only a handful of studies have explored applying physi-
ologically based pharmacokinetic models to understand the pharmacokinetics of drugs
used for treating bleeding disorders®®. The novelty of this approach lies in its utilization of
amore mechanistic approach to better describe the observed pharmacokinetics. Further-
more, it may also transform how therapies are developed and optimized for hemophilia
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B and potentially other bleeding disorders. By providing a mechanistic framework that
can predict drug behavior across various biological compartments, physiologically based
pharmacokinetic modelling may possibly open new pathways for personalized medicine.

The methodological interconnectivity showcased in this thesis not only advances our
understanding of pharmacokinetics and pharmacodynamics in bleeding disorders but
also highlights the impact of integrating machine learning and artificial intelligence
into pharmacometric research. Our findings gain deeper physiological insights from
the population pharmacokinetic, pharmacodynamic, and physiologically based phar-
macokinetic models, which incorporate bio-molecular mechanisms. While machine
learning has the ability to analyze complex correlations in large datasets and artificial
intelligence’s contribution in model development. The synergy of these diverse meth-
odologies—each with its unique strengths—exemplifies the potential of interdisciplin-
ary collaboration in refining and personalizing treatment strategies. This harmonious
integration influences the future direction of personalized treatment strategies.

Impact on personalized treatment

Personalization of dosing regimens can be carried out a priori by using covariates alone,
to predict subpopulation pharmacokinetics, or a posteriori by using pharmacokinetic-
guided dosing to predict the individual pharmacokinetics. Figure 1 displays an example
of this workflow.

A priori: covariate-based dosing A posterior: pharmacokinetic-guided dosing
Based on population characteristics Based on individual pharmacokinetic profile

ﬁl_’

Target attainment of dosing
schedules based on covariates

Target attainment of dosing
Conduct individual schedule based on individual
pharmacokinetic profile pharmacokinetic profile
Patients characteristics i :
Using covariates (e.g., bady weight, 1\
VWD type, presence missense
wvariants, sex, route of administration

Define target levels

N N\

Design personalized dosing schedule

Levels
Levels

Levels

No drug measurements required Drug measurements required

Figure 1. Example of a workflow for individualized dosing using population pharmacokinetic model-
ling. Dose personalization can be carried out a priori using covariates alone, for example for dose predic-
tions based on body weight or age or a posteriori using pharmacokinetic-guided dosing to predict the
individual pharmacokinetics.
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A priori: on basis of patient characteristics

Various methods are available to implement personalized treatments in patients. One
method is to distinguish between specific patient characteristics, i.e. covariates. These
covariates can be included in a population pharmacokinetic model, to explain the
inter-individual variability in the response of the drug between patients. To tailor treat-
ments effectively, understanding how various covariates contribute to drug response
variability is crucial. Key covariates such as body weight and age play a significant role
in these approaches’.

Various population pharmacokinetic models have been developed for desmopressin
for example. These models are important for understanding the variability in drug
responses among patients by incorporating covariates on the pharmacokinetic param-
eters. Previous research has displayed the importance of the following covariates in the
response of desmopressin: VWD type and sex on the clearance, age on the response of
desmopressin®, most recent FVIII level on the baseline FVIII levels, clearance and volume
of distribution®.

In this thesis, we have continued to further investigate which covariates are important
to explain the inter-individual variability of desmopressin response. Chapter 2 on the
effects of F8 missense mutations on desmopressin response in non-severe hemophilia
A patients, exemplifies the critical role of genetic factors in treatment efficacy. By in-
corporating genetic variability into population pharmacokinetic models, it becomes
possible to predict which patients are likely to respond adequately to desmopressin
treatment based on their specific F8 variants, gene variant of F8. This approach facili-
tates the selection of the most effective treatment strategies, minimizing trial and error
and reducing the risk of adverse events. Typically, an effective response to desmopressin
is characterized by achieving peak FVIII levels above 0.50 [U/mL'. Understanding the
specific F8 missense variant in a patient could allow for the prediction of desmopressin
efficacy without the need for preliminary testing, potentially broadening its application
in clinical practice. Currently, preferences often lean towards the more expensive co-
agulation factor concentrates for managing bleeding episodes or preparing for surgery,
despite desmopressin being a viable alternative when desmopressin response is tested
as adequate.

In chapter 5, we focus on the pharmacokinetic-pharmacodynamic relationships
between desmopressin concentration and VWF:Act in patients with VWD. This chapter
introduces a dosing of 0.3 mcg/kg with a capped dose recommendation of 30 mcg. This
cap ensures that patients achieve therapeutic benefits despite lower dosing according
to body weight. This recommendation emerges from findings that higher doses of
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desmopressin than 30 mcg do not further increase VWF:Act release from the vascular
endothelial cells. It is noteworthy, however, that different recommendations exist in the
literature regarding the optimal capped dose for desmopressin. For example, Siew et al
recommended a capped dose of 15 mcg''. Whereas the 2021 ASH/ISTH/NHF/WFH VWD
guidelines suggested a capped dose of 20 mcg'?. Our research, supported by popula-
tion pharmacometric modelling, indicates that using the latter recommendation could
lead to suboptimal treatment for individuals over 50 kg.

Intravenous administration of desmopressin is favored for its rapid therapeutic onset,
although subcutaneous and intranasal routes are also viable options''. The use of
intranasal administration is common, but it should be realized that there is a notable
variability in patient response. Following desmopressin administration, both FVIII and
VWEF:Act levels are increased. Our preliminary findings suggest that the choice of
administration route—intravenous or subcutaneous—does not significantly impact
the increase in VWF:Act levels in patients with VWD. This study was not yet included in
this thesis. Nonetheless, for patients with hemophilia A, data show a difference in the
response of FVIII levels, with subcutaneous and intranasal routes exhibiting lower in-
creases compared to intravenous administration. Therefore, patients with hemophilia A
may need to be cautious in selecting an administration route, especially when aiming to
achieve specific peak FVIIl levels. However, fortunately a test dose is required to evaluate
if the response to desmopressin is adequate. With the use of a population pharmacoki-
netic model, a test dose may not be longer necessary for every patient, as the response
can be predicted a priori. Though, it is crucial that the population pharmacokinetic
model demonstrates adequate predictive performance for predicting desmopressin
response, before eliminating the need for a desmopressin test.

Within the scope of this thesis, several predictive performances using an external valida-
tion dataset were performed. External validation is crucial for as it verifies the ability
of the model to predict drug concentration in an independent patient population. In
chapter 6, we focused on the response of desmopressin on VWF:Act levels in VWD. This
analysis revealed a tendency for the model to overestimate the response in patients
with an VWF:Act baseline below 0.30 IU/mL, pre-desmopressin administration. Accurate
predictions for this patient subgroup are particularly important, given their significant
need for precise therapeutic management. While VWD patients with a VWF:Act base-
line ranging between 0.30-0.50 IU/mL are typically expected to respond adequately
to desmopressin'®, those with lower baseline levels are generally advised to undergo
desmopressin testing to determine their individual response'”. Based on the outcomes
of this predictive performance analysis, it is recommended that patients with a VWF:Act
baseline below 0.30 IU/mL should still undergo a desmopressin response test, in order
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to verify adequate desmopressin testing. This underscores the importance of not only
developing a population pharmacokinetic model but also validating it with an external
dataset.

The necessity for external validation becomes especially critical in light of the research
undertaken within this thesis, where a population pharmacokinetic model was devel-
oped to incorporate F8 missense variants, aiming to predict desmopressin response in
hemophilia A patients (chapter 2). In order to translate modelling efforts into practical
applications that can genuinely benefit patient care, ensuring the model’s predictive
performance is adequate. This requirement for external validation stems from the
model’s potential clinical impact—providing a tool that could eliminate the need for
traditional desmopressin testing by predicting drug response based on genetic makeup.
Consequently, before applying a population pharmacokinetic model incorporating F8
missense variants in hemophilia A in clinical settings or practice, external validation is
essential to ensure its reliability and accuracy in patient care.

A posteriori: on basis of levels

In addition to desmopressin, VWF/FVIII concentrates, such as Haemate P® with a VWF/
FVIII ratio of 2.4 to 1, are used in the management of VWD when desmopressin fails to
adequately increase VWF/FVIII levels. This thesis utilizes a previously developed popula-
tion pharmacokinetic model describing the interaction between VWF and FVIII using
Haemate P°'®. While pharmacokinetic-guided dosing has been used in hemophilia'” %,
its implementation in VWD represents a novel approach. Through pharmacokinetic-
guided dosing, minimal blood samples pre- and post-administration are analyzed to
derive VWF/FVIII levels, when applied to the population pharmacokinetic model, yield
individualized pharmacokinetic parameters such as clearance and volume of distribu-

tion. This enables the design of more optimal dosing recommendations.

This research investigates the feasibility and reliability of pharmacokinetic-guided dos-
ing in the perioperative management of VWD, highlighting several benefits over tradi-
tional body weight dosing in chapter 7. Most patients had a predefined target VWF:Act
and FVIII level at =0.80-1.0 IU/mL at the start of the medical intervention, while some
patients had a target level of >0.50 IU/mL. Nearly all patients achieved these predefined
target levels. In contrast, the study conducted by Hazendonk et al. utilized body weight-
based dosing post medical intervention, resulting in significantly higher VWF and FVIII
levels, often exceeding 2.00 IU/mL?'. While this approach effectively prevents bleeding,
it raises concerns due to the potential risks associated with elevated coagulation factor
levels, including thrombosis and other thromboembolic events. For those requiring
further treatment post-initial medical intervention, the target levels were adjusted to a
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range of 0.30 - 0.50 IU/mL, and once again, nearly all patients were able to meet these
target levels.

Primarily, pharmacokinetic-guided dosing achieves more accurate attainment of target
VWF:Act levels, addressing the significant variability observed in previous studies that
employed body weight dosing®'. Additionally, it provides precise predictions of VWF:Act
levels on the day of surgery. Importantly, maintaining VWF:Act and FVIII levels within a
therapeutic range is crucial; excessively high levels (>2.00 IU/mL) pose a risk of throm-
botic complications®. Pharmacokinetic-guided dosing mitigates this risk by optimizing
dosage to avoid excessively high coagulation factor levels. However, managing FVIII
levels presents a challenge, especially since FVIIl is a component of Haemate P®. Further-
more, pharmacokinetic-guided dosing enhances treatment efficiency. Other studies
applying pharmacokinetic-guided dosing during medical intervention also reported
better target attainment compared to standard (body weight) dosing®. Van Moort et al.
reported perioperative pharmacokinetic-guidance of FVIII concentrate dosing leads to
an improvement in target attainment, however the consumption was similar compared
to standard treatment®. Body weight-based approaches can lack precision, often ne-
cessitating adjustments based on trial and error. In contrast, pharmacokinetic-guided
dosing uses pharmacokinetic insights for more accurate dosing, improving outcomes
for patients who may otherwise be at risk of under- or overtreatment. The personalized
dosing advice generated through this method enables physicians to monitor VWF:Act
and FVIII levels over time, facilitating timely adjustments to maintain desired levels
or administer additional doses as needed. Overall, the adoption of pharmacokinetic-
guided dosing in VWD, particularly in the context of surgical interventions, signifies a
step towards more individualized and effective treatment strategies, underscoring the
value of pharmacokinetic models in optimizing patient care.

Based on the clinical data of chapter 7, we developed a novel population pharmacoki-
netic model of the interaction of VWF:Act FVIII levels. The model presented in chapter
8 was built using data from the OPTICLOT/To WiN study, where VWF/FVIII concentrate
doses were adjusted according to observed activity levels during medical procedures.
Notably, VWF:Act clearance decreased from 513 mL/h/70 kg at the start to 297 mL/h/70
kg after 48 hours. Additionally, increased VWF:Act levels were found to inhibit FVIIl clear-
ance, described by an inhibitory maximum effect model with a half-maximum effect
at 0.90 IU/mL VWF:Act and reducing FVIII clearance from 513 to 257 mL/h/70 kg. The
implications of decreasing clearance over time for VWF:Act and FVIII are substantial, as
they suggest that lower doses may be required over time to maintain therapeutic levels,
reducing the risk of overdose and associated complications.
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Limitations and Future Directions

Implementation of pharmacokinetic-guided dosing of von Willebrand disease in
clinical practice

Implementing pharmacokinetic-guided dosing for VWD in clinical settings is currently
uncommon. However, our findings indicate that pharmacokinetic-guided dosing im-
proves the target VWF:Act levels in perioperative settings, as the variability in VWF:Act
levels is lower compared to body weight based dosing®'. Despite its benefits, there are
several challenges associated with the application of pharmacokinetic-guided dosing
for VWD. For instance, in our study, participants were required to undergo an extensive
pharmacokinetic profiling process prior to their surgery. This involved administering a
test dose of Haemate P®, followed by collecting a series of five blood samples over two
days. These procedures necessitated considerable time investments from both the pa-
tients and the healthcare staff, including those administering the medication, collecting
and analyzing the blood samples, all of which took place within a hospital setting.

Previous research has shown pre-surgical pharmacokinetics of patient is different com-
pared to its pharmacokinetics during surgery”. Therefore, pre-surgical pharmacokinet-
ics might have limited usage in personalized dosing during surgical procedures. Rather
than conducting a full pharmacokinetic profile before surgery, a more practical and
time-efficient approach could involve using body weight-based dosing on the day of
the medical intervention. By collecting blood samples both before and after administer-
ing the dose, clinicians can assess VWF:Act and FVIIl levels to investigate the initial thera-
peutic response. Subsequently, pharmacokinetic-guided dosing strategies could be
implemented from the first day post-surgery onwards, utilizing the data gathered on the
day of the operation to inform any necessary dose adjustments. Previous perioperative
studies have documented considerable variability in both peak and post-administration
levels of VWF:Act and FVIIl when using Haemate P® based on body weight dosing®®?.
This underscores the importance of monitoring VWF:Act and FVIII levels post adminis-
tration, particularly for patients undergoing treatment over several days. Such assess-
ments enable adjustments for both under-treatment and over-treatment. Consequently,
utilizing pharmacokinetic-guided dosing post-surgery emerges as a viable strategy in
optimizing treatment. This method aligns with practices observed in the administration
of antibiotics, where therapeutic drug monitoring is utilized to refine dosing regimens

based on the samples®™®™.

A challenge in expanding the use of pharmacokinetic-guided dosing for VWD is the
limited availability of population pharmacokinetic models. Currently, only population
pharmacokinetic models of Haemate (plasma derived VWF/FVIII; ratio 2.4:1) and desmo-
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pressin are available for VWD®'®. However, there are other VWF-containing concentrates
that are used, such as Wilate®' (plasma derived VWF/FVIII; ratio 1:1), Vonvendi®® (re-
combinant VWF, only VWF-containing concentrate), Wilfactin®®® (plasma derived pure
VWF concentrate) etc. For pharmacokinetic-guided dosing to be fully integrated into
the management of VWD, it is necessarily to develop and validate population pharma-
cokinetic models for these and other VWF-containing treatments. This approach would
ensure that clinicians can tailor dosing strategies across all of available concentrates.

Relating pharmacokinetics to bleeding risks in von Willebrand disease patients
Bleeding risks are described using population pharmacokinetic-pharmacodynamic
models in hemophilia A patients®. Contrastingly, assessments of bleeding risks in VWD
patients have not been as extensively modeled. Generally, individuals with VWD exhibit
an overall more moderate bleeding tendency compared to those with hemophilia. Yet,
a specific subset of VWD patients, particularly those with Type 3 VWD, experience severe
clinical manifestations similar to those observed in severe hemophilia, including joint
and gastrointestinal bleedings®?®. Such patients frequently receive prophylactic treat-
ments. Currently, these prophylactic regimens are primarily determined based on the
body weight of the patient, however there are a few clinical trials assessing the long-
term benefits of prophylaxis in VWD at this moment®. In hemophilia, pharmacokinetic-
guided dosing is increasingly used to achieve more precise FVIII or FIX target levels.
Looking ahead, it is conceivable that type 3 VWD patients might similarly benefit from
pharmacokinetic-guided dosing strategies. By correlating the pharmacokinetic profile
of a patient with their bleeding risk, it may be possible to refine and personalize prophy-
lactic treatments for those with type 3 VWD, enhancing the overall effectiveness of their
management.

Implementation of clinical relevant covariates in population pharmacokinetic and
pharmacodynamic models

Determining the practical application of population pharmacokinetic or pharma-
codynamic models is crucial in model development. The intended use of the model
significantly influences its design and complexity. For instance, if the objective is merely
to describe the drug concentration over time or to estimate the of inter-individual vari-
ability of pharmacokinetic parameters, a basic population model incorporating typical
pharmacokinetic or pharmacodynamic parameters with inter-individual variability
might suffice. However, when aiming to apply these models in a clinical context to gen-
erate precise predictions tailored to individual patient characteristics, the selection of
covariates becomes critical’.

233



Chapter 10 | General Discussion

Firstly, any covariate incorporated into the model must be readily measurable or obtain-
able from the patient for whom the model prediction is required. This ensures that the
model can be practically applied in a clinical setting without necessitating additional,
potentially complex assessments. Secondly, it is important to include covariates into
the model that are crucial for accurate predictions®. For example, during the external
validation of a model predicting desmopressin response on VWF:Act levels in VWD
patients in chapter 6, numerous covariates were included on the clearance. Nonethe-
less, it was the prediction of peak VWF:Act levels following desmopressin administration
that was the most clinical significance. Given inaccurate peak VWF:Act level predictions
for specific VWD sub-populations using the external dataset, a more effective strategy
might involve included covariates on the volume of distribution or bioavailability. Such
adjustments could better reflect variations in peak VWF:Act levels, enhancing the pre-
dictive accuracy of the model and clinical utility.

Developing physiological-based pharmacokinetic models for the remaining FIX-
concentrates

The development of a physiologically based pharmacokinetic model for recombinant
factor IX Fc fusion protein (rFIXFc) and recombinant factor IX (rFIX) within this thesis
marks a significant advance in our understanding of hemophilia B treatment, by describ-
ing the interaction with type IV collagen in the extravascular space. Yet, there are more
variants of FIX concentrates on the market, such as rFIX linked to albumin (rFIX-FP®) or
PEGylated rFIX (N9-GP®), each presenting a unique pharmacokinetic profile®. Literature
shows that these pharmacokinetic variations influence the proportion of FIX concen-
trates that distributes into extravascular spaces, which, in turn, may affect bleeding
episodes in patients®. It is suggested that the efficiency with which a FIX concentrate
permeates the extravascular spaces directly correlates with its efficacy in reducing
bleeding episodes®’.

By extending the application of physiological-based pharmacokinetic models to a
broader range of FIX concentrates, we can quantify the FIX levels in both the bloodstream
and extravascular compartments. This approach enables a comparative analysis of FIX
ratios between these two spaces, providing deeper insights into the pharmacokinetic
behaviors of various FIX concentrates. Such models hold the potential to understand
how each FIX concentrate accesses and functions within the extravascular spaces. Next,
we can compare the extravascular distribution of different FIX concentrates. This will not
only enhance our understanding of the pharmacokinetic properties of these treatments
but also clarify theirimplications for hemostasis in the extravascular spaces. By quantify-
ing the extravascular distribution profiles of each FIX concentrate, we may understand
which FIX concentrates are most likely to reduce bleeding episodes effectively.
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Furthermore, these insights can inform you about the development of new FIX con-
centrates designed to maximize extravascular access and efficacy. As we deepen our
comprehension of the critical factors influencing the performance of FIX concentrates
in the extravascular space, we can refine treatment strategies to offer patients more reli-
able and efficient hemostatic control.

Other roles of physiological-based pharmacokinetic within bleeding disorders

Within the context of bleeding disorders, the use of physiologically based pharmacoki-
netic modelling represents a promising field with multiple potential applications. This
novel approach may significantly enhance our understanding and management of these
disorders, particularly in specific populations such as infants, pregnant women, and the
elderly**. These groups often exhibit unique physiological characteristics that can alter
pharmacokinetics, making them distinct from the adult population typically included in
population pharmacokinetic analyses. Due to these differences, directly extrapolating
pharmacokinetic data from adults to these atypical populations will lead to inaccurate
pharmacokinetic profiles, highlighting the need for tailored pharmacokinetic predic-
tions. Physiologically based pharmacokinetic modelling addresses this gap by allowing
the physiological properties to be adjusted to reflect the specific conditions of these
underrepresented groups.

Furthermore, physiologically based pharmacokinetic modelling extends its utility by
offering a mechanistic approach to pharmacokinetic prediction that exceeds the capa-
bilities of more traditional population pharmacokinetic modelling. For instance, in this
thesis, we explore the interaction between VWF and FVIII using a population pharmaco-
kinetic model developed with NONMEM. While NONMEM provides valuable insights, it
encounters limitations in handling complex models and a large number of parameters,
particularly when attempting to incorporate detailed molecular mechanisms. Physi-
ologically based pharmacokinetic modelling could potentially fill this gap by facilitating
a more detailed understanding of the molecular interactions between VWF and FVIII.
This approach not only allows for the exploration of how VWF binds to FVIII but also
enhances our understanding of the molecular dynamics at play.

Possibilities within pharmacokinetic-pharmacodynamic guided dosing in
hemophilia

Notably, the OPTI-CLOT study group within the SYMPHONY consortium recently
completed a large prospective study on pharmacokinetic-guided prophylaxis dosing
in hemophilia *. Traditionally, dosing in hemophilia, whether for routine prophylaxis
or in perioperative setting, largely depends on maintaining specific coagulation factor
levels—FVIIl for hemophilia A and FIX for hemophilia B, as determined by the treating
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hematologist. Commonly, target trough levels are established at >0.01 or 0.03 IU/mL
for prophylaxis, and 0.30-0.50 IU/mL for post-surgical management®. However, it is
observed that patients can exhibit varying bleeding tendencies even at similar trough
levels, indicating a bleeding phenotype not solely predictable by coagulation factor

levels alone®®?.

This discrepancy underscores the potential limitation of relying solely on coagulation
factor levels to predict bleeding risks. Research indicates that coagulation factor levels
do not always directly correlate with bleeding episodes®, suggesting the need for
alternative markers to distinguish between different bleeding phenotypes. In chapter
3 a promising approach involves integrating thrombin and plasmin generation with
coagulation factor levels to provide a more comprehensive assessment of the global
hemostatic effect*®*. The pharmacokinetic-pharmacodynamic model previously devel-
oped, which incorporates these markers, has shown promise in predicting bleeding risks
and could be further validated in prospective studies.

Adopting a pharmacokinetic-pharmacodynamic guided dosing strategy, incorporat-
ing both coagulation factor levels and thrombin and plasmin generation, could lead
to personalized regimens that more accurately reflect individual hemostatic profiles.
For instance, patients with comparable pharmacokinetic profiles of coagulation factor
levels might receive different dosing regimens based on their thrombin and plasmin
generation rates. However, this more complex but real world approach, introduces
several challenges. It requires additional measurements, increasing the workload for he-
mophilia treatment centers. Moreover, the centers must be equipped with the necessary
assays for thrombin and plasmin generation measurements, which are not commonly
used. Importantly, the developed model displayed significant inter-individual variability
and residual error in thrombin and plasmin generation, complicating the implementa-
tion of pharmacokinetic-pharmacodynamic guided dosing. These factors highlight the
complexities of utilizing thrombin and plasmin generation in combination with coagu-
lation factor levels for hemophilia management and necessitate further exploration to
establish guidelines and optimize treatment protocols.

Conclusion

In conclusion, the studies in this thesis support the application of pharmacometrics in
the management of bleeding disorders. Through the utilization of various pharmaco-
metric tools, we have been able to further personalize and optimize treatment regi-
mens, showcasing the potential of these methodologies in clinical applications. For the
future, it is crucial to consider which additional steps are necessary to further integrate
pharmacokinetic-guided dosing into clinical practice, particularly for conditions such as
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VWD. Moreover, we should also evaluate how artificial intelligence and machine learn-
ing can further aid in our model development. Lastly, the exploration of physiologically
based pharmacokinetic modelling in other bleeding disorders represents an interesting
expansion for the application of pharmacometrics.
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SUMMARY

The studies presented in this thesis focus on the treatment optimization of patients with
inborn bleeding disorders, such as hemophilia and von Willebrand disease (VWD), by
using various pharmacometric modelling techniques to personalize dosing

In chapter 1, we introduce the thesis content, outlining the dynamic use of pharmaco-
metrics in the personalized treatment of inborn bleeding disorders. In pharmacometric
analyses mathematical models are used to describe and predict drug behavior in the
body. Hemophilia and VWD are inborn bleeding disorders characterized by deficiencies
in specific coagulation factors. Hemophilia, particularly types A and B, involves deficien-
cies in factor VIII (FVIII) and factor IX (FIX), respectively, leading to bleeding episodes if
not managed properly. VWD results from a deficiency or dysfunction of von Willebrand
factor (VWF), essential for platelet adhesion and stabilization of factor VIl in the blood-
stream. Low VWF levels increase the risk of prolonged bleeding and poor wound healing,
complicating surgical procedures and leading to excessive blood loss.

Traditional treatments for these conditions involve regular administration of factor
concentrates based on body weight to prevent bleeding. During surgical interventions,
these concentrates are also used to ensure proper blood clotting. However, individual
responses to these treatments vary widely due to genetic differences, pharmacokinet-
ics (how the body absorbs, distributes, metabolizes, and excretes the drug), and other
patient-specific factors. This variability necessitates a more personalized approach to
treatment, achievable through pharmacometrics.

Besides applying traditional pharmacometric techniques to bleeding disorders, we also
explore the integration of artificial intelligence (Al) to enhance model development and
data analysis. Using Al can streamline the development process, improve the accuracy
of pharmacometric models, and facilitate more effective personalization of treatment
regimens. This thesis explores pharmacometrics across three parts: hemophilia, VWD,
and the integration of Al in pharmacometrics.

Part I: Pharmacometrics in Hemophilia

The first part of this thesis focuses on the application of pharmacometrics in hemophilia,
aiming to optimize and personalize treatment regimens. In chapter 2, the journey of
exploring pharmacometrics in hemophilia begins with understanding the variability in
patient responses to desmopressin, particularly in non-severe hemophilia A patients.
This study employs a machine learning approach, specifically Shapley Additive Explana-
tions (SHAP), to unravel the effects of F8 missense mutations on desmopressin response.
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Data from 1,441 patients across multiple centers from the INSIGHT study revealed that
specific F8 variants significantly influence FVIII peak levels post-desmopressin admin-
istration. By integrating various patient characteristics such as F8 variants, route of
administration, and body weight, the study reduced response variability, highlighting
the complexity of individual responses and the potential for tailored treatments based
on genetic profiles.

Chapter 3 builds on the foundation of personalized treatment by using pharmacoki-
netic-pharmacodynamic modelling for FVIII replacement therapy. The study assesses
the predictive performance of an existing model by examining its ability to relate FVIII
doses to thrombin and plasmin generation parameters. Thrombin generation is a key
step in the coagulation cascade, while plasmin generation is involved in clot breakdown
or fibrinolysis. By dosing based on thrombin and plasmin generation levels, rather than
solely on FVIII levels, we can better assess the overall hemostatic balance of the patient.
Findings indicated the need for model refinement, particularly in predicting FVIII levels
and plasmin generation. The refined model demonstrated improved accuracy.

Expanding the scope to hemophilia B, chapter 4 introduces a physiologically-based
pharmacokinetic model for recombinant FIX-Fc fusion protein (rFIXFc). The model pre-
dicts the concentration-time profiles and binding dynamics of rFIXFc to type IV collagen
in the extravascular space. The findings of the study suggest that extravascular rFIXFc
plays a crucial role in hemostasis, with significantly higher area under the curve values
compared to plasma. This model provides a deeper understanding of rFIXFc distribution
in the extravascular space.

Part Ill: Pharmacometrics in von Willebrand Disease

The second part of this thesis extends the application of pharmacometrics to von Wille-
brand disease (VWD), another inherited bleeding disorder. In chapter 5, the relationship
between desmopressin dose, plasma concentration, and von Willebrand factor activity
(VWF:Act) in type 1 VWD patients is quantified. Using a population pharmacokinetic-
pharmacodynamic model, the study demonstrates that a one-compartment model
best describes desmopressin kinetics, with increases in VWF:Act post desmopressin
administration. The current dosing guidelines for desmopressin in VWD recommend
an intravenous dose of 0.3 mcg/kg. Our study supports these guidelines and further
suggests a dosing cap of 30 mcg in patients over 100 kg to prevent excessive dosing. The
simulations provide evidence for effective desmopressin use in managing VWD and also
indicate that the current guidelines are sufficient.
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Further refining VWD treatment, chapter 6 validates a previously developed popula-
tion pharmacokinetic model for VWF:Act post desmopressin administration. Using an
external dataset from the OPTICLOT/To-WiN study, the predictive performance of the
model is evaluated. While the model showed adequate bias, precision was insufficient,
particularly in patients with low baseline VWF:Act levels (<0.30 IU/mL). The implications
of these model predictions suggest that patients with low baseline VWF:Act levels might
experience over-prediction of VWF:Act response, potentially leading to suboptimal
management of their condition. This validation underscores the necessity of desmo-
pressin testing in clinical settings to ensure accurate VWF:Act predictions and effective
treatment outcomes.

Continuing the exploration of VWF/FVIII concentrates, chapter 7 investigates the
reliability and feasibility of pharmacokinetic-guided dosing in VWD patients in the
OPTICLOT/TO-WiN study. The study compares predicted and measured VWF:Act and
FVIII levels, demonstrating that pharmacokinetic-guided dosing achieves target levels
more precisely than bodyweight-based dosing. Despite some discrepancies, the find-
ings support the potential for pharmacokinetic-guided dosing to enhance personalized
treatment, though further data is needed to optimize dosing regimens fully.

Chapter 8 concludes part Il by updating the previous pharmacokinetic model for VWF
and FVIIl in chapter 7. The updated model accurately describes time-dependent phar-
macokinetic profiles post medical procedures of both VWF:Act and FVIII levels and the
interaction between VWF:Act levels and FVIII clearance. This refined model enables indi-
vidualized dosing regimens, enhancing treatment efficacy and supporting the dynamic
use of pharmacometrics in managing VWD.

Part Ill: Applying Artificial Intelligence in pharmacometrics

The third and final part of this thesis explores the integration of artificial intelligence
in pharmacometrics, highlighting its potential to aid in model development and data
analysis in personalized medicine. In chapter 9, the use of ChatGPT in developing a
population pharmacokinetic model for FVIII is examined. By using the language
generation capabilities of ChatGPT, the study successfully obtains pharmacokinetic
parameters, generates R code, and creates an interactive application. While highlighting
the advantages of artificial intelligence in streamlining model development, the chapter
also addresses challenges related to data accuracy and code transparency. This explora-
tion underscores the potential of artificial intelligence in advancing pharmacometrics,
albeit with careful consideration of its limitations.
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Each chapter contributes uniquely to the overarching theme of utilizing pharmaco-
metrics for personalized treatment in inherited bleeding disorders: Chapters 2, 3, and
4 illustrate the application of pharmacometrics in hemophilia, demonstrating how
genetic and pharmacokinetic factors can inform individualized treatment regimens.
Chapters 5, 6, 7, and 8 extend these principles to VWD showcasing the refinement
and validation of pharmacokinetic-pharmacodynamic models to enhance treatment
precision and efficacy. Chapter 9 introduces the innovative use of Al, exemplifying how
artificial intelligence can improve pharmacometric research and model development.
Collectively, these chapters illustrate the advancement of personalized medicine via
dynamic pharmacometric approaches, with the goal of improving clinical outcomes for
patients with inherited bleeding disorders.
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SAMENVATTING

De studies gepresenteerd in dit proefschrift richten zich op de optimalisatie van de be-
handeling van patiénten met aangeboren bloedingstollingsstoornissen, zoals hemofilie
en de ziekte van von Willebrand (VWD), door het gebruik van verschillende farmacome-
trische modelleertechnieken om de dosering te personaliseren.

In hoofdstuk 1 introduceren we de inhoud van het proefschrift, waarin het dynamisch
gebruik van farmacometrie om de behandeling van erfelijke bloedingsstoornissen
te personaliseren wordt beschreven. Farmacometrie maakt gebruik van wiskundige
modellen om het verloop van de concentratie van het gebruikte medicijn en het bij
behorende effect in het lichaam te beschrijven en te voorspellen. Hemofilie en VWD
zijn aangeboren bloedstollingsstoornissen die ontstaan door een tekort aan specifieke
stollingsfactoren. Hemofilie A en B worden veroorzaakt door respectievelijk een tekort
aan factor VIII (FVIII) en factor IX (FIX). Dit leidt tot (spontane) bloedingen doordat het
lichaam niet in staat is tot adequate stolling. VWD wordt veroorzaakt door een tekort of
defect van von Willebrand factor (VWF). VWF is essentieel voor de plaatjesadhesie en ag-
gregatie en stabilisatie van factor VIll in de bloedbaan. Lage VWF-spiegels leiden ook tot
bloedingen, wat chirurgische ingrepen compliceert en leidt tot overmatig bloedverlies
indien niet adequaat behandeld.

Traditionele behandelingen voor deze bloedstollingsstoornissen bestaan uit regel-
matige toedieningen van stollingsfactorconcentraten of desmopressine op basis van
lichaamsgewicht om bloedingen te voorkomen. Dit kan preventief of profylactisch wor-
den gedaan, dan wel acuut (on demand) rondom bloedingen of ter preventie van bloed-
ingen rondom medische ingrepen. De concentraties in het bloed na toediening variéren
echter sterk door verschillen in diverse bekende en onbekende patiént karakteristieken,
waaronder farmacokinetiek een belangrijke is. Farmacokinetiek is gedefinieerd als hoe
het lichaam het geneesmiddel absorbeert, distribueert, metaboliseert en uitscheidt.
Deze variabiliteit vereist een meer gepersonaliseerde benadering van de behandeling,
waarbij farmacometrie kan worden toegepast om de relatie tussen dosis, concentratie
en effect (en de variatie daarin tussen patiénten) te kwantificeren.

Naast het toepassen van traditionele farmacometrische technieken op bloedstollingss-
toornissen, onderzoeken we in onze studies ook de integratie van kunstmatige intel-
ligentie (Al) om de farmacometrische modelontwikkeling en data-analyse te verbeteren.
Het gebruik van Al kan het ontwikkelingsproces stroomlijnen, de nauwkeurigheid van
modellen verbeteren en een effectievere personalisatie van behandelingsregimes mo-
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gelijk maken. Dit proefschrift verkent de toepassing van farmacometrie in drie gebieden:
bij behandeling van hemofilie en VWD en met de integratie van Al.

Deel I: Farmacometrie in hemofilie

Het eerste deel van dit proefschrift richt zich op de toepassing van farmacometrie in
hemofilie, met als doel behandelingsregimes te optimaliseren en personaliseren. In
hoofdstuk 2 wordt farmacometrie gebruikt om de variabiliteit tussen patiénten m.b.t.
desmopressine respons zoals gemeten d.m.v. factor VIIl (en VWF) waardes te beschrijven
en begrijpen, met name bij patiénten niet-ernstige hemofilie A. Deze studie maakt
gebruik van een specifieke machine learning-techniek, Shapley Additive Explanations
(SHAP), om de effecten van F8-missense varianten op de respons van desmopressine te
begrijpen. Gegevens van 1441 patiénten uit meerdere centra toonden aan dat specifieke
F8-varianten significant van invloed zijn op de piek spiegels van factor VIl na toediening
van desmopressine. Door verschillende patiéntkenmerken zoals F8-varianten, toedien-
ingsroute en lichaamsgewicht te includeren, konden wij de variabiliteit in respons deels
verklaren.

Hoofdstuk 3 bouwt hierop voort door gebruik te maken van farmacokinetisch-farma-
codynamisch modelleren van een standard halfwaarde tijd (SHL) factor VIIl concentraat.
In deze studie werd het vermogen om met een bestaand model, de factor VllI-doses te
relateren aan trombine- en plasminogeen parameters in het bloed gemeten d.m.v. een
specifieke test, onderzocht. De generatie van trombine is een cruciale stap in het bloed-
stollingsproces, terwijl plasminogeen betrokken is bij het afbreken van bloedstolsels
tijdens de fibrinolyse. Door te doseren op basis van trombine- en plasminogeenwaarden
in plaats van alleen op factor VllI-spiegels, kan hypothetisch de algehele hemostatische
balans van de patiént beter beoordeeld worden. De bevindingen van deze analyse
gaven aan dat verbetering van het model nodig was, met name m.b.t. het voorspellen
van factor Vlll-spiegels en plasminogeen. Een nieuw ontwikkeld model beschreef de
relaties nauwkeuriger.

In hoofdstuk 4 is een fysiologisch gebaseerd farmacokinetisch model ontwikkeld voor
recombinant FIX-Fc fusie-eiwit (rFIXFc) dat gebruikt wordt voor de behandeling van
hemofilie B. Het model voorspelt de concentratie-tijdprofielen en bindingsdynamiek
van rFIXFc aan type IV-collageen in de extravasculaire ruimte. De bevindingen van de
studie suggereren dat extravasculair rFIXFc een cruciale rol speelt in hemostase, met
aanzienlijk hogere concentraties en dus blootstelling in de extravasculaire ruimte in
vergelijking met plasma. Dit model biedt meer inzicht in de distributie van rFIXFc in het
lichaam en het belang van de extravasculaire ruimte bij de hemostase.
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Deel ll: Farmacometrie in de ziekte van von Willebrand

In het tweede deel van deze thesis wordt farmacometrie toegepast bij onderzoek in
patiénten metVWD. In hoofdstuk 5 wordt de relatie tussen dosering van desmopressine,
de concentratie in plasma en von Willebrand factor activiteit in bloed (VWF:Act) bij type
1 VWD-patiénten gekwantificeerd. Met behulp van een populatie farmacokinetisch-
farmacodynamisch model toont de studie aan dat een één-compartimentmodel het
beste de farmacokinetiek van desmopressine beschrijft, weergegeven als een stijging
van VWF:Act activiteit na toediening van desmopressine. De huidige doseringsrichtli-
jnen voor desmopressine bij VWD adviseren een intraveneuze dosis van 0,3 mcg/kg.
Onze studie ondersteunt deze richtlijnen en suggereert verder dat een doseringslimiet
van 30 mcg bij patiénten met een lichaamsgewicht boven de 100 kg kan worden gehan-
teerd om overdosering te voorkomen. De simulaties onderbouwen dit meer effectievere
gebruik van desmopressine bij de behandeling van VWD en geven ook aan dat de
huidige richtlijnen adequaat zijn.

Hoofdstuk 6 beschrijft de validatie van een eerder ontwikkeld populatie farmacoki-
netisch model voor VWF spiegels (<0,30 IU/mL). Op basis van deze modelvoorspellingen
kan gesteld worden dat voor patiénten met lagere baseline VWF:Act spigels mogelijk
een te hoge VWF:Act respons wordt voorspeld, wat kan leiden tot suboptimale behan-
deling. Deze validatie onderstreept de noodzaak van het testen van de desmopressine
respons in de kliniek om nauwkeurige VWF:Act voorspelling en effectieve behandeling
te kunnen waarborgen.

In het volgende hoofdstuk 7 wordt prospectieve OPTICLOT/TO-WiN studie beschreven
waarin de betrouwbaarheid en haalbaarheid van farmacokinetisch gestuurd doseren van
een VWF/FVIII concentraat wordt onderzocht bij VWD-patiénten. In deze studie worden
de voorspelde en gemeten VWF:Act en FVIII speigels vergeleken, waarbij blijkt dat door
toepassing van farmacokinetisch gestuurd doseren de streefwaarden nauwkeuriger
worden bereikt dan door dosering op basis van lichaamsgewicht. Ondanks enkele
discrepanties ondersteunen de bevindingen dat farmacokinetisch gestuurd doseren de
potentie heeft om een meer gepersonaliseerde behandeling te bewerkstelligen. Echter,
verdere studies nodig zijn om de doseringsregimes volledig te optimaliseren.

Deel Il wordt afgesloten met hoofdstuk 8 waarin het eerder gepubliceerde farmaco-
kinetische model voor VWF:Act en FVIIl wordt herzien en uitgebreid met nieuwe ge-
gevens uit de OPTICLOT/To-WiN studie zoals beschreven in hoofdstuk 7. Het herziene
model beschrijft nauwkeurig de tijdsafhankelijke farmacokinetiek van VWF en FVIII en
de relatie tussen de VWF:Act spiegel in het bloed en de FVIII klaring. Dit verfijnde model
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verbetert de geindividualiseerde doseringsregimes en is een voorbeeld van de toepass-
ing van farmacometrie bij optimalisatie van behandeling van patiénten met VWD.

Deel lll: Kunstmatige Intelligentie in de farmacometrie

In het derde en laatste deel van deze thesis wordt de integratie van kunstmatige intel-
ligentie in farmacometrie verkent, waarbij de potentiéle voordelen voor ontwikkeling
van modellen en analyse van data worden benadrukt. In hoofdstuk 9 wordt het gebruik
van ChatGPT bij de ontwikkeling van een populatie farmacokinetisch model voor FVIII
onderzocht. Door gebruik te maken van de taalgeneratiecapaciteiten van ChatGPT, wor-
den succesvol farmacokinetische parameters uit de literatuur verkregen, worden R-code
gegenereerd en een interactieve applicatie gecreéerd. De voordelen van kunstmatige
intelligentie bij het stroomlijnen van modelontwikkeling worden in het hoofdstuk
benadrukt, maar ook de uitdagingen met betrekking tot gegevensnauwkeurigheid en
codetransparantie worden genoemd. Deze verkenning onderstreept het potentieel van
toepassing van kunstmatige intelligentie binnen de farmacometrie.

Elk hoofdstuk draagt op een unieke manier bij aan het overkoepelende thema van
dit proefschrift: het gebruik van farmacometrie voor gepersonaliseerde behandeling
bij de aangeboren bloedstollingsstoornissen. Hoofdstukken 2, 3 en 4 illustreren de
toepassing van farmacometrie in hemofilie, waarbij wordt aangetoond hoe genetische
en farmacokinetische factoren geindividualiseerde behandelingsregimes kunnen infor-
meren. In de hoofdstukken 5, 6, 7 en 8 worden farmacometrische principes uitgebreid
naar VWD, waarbij farmacokinetisch-farmacodynamische modellen worden verfijnd en
gevalideerd met als doel de precisie en effectiviteit van de behandeling te verbeteren.
Hoofdstuk 9 introduceert het innovatieve gebruik van kunstmatige intelligentie,
waarbij wordt aangetoond hoe kunstmatige intelligentie farmacometrisch onderzoek
en modelontwikkeling kan aanvullen.

In zijn totaal, illustreren de hoofdstukken in dit proefschrift de vooruitgang van ge-
personaliseerde behandeling via dynamische farmacometrische benaderingen, met
als doel het verbeteren van behandelingen voor patiénten met aangeboren bloeding-
stollingsstoornissen.
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