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1 | INTRODUCTION
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Abstract

Introduction: Web-Accessible Population-Pharmacokinetic Service-Haemophilia
(WAPPS-Hemo) data are available to study factor-concentrate usage, defined as the
required weekly dose to achieve a 3% trough (WD3T), across standard and extended
half-life (SHL/EHL) products.

Aim: To provide baseline usage data including (i) differences across plasma-derived
(pdSHL) versus recombinant (rSHL) products, (ii) SHL versus EHL, and (iii) effect of age
and positive inhibitor history.

Methods: PK profiles (n = 14,416 patients, 0.3-85.2 years) and linear mixed effects
models were used to estimate usage versus age, controlling for significant factors,
using 95% confidence intervals to perform comparisons across all ages and posthoc
tests to assess the differences.

Results: Average usage was significantly higher for pdSHL versus rSHL in patients
with a positive inhibitor history (PIH; 1.9-2.5 times higher), for SHL versus EHL (4-10
times), and was significantly associated with age.

Conclusion: Baseline usage patterns from 2017 to early 2023 provide a benchmark for
assessing the impact of emerging technologies in haemophilia.
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and requires a reduced number of plasma factor level observations in

order to reliably estimate individual pharmacokinetic parameters used

Haemophilia A is a bleeding disorder caused by a hereditary defi-
ciency of plasma coagulation factors VIII (FVIII). It has been shown
that individualized prophylaxis based on FVIII pharmacokinetics for
severe haemophilia patients (endogenous factor concentration below
1 1U/dL) constitutes an effective strategy to increase the clinical
benefit of treatment.>2 The statistical methodology employed by pop-
ulation pharmacokinetics incorporates patient-specific characteristics

in the design of an individualized treatment.?

The Web-Accessible Population Pharmacokinetic Service—
Haemophilia (WAPPS-Hemo) project provides a comprehensive
population pharmacokinetics application for haemophilia health-care
providers (www.wapps-hemo.org?), generating individually predicted
pharmacokinetic profiles from a set of population pharmacokinetic
(popPK) models for commonly used factor concentrates which
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FIGURE 1

incorporate the patterns of variability that are identified in the under-
lying population.®> Such models are used as priors in an estimation
procedure based on Bayesian methodology that provides predictions
of individual PK profiles. The patient-specific information obtained
from this platform may be used to simulate dosing scenarios that would
in turn aid in determining the lowest prophylactic dose to achieve a
specific trough, through a clinical calculator algorithm implemented in
WAPPS-Hemo.

The WAPPS-Hemo platform has over 35 successfully evaluated
popPK models? for use in individual PK prediction that cover both FVIII
and FIX clotting factor products. The FVIII models involve concentrates
that are considered standard half-life (SHL) as well as extended half-life
(EHL) products, and the former are further classified as plasma-derived
(pdSHL) or recombinant (rSHL). This study aimed to employ real-world
PK data from patients on the WAPPS-Hemo platform to determine if
FVIII concentrate usage differed by age, concentrate class (SHL, EHL),
dose frequency and PIH, thus providing a baseline assessment of usage
patterns.

2 | MATERIAL AND METHODS
2.1 | Data

Data entered by haemophilia treatment centres on WAPPS-Hemo
in 58 countries, see Figure 1 for country composition from severe
haemophilia A patients between September 2016 and February 2023,
involving individual dose and PK information (factor concentrate, dose
amounts infused and measurements of plasma factor concentration),
associated demographic and disease related information (e.g., age,
weight, height, blood group, disease type, endogenous factor level,
positive inhibitor history—PIH) as well as estimated individual PK out-

comes via Bayesian forecasting using WAPPS-Hemo popPK models
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PK studies composition by country (number of patients).

France (253)
Finland (335)

Czech Republic (313)

Colombia (504)

China (884)

Canada (806)

Brazil (191)
Belgium (193)
Austria 21 52;
Australia (195

Other (1839) : 39 countries with < 150 patients

(e.g., clearance, distribution volume(s), terminal half-life). The variable
country was included in the data set to be used as a potential proxy

variable for unmeasured sources of variability.

2.2 | Simulation of required weekly dose to
achieve a 3% trough (WD3T)

A WAPPS-Hemo clinical calculator algorithm was used to determine
the required WD3T (IU/kg/week) on simulated steady state FVIII con-
centrations determined under virtual treatment regimens involving
dose administration every 2 or 3 days (Q2D, Q3D) using real PK data
from WAPPS-Hemo patients. An optimization algorithm R function
(optim()) and the L-BFGS-B bound constrained method” were used to
find the lowest required dose that would maintain the trough concen-

tration above 3 IU/dL for a given individual with unique PK parameters.
7 Estimated Dose

Interval ~ Body Weight

Interval refers to the regimen (2 or 3 days) and Estimated Dose to the

Weekly usage was calculated as WD3T = , where

optimized amount of FVIII per infusion (1U). The patient’s body weight
was entered in kilograms.

2.3 | Statistical methodology

Comparison of the estimated usage across concentrate classes was
done through a model-based technique which employed a single work-
flow that incorporated logWD3T as dependent variable across age as
continuous covariate and concentrate class (EHL/pdSHL/rSHL), treat-
ment regimen (Q2D/Q3D), and PIH (yes/no) as categorical covariates,
while taking into account the variability between patients to address
the correlation between measurements within the same individual.
The country variable, which refers to the location of the haemophilia

treatment centre that provided the information, was used as a random
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effect in the models to potentially encapsulate unmeasured sources
of variability. The data set was partitioned into paediatric (<12 years)
and adult (>12 years) cohorts in order to better describe the relation-
ship between usage and age, improving residual behaviour. Differences
in usage between concentrate classes were assessed across all ages
within the paediatric and adult data sets via 95% confidence intervals
(Cl) and differences were quantified and assessed at typical ages in
the data sets via pairwise posthoc tests. The methodology involved lin-
ear mixed effects (LME) models where the distribution of WD3T was
assumed lognormal, and the estimated median of WD3T was obtained
from the estimated mean of logWD3T.

Models for logWD3T that included all possible interactions of
covariates (six two-way, four three-way and one four-way) were
explored. The significance of covariates was assessed via Likelihood
Ratio Tests (LRTs) under the Maximum Likelihood Estimation (MLE)
method. The variance terms included in the model via random effects
involving patients and countries, were tested via LRT under the
restricted MLE method. Final model evaluation consisted of standard
LME model predicted random effects and residual assessment and
the association between observed and fitted values (coefficient of

determination, R2).

2.4 | Software

Statistical analyses were performed on the R programming language
v.4.4; marginal means estimation through the emmeans R package v.
1.54.

3 | RESULTS

Table 1 presents a summary of demographics from 14,416 severe
haemophilia A patient by concentrate class (paediatric: age <12 years;
adult: age > 12 years). The concentrate class composition among chil-
dren was 34%, 12%, and 54% for EHL, pdSHL and rSHL, respectively,
and 46%, 9% and 45% among adults. The distributions of usage across
concentrate classes by age group, regimen and PIH are shown in
Figure 2.

The resulting final models for logWD3T in the paediatric and adult
data sets include treatment regimen (Q2D/Q3D), concentrate class
(EHL/pdSHL/rSHL), PIH (yes/no) and age. There was an exponential
and power relationship of logWD3T with age found for the paediatric
and adult populations, respectively, supporting the partition of the data
set into the paediatric and adult groups. The mathematical represen-
tation of the models, estimates and significance tests are presented in
the S1. In both the paediatric and adult cases, age resulted highly sig-
nificant for logWD3T on its own (p-values < .0001) and in interaction
with the other covariates (p-values < .001). Intercepts and slopes for
logWD3T versus age were allowed to vary across paediatric patients,
intercepts were allowed to vary across countries and in both children
and adults. Goodness of fit graphical analyses resulted in satisfactory

residual and estimated random effects distributions and both models
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accomplished a R2 = 99% coefficient of determination of fitted versus
observed values (S1).

The estimated concentrate usage, represented by the average
WDS3T or logWD3, is depicted by treatment regimen and PIH in
Figures 3 and 4 for children and adults, respectively. For the paediatric
group in the absence of PIH and both treatment regimens (Figure 3),
pdSHL and rSHL concentrate usage was quite similar, with overlapping
95% Cls across all values of age. In contrast, SHL usage was substan-
tially higher than EHL. On average, patients with no PIH had an SHL
usage about 4-5 times higher compared to EHL products under a less
frequent regimen (Q2D) and about 7—8 times higher under a more fre-
quent regimen (Q3D) (Table 2, p-values < .0001). It was the case too
in patients with PIH, that SHL concentrates had substantially higher
usage than EHL, on average about 4—8 times more for Q2D and 7—-18
times more for Q3D (Table 2, p-values < .0001). There was a similarity
between pdSHL and rSHL usage until around 5 years of age, after which
pdSHL was on average used about 2-2.5 times more compared to rSHL
(Table 2, p-values < .0001).

As in the paediatric group, adults had substantially higher SHL usage
compared to EHL (Figure 4). The Q2D and Q3D regimens resulted in
an average SHL usage about 3 and 4-5 times higher than EHL in the
absence of PIH, and 3-6 and 4-10 times higher in the presence of
PIH (p-values < .0001). Regarding the pdSHL versus rsHL comparison,
there was no difference between the pdSHL and rSHL concentrates in
both treatment regimens Q2D and Q3D in the absence of PIH; how-
ever, this was not the case for PIH patients for which usage was on
average 1.9 and 2.4 times higher for pdSHL (Table 2, p-values < .0001).

In both the paediatric and adult data sets, the more frequent
regimen Q3D had a significantly higher usage on average, than the
less frequent Q2D across concentrate class and PIH (Table 2: 2.7-
7.1 and 2.1-4.1 times higher for children and adults, respectively,
p-values < .0001).

4 | DISCUSSION

This study provides a baseline assessment of FVIII concentrate usage
based on real-world data from the WAPPS-Hemo platform up to early
2023. Itis an aggregate of usage from 58 countries and includes 14,416
severe haemophilia A patients. In future, this baseline may be used to
assess the impact of newer technologies (e.g., gene therapy) on factor
concentrate usage patterns globally and across countries. Usage was
defined as the required dose to achieve a 3% dose or WD3T, simu-
lated based on each patient’s individual PK. Results revealed that SHL
concentrates had a substantially higher usage compared to EHL across
severe haemophilia patients of all ages and regardless of whether they
had a less or more frequent treatment regimen (every 2/3 days or
Q2D/Q3D). In the absence of positive inhibitor history (PIH), usage was
found to be 4—8 and 3—5 times higher for children and adults compared
to EHL, respectively. In the presence of PIH, SHL usage was found to be
4—18 and 3—10 times higher than EHL. The use of pdSHL versus rSHL
products was found to be statistically equivalent in patients without

PIH; however, was not so in patients with PIH, regardless of age group
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TABLE 1 Summary statistics and sample sizes by age group and concentrate class.
Paediatric group (Age < 12 years) Adult group (Age > 12 years)
Concentrate class Concentrate class
Variable Statistic EHL pdSHL rSHL Subtotal EHL pdSHL rSHL Subtotal
(n?) (1334) (473) (2083) (3890) (4836) (923) (4767) (10,526)
Age Median 7.0 5.8 6.8 6.8 324 34.1 30.8 31.8
iz Min-Max 0.3-12 0.6-12 0.3-12 0.3-12 12.1-833  12.1-808  12.1-852 12.1-85.2
Q1-Q3° 4.5-9.6 3.8-8.8 4.4-94 4.3-9.3 20.8-47.2 21.1-45.7 19.4-43.6 20-45.2
Weight Median 24.2 22.0 24.0 23.9 76.0 73.0 74.0 75.0
(ke) Min-Max 8.1-96.8 7.1-75 6.9-81.2 6.9-96.8 21.5-150 27-125 20-150 20-150
Q1-Q3 18-33 16.2-31 17.6-32.2 17.6-32.5 65-87 63-84.3 64-85 64.4-86
Half-life Median 12.9 8.6 9.1 10.0 16.4 11.9 12.0 13.8
(h) Min-Max 2.9-38.1 2.7-83.3 3.2-37.4 2.7-83.3 4-93.6 3.2-42.5 3.4-1534 3.2-1534
Q1-Q3 10.6-15.6 6.9-10.4 7.4-10.8 8-12.7 13.3-20.3 9.4-14.9 9.6-15 10.8-17.9
PIH® (%) 16.42 31.71 13.54 16.74 9.20 15.06 9.54 9.87
2n, number of patients.
bQ1, Q3 first and third quartiles.
€PIH, Positive inhibitor history.
Paediatric Adult
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FIGURE 2 Distribution of logarithm of usage: required weekly dose to achieve 3% trough (logWD3T) versus covariates.

or treatment regimen. Age was found to be significantly associated

with usage in both the paediatric and adult groups.

Linear mixed effects models were employed for their ability to sum-
marize usage, conveniently following a single workflow that would

simultaneously take into account age, concentrate class, treatment

regimen and PIH, while also describing the data structure regard-

ing multiple observations within patients and accommodating for

the use of country as a proxy variable for unmeasured sources of
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FIGURE 3 Estimated average usage: required weekly dose to achieve 3% trough (WD3T) and 95% confidence bands, paediatric model (right

panel: logarithmic transformation).

variability. Classification of patients into paediatrics and adults helped
to better describe the relationship of usage versus age, favouring
model residual behaviour and increasing the reliability of the statistical
tests.

The use of a 3% trough to define the factor concentrate usage in this

study was preferred over 1% or 2% in part because the determination

of the required dose may be sensitive to baseline levels. In particu-
lar, targeting a trough that is close to the lower limit of quantification
(e.g., 1%) causes an issue when determining dose requirement.® The
selection of 3% trough is also supported by the recent trend in tar-
geting to 3% trough as a strategy in bleeding prevention.” Moreover,

appraisal of several trough levels (1%, 3% and 5%) from patients who
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logarithmic transformation).

received treatment regimens of every 2 or 3 days in the WAPPS-Hemo
database, revealed that the 3% trough represented a compromise
between the proportion of patients who were able to reach the tar-
get trough and a smaller range of drug usage, compared to target
troughs 1% and 5%. Based on this appraisal, it was found that the

results obtained in this study can be extrapolated to higher troughs, in

which case the differences between EHL and SHL products would be
accentuated.

Positive inhibitor history in haemophilia patients, as indicated by
their treaters, was included as a potentially significant variable (about
17% and 10% in paediatric and adult patients), under the assumption

that patients with a PIH may exhibit different PK profiles (towards a
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TABLE 2 Median usage: Required weekly dose to achieve 3% trough, 95% confidence interval estimates (Cls) and pairwise posthoc
comparisons under the paediatric and adult models (average age in paediatric and adult data sets 7 and 32 years, respectively).

Paediatric model: Estimated median usage at 7 years.

Ratio of medians (denominator)

Concentrate Estimated median
PIH? Regimen class WD3T (IU/kg/week) SE df 95% Cl EHL rSHL Q2
No EHL 68.7 6.0 54 57.6-81.8 - - -
Q2D pdSHL 313.1 36.3 54 248.2-395.1 4.6° 12 =
rSHL 269.3 225 54 227.7-318.4 3.9° - -
No EHL 182.8 16.0 54 153.4-217.8 = = 2.7°
Q3D pdSHL 1439.2 166.9 54 1140.6-1815.9 7.9° 11 4.6"
rSHL 1235.0 103.2 54 1044.5-1460.3 6.8° = 4.6
Yes EHL 97.7 12.4 54 75.8-125.9 - - -
Q2D pdSHL 778.8 110.8 54 585.5-1035.8 8.0 20 =
rSHL 410.6 48.4 54 324.1-520.1 4.2 - -
Yes EHL 305.4 38.6 54 237-393.5 = = Fao
Q3D pdSHL 5555.4 790.3 54 4176.9-7388.9 18.2° 2.5P 7.1°
rSHL 23412 276.2 54 1848.1-2965.8 77" = 5,72
Adult Model: estimated median usage at 32 years
Ratio of Medians (denominator)
Concentrate Estimated Median
PIH? Regimen Class WD3T (1U/kg/week) SE df 95% ClI EHL rSHL Q2
No EHL 30.89 177 57 27.5-34.6 - - -
Q2D pdSHL 99.37 6.92 57 86.4-114.2 gl 11 =
rSHL 89.00 5.07 57 79.4-99.7 2.9° - -
No EHL 65.17 3.73 57 58.1-73.1 = = 3.0°
Q3D pdSHL 299.94 20.88 57 260.9-344.8 4.6 1.1 3.0°
rSHL 266.77 15.19 57 238-299 4.1° - 2.1°
Yes EHL 39.31 3.16 57 33.5-46.2 - - -
Q2D pdSHL 222.02 26.13 57 175.4-281 5.6° 1.9° =
rSHL 117.29 9.56 57 99.6-138.1 3.0° - -
Yes EHL 91.30 7.33 57 77.7-107.2 = = 3.3°
Q3D pdSHL 918.29 108.09 57 725.5-1162.4 10.1° 2.4b 4.1b
rSHL 383.58 31.28 57 325.8-451.6 4.2° = 2.3

2PIH, Positive Inhibitor History.
bp-val <.0001.

faster decay).8? In a 2003 systematic review, the overall prevalence
of inhibitors in haemophilia populations was 5%—7% while the overall
cumulative risk of development reached up to 39%.7 In this study, PIH
indeed proved to be a significant factor in explaining usage. The overall
proportion of pdSHL infusions in our data was low compared to rSHL
(12% vs. 54% and 9% vs. 45% in children and adults), but was higher
among patients with PIH (31.7% vs. 13.54% and 15.06% vs. 9.54% in
children and adults). It is likely that patients on rSHL may have switched
treatment to pdSHL in higher doses after having developed inhibitors,
which is observed in the higher estimated usage in Figures 3 and 4 in

the PIH case in children and adults.

One limitation of this study is the great heterogeneity present in the
WAPPS-Hemo data. The presence of many sources of variability (mea-
sured and unmeasured) is challenging to be accounted for via statistical
modelling. In spite of this, the models were able to successfully par-
tition large portions of variability to provide sensible usage estimates
and valid statistical tests. For instance, the average WD3T was found to
be consistently higher in children compared to adults across treatment
regimen, concentrate class and PIH (Table 2), an expected consequence
of higher weight-normalized clearance and smaller half-life in the pae-
diatric population under treatment for haemophilia.!2 The differences

found between treatment regimens to maintain concentrations above
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a 3% trough are also in line with the fact that more frequent doses
lead to a decrease in usage (average WD3T significantly higher for
Q3D vs.Q2D, Table 2). While findings derived from WAPPS-Hemo data
might not entirely mirror the entire severe haemophilia population, this
database stands as the most extensive real-world repository for PK in
haemophilia.
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