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Abstract Background When emicizumab is dosed according to label, clinicians are obligated to
discard or overdose medication due to discrepancies between calculated dose and vial
content. The aim of this study was to compose a cost-efficient emicizumab mainte-
nance dosing regimen using Monte Carlo simulation based on vial size, patient-friendly
intervals, and patient characteristics, while striving for similar plasma concentrations
as observed in clinical trials.
Methods Monte Carlo simulations were used to investigate alternative dosing
regimens in patients weighing 3 to 150 kg. Simulated regimens were targeted to
achievemedian emicizumab plasma concentrations at a steady state (Cav,ss) of 40 to 60
(90% range: 25–95) µg/mL. The cost-efficiency of the alternative dosing regimen was
calculated in mg and costs saved per patient per year.
Results The developed alternative dosing regimen achieved similar emicizumab Cav,ss
levels compared with the registered dosing regimen with a median deviation of less
than 2 µg/mL in 78% of the body-weight categories. A dose of 60mg every 3 weeks was
advised for children weighing 12 to 16 kg, while adults weighing 76 to 85 kg can receive
120mg emicizumab every week. Compared with the registered weekly dosing of
1.5mg/kg, alternative dosing saved €35,434 per year in children weighing between 12
and 16 kg. For patients weighing 76 to 85 kg, the median saving was €29,529 (range:
€0–€59,057).
Conclusion This alternative maintenance dosing scheme—applicable in patients with
hemophilia A receiving emicizumab prophylaxis—reduces financial costs, avoids medi-
cation spillage, and is patient-friendly without loss of efficacy.

� Both are last authors.

received
March 16, 2021
accepted after revision
May 3, 2021
published online
May 4, 2021

© 2021. Thieme. All rights reserved.
Georg Thieme Verlag KG,
Rüdigerstraße 14,
70469 Stuttgart, Germany

DOI https://doi.org/
10.1055/a-1499-0030.
ISSN 0340-6245.

Coagulation and Fibrinolysis208

D
ow

nl
oa

de
d 

by
: E

ra
sm

us
 U

ni
ve

rs
ite

it 
R

ot
te

rd
am

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.

Published online: 2021-05-04

https://orcid.org/0000-0001-7967-1023
https://orcid.org/0000-0002-2762-6033
mailto:r.mathot@amsterdamumc.nl
https://doi.org/10.1055/a-1499-0030
https://doi.org/10.1055/a-1499-0030


Introduction

Emicizumab (Hemlibra, Roche, Basel, Switzerland), is a hu-
manized bispecific monoclonal antibody that is used for the
prophylactic treatment of patients with hemophilia A with
andwithout factor VIII (FVIII) antibodies. It mimics activated
FVIII by connecting activated factor IX and factor X, thereby
activating factor X resulting in (partial) restoration of hemo-
stasis in patients with hemophilia A.1 Emicizumab is admin-
istrated subcutaneously and exhibits a terminal half-life of
approximately 30 days, which enables less frequent admin-
istration than required with factor replacement therapy.2,3

Therefore, emicizumab may significantly lower the treat-
ment burden for patients with hemophilia A on prophylaxis,
especially for those with venous access problems.

According to manufacturer’s label, after a loading dose of
3mg/kg once per week for 4 weeks, three different emici-
zumabmaintenance dosing regimens can be prescribed.2,4–6

Maintenance doses consist of either 1.5mg/kg every week,
3mg/kg every 2 weeks, or 6mg/kg every 4 weeks. These
dosing regimens are based on a study by Yoneyama et al7 and
the clinical HAVEN trials2,4–6 that demonstrated similar
efficacious exposure for these regimens with regard to
bleeding reduction. Emicizumab is available in four single-
dose vials: 30mg/1mL, 60mg/0.4mL, 105mg/0.7mL, and
150mg/1mL. However, in many cases clinicians are unfortu-
nately obligated to discard or overdose medication due to
discrepancies between the calculated dose as recommended
by the label and the vial content.

Emicizumab exhibits dose-proportional pharmacokinet-
ics (PK) over a dose range of 0.3 to 6mg/kg.8,9 During
maintenance therapy with whole vials, the dosing interval
may therefore be prolonged to achieve steady-state emici-
zumab concentrations (Cav,ss) comparable to those observed
with the registered dose of 1.5mg/kg once per week. The
necessary dosing interval can then be calculated by multi-
plying the weekly interval (7 days) with the ratio of a
complete vial dose and the registered dose of 1.5mg/kg
once per week. Adaption of the dosing interval reduces
spillage and prevents excessive dosing, but may also lead
to decreased adherence to treatment as irregular, non-
weekly, dosing intervals may be difficult to remember and
maintain during long-term treatment. Therefore, a user-
friendly emicizumab dosing regimen with minimal waste
and practical vial utilization is considered optimal.

A population PK model for emicizumab has been
published, based on a database of 389 patients from five
clinical studies, allowing Monte Carlo simulations to be
performed.9 With Monte Carlo simulations individual con-
centration curves can be obtained and various dosing regi-
mens and dosing intervals can be evaluated, while striving
for efficacious emicizumab concentrations as reported in
clinical trials. Importantly, withMonte Carlo simulations the
inter-individual variability in achieved emicizumab Cav,ss
levels is also quantified. Therefore, the aim of this study
was to compose a cost-efficient emicizumab maintenance
dosing regimen using Monte Carlo simulations based on vial
size, patient-friendly intervals, and patient characteristics

such as body weight and albumin concentration, while
striving for similar plasma concentrations as observed in
clinical trials.

Methods

Virtual Population
The emicizumabmaintenance dosing regimenwas evaluated
using Monte Carlo simulations in NONMEM (v7.4.1, ICON
Development Solutions, Ellicott City, Maryland, United
States) using the previously published population PKmodel.9

In the published population PK model, increasing body
weight was associated with a significant increase in the
apparent clearance and volume of distribution; increasing
albumin levels were associated with a decreasing apparent
clearance; increasing age was associated with a decreasing
apparent bioavailability; and black ethnicity was associated
with a decreased apparent volume of distribution.

First, a virtual population was simulated in R (v 3.4.1, R-
core Team 2017) of which the characteristics largely corre-
sponded to the population used for building of the popula-
tion PK model.9 Patients were simulated with a body weight
between 3 and 150 kg, as the label advises emicizumab doses
within this range.10 Since the published population PKmodel
is developed based on patients with body weights between
9.5 to 156 kg, themodelwas extrapolated for infants<9.5 kg.
The virtual population was simulated to contain patients
with ages between 0 and 77 years, albumin levels ranging
between 16.8 and 56.6 g/L, and 8% of patients of black
ethnicity, mimicking the patient population used in the
population PK model developed by Retout et al.9 The rela-
tionship between age and body weight was implemented
using the R package tmvtnorm and was based on growth
charts utilized in the Netherlands.11,12 The association be-
tween age and serum albumin levelswas based on a study by
Weaving et al.13 Since dosing schemes were assessed for
every separate body-weight category, increasing with 1 kg,
148 weight categories (from 3 to 150 kg) were created.
Furthermore, three albumin level categories were differen-
tiated (<40, 40–50, >50 g/L). For each body weight and
albumin category, at least 1,000 patients were simulated.

Monte Carlo Simulations
Monte Carlo simulations were used to obtain individual
concentration–time curves with the examined dosing regi-
mens. The Monte Carlo method takes the inter-individual
distribution of PK parameters, such as apparent clearance,
volume of distribution, and the absorption rate constant, into
account and takes random samples from these distributions
in a repeated process, thereby providing individual PK
parameters. For our simulations we used parameter values,
both the typical (median) and its corresponding interpatient
variability, from the published population PK model of
Retout et al.9

Dosing Regimen
The alternative dosing regimenswere evaluated applying the
following requirements: (1) only whole vials were
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administered (30, 60, 105, or 150mg); (2) the preferred
dosing interval was once weekly or a multiple of whole
weeks; and (3) minimal volumes of injection were favored
and did preferably not exceed 2.0mL.14 The appropriateness
of the dosing regimens was checked by calculating the
achieved average steady-state emicizumab plasma concen-
tration (Cav,ss) and its inter-individual variability. The Cav,ss
was calculated by dividing the area under the curve during
the dosing interval with the dosing interval (Eq. 1).

where D is the administrated dose (mg), F the apparent
bioavailability, Cl the apparent clearance (L/day), τ the dosing
interval (day), and AUC the area under the curve (mg/day/L).

For comparison, the emicizumabCav,sswas also calculated for
the virtual population using the registered 1.5mg/kg per week
dosing regimen as mentioned in the manufacturer’s label. A
dosing regimen was considered as appropriate when (1) the
medianemicizumabCav,ss of thevirtualpopulationcategorywas
between40 and60µg/mL and (2) the 5th and95thpercentile of
emicizumab Cav,ss was between 25 and 95 µg/mL (90% range).
These requirementswereselectedbasedon the results reported
by Retout et al9 and the obtained simulated emicizumab Cav,ss
after dosing of the currently registered 1.5mg/kg every week.
When multiple simulated dosing schemes showed adequate
results, thedosing schemeofwhich themedianemicizumabCav,
ss was closest to themedian emicizumab Cav,ss after administra-
tion of 1.5mg/kg every week was selected. As the registered
dose is based on body weight, every body-weight category,
differing 1kg, was first evaluated separately, whereafter body
weights with a similar dosing scheme were lumped to form
larger body-weight categories.

Additionally, a dosing table based on both body weight
and albumin levels was developed. Albumin was chosen to
further individualize dosing as it has been demonstrated that
emicizumab clearance correlates negatively with serum
albumin concentration.9 More specifically, as both albumin
and emicizumab are recycled by the neonatal Fc receptor,
albumin can be used as a surrogate for the activity of the
neonatal Fc receptor.15 Therefore, higher albumin levels are
associated with lower emicizumab clearance, and thus
higher emicizumab levels. These additional dosing schemes
were established following the same requirements as set for
the dosing scheme based on only body weight.

Cost Reduction
The consumption of vials using the alternative dosing scheme
based on body weight for patients with an average albumin
level 40 to 50g/L is comparedwith thevial consumption of the
registered doses of 1.5mg/kg once every week, 3mg/kg once
every 2weeks, and 6mg/kgonce every 4weeks. The consump-
tion of the registered dose included medication that needs to
discarded or administered excessively. The resulting cost
reduction per year was calculated based on a price of
€2,271.43 per 30mg emicizumab excluding value added
tax.16 By assigning the corresponding calculated cost

reduction per body weight to the virtual simulated patients,
the median cost reduction of the virtual population was
calculated. This median cost reduction demonstrates the sav-
ings that may be achieved in a clinical setting, as the virtual
population reflects a real-world hemophilia population.

Results

In ►Fig. 1, the characteristics of the simulated patient popu-
lation are shown. Every body weight and albumin category
contained at least 1,000 patients. The virtual population had a
median body weight of 71.3kg (interquartile range [IQR]:
53.7–88.3kg), a median age of 33 years (IQR: 21–46 years),
and a median albumin level 45.0 g/L (IQR: 41.7–47.8g/L).

In►Table 1, the proposed alternativemaintenance dosing
regimens based on body weight are presented. The lumped
body-weight categories were created based on the results
obtained per body-weight category of 1 kg and independent
of albumin. The creation of the lumped body-weight catego-
ries masks deviations between emicizumab Cav,ss levels
achieved with the alternative dosing regimens and the
registered dosing regimen. Therefore, in ►Supplementary

Table S1 (available in the online version) the results are
presented for the separate 1 kg body-weight categories.

The simulated dosing regimenmet the set requirements in
all body-weight categories. Specifically, the median achieved
emicizumab Cav,ss levels achieved with this alternative dosing
regimen were largely compatible with levels achieved by the
registereddosing regimenof1.5mg/kgonceeveryweek. In the
vast majority (78%) of the body-weight categories, the emici-
zumab Cav,ss level achieved with the alternative dosing regi-
men deviated less than 2 µg/mL from the emicizumab Cav,ss
level achievedwith the registeredmaintenancedosing scheme
(►Table 1). Among the other 22%, the largest difference in
median emicizumab Cav,ss level between alternative and reg-
istered regimens was observed for an individual with a body
weight of 3 kg. The alternative and registered dosing schemes
produced values of 53.5 and 40.3 µg/mL, respectively. For the

Fig. 1 Relationships between the simulated patient characteristics
for emicizumab based on data from Retout et al.9 The total population
included at least 1,000 patients per body weight and albumin
category. For readability, this figure only shows 5,000 virtual patients
that were randomly sampled from the total population. The plot
shows bivariate scatter plots below and above the diagonal, and
histograms with density plots of the patient characteristics on the
diagonal. The bivariate scatter plots show the relation between the
simulated patient characteristics.
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virtual patients with a body weight of 25kg, the median
emicizumabCav,ss levelwas lowestwhenthealternativedosing
regimen was applied (40.0 µg/mL), compared with the level
produced by the registered regimes (49.8 µg/mL)
(►Supplementary Table S1 [available in the online version]).
For all body weights, the 5th and 95th percentiles, reflecting
the inter-individual variability in emicizumab Cav,ss levels,
ranged between 24.9 and 90.7 µg/mL (►Supplementary

Table S1, available in the online version).
In ►Supplementary Table S2 (available in the online

version), a dosing regimen based on both individual body
weight and albumin level is presented. Patients with an
albumin level between 40 and 50g/L can receive the same
dose as recommended in the dosing regimen based on body
weight (►Table 1). For patientswith a bodyweight>35kg, the
following adaptations apply based on albumin level: patients
with an albumin >50g/L require a lower emicizumab dose,
while patients with an albumin level <40g/L require a higher
dose to achieve the specified emicizumab Cav,ss levels.

The alternative dosing regimen based on body weight
generates a significant cost saving. Themagnitude of the cost
reduction is dependent on the body-weight category and on

which of the three registered maintenance dosing regimen
the alternative dosing regimen is compared with (►Table 2).
For children weighing 3 to 25 kg, alternative dosing saved a
median of 780, 468, and 78mg emicizumab per patient per
year compared with respective dosing of 1.5mg/kg once
every week, 3mg/kg once every 2 weeks, and 6mg/kg once
every 4 weeks, respectively. The corresponding savings were
€59,057, €35,434, and €5,906, respectively, per patient per
year. For adult patients weighing 66 to 85 kg, the respective
median savingswere 390, 195, and 97.5mg corresponding to
€29,529, €14,764, €7,382 per patient per year (►Table 2).

When the alternative dosing regimen is applied, costs are
saved in 53 to 60% of the patients in the virtual population
(►Fig. 2). For 28 to 47% of the patients in the virtual
population, the cost of treatment is similar to the costs spent
when the registered dosing regimen is applied, as for certain
bodyweights no or little medication needs to be discarded or
administered excessively when the registered dosing regi-
men is applied. For example, for a patient of 20 kg body
weight, a whole vial of 30mg is used when the registered
dose of 1.5mg/kg once every week is administrated. When a
hemophilia treatment center applies the 6mg/kg once every

Table 1 Alternative emicizumab maintenance dosing regimen and resulting average steady state emicizumab levels per body
weight category based on simulations when striving for plasma concentration as tested in HAVEN trials

Body weight Alternative maintenance
dose

Injection
volume (mL)

No. of
vials
per dose

Median average
emicizumab level�
alternative dose
(µg/mL) (90% range)

Median average
emicizumab level�
1.5mg/kg every
week (µg/mL)
(90% range)

3 kg 30mg every 5 weeks
30mg every 4 weeksa

1.0
1.0

1
1

53.5 (34.2–88.1)
66.9 (42.5–107.4)

40.3 (25.1–66.3)
40.3 (25.1–66.3)

4–5 kg 30mg every 4 weeks 1.0 1 46.0 (27.9–76.8) 42.0 (26.3–69.0)

6–7 kg 30mg every 3 weeks 1.0 1 44.3 (27.3–71.9) 43.3 (27.2–69.9)

8–11 kg 60mg every 4 weeks 0.4 1 46.8 (28.2–77.6) 45.3 (28.2–72.9)

12–16 kg 60mg every 3 weeks 0.4 1 44.2 (26.8–72.8) 46.9 (29.0–75.9)

17–25 kg 60mg every 2 weeks 0.4 1 45.9 (27.6–76.5) 49.0 (30.4–78.9)

26–35 kg 90mg every 2 weeks 1.4 2 48.1 (28.7–79.7) 50.0 (30.6–81.0)

36–45 kg 120mg every 2 weeks 0.8 2 49.5 (29.5–81.6) 50.3 (30.3–82.1)

46–55 kg 150mg every 2 weeks 1.0 1 50.0 (29.8–82.6) 50.6 (30.4–83.1)

56–65 kg 90mg every week 1.4 2 50.5 (30.0–83.5) 51.0 (30.5–83.8)

66–75 kg 105mg every week 0.7 1 50.9 (30.3–84.3) 51.3 (30.6–84.5)

76–85 kg 120mg every week 0.8 2 51.4 (30.6–85.1) 51.6 (30.8–85.2)

86–95 kg 135mg every week 1.7 2 51.8 (30.8–85.7) 51.9 (30.9–85.7)

96–105 kg 150mg every week 1.0 1 52.1 (31.0–86.4) 52.1 (31.1–86.2)

106–115 kg 315mg every 2 weeks 2.1 3 50.0 (29.8–82.9) 52.4 (31.2–86.8)

116–125 kg 180mg every week 1.2 3 52.7 (31.3–87.4) 52.6 (31.2–87.2)

126–135 kg 195mg every week 2.1 3 52.8 (31.3–88.0) 52.7 (31.5–87.5)

136–150 kg 210mg every week 1.4 2 52.8 (31.4–87.5) 53.1 (31.4–87.9)

Note: The simulated results are compared with the registered maintenance dosing scheme (1.5mg/kg per week in steady state). Doubling of both
the amount and dosing interval of the alternative dosing regimen will result in similar emicizumab Cav,ss levels. Values are based on data of at least
1,000 virtual patients per weight category. Vials available are 30mg in 1mL; 60mg in 0.4mL; 105mg in 0.7mL; 150mg in 1mL.
aThe dosing interval every 5 weeks has not been tested in clinical trials.
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4 weeks regimen, 19% of the patients will receive a more
expensive dose with the alternative dosing scheme. This is
caused by the fact that doses in the alternative dosing
scheme are based on dosing every 1 or 2 weeks (to keep
the injection volume asmuch as possible�2mL), whilemore
costs could be saved when higher doses are administrated at
once as discrepancies between calculated dose and vial size
are then smallest. Therefore, among the registered mainte-
nance dosing schemes, dosing with 6mg/kg once every
4weeks is associatedwith the lowest costs. Amore extensive
overview of the vial and cost reduction per body weight and
dosing interval category is presented in ►Supplementary

Table S3 (available in the online version).

Discussion

In this study, Monte Carlo simulations were used to generate
user-friendly and cost-efficient alternative emicizumab
maintenance dosing regimens. These alternative dosing reg-
imens achieve similar emicizumab Cav,ss levels as the regis-
tered dosing regimens, though at much lower costs. A
median cost reduction of emicizumab prophylaxis of
€59,057 (range: €0–€118,114) per patient per year is
achieved due to more economic application of vials and
dosing intervals. Furthermore, this alternative dosing regi-
men is more patient-friendly and could increase compliance
as the scheme is based on dosing intervals of whole weeks
and low volumes that reduce pain at injection sites, which is
especially important for children.

Importantly, when doubling both the amount and dosing
interval of the alternative dosing regimen, similar emicizu-
mab Cav,ss levels are obtained in patients.8,9 At themoment, a
maximum of 2.0mL is recommended per subcutaneous
emicizumab injection by the product insert. Therefore,
higher doses that are necessary with longer dosing intervals
could be impractical for some patients, as multiple subcuta-
neous injections are needed. If it becomes possible to inject
larger volumes or when vials contain higher concentrations,
higher doses could be more easily administrated and dosing
may even become more economical.17 A more economical
dosing scheme could also be reachedwhen themanufacturer
could supply dosing vials of 15mg, which would be espe-
cially valuable for young children. Importantly, the product
insert advises not to combine vials with different emicizu-
mab concentrations (30 and 150mg/mL) in one syringe. In
particular, when exact volumes of two vials with different
concentrations are mixed in one syringe, the end concentra-
tion cannot be guaranteed. However, when only whole vials
are administered, thereby accepting possible administration
of excess volume, this problem will be absent. Furthermore,
an adapter can be used that safeguards the combination of
two exactlymeasured volumeswith different concentrations
in one syringe. In addition, another solution would be to
administrate two separate injections to the patient, but this
is of course not patient-friendly and not preferred. Therefore,
we believe that there are multiple safe solutions enabling
administration of doses which are composed of different
concentrations.Ta
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Dosing regimens were explored for different albumin
categories. In our simulations, we observed that patients
>35kg may benefit from dose adjustments based on the
albumin level to achieve similar emicizumab Cav,ss levels.
However, this is caused by the fact the population PK model
describes that a deviating albumin level is associated with a
larger absolute deviation in emicizumab apparent clearance
in patients with a higher body weight.9 Possibly dosing
adjustments could also be made for elderly patients, as
Retout et al9 described a 31% reduction in steady-state
exposure for a patient with hemophilia A of 77 years old.

Importantly, the results of this study are based on Monte
Carlo simulations and describe dosing regimens that have not
yet been validated in clinical practice or evaluated with a
prospective study. Hence, when these dosing schemes are
applied, we recommend monitoring of emicizumab levels as
clinical experience with emicizumab is limited and up to now
the drug has only been administered to a limited number of
patients. More detailed information is needed with respect to
drug efficacy and the occurrence of side effects. Nonetheless,
the results of the Monte Carlo simulations are based on the
published population PK model, which is based on data from
389 patients with hemophilia A with or without inhibitors
recruited in five different clinical studies.2,4–6,9 In this dataset
patientweightedbetween9.5 and156kg. Thesuggesteddoses
for patients <9.5 kg are therefore based on an extrapolation,
and should be interpretedwith more caution. Especially since
young infants have physiologically reduced factor IX levels,
which may impair emicizumab efficacy.18

A limitation of our study was that it was difficult to define
which emicizumab Cav,ss levels are acceptable as only sparse
data on the exposure–effect and pharmacodynamics of
emicizumab have been published. Due to this lack of data,

we have chosen to define requirements based on clinical
trials, the results described in Retout et al9 and the obtained
simulated emicizumab Cav,ss after dosing with the currently
registered 1.5mg/kg every week, as this specific dosing
regimen has been tested extensively. The exposure–effect
relation described by Yoneyama et al,7 implies that when
emicizumab levels range between 25 and 95 µg/mL, the
proportion of patients with an annual bleeding rate of zero
is between 35 to 65%.7 However, this report included bleed-
ing data of only 18 patients, therefore lacking statistical
power. Moreover, it is unclear which PK parameter of emi-
cizumab (trough level, AUC, Cav,ss, etc.) correlates best with
the annual bleeding rate in patients. Momentarily, we have
chosen to focus on Cav,ss levels as a prior study has shown that
similar emicizumab Cav,ss levelswere achieved after dosing of
1.5mg/kg every week, 3mg/kg every 2 weeks, or 6mg/kg
every 4 weeks, while clinical trials show similar efficacy of
these dosing schemes in terms of bleeding control.2,9 Addi-
tionally, a decreasing Cav,ss level was associated with a
minimal increase in annualized bleeding rate.9

Interestingly, a high inter-individual variability was ob-
served in the achieved emicizumab Cav,ss levels. This implies
that therapeutic drug monitoring (PK-guided dosing) of
emicizumab levelsmay be of added value, especially because
the hemostatic effect of emicizumab is not directly measur-
able either clinically or by laboratory parameters. However,
as discussed above the exposure–effect relation of emicizu-
mab and its inter-individual variability are still to be evalu-
atedmore extensively, before the therapeutic windowcan be
precisely defined. In the meantime, we hope that this alter-
native user-friendly economical dosing scheme will contrib-
ute to a high quality of care with an optimized cost–benefit
ratio for patients and society at large.

Fig. 2 Percentage of patients in the virtual population (3–150 kg) in which the alternative dose dosing scheme will result in lower, similar, or
higher costs compared with the registered dosing schemes (1.5mg/kg per week, 3mg/kg per 2 weeks, or 6mg/kg per 4 weeks). The cost savings
depend on the body weight of the patient and registered dosing scheme to which the alternative dosing scheme is compared.
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What is known about this topic?

• Whenemicizumab is dosedaccording to label, clinicians
are often obligated to discard or overdose medication.

What does this paper add?

• An alternative maintenance dosing regimen was de-
veloped based on Monte Carlo simulations.

• The developed regimen reduces financial costs, avoids
medication spillage, and is patient-friendly without
loss of efficacy.
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