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Abstract
Introduction  Emicizumab is an effective new treatment option for people with hemophilia A (PwHA). The approved dosing 
regimens are based on body weight, without the necessity for laboratory monitoring. This assumes a clear dose–concentra-
tion–response relationship, with acceptable variability due to factors other than body weight. To investigate this assumption, 
a systematic review on the pharmacokinetics (PK) and associated efficacy of emicizumab in humans was conducted.
Methods  The EMBASE, Pubmed and CENTRAL databases were systematically searched to November 2020 to identify 
studies on the PK data of emicizumab in humans. Data on the study, population, PK and efficacy (annualized bleeding rate 
of treated [joint] bleeds) were extracted and synthesized, and exposure effects modeling was performed using non-linear 
least squares regression in a maximum effect (Emax) model.
Results  The 15 included studies reported on data for 140 volunteers and 467 PwHA, including children (0 to <12 years) 
and adolescents and adults (≥12 years), both with and without factor VIII (FVIII) inhibitors. Emicizumab demonstrated 
dose-linear PK. The interindividual variability of trough concentrations was moderate (32%) and was similar across various 
subgroups, such as FVIII inhibitor status, age group and dosing interval. The control of bleeds did not further improve above 
emicizumab concentrations of 30 µg/mL, potentially enabling lower dosing in a substantial proportion of PwHA.
Conclusion  This review supports body weight-based dosing, although individualized monitoring of emicizumab concentra-
tions may allow for more cost-effective dosing.
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Key Points 

After body weight-based dosing, emicizumab shows a 
linear dose–concentration relationship, with moderate 
interindividual variability.

Bleeding control did not further improve by levels > 30 
µg/mL, potentially enabling lower dosing in a substantial 
proportion of patients.

1  Introduction

Hemophilia A is an inherited bleeding disorder caused by 
an absence or dysfunction of coagulation factor VIII (FVIII) 
[1]. Without adequate treatment, people with hemophilia 
A (PwHA) who are severely affected suffer from recur-
rent bleeds, predominantly in joints, which results in crip-
pling arthropathy, functional limitations and a significantly 
reduced life expectancy [2, 3]. The primary goal in the 
management of these PwHA is to prevent bleeds, prefer-
ably through regular coagulation factor replacement therapy 
(prophylaxis) [1, 4]. Prophylaxis with plasma-derived and, 
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supplementary data SD1 for an example of the EMBASE 
search algorithm. In the EMBASE database, the search was 
conducted using the corresponding Emtree terms, and for the 
PubMed and CENTRAL databases, the National Library of 
Medicine Medical Subject Heading (MeSH) search terms 
were used. Finally, the included studies were manually 
searched for relevant references, and the European Public 
Assessment Report (EPAR) for emicizumab was used as a 
cross-reference for possible missed studies [12].

2.2 � Study Selection

The search results from the three databases were merged in 
Endnote X9 version 19.3.3.13966 (Clarivate Analytics, Phil-
adelphia, PA, USA), and duplicate records (title, abstract, 
or both) were removed automatically. Hereafter, the records 
were imported into the web-based tool Rayyan (https://​
rayyan.​qcri.​org/ [17]) and were screened and categorized. 
First, the records and then the full-text articles were screened 
and categorized in duplicate by two reviewers (AD, LB). 
The following inclusion criteria were applied: emicizumab 
studies providing (1) data on humans, (2) original PK data or 
modeled PK data or PK/PD relationships, and (3) access to 
the abstract and the full text in English. In the event of doubt 
regarding eligibility, the records or articles were included. 
Disagreements were discussed until consensus was reached, 
and, when necessary, a third reviewer (TE) was consulted.

2.3 � Data Extraction

The following data were extracted from the included studies: 
(1) study characteristics (authors, year of publication, num-
ber of subjects, phase, design, dosing regimen, follow-up, 
funding); (2) population characteristics (population [volun-
teer/PwHA], anti-FVIII antibodies, age group, hemophilia A 
severity, ethnicity); and (3) evaluated PK and efficacy data. 
Relevant primary PK parameters included the absorption 
rate constant (ka), apparent clearance (CL/F), and apparent 
volume of distribution (Vd/F), while secondary (exposure) 
PK parameters included terminal half-life (t½), area under 
the plasma concentration−time curve extrapolated to infin-
ity (AUC​∞), maximum plasma concentration (Cmax), trough 
plasma concentration in steady-state conditions (Ctrough,ss) 
and time to reach Cmax (tmax). The relevant efficacy param-
eter was expressed as the annualized bleeding rate (ABR) 
of different bleeding types (i.e. treated bleeds or treated 
joint bleeds). When relevant data were missing from the 
text, a data request was sent to the corresponding authors 
or sponsors.

Trough concentrations with corresponding errors [stand-
ard deviation (SD) and 95% confidence interval (CI)] from 
steady-state conditions per study subgroup were primarily 
extracted from the text; however, when data were presented 

later, recombinant FVIII products has effectively reduced 
episodes of bleeding from an annual average of 20−30 to 
1−4 [5–8]. However, replacement therapy with FVIII prod-
ucts has some disadvantages. This treatment is invasive, 
requiring intravenous administration every 24–48 h, usually 
starting before the age of 2 years [9]. Additionally, neutral-
izing antibodies against FVIII (known as inhibitors) develop 
in 30% of severely affected PwHA, rendering treatment with 
FVIII products ineffective [4, 10].

Emicizumab (Hemlibra®) is the first non-factor replace-
ment product and was approved in 2018 by the US FDA and 
the European Medicines Agency as prophylaxis for PwHA, 
both with and without FVIII inhibitors. This humanized, 
immunoglobulin (Ig) G4, bispecific monoclonal antibody 
(mAb) effectively restores the hemostatic function of miss-
ing FVIII by bridging activated factor IX and factor X. 
Moreover, subcutaneous administration and the less fre-
quent dosing interval of once every 1−4 weeks offer dosing 
convenience, especially for (pediatric) PwHA with difficult 
venous access. Emicizumab has limited toxicity, although 
concomitant use of high doses of activated prothrombin 
complex concentrate increases the thrombotic risk and 
should be avoided [11, 12].

A body weight-based standard dosing regimen for emi-
cizumab (1.5 mg/kg per week, 3 mg/kg per 2 weeks, 6 mg/
kg per 4 weeks) without the requirement of dose adjust-
ments based on laboratory monitoring has been approved 
by the regulatory authorities [13]. This dosing recommen-
dation assumes clear dose−concentration [pharmacokinet-
ics (PK)] and concentration−response [pharmacodynamics 
(PD)] relationships with acceptable variability due to factors 
other than body weight. Unexpected variability (e.g. result-
ing from antidrug antibodies or population characteristics) 
should be absent, as differences in concentration, and even 
response, require monitoring and individualized dose tailor-
ing [14, 15]. Therefore, the objective of this study was to 
investigate these basic principles by conducting a systematic 
review on the PK and associated efficacy of emicizumab in 
humans.

2 � Methods

2.1 � Sources

The literature search was conducted in accordance with 
the Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) guidelines [16]. The EMBASE, 
PubMed and Cochrane Central Register of Controlled Tri-
als (CENTRAL) databases were searched from inception 
through 28 April 2020, and updated on 13 November 2020. 
The search terms included ‘emicizumab’ and ‘pharma-
cokinetics’ and their associated synonyms (see electronic 
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in graphs only and the data requests remained unanswered, 
the data were extracted from the graphs [18–20]. To mini-
mize bias, two independent and blinded reviewers (AD, LB) 
visually scored the data with magnification and a set square. 
The data were then scored using WebPlotDigitizer, a reli-
able and validated web-based tool for extracting underlying 
numerical data from plots (https://​autom​eris.​io/​WebPl​otDig​
itizer [21]) [22]. Both the visually and digitally extracted 
values were compared and, if necessary, reassessed. The 
data were entered (LB/AD) into a database for system-
atic data extraction and were double-checked by a second 
reviewer (AD/LB).

2.4 � Data Synthesis

Extracted data relating to study and population charac-
teristics were categorized and summarized. The PK data 
(Ctrough,ss) were plotted according to doses of the multiple-
injection regimens in PwHA and for the single-injection 
regimens in volunteers (primary and secondary param-
eters). The percentage coefficient of variation (%CV, or 
the variability) of trough concentrations was calculated as 
(SD/mean) × 100%. If unavailable, the SD was derived from 
the 95% CI using the formula √n × ((upper limit − lower 
limit)/3.92), or from the interquartile range (IQR) using 
(IQRmax − IQRmin)/1.35 [23].

Exposure effects modeling was conducted with weighted 
(study size) non-linear least squares regression using a stand-
ard inhibitory maximum effect (Emax) model. The ABRs of 
treated bleeds and treated joint bleeds were used as efficacy 
parameters if calculated by means of negative binominal 
regression (model-based). As data for the extremes of the 
curve were lacking, values for baseline ABR and Emax, 
derived from other sources, were assumed and the Hill coef-
ficient was fixed to 1. The baseline ABRs for treated bleeds 
and treated joint bleeds were assumed at values of 28.0 and 
21.6, respectively, as reported for severe PwHA treated with 
on-demand therapy in a real-world setting [6]. These values 
were in line with the reported baseline ABRs for treated 
bleeds of 21.9, 23.3 and 38.2, and for treated joint bleeds of 
6.7 and 26.5 in severe PwHA without prophylactic treatment 
[18, 19, 24]. The Emax for treated bleeds was set at a value of 
0.96 (i.e. 96% drug effect at infinite exposure, correspond-
ing to an ABR of 1), and for treated joint bleeds, the Emax 
was set at 0.98 (corresponding to an ABR of 0.5). This was 
done to account for the occurrence of traumatic bleeding 
(based on clinical experience) and the lack of complete of 
coagulation by emicizumab (based on mouse and primate 
models). In addition, the FVIII-equivalent (hemostatic) 
activity of emicizumab was hypothesized at only 10−20% 
in humans [24–26]. An ABR of 1 was therefore perceived as 
more realistic than an ABR of 0, and is also in line with the 
reported ABR range of 0.2−5.1 (electronic supplementary 

Table ST2). The ABR baseline values were also used to cal-
culate the relative risk reduction (RRR). Sensitivity analysis 
was performed to assess the validity of the ABR baseline 
and Emax assumptions.

Summary statistics and graphics were performed using 
GraphPad Prism version 8.3.0 (GraphPad Software LLC, 
San Diego, CA, USA), and modeling was performed using 
R version 4.0.2 (R Core Team, Vienna, Austria).

3 � Results

A total of 368 records were identified with the computer-
ized search. After the removal of duplicates (n = 83), 285 
titles and abstracts and 77 full-text articles were assessed for 
eligibility. The updated search in November 2020 yielded 
15 studies meeting the inclusion criteria (electronic supple-
mentary Fig. SF1).

3.1 � Study Characteristics

The 15 included studies were published between 2016 and 
2020 (Table 1). During the drugs’ development, phase I 
(n = 4), simultaneous phase I/II (n = 1) and phase III (n = 6) 
clinical studies were conducted in combination with two 
pharmacometric analyses reporting on the dose−response 
relationship, with data from the previously published stud-
ies. Two studies were conducted after market approval. The 
majority of the included studies were global multicenter 
(n = 8), open-label (n = 12), non-randomized (n = 8), non-
controlled (n = 9), industry-funded (n = 13) clinical studies 
with a follow-up period of at least 16 weeks (n = 11). Eight 
studies had a parallel comparative design, including six 
reporting on an intra-individual comparison of emicizumab 
with previous treatment. The multiple-dose injection studies 
most often included the weekly dosing interval (QW; 75%), 
followed by the once every 4 weeks regimen (Q4W; 14%) 
and once every 2 weeks regimen (Q2W; 11%).

3.2 � Population Characteristics

Eleven studies [18–20, 27–34] provided original PK data of 
emicizumab in humans and yielded 607 subjects (Table 2) 
after excluding four studies [24, 35–37] with double-
reported subjects. These 607 unique subjects were either vol-
unteers (n = 140) or PwHA (n = 467). The PwHA included 
adults and adolescents (n = 328) and children younger than 
12 years (n = 139). The PwHA with and without FVIII 
inhibitors were similarly represented across studies. Severe 
hemophilia A and the Asian and Caucasian races were pre-
dominant across the studies.

https://automeris.io/WebPlotDigitizer
https://automeris.io/WebPlotDigitizer
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3.3 � Dose–Concentration Relationship

The original PK data were used to investigate the dose−con-
centration relationship, therefore excluding two pharmaco-
metric analysis studies (reused data), two preliminary studies 
(shorter follow-up period than their consecutive studies) and 
a case report (no steady-state conditions). The PK data from 
the PwHA (n = 469) demonstrated a linear dose–concentra-
tion relationship when the Ctrough,ss was plotted according 
to increasing doses of emicizumab per week (Fig. 1). The 
longer dose intervals (Q2W and Q4W) were associated with 
a lower Ctrough,ss.

The PK data from the volunteers (n = 112) in the single-
dose injection studies with increasing doses (0.1, 0.3 and 1 
mg/kg) demonstrated constant primary PK parameters and a 
dose-linear increase in the exposure metrics Cmax and AUC​
∞, with an exponential decay over time. These PK param-
eters obtained per study subgroup are presented in electronic 
supplemental Fig. SF2 and electronic supplementary Table 
ST1 and were similar across ethnicities.

The study size weighted variability (%CV) of the Ctrough,ss 
was similar across FVIII inhibitor status (present or absent) 
and the various dosing intervals (QW, Q2W or Q4W), 
whereas children had slightly less variability than adults 
and adolescents (Fig. 2). The overall weighted %CV of the 
Ctrough,ss in PwHA was 32% and ranged from 17 to 44% 
(electronic supplementary Table ST2).

3.4 � Concentration–Response Relationship

Table 3 shows the relevant parameter estimates from the 
published population PK models on emicizumab. The model 
by Yoneyama et al. was based on PK data from the phase 
I and I/II studies to establish the dosing regimens, and the a  In
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Table 2   Population characteristics. Eleven studies providing original 
PK data on emicizumab in unique subjects

Total = 607 [n (%)]

Population
Volunteer 140 (23)
Hemophilia A 467 (77)
FVIII inhibitor 234 (39)
Age group
Child with hemophilia A (<12 years) 139 (23)
Adult or adolescent (>12 years) 468 (77)
Volunteer 140 (23)
Hemophilia A 328 (39)
Hemophilia A severity
Severe 436 (75)
Moderate 6 (1)
Mild 5 (1)
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model by Retout et al. was based on the long-term phase I/
II and phase III HAVEN 1−4 studies [24, 36]. The total PK 
interindividual variability (approximately 60% [36]) could 
be explained primarily by the covariates body weight, neu-
tralizing antidrug antibodies (ADAs) against emicizumab, 
age > 30 years, and, to a lesser extent, abnormal albumin 
(ALB) levels, as well as African race.

Eleven PwHA study subgroups within five studies 
[18–20, 31, 32] provided the model-based mean ABRs of 
treated bleeds. The Ctrough,ss was the only exposure metric 
that could be extracted in combination with these ABRs. 
The ABRs were fitted with corresponding Ctrough,ss values 
in an Emax model (Fig. 3). The half maximal effective con-
centration (EC50) was estimated at 1.47 µg/mL [standard 
error (SE) 0.90], assuming an ABR baseline of 28.0 and 
Emax of 0.96. The effectiveness plateau of the concentra-
tion–response relationship was clearly established, and all 
ABR observations resided herein. Based on this model, a 
Ctrough,ss of 30 and 50 µg/mL would result in an ABR of 
treated bleeds of 2.4 and 1.9, respectively, and with an RRR 
of 91% and 93%, respectively. A second Emax model was fit-
ted with the ABRs of treated joint bleeds, instead of treated 
bleeds, with corresponding Ctrough,ss values (electronic sup-
plementary Fig. SF3). The EC50 was estimated at 1.09 µg/

mL (SE 0.36), assuming baseline ABR of 21.6 and Emax of 
0.98, and Ctrough,ss values of 30 and 50 µg/mL would result 
in ABRs of treated joint bleeds of 1.1 and 1.0, respectively, 
and with an RRR of 94.9% and 95.4%, respectively.

For Ctrough,ss of 30 and 50 µg/mL, sensitivity analyses 
showed ABRs of treated bleeds of 2.9 and 1.9, respectively, 
with a conservative setting (baseline ABR 21.9 and Emax 1 
[24]), and ABRs of 1.9 and 1.9, respectively, with a more 
liberal setting (baseline ABR 38.2 and Emax 0.90 [18]) 
[see electronic supplementary Table ST3]. In addition, the 
Ctrough,ss of 30 and 50 µg/mL showed in sensitivity analyses 
ABRs of treated joint bleeds of 1.4 and 0.9, respectively, 
with a conservative setting (baseline ABR 6.7 and Emax 1 
[18]), and ABRs of 1.0 and 0.9, respectively, with a more 
liberal setting (baseline ABR 26.5 and Emax 0.97 [19]).

4 � Discussion

For emicizumab in humans, this systematic review dem-
onstrated a linear dose–concentration relationship with 
moderate interindividual variability, with all ABR observa-
tions residing in the effectiveness plateau of this concentra-
tion–response relationship.

4.1 � Dose–Concentration Relationship

With increasing doses of emicizumab, the primary PK 
parameters remained constant, while the exposure metrics 
exhibited a linear dose increase. These findings are in line 
with the results of the model by Retout et al., who showed a 
dose-proportional AUC increase due to constant clearance 
[36]. Compared with the primary PK parameters of other 
therapeutic IgG4-based mAbs, the clearance of emicizumab 
was comparable (within 0.2−0.5 L/day), but distribution vol-
umes were increased (10 vs. 6 L), and, consequently, the 
reported half-life of emicizumab is longer [38]. This higher 
volume of distribution is notable, indicating distribution to 
other compartments or binding of emicizumab, possibly to 
its targets in the blood circulation. In general, therapeutic 
mAbs demonstrate linear PK at high doses when the target-
saturated concentration is achieved [39, 40], and this was 
already observed at doses of ≥ 0.1 mg/kg for emicizumab 
(electronic supplementary Fig. SF2).

The sources for variability of the PK parameters 
were explored in the two published population PK mod-
eling studies, in which body weight and neutralizing 
ADAs against emicizumab were identified as influential 
covariates [24, 36]. A body weight-based dosing regi-
men was justified because including body weight in the 
model reduced the interindividual variability in CL/F 
from 56.4 to 30.0%, and in V/F from 60.7 to 28.1% [36]. 

Fig. 1   Linear dose–concentration relationship of emicizumab in 
PwHA. The mean or median Ctrough,ss according to increasing doses 
of emicizumab per week (mg/kg/week). Q2W and Q4W intervals 
shown per week. Data from PwHA (n = 469) receiving multiple dose 
regimens were included (see footnote ‘a’ for 15 study subgroups, in 
electronic supplementary Table ST2). PwHA people with hemophilia 
A, Ctrough,ss trough plasma concentration in steady-state conditions, 
Q2W 2-weekly dose interval, Q4W 4-weekly dose interval
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Additionally, Retout et al. reported that age and ALB 
concentration were significantly correlated to primary 
PK parameters in their model. For age > 30 years, bio-
availability gradually decreased, and for age > 65 years, 

bioavailability strongly decreased (e.g. a 31% lower expo-
sure for a PwHA aged 77 years than for a PwHA aged 30 
years), which is uncommon for therapeutic mAbs [41]. 
Although the authors did not report a relationship with 
clinical response, PwHA older than 65 years may be more 
susceptible to lower emicizumab concentrations, poten-
tially even reducing bleeding control in a small proportion 
of PwHA. A low ALB concentration of 33 g/L was associ-
ated with a 16% decrease in exposure [36].

The PK variability across several studies has been pre-
viously described in modeling studies, but this review is 
the first to investigate variability across seven studies. We 
have reported slightly higher %CV for adults and adoles-
cents compared with children. This finding is in line with 
the considerable influence of the covariate ‘age’ on exposure 
identified by Retout et al. [36]. Therefore, we recommend 
to investigate the bioavailability and exposure in this patient 
subgroup (i.e. aged > 30 years, especially > 65 years) in 
future studies.

4.2 � Concentration–Response Relationship

Our search did not yield individual patient data, making it 
unfeasible to use a complex model, such as repeated time-
to-event. However, the estimated EC50 of 1.47 µg/mL for 
treated bleeds was close to the previously reported values 
of 1.19 μg/mL [24] and 3.58 µg/mL [42] obtained by more 
sophisticated models, endorsing our model. The Ctrough,ss 

Fig. 2   Trough concentrations of emicizumab with variability across 
various subgroups in PwHA. The weighted variability (%CV) of the 
Ctrough,ss of emicizumab was similar across FVIII inhibitor status and 
across various dosing intervals, whereas children had slightly less 
variability than adults/adolescents. The overall weighted %CV was 
32%. Data from PwHA (n = 469) receiving multiple dose regimens 
were included (see footnote ‘a’ for 15 study subgroups, in electronic 
supplementary Table ST2). PwHA people with hemophilia A, %CV 
percentage coefficient of variation, Ctrough,ss trough plasma concen-
tration in steady-state conditions, Q2W 2-weekly dose interval, Q4W 
4-weekly dose interval

Table 3   Summary of parameter estimates from published population PK models

PK pharmacokinetic, PwHA people with hemophilia A, QW weekly dose interval, CL/F apparent clearance, Vd/F apparent volume of distribu-
tion, EC50 half maximal effective concentration, Ka absorption rate constant
a Standardized for a volunteer of 70 kg body weight, without antidrug antibodies
b Standardized for a subject of 70 kg body weight, albumin 45 g/L, age < 30 years 
t½,abs terminal half-life of absorption and t½,eli terminal half-life of elimination

Study (year) Population Parameter estimates Interindividual variability

Yoneyama et al.
(2018) [24]a

Japanese volunteers (n = 24)
Caucasian volunteers (n = 18)
Dose finding study in PwHA
 0.3 mg/kg QW (n = 6)
 1 mg/kg QW (n = 6)
 3 mg/kg QW (n = 6)

PK parameters:
CL/F 0.222 L/day
Vd/F 10.2 L
t½,abs 1.56 days
t½,eli 31.8 days for volunteer
t½,eli 30.1 days for PwHA
Response parameters:
λ 21.9 events/year
EC50 1.19 µg/mL

Variance:
CL/F 0.0737
Vd/F 0.0455
t½,abs 0.502

Retout et al. (2020) [36]b Dose-finding study in PwHA (n = 16)
Phase III trials in PwHA with approved 

dosing regimens
 HAVEN 1 (n = 112)
 HAVEN 2 (n = 63)
 HAVEN 3 (n = 148)
 HAVEN 4 (n = 48)

PK parameters:
CL/F 0.272 L/dayb

Vd/F 10.4 Lb

Ka 0.536 1/dayb

t½,abs 1.61 days
t½,eli 26.8 days

Variability (%):
CL/F 28.7
Vd/F 25.9
Ka 72.5
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of 51.1 µg/mL obtained by the approved standard dosing 
regimens is 35-fold this EC50, which is abundant [13]. Our 
Emax model visualized the concentration–response relation-
ship and revealed a clear effectiveness plateau from 30 µg/
mL, beyond which no further increase in beneficial drug 
effect was achieved. All the bleeding rate observations of 
the included studies were well within this plateau, poten-
tially enabling lower dosing for a substantial proportion of 
the PwHA.

Unquestionably, setting other values for Emax and baseline 
ABRs would result in other predictions. A sensitivity analy-
ses was performed (see electronic supplementary Table ST3) 
to show the impact of the ABR baseline and Emax assump-
tions on the estimates of EC50 and the ABRs for Ctrough,ss 
of 30 μg/mL and 50 μg/mL. In this regard the estimates 
remained approximately the same, indicating robustness. 
Furthermore, the EC50 decreased fivefold when the ABRs 

(outliers) from HAVEN 1 were excluded from the model. 
We hypothesized that many subjects from this study had 
long-term inhibitors, and, by definition, had severe arthrop-
athy, which is something to keep in mind for physicians. 
The ABR of treated joint bleeds was also explored because 
treated joint bleeds are generally better defined, reducing 
misclassification [43–46]. In the Emax model of treated joint 
bleeds, the effectiveness plateau was reached at even lower 
concentrations of 20 µg/mL.

4.3 � Dosing and Monitoring Considerations

The question that remains is to what extent are we overdos-
ing our PwHA? Based on our Emax models, a Ctrough,ss of 30 
and 50 µg/mL would result in ABRs of treated bleeds of 2.4 
and 1.9, respectively (RRRs of 91% and 93%, respectively) 
and ABRs of treated joint bleeds of 1.1 and 1.0, respectively 
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Fig. 3   Emax model with concentration–response relationship of emici-
zumab in PwHA. Fit of an Emax model of ABRs of treated bleeds 
according to the Ctrough,ss of emicizumab in PwHA (n  =  349), 

described by ABR = ABRbaseline ×

(

1 − (
(Ctrough,ss×Emax)

(Ctrough,ss +EC50)

)

 . Included 
ABRs were model-based, estimated using negative binominal regres-
sion. The EC50 was estimated at 1.47 µg/mL (SE 0.90) and the effec-

tiveness plateau was established. The dashed line is the 95% confi-
dence interval, and symbol size equals study size. Data from PwHA 
receiving maintenance were included (see footnote ‘b’ for 11 study 
subgroups, in electronic supplementary Table ST2). Emax maximum 
effect, PwHA people with hemophilia A, ABRs annualized bleeding 
rates, Ctrough,ss trough plasma concentration in steady-state conditions, 
EC50 half maximal effective concentration, SE standard error
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(RRRs of 94.9% and 95.4%, respectively). Are the theoretic 
ABR differences of 0.5 and 0.1 clinically relevant while the 
RRRs remain essentially equal? Understandably, manufac-
turers design dosing regimens without laboratory monitoring 
because this is user friendly and robust. Moderate interin-
dividual variability in PK without monitoring necessitates 
higher dosing to guarantee efficacy for all users. In combina-
tion with an absence of toxicity at high drug concentrations, 
which is the case for most therapeutic mAbs, this makes 
overdosing clinically not problematic. Nonetheless, concerns 
were expressed by Hooimeijer et al., who reported joint pain 
episodes in a PwHA at high emicizumab concentrations of 
90 µg/mL, which resolved after dose reduction to concentra-
tions of approximately 30 µg/mL [33]. Furthermore, when 
drugs are costly (the wholesale acquisition cost of emici-
zumab is approximately US$482,000 for the first year of 
treatment and US$448,000 for the following years), monitor-
ing and subsequent dose reduction may lead to substantial 
savings in health care [47]. The weighted overall variability 
of the Ctrough,ss was 32%, which is common for therapeutic 
mAbs. Notably, individual Ctrough,ss ranged widely from 2.8 
to 148 μg/mL [18]. No specific loss of efficacy or adverse 
effects for these extreme individual cases were described. 
As more studies presented subjects with plasma concentra-
tions < 20 μg/mL (electronic supplementary Table ST2), 
we propose a beneficial role for Therapeutic Drug Moniot-
ing (TDM) to increase the dose to an efficacious concentra-
tion. In addition, we recommend conducting a prospective, 
individual PK-guided dosing study to target an efficacious 
trough concentration of 30 μg/mL, and to collect data on 
both interindividual and interoccasion variability in the real-
world setting to optimize efficacy, safety, and cost effective-
ness of emicizumab treatment.

Laboratory monitoring with PD biomarkers has been 
unsuccessful, and functional assays should be interpreted 
with caution and as relative indications of the procoagu-
lant potential [34, 48]. Until proper functional tests become 
available, the emicizumab concentration appears to be the 
best predictor for bleeding risk [24]. The concentration is not 
routinely monitored in clinical practice, although monitoring 
may be useful for research purposes, to check adherence, or 
in case of suspected neutralizing ADA against emicizumab 
[49]. The emicizumab concentration was measured in PK 
samples during phase I−III clinical studies using an enzyme-
linked immunosorbent assay (ELISA), and during phase IV 
studies using a modified, calibrated one-stage clotting assay 
(OSA). Unfortunately, Roche has not provided access to the 
ELISA, while the OSA is only available at specialized labo-
ratories, as it needs to be calibrated by a standardized kit of 
two reference values [50]. An assay capable of measuring 
emicizumab concentrations in human plasma on routinely 
available platforms, such as liquid chromatography–tandem 
mass spectrometry (LC–MS/MS), would be valuable. An 

LC–MS/MS method for the quantification of emicizumab 
has been developed and validated at the University Medical 
Center Utrecht [51].

4.4 � Limitations and Strengths

This systematic review was limited by the number of avail-
able studies, the inclusion of funded studies, a heterogeneous 
population, limited study sizes, and lack of studies with a 
blinded, placebo-controlled, head-to-head design owing to 
the rarity and severity of hemophilia A. There is some uncer-
tainty in our findings, particularly in the estimated ABRs at 
Ctrough,ss of 30 μg/mL and 50 μg/mL, as a consequence of 
limited availability of data at lower and higher emicizumab 
concentrations. A search in the ClinicalTrials.gov database 
in January 2021 identified at least three relevant ongoing 
studies on the PK of emicizumab (i.e. HAVEN 5−7), of 
which two are still recruiting PwHA. Therefore, it is certain 
that the present review will require an update in the near 
future. Another difficulty was the risk-of-bias assessment in 
the included studies due to a lack of standardized tools for 
such PK studies, in contrast to the quality assessment tools 
used for (randomized) clinical studies. However, the data 
used were considered methodologically sound as PK param-
eters are objective measurements, studies were included 
using a systematic PRISMA search approach, and we only 
used, for the Emax model, negative binomial mean ABRs 
(excluding the median ABRs [28, 34, 35]) and excluded the 
studies with baseline imbalances [28, 35].

The ABR is not an entirely objective outcome param-
eter. Misinterpretation of bleeds might have occurred, as 
verification by the physician and complementary imaging 
were often missing. Subjective assessments, combined with 
follow-up periods of < 12 months and small study sizes, 
may have affected the calculated ABRs. Moreover, clinically 
unstable disease leads to numerous (spontaneous) bleeds, 
especially in the first weeks of emicizumab treatment, lead-
ing to overestimation of ABRs in shorter studies [43–46]. 
Recently, the analysis of pooled bleeding data from HAVEN 
1−4 reported ABRs maintaining < 1 in 24-week intervals 
and an increase in the proportion of PwHA without treated 
bleeds from 70.8% in the first 6 months to 80.2% after 1 year 
of emicizumab treatment [52]. Consequently, predicted 
ABRs may be overestimated in our model.

The strength of this review was the large amount of infor-
mation that has been summarized in tables and graphs. The 
novelty of this review was the critical appraisal by an inde-
pendent research group, the dosing and monitoring consid-
erations, and the proposed role for TDM in relation to low 
concentrations and cost effectiveness. This information may 
offer guidance in clinical decision making and in future study 
designs assessing (cost) effectiveness, safety, and PK/PD mod-
eling studies [53].
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5 � Conclusion

This systematic review provided a comprehensive overview of 
PK and associated efficacy data for emicizumab in humans. 
Emicizumab demonstrated a clear linear dose−concentration 
profile with moderate interindividual variability. The control 
of bleeds did not further improve above emicizumab concen-
trations of 30 µg/mL, potentially enabling lower dosing in a 
substantial proportion of PwHA. In conclusion, this review 
supports body weight-based dosing, although individualized 
monitoring of emicizumab concentrations may allow for more 
cost-effective dosing.
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