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Abstract

Background Emicizumab (ACE910) is a bispecific anti-

body mimicking the cofactor function of activated coagu-

lation factor VIII. In phase I–I/II studies, emicizumab

reduced the bleeding frequency in patients with severe

hemophilia A, regardless of the presence of factor VIII

inhibitors, at once-weekly subcutaneous doses of 0.3, 1,

and 3 mg/kg.

Methods Using the phase I–I/II study data, population

pharmacokinetic and repeated time-to-event (RTTE)

modeling were performed to quantitatively characterize the

relationship between the pharmacokinetics of emicizumab

and reduction in bleeding frequency. Simulations were then

performed to identify the minimal exposure expected to

achieve zero bleeding events for 1 year in at least 50% of

patients and to select the dosing regimens to be tested in

phase III studies.

Results The RTTE model adequately predicted the bleed-

ing onset over time as a function of plasma emicizumab

concentration. Simulations suggested that plasma emi-

cizumab concentrations ofC 45 lg/mL should result in

zero bleeding events for 1 year in at least 50% of patients.

This efficacious exposure provided the basis for selecting

previously untested dosing regimens of 1.5 mg/kg once

weekly, 3 mg/kg every 2 weeks, and 6 mg/kg every

4 weeks for phase III studies.

Conclusions Apharmacometric approach guided the phase III

dose selection of emicizumab in hemophilia A, without con-

ducting a conventional dose-finding study. Phase III studies

with the selected dosing regimens are currently ongoing. This

case study indicates that a pharmacometric approach can sub-

stitute for a conventional dose-finding study in rare diseases and

will streamline the drug development process.

Key Points

A repeated time-to-event model described the

exposure-dependent, bleeding-prophylactic effect of

emicizumab in patients with severe hemophilia A

with or without factor VIII inhibitors.

Model-based simulations enabled the selection of

previously untested dosing regimens of emicizumab

for phase III studies, without conducting a

conventional dose-finding study.

A pharmacometric analysis leveraging early-phase

clinical study data can provide a substitute for a

conventional dose-finding study in the development

of new drugs in rare diseases.

1 Introduction

Hemophilia A is an X-linked inherited bleeding disorder

that occurs in approximately 1 in 5000 male births [1]. The

disease is caused by a deficiency of coagulation factor VIII
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(FVIII). Approximately half of patients are classified as

having a severe phenotype, defined as having\ 1 IU/dL

(\ 1% of normal) of endogenous FVIII activity, which

leads to higher bleeding frequency than moderate (1–5 IU/

dL) or mild ([ 5 to\40 IU/dL) phenotypes [2–4]. The

standard of care for hemophilia A includes episodic and

prophylactic therapies to control bleeding with recombi-

nant or plasma-derived FVIII. However, the prophylactic

regimen, targeting a trough FVIII activity ofC 1 IU/dL,

requires intravenous infusion of FVIII twice or more times

per week due to its short elimination half-life (8–19 h)

[4–7], which can impose a substantial burden of treatment

on patients [2, 8, 9]. Moreover, anti-FVIII neutralizing

alloantibodies (‘FVIII inhibitors’) may develop in up to

approximately 30% of patients with severe hemophilia A

receiving FVIII [10, 11], which renders treatment with

FVIII ineffective. Bypassing agents, such as activated

prothrombin complex concentrates and recombinant acti-

vated factor VII, are used for patients with FVIII inhibitors

where immune tolerance induction against FVIII is not

successful. However, their efficacy for the prevention and

control of bleeding is suboptimal, and frequent intravenous

infusions are required.

Emicizumab (ACE910) is a recombinant, humanized,

bispecific monoclonal antibody that simultaneously binds

to activated factor IX (FIXa) and factor X (FX), thereby

mimicking the cofactor function of activated FVIII

[12–14]. Non-clinical investigations have suggested that

emicizumab can be administered subcutaneously, has a

longer elimination half-life than existing treatments, is

effective regardless of the presence or absence of FVIII

inhibitors, and is not expected to induce FVIII inhibitors

[12, 13, 15, 16]. Altogether, these characteristics could

address an unmet need in hemophilia A treatment. In a

single-ascending-dose phase I study in Japanese and Cau-

casian healthy volunteers, emicizumab demonstrated linear

pharmacokinetics, an elimination half-life of approxi-

mately 4–5 weeks, pharmacokinetic similarity between

Japanese and Caucasian populations, and a favorable safety

profile at single subcutaneous (SC) doses of 0.001–1 mg/kg

[17]. Subsequently, in a 12-week, multiple-ascending-dose

phase I study and its long-term extension phase I/II study in

Japanese patients with severe hemophilia A with or without

FVIII inhibitors, emicizumab demonstrated linear phar-

macokinetics, a favorable safety profile, and reduction in

the individual patients’ annualized bleeding rates (ABRs),

by 22.8–100% compared with their own historical data, at

once-weekly (QW) SC doses of 0.3–3 mg/kg [18, 19].

This remarkable preliminary efficacy prompted the

sponsors to seek innovative ways to shorten the overall

development timeline, particularly for patients with FVIII

inhibitors whose unmet medical need is higher. Demand

for rapid development together with the limited number of

patients with FVIII inhibitors precluded the conduct of an

adequately powered, randomized, controlled dose-finding

study (‘conventional dose-finding study’) before embark-

ing on the phase III program. However, determining the

dose–response relationship to support the selection of the

dosing regimens to be tested in phase III studies, simply

based on the observed data in the preceding phase I–I/II

studies, was difficult due to the limited sample size and

imbalanced baseline disease characteristics across the

dosing groups [18].

A pharmacometric analysis presented herein was

therefore performed to refine the relationship between the

pharmacokinetics of emicizumab and reduction in bleeding

frequency, and to guide the selection of phase III dosing

regimens. In line with the preceding studies, a QW dosing

regimen was initially explored for phase III dose selection.

The possibility of reducing the dosing frequency to once

every 2 weeks (Q2W) or every 4 weeks (Q4W), while

maintaining similar efficacy and equivalent cumulative

dose, was then investigated.

2 Methods

2.1 Clinical Studies, Subjects, and Data

The analysis dataset included 24 Japanese and 18 Cau-

casian healthy male adult volunteers who received a single

SC administration of emicizumab at 0.01, 0.1, 0.3, or 1 mg/

kg [17], and 18 Japanese male adult or adolescent patients

with severe hemophilia A with or without FVIII inhibitors

who received QW SC administrations of emicizumab at

0.3, 1, or 3 mg/kg (Cohorts 1, 2, and 3, respectively)

[18, 19] (Table 1). Healthy volunteers who received

0.001 mg/kg of emicizumab were not included in the

dataset because their plasma emicizumab concentrations

were all below the lower limit of quantification (\0.05 lg/
mL). In the patient study, the initial doses for Cohorts 1 and

2 were single loading doses of 1 and 3 mg/kg, respectively.

Before the start of emicizumab treatment, Cohort 1 had a

higher median ABR and Cohort 3 had a higher proportion

of patients with prophylaxis with coagulation factor treat-

ment, resulting in imbalanced baseline disease character-

istics across the three cohorts.

In these clinical studies, the plasma emicizumab con-

centration, activated partial thromboplastin time (aPTT),

activated factor XI-triggered thrombin generation (TG),

and anti-emicizumab antibodies were measured using

previously described methods [17] at defined timepoints

(see the Supplementary Methods in the Electronic Sup-

plementary Material [ESM]). Bleeding event data were

collected in patients prospectively during the study and

retrospectively from their medical records for the 6 months
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prior to study enrollment. When a patient started experi-

encing any bleeding or bleeding-related symptoms (e.g.,

pain, swelling), regardless of the types (traumatic or non-

traumatic), sites, and duration, it was reported as the onset

of a bleeding event. Bleeding events that required episodic

use of coagulation factor treatment were considered for the

analysis.

Complete data from healthy volunteers and interim data

from patients up to November 2014 were used for the

analysis for phase III dose selection, and are presented here

unless otherwise stated. Because the patient study is still

Table 1 Baseline characteristics and clinical study findings for the subjects included in the dataset

Characteristic Japanese healthy

volunteers [17]

Caucasian healthy

volunteers [17]

Japanese patients with severe hemophilia A [18, 19]

Cohort 1 Cohort 2 Cohort 3

Dosing regimen 0.01, 0.1, 0.3, or 1

mg/kg single

SCa

0.1, 0.3, or 1

mg/kg single SC

1 mg/kg SC

followed by

0.3 mg/kg

QW SCb

3 mg/kg SC

followed by

1 mg/kg

QW SC

3 mg/kg

QW SC

N 24 (6 for each dose) 18 (6 for each dose) 6 6 6

Sex (male/female [no.]) 24/0 18/0 6/0 6/0 6/0

Age (years) [median (range)] 31 (21–43) 29 (22–44) 32 (17–51) 30 (12–58) 33 (12–58)

BW (kg) [median (range)] 60 (55–72) 70 (60–87) 60 (41–81) 56 (48–82) 66 (49–78)

FVIII inhibitors (present/absent

[no.])

NA NA 4/2 4/2 3/3

Prior prophylaxis (none/

bypassing agent/FVIII [no.])c
NA NA 4/0/2 4/0/2 0/3/3

Prior ABR (event/year) [median

(range)]

NA NA 32.5 (8.1–77.1) 18.3 (10.1–38.6) 15.2 (0.0–32.5)

ABR on emicizumab (event/

year) [median (range)]d,e
NA NA 1.7 (0.0–59.5) 0.0 (0.0–5.0)f 0.0 (0.0–1.8)g

NAbs (developed/not developed

[no.])d,h
0/24 1/17 0/6 0/6 0/6

Emicizumab treatment duration

(weeks) [median (range)]d,e
NA NA 75.6 (12.3–80.4) 53.3 (4.1–59.4)f 28.9 (12.1–33.7)g

Study observation duration

(weeks) [median (range)]d
NA NA 77.4 (75.6–80.4)i 53.3 (35.7–59.4)j 28.9 (24.3–33.7)k

ABR annualized bleeding rate, BW body weight, FVIII factor VIII, NA not applicable, NAb anti-emicizumab neutralizing antibody, QW once

weekly, SC subcutaneous
aAll 6 Japanese volunteers who received the lowest dose (0.001 mg/kg) of emicizumab were not included in the dataset because their plasma

emicizumab concentrations were all below the lower limit of quantification (\ 0.05 lg/mL)
bTwo patients up-titrated their maintenance doses to 1 mg/kg QW SC (following a loading dose of 3 mg/kg SC) and thereafter to 3 mg/kg QW

SC due to suboptimal bleeding control
cProphylaxis with coagulation factor treatment was prohibited during emicizumab treatment
dData as of the data cutoff for phase III dose selection (November 2014) are presented
eData during a post-emicizumab follow-up or after up-titrating the dose are not included
f1.5 (0.0–29.1) for ABR and 52.1 (4.1–59.4) for treatment duration if data at an up-titrated maintenance dose of 1 mg/kg QW SC (following a

loading dose of 3 mg/kg SC) in two patients in Cohort 1 are included (total N = 8)
g0.0 (0.0–7.2) for ABR and 26.4 (7.3–33.7) for treatment duration if data at an up-titrated maintenance dose of 3 mg/kg QW SC in two patients in

Cohort 1 are included (total N = 8)
hNAb positivity was judged based on pharmacokinetic and pharmacodynamic profiles on top of anti-emicizumab antibody testing
iOne patient stopped emicizumab treatment on the 86th day post-dose (when completing the 12-week phase I study treatment), and subsequently

transitioned to a post-emicizumab follow-up with receiving prophylaxis with FVIII, and thereafter restarted emicizumab treatment with an up-

titrated maintenance dose when participating in the extension study
jOne patient stopped emicizumab treatment on the 29th day post-dose (discontinued study treatment), and subsequently transitioned to a post-

emicizumab follow-up without receiving prophylaxis with coagulation factor treatment
kOne patient stopped emicizumab treatment on the 85th day post-dose (when completing the 12-week phase I study treatment), and subsequently

transitioned to a post-emicizumab follow-up without receiving prophylaxis with coagulation factor treatment
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ongoing, subsequently available data up to February 2016

[19] were used for validating the developed models (see

ESM Methods).

2.2 Graphical Exposure-Response Exploration

Only patients were included in this analysis. The rela-

tionship between plasma emicizumab concentrations,

aPTT, or TG and bleeding events during emicizumab

treatment were graphically explored. Because these phar-

macokinetic and pharmacodynamic measurements were

collected at defined timepoints, they might not coincide

with the onset of bleeding. Therefore, predictions of these

markers at the onset times of each bleeding event were

derived by linear interpolation and plotted on the observed

individual time courses to investigate the dependency of

bleeding onset on the pharmacokinetics or pharmacody-

namics of emicizumab.

2.3 Population Pharmacokinetic (PopPK) Modeling

Both healthy volunteers and patients were included in this

analysis. A one-compartment model with first-order

absorption and elimination was employed for the structural

model for SC dosing. Inter-individual variability following

a log-normal distribution was assumed for each structural

model parameter of clearance (CL/F), volume of distribu-

tion (Vd/F), and first-order absorption half-life (t�,abs). A

combined additive-plus-proportional error model was

assumed for the residual unexplained variability.

Covariate effects were modeled as follows:

For a continuous covariate:

Pi;t ¼ PTV � Covi;t

CovTV

� �hCov

�egi ð1Þ

For a categorical covariate:

Pi;t ¼ PTV � eCovi;t�hCov � egi ð2Þ

where Pi,t is the value of a structural model parameter at

time t for subject i; PTV is the typical value of a structural

model parameter; Covi,t is the value of a continuous

covariate or flag (0 or 1) for a categorical covariate at time

t for subject i; CovTV is the typical value of a continuous

covariate; hCov is the effect of a covariate on a structural

model parameter (called allometric exponent if for body

weight [BW]); and gi is the assigned inter-individual

variability of a structural model parameter for subject i.

BW and anti-emicizumab neutralizing antibody (NAb)

positivity were structural covariates requiring no statistical

testing for inclusion in the model. The effects of BW on CL/

F andVd/Fwere fixed to the allometric exponents of 0.75 and

1, respectively [20–22]. For one Caucasian volunteer who

developedNAbs, the effect ofNAbpositivity onCL/F and its

onset time following a single SC administration of emi-

cizumab were estimated through model fitting using the

MTIME/MPAST functionality of NONMEM� version 7.2.0

(ICON Development Solutions, Ellicott City, MD, USA)

[23]. The significances of the effects of subject type (healthy

volunteer or patient) and age on each structural model

parameter were statistically investigated by likelihood ratio

test with a forward inclusion criterion of P\0.05 and a

backward exclusion criterion of PC 0.01. If the effect of

subject type on a parameter was statistically significant,

additional investigation on the effect of FVIII inhibitor status

on the parameter was hierarchically made.

First-order conditional estimation with interaction

method was used for maximum likelihood estimation.

Model evaluation was made by goodness-of-fit plots, pre-

diction-corrected visual predictive checks (pcVPCs) [24],

and parametric bootstrapping [25].

2.4 Repeated Time-to-Event (RTTE) Modeling

RTTE modeling [26, 27] was used to characterize the

exposure–response relationship of emicizumab in patients.

Likelihood of having a bleeding event at a time was

modeled with a time-varying hazard function consisting of

a constant ‘baseline’ bleeding hazard (the bleeding hazard

where no prophylaxis was given [k]), assuming that

bleeding events occurred independently from each other,

the effects of emicizumab and another prophylactic treat-

ment (given during the prior 6 months and/or a post-emi-

cizumab follow-up after stopping emicizumab treatment)

in an inhibitory Emax (maximum effect) model, and a

pharmacodynamic drug–drug interaction between emi-

cizumab and another prophylactic treatment. Inter-indi-

vidual variability following a log-normal distribution was

assumed for k and the plasma emicizumab concentration to

reduce k by half (EC50).

The RTTE model equations employed were as follows:

hi;t ¼ ki � 1�
Cemi;i;t

EC50;i
þ PLXi;t � hPLX

1þ Cemi;i;t

EC50;i
þ PLXi;t � hPLX

0
@

1
A ð3Þ

Hi;t ¼
Z t

tlast;i;t

hi;udu ð4Þ

If a bleeding event is right-censored:

L0;i;t ¼ e�Hi;t ð5Þ

If a bleeding event occurs:

L1;i;t ¼ hi;t � e�Hi;t ð6Þ

where hi,t is the bleeding hazard at time t for patient i; ki is
the k for patient i; Cemi,i,t is the PopPK model-derived
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plasma emicizumab concentration at time t for patient i;

EC50,i is the EC50 for patient i; PLXi,t is the status of

ongoing/no use of another prophylactic treatment at time

t for patient i; hPLX is the effect of another prophylactic

treatment on bleeding hazard; tlast,i,t is the onset time of

latest bleeding event before time t (or the starting time of

observation if no bleeding event had occurred) for patient i;

Hi,t is the cumulative bleeding hazard until time t since

tlast,i,t for patient i; L0,i,t is the likelihood (survival function)

of not having had a bleeding event until time t since tlast,i,t
for patient i; and L1,i,t is the likelihood (probability density

function) of having a bleeding event at time t since tlast,i,t
for patient i (see ESM Appendix S1).

In the Emax model, Cemi was corrected by EC50 to enable

combination of the effects of emicizumab and another

prophylactic treatment as additive interaction [28–30]. The

assumption of this type of interaction between emicizumab

and another prophylactic treatment was based on the facts

that one patient without FVIII inhibitors received prophy-

laxis with FVIII, the mechanism of action of which is

similar to emicizumab, in the presence of emicizumab

remaining in plasma during a post-emicizumab follow-up,

and that no patient received prophylaxis with a bypassing

agent in the presence of emicizumab (see ESM Methods).

FVIII inhibitor status, use of another prophylactic

treatment, and types of the used prophylactic treatment

may affect bleeding hazard. However, due to the strong

correlation among these factors in the dataset, estimating

their individual effects was difficult. Therefore, only the

status of ongoing/no use of another prophylactic treatment,

regardless of the drug type, was selected for a structural

covariate to descriptively correct the difference in bleeding

hazard between patients or periods with and without pro-

phylaxis with coagulation factor treatment. The effects of

FVIII inhibitor status and age on EC50 were explored by

the same statistical approaches as those for the PopPK

modeling.

First-order conditional estimation with Laplacian

method was used for maximum likelihood estimation.

Model evaluation was made by visual predictive checks

(VPCs) and posterior predictive checks [31] on the

cumulative numbers of bleeding events having occurred

(‘cumulative bleeding counts’) until the last times of

observation before and after the start of emicizumab

treatment, and non-parametric bootstrapping to obtain the

95% confidence intervals (CIs) of each parameter estimate.

Minimum and maximum were selected for the variability

statistics plotted in the VPCs because the small number of

patients in the multiple-ascending-dose study and its

extension study, which decreased over time, did not allow

proper derivation of generally used statistics (e.g., 5th and

95th percentiles) at later timepoints.

2.5 Simulation-Based Exploration of Target

Efficacious Exposure and Doses

To illustrate the exposure-dependent reduction in bleeding

frequency with emicizumab, individual cumulative bleed-

ing counts for 52 weeks (‘annual bleeding rates’, equated

with ABRs) and the proportions of patients with zero ABR

were simulated at a series of constant plasma emicizumab

concentrations (with no peak–trough fluctuations) using the

developed RTTE model (see ESM Methods). The target

efficacious exposure for guiding phase III dose selection

was defined as the minimal concentration expected to

achieve zero ABR inC 50% of patients, which is compa-

rable efficacy with prophylaxis with FVIII demonstrated in

patients without FVIII inhibitors [32–37]. Thereafter,

the plasma emicizumab concentration–time profiles and

ABR distributions at potential dosing regimens to achieve

the target efficacious exposure were simulated using the

developed PopPK and RTTE models (see ESM Methods).

Loading doses were selected to achieve the target effica-

cious exposure as rapidly as possible without exceeding the

highest dose tested in the preceding studies.

2.6 Software

All the modeling and simulation analyses were performed

using NONMEM� version 7.2.0 assisted by Perl-speaks-

NONMEM version 3.5.3 (http://psn.sourceforge.net/).

3 Results

3.1 Graphical Exposure-Response Exploration

The graphical investigation indicated a plasma emicizumab

concentration-dependent reduction in bleeding frequency

(Fig. 1). In contrast, there were no clear correlations

between either aPTT or TG and bleeding onset (ESM

Fig. S1), possibly because these pharmacodynamic markers

already achieved their maximal effects (plateaus) at low

plasma emicizumab concentrations [18]. Therefore, plasma

emicizumab concentration was selected as the predictor of

bleeding onset for the subsequent pharmacometric analyses

for phase III dose selection.

3.2 PopPK Modeling

A PopPK model was developed to describe the pharma-

cokinetics of emicizumab following SC dosing (Table 2).

Patients had 1.26-fold the CL/F and 1.19-fold the Vd/F of

healthy volunteers. The model-derived elimination half-

lives for healthy volunteers and patients were 31.8 and

A Pharmacometric Approach to Guide the Phase III Dose Selection of Emicizumab in Hemophilia A 1127
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30.1 days, respectively. FVIII inhibitor status and age

(over the subjects’ age range ofC 12 years) did not sig-

nificantly affect either structural model parameter. This

PopPK model adequately described the observed plasma

emicizumab concentration–time profiles (Fig. 2, ESM

Figs. S2, S3, S4).

3.3 RTTE Modeling

A RTTE model was developed to characterize the expo-

sure–response relationship of emicizumab (Table 3). The

bleeding hazard in patients or during periods with pro-

phylaxis with coagulation factor treatment was estimated to

be 23.9% lower, with a wide 95% CI (0.313–66.2% lower),

than those without prophylaxis. No significant effects of

FVIII inhibitor status or age on EC50 were found. In con-

junction with the PopPK findings, application of the same

dose of emicizumab to either adult or adolescent patient

populations with or without FVIII inhibitors was supported.

This RTTE model adequately predicted the bleeding onset

over time both before and after the start of emicizumab

treatment (Fig. 3, ESM Figs. S5 and S6).

3.4 Identification of Target Efficacious Exposure

The simulated median ABR was 22 in the absence of

emicizumab or any other prophylactic treatment (Fig. 4).

An increased plasma emicizumab concentration was asso-

ciated with decreased median ABR and the increased

proportion of patients with zero ABR. A plasma emi-

cizumab concentration of 45 lg/mL was identified as the

minimal concentration to achieve zero ABR inC 50% of

patients and selected for the target efficacious exposure to

be achieved in phase III studies.

3.5 Identification of Target Efficacious Doses

Based on the PopPK simulations, a maintenance dose of

1.5 mg/kg was identified as the minimal dose to provide a

median steady-state trough concentration (Ctrough,ss)

ofC 45 lg/mL with QW dosing (Fig. 5a). Median trough

concentrations were predicted to reach 45 lg/mL following

repeated loading doses of 3 mg/kg QW for the first

4 weeks. A maintenance dose of 3 mg/kg Q2W was also

predicted to achieveC 45 lg/mL as median Ctrough,ss

(Fig. 5b). With a lower dosing frequency associated with a

larger peak–trough fluctuation, a maintenance dose of

6 mg/kg Q4W was predicted to result in a median Ctrough,ss

slightly lower than 45 lg/mL (Fig. 5c). However, the dif-

ferences in the plasma emicizumab concentration–time

profiles among the QW, Q2W, and Q4W dosing regimens

were not expected to impact the ABR distribution based on

the simulations using the integrated PopPK-RTTE model

(Fig. 6), possibly because higher peak concentrations (ac-

companying lower trough concentrations) counterbalance

the overall bleeding-prophylactic effect. Of note, for all the

QW, Q2W, and Q4W dosing regimens, even the peak

concentrations were predicted to remain below 120 lg/mL

(the observed mean Ctrough,ss at 3 mg/kg QW which was

the highest dosing regimen tested previously and deemed

to be well-tolerated [19]) at steady state, and the peak–

trough fluctuations were limited (ESM Table S1). These

results supported the selection of the maintenance doses of

1.5 mg/kg QW, 3 mg/kg Q2W, and 6 mg/kg Q4W fol-

lowing the common 4-week loading dose of 3 mg/kg QW

for phase III dosing regimens.

4 Discussion

The dose–exposure–response relationship of emicizumab

in patients with severe hemophilia A with or without FVIII

inhibitors was quantitatively characterized by a pharma-

cometric analysis. This analysis identified the target effi-

cacious exposure and formed the primary rationale for

selecting the phase III dosing regimens, which had not been

tested in the preceding phase I–I/II studies, without con-

ducting a conventional dose-finding study.

Disease phenotypes for patients with severe hemophilia

A receiving prophylaxis with FVIII vary over time in

association with the time course of replaced FVIII activity.

A negative binomial (NB) model demonstrated that a

‘summarized’ exposure variable of time spent with FVIII

activity of\ 1 IU/dL is associated with increased bleeding

frequency [38]. Meanwhile, clinically relevant exposure

will not be limited to the trough side [39]. In the present

research, we introduced RTTE modeling, an advanced type

Fig. 1 Individual time courses of plasma emicizumab concentration

(solid lines) with bleeding onset (open circles) during emicizumab

treatment. Data during a post-emicizumab follow-up are not plotted
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of modeling methodology for bleeding event data in

hemophilia A, to the exposure–response characterization of

emicizumab. An advantage of our RTTE modeling

approach over the reported NB modeling approach is that it

considers the association of the continuous drug concen-

tration–time profile itself (‘entire’ exposure variable) with

the onset times of bleeding events, which allows prediction

of bleeding onset as a function of dosing regimen, con-

sidering the pharmacokinetic profile differences, when

concomitantly used with a PopPK model. Leveraging his-

torical data prior to study enrollment enabled the RTTE

model to characterize the natural history of bleeding onset

in a non-prophylactic state, which served as the internal

control for the emicizumab effect.

The RTTE model estimated the difference in bleeding

hazard between patients or periods with and without pro-

phylaxis with coagulation factor treatment to be less than

the reported effect sizes [32–37, 40, 41] with high uncer-

tainty, and therefore the estimate should be interpreted with

caution. This consequence is possibly because our phase I–

I/II study designs were not intended to rigorously estimate

such effect sizes and/or some patients enrolled were likely

to be refractory to the prophylactic treatments. Due to the

large inter-individual variability in the exposure–response

relationship of emicizumab, the target efficacious exposure

of 45 lg/mL is not the ‘threshold’ for achieving zero ABR

for every patient. Zero ABR is expected in a proportion of

patients even at\45 lg/mL, and is not expected for all

Table 2 Parameter estimates of the developed population pharmacokinetic model

Parameter Unit Estimate 95% CIa Shrinkage (%)

Model structure

CL/Fb L/day 0.222 0.206–0.243

Vd/F
b L 10.2 9.61–11.0

t�,abs Days 1.56 1.30–1.90

Covariate effect

Effect of BW on CL/Fc 0.75 (fixed)

Effect of BW on Vd/F
c 1 (fixed)

Effect of NAb positivity on CL/Fd 2.01 1.26–2.74

Onset time of the effect of NAb positivity on CL/F following

a single SC administration of emicizumabe
Days 33.4 27.7–37.6

Effect of patient on CL/Fd 0.232 0.0712–0.383

Effect of patient on Vd/F
d 0.175 0.0449–0.300

Inter-individual variabilityf

Variance for CL/F 0.0737 0.0449–0.103 3.6

Variance for Vd/F 0.0455 0.0281–0.0621 4.2

Variance for t�,abs 0.502 0.302–0.697 4.1

Covariance for CL/F and Vd/F 0.0278 0.0116–0.0476

Residual unexplained variabilityg

Additive errorh lg/mL 0.0149 0.0115–0.0181 6.3i

Proportional errorj % 12.8 12.2–13.4

BW body weight, CI confidence interval, CL/F clearance, NAb anti-emicizumab neutralizing antibody, SC subcutaneous, t�,abs first-order

absorption half-life, Vd/F volume of distribution
aDerived from minimization-successful 997 out of 1000 replicates of the dataset generated by parametric bootstrapping
bStandardized for a 70 kg, NAb-negative healthy volunteer
cModeled according to Eq. 1
dModeled according to Eq. 2
eParameterized as MTIME in NONMEM�

fAssumed to follow an exponential error model
gAssumed to follow a combined additive-plus-proportional error model
hParameterized as standard deviation
iDerived for combined additive-plus-proportional error
jParameterized as coefficient of variation
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patients even atC 45 lg/mL. The validity of the target

efficacious exposure will need to be confirmed in phase III

studies in the future.

We had several points to consider for the phase III dose

selection of emicizumab. First, due to its molecular struc-

ture difference from FVIII, the bleeding-prophylactic effect

of emicizumab is not affected by existing FVIII inhibitors.

The selection of phase III dosing regimens therefore aimed

to provide comparable efficacy with prophylaxis with

FVIII for patients both with and without FVIII inhibitors.

Second, due to its long elimination half-life of approxi-

mately 1 month in patients, constant maintenance of high

hemostatic activity with small peak–trough fluctuations is

possible with QW or even less frequent dosing of emi-

cizumab. According to the previously estimated conversion

factor for the equivalent FVIII activity of emicizumab

(i.e.,C 0.3 IU/dL per lg/mL) [18], the maintenance dose

of 1.5 mg/kg QW is expected to constantly provide an

equivalent FVIII activity of at least 15 IU/dL, which

should minimize the risk of joint bleeding [42] and may

prevent hemophilic arthropathy [43]. These characteristics

will offer a novel paradigm of hemophilia A treatment

which has not been achieved by existing treatments. Third,

availability of multiple options in dosing regimen would

meet patients’ need for dosing convenience and may thus

improve their therapeutic adherence, which could in turn

lead to improvements in health conditions and quality of

life. The pharmacometric approach enabled investigation

of previously untested, less frequent maintenance doses of

3 mg/kg Q2W and 6 mg/kg Q4W in phase III studies.

Fig. 2 Prediction-corrected visual predictive check plots for the

developed population pharmacokinetic model. Data for the first

16 weeks (a) and the entire time of observation (b) after receiving a

single (for healthy volunteers) or the first (for patients) subcutaneous

administration of emicizumab are presented. Red solid line indicates

the observed median, red dashed lines indicate the observed 5th

(lower) and 95th (upper) percentiles, and shaded areas indicate

the simulated 95% confidence intervals of the 5th percentile (blue,

bottom), median (red, middle), and 95th percentile (blue, top)

Table 3 Parameter estimates of the developed repeated time-to-event model

Parameter Unit Estimate 95% CIa Shrinkage (%)

Model structure

k Event/year 21.9 15.7–31.0

EC50 lg/mL 1.19 0.308–3.77

Covariate effect

Effect of prophylaxis with coagulation factor treatmentb 0.314 0.00314c–1.96

Inter-individual variabilityd

Variance for k 0.340 0.0602–0.785 11.3

Variance for EC50 2.53 0.566–6.10 24.7

k baseline bleeding hazard, CI confidence interval, EC50 plasma emicizumab concentration to reduce k by half
aDerived from minimization-successful 996 out of 1000 replicates of the dataset generated by non-parametric bootstrapping
bModeled according to Eq. 3
cCorresponding to the NONMEM�-defined lower boundary of the estimate
dAssumed to follow an exponential error model
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These dosing regimens, with the equivalent cumulative

doses to 1.5 mg/kg QW, are expected to provide similar

efficacy. The same loading dose was selected irrespective

of the maintenance dose for simplicity. Finally, the selected

phase III dosing regimens have a 2-fold margin in cumu-

lative dose compared with the highest previously tested

dosing regimen of 3 mg/kg QW. This enables intra-patient

dose up-titration from the selected dosing regimens to 3

mg/kg QW in case of suboptimal bleeding control in phase

III studies.

Dose-ascending study designs, often employed for

small-sized, early-phase clinical studies, do not randomize

patients across dosing groups. This may cause imbalanced

baseline disease characteristics due to potential biases in

enrolling patients, and may therefore complicate determi-

nation of the dose–response relationship simply based on

the observed data. However, in rare diseases with a limited

number of patients available for study enrollment, con-

ducting a series of adequately powered, randomized, con-

trolled clinical studies throughout the development

program, including a conventional dose-finding study, may

not be feasible [44–47], especially in the presence of high

unmet medical need where rapid access to new drugs is

strongly desired. For dose–response characterization, non-

linear mixed-effect (‘population’) modeling, which con-

siders inter-individual variability and influential covariates,

appears to be an appropriate methodology to analyze lim-

ited early-phase clinical study data [45–49]. Such a

Fig. 3 Visual predictive check plots for the developed repeated time-

to-event model. Data before (a) and after (b) the start of emicizumab

treatment are presented. Red solid line indicates the observed median,

red dashed lines indicate the observed minimum (lower) and

maximum (upper), and shaded areas indicate the simulated 95%

confidence intervals of the minimum (blue, bottom), median (red,

middle), and maximum (blue, top)

Fig. 4 Simulated relationship of plasma emicizumab concentration

with annual bleeding rate (a) or the proportion of patients with an

annual bleeding rate of zero (b). Plotted plasma emicizumab

concentrations include every 2 lg/mL from 0 to 20 lg/mL, every

5 lg/mL from 20 to 100 lg/mL, and every 10 lg/mL from 100 to

200 lg/mL. a Open circles and solid line indicate the simulated

median, and shaded area indicates the simulated 5th to 95th percentile

range; b open circles and solid line indicate the simulated proportion,

and dashed line indicates the target proportion of 50%
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Fig. 6 Simulated distributions of annual bleeding rate at the selected

phase III dosing regimens of a repeated subcutaneous loading dose of

3 mg/kg once weekly for first 4 weeks followed by subcutaneous

maintenance doses of 1.5 mg/kg once weekly (a), 3 mg/kg every

2 weeks (b), and 6 mg/kg every 4 weeks (c). Data for annual bleeding
rates of more than 8 are not plotted

Fig. 5 Simulated time courses of plasma emicizumab concentration

at the selected phase III dosing regimens of a repeated subcutaneous

loading dose of 3 mg/kg once weekly for first 4 weeks followed by

subcutaneous maintenance doses of 1.5 mg/kg once weekly (a),
3 mg/kg every 2 weeks (b), and 6 mg/kg every 4 weeks (c). Solid
line indicates the simulated median profile, open circles indicate the

simulated median trough concentrations, shaded area indicates the

simulated 5th to 95th percentile range, and dashed line indicates the

target efficacious exposure of 45 lg/mL
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pharmacometric approach can enable dose selection for

pivotal studies without conducting a conventional dose-

finding study and will play a key role in warranting rapid

development without losing scientific validity for new

drugs in rare diseases where evaluable clinical efficacy

endpoints are available.

Limitations to this research include the analysis results

being derived from a small number of patients. In addition,

the baseline disease characteristics of enrolled patients and

bleeding event definition may differ across clinical studies,

which may affect the consistency in efficacy results

between the model-based simulations and actual observa-

tions in subsequent studies. Neither discontinuation of

emicizumab treatment, modification or deviation of dosing

regimens, nor development of NAbs were considered for

the simulations. All the simulations for the 6 mg/kg Q4W

dosing regimen assumed linear pharmacokinetics beyond

the highest previously tested dose of 3 mg/kg. Of note,

pediatric dose selection may require additional specific

considerations and is out of the scope of this research.

5 Conclusions

A pharmacometric approach guided the selection of pre-

viously untested dosing regimens of emicizumab for phase

III studies, without conducting a conventional dose-finding

study in the clinical development program in hemophilia

A. The conduct of phase III studies with the selected dosing

regimens has been approved by health authorities. Conse-

quently, three global phase III studies in adult and ado-

lescent patients with or without FVIII inhibitors are

currently ongoing (ClinicalTrials.gov identifiers

NCT02622321, NCT02847637, and NCT03020160). This

experience indicates that a pharmacometric analysis

leveraging early-phase clinical study data can provide a

substitute for a conventional dose-finding study and will

streamline the drug development process in rare diseases.
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27. Plan EL, Ma G, Någård M, Jensen J, Karlsson MO. Transient

lower esophageal sphincter relaxation pharmacokinetic-pharma-

codynamic modeling: count model and repeated time-to-event

model. J Pharmacol Exp Ther. 2011;339:878–85.

28. Holford NH, Sheiner LB. Kinetics of pharmacologic response.

Pharmacol Ther. 1982;16:143–66.

29. Tuk B, van Oostenbruggen MF, Herben VM, Mandema JW,

Danhof M. Characterization of the pharmacodynamic interaction

between parent drug and active metabolite in vivo: midazolam

and alpha-OH-midazolam. J Pharmacol Exp Ther.

1999;289:1067–74.

30. Earp J, Krzyzanski W, Chakraborty A, Zamacona MK, Jusko WJ.

Assessment of drug interactions relevant to pharmacodynamic

indirect response models. J Pharmacokinet Pharmacodyn.

2004;31:345–80.

31. Yano Y, Beal SL, Sheiner LB. Evaluating pharmacokinetic/

pharmacodynamic models using the posterior predictive check.

J Pharmacokinet Pharmacodyn. 2001;28:171–92.

32. Manco-Johnson MJ, Kempton CL, Reding MT, et al. Random-

ized, controlled, parallel-group trial of routine prophylaxis vs. on-

demand treatment with sucrose-formulated recombinant factor

VIII in adults with severe hemophilia A (SPINART). J Thromb

Haemost. 2013;11:1119–27.

33. Valentino LA, Mamonov V, Hellmann A, et al. A randomized

comparison of two prophylaxis regimens and a paired comparison

of on-demand and prophylaxis treatments in hemophilia A

management. J Thromb Haemost. 2012;10:359–67.

34. Kavakli K, Yang R, Rusen L, et al. Prophylaxis vs. on-demand

treatment with BAY 81-8973, a full-length plasma protein-free

recombinant factor VIII product: results from a randomized trial

(LEOPOLD II). J Thromb Haemost. 2015;13:360–9.

35. Lentz SR, Misgav M, Ozelo M, et al. Results from a large multi-

national clinical trial (guardianTM1) using prophylactic treatment

with turoctocog alfa in adolescent and adult patients with severe

haemophilia A: safety and efficacy. Haemophilia. 2013;19:691–7.

36. Konkle BA, Stasyshyn O, Chowdary P, et al. Pegylated, full-

length, recombinant factor VIII for prophylactic and on-demand

treatment of severe hemophilia A. Blood. 2015;126:1078–85.

37. Mahlangu J, Powell JS, Ragni MV, et al. Phase 3 study of

recombinant factor VIII Fc fusion protein in severe hemophilia A.

Blood. 2014;123:317–25.

38. Collins PW, Blanchette VS, Fischer K, et al. Break-through

bleeding in relation to predicted factor VIII levels in patients

receiving prophylactic treatment for severe hemophilia A.

J Thromb Haemost. 2009;7:413–20.

39. Valentino LA, Pipe SW, Collins PW, et al. Association of peak

factor VIII levels and area under the curve with bleeding in

patients with haemophilia A on every third day pharmacokinetic-

guided prophylaxis. Haemophilia. 2016;22:514–20.

40. Antunes SV, Tangada S, Stasyshyn O, et al. Randomized com-

parison of prophylaxis and on-demand regimens with FEIBA NF

in the treatment of haemophilia A and B with inhibitors. Hae-

mophilia. 2014;20:65–72.

41. Konkle BA, Ebbesen LS, Erhardtsen E, et al. Randomized,

prospective clinical trial of recombinant factor VIIa for secondary

prophylaxis in hemophilia patients with inhibitors. J Thromb

Haemost. 2007;5:1904–13.

42. den Uijl IE, Fischer K, Van Der Bom JG, Grobbee DE, Rosendaal

FR, Plug I. Analysis of low frequency bleeding data: the asso-

ciation of joint bleeds according to baseline FVIII activity levels.

Haemophilia. 2011;17:41–4.

43. Ling M, Heysen JP, Duncan EM, Rodgers SE, Lloyd JV. High

incidence of ankle arthropathy in mild and moderate haemophilia

A. Thromb Haemost. 2011;105:261–8.

44. Gobburu J, Pastoor D. Drugs against rare diseases: are the reg-

ulatory standards higher? Clin Pharmacol Ther. 2016;100:322–3.
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