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Abstract
Introduction: This post hoc analysis applies a fixed dosing 
stratification approach to patient-level brolucizumab data 
from the phase III HAWK and HARRIER trials to determine the 
proportion of patients who would have been assigned to 
fixed dosing regimens with treatment intervals of 8, 12, or 16 
weeks (q8w, q12w, or q16w) based on the presence/absence 
of disease activity (DA) following the loading phase. The 
analysis also simulates central subfield thickness (CSFT) data 
to estimate the anatomical outcomes if the patients had 
been thus assigned. Of note, the limitations of this analysis 
include the post hoc nature of the work and the inability to 
directly compare HAWK and HARRIER with TENAYA and LU-

CERNE due to the differences in design. Design: This study 
was a post hoc modelling analysis of patient-level data. 
Methods: Using patient-level data from HAWK and HARRIER, 
patients (n = 730) were allocated to a fixed q16w, q12w, or 
q8w regimen based on assessment of DA at weeks 16 and 
20. Two definitions of DA were used: DA 1, based on a phase 
II study of faricimab, and DA 2, a definition derived from 
common clinical consideration including visual acuity and 
anatomical changes. CSFT simulations were performed us-
ing a pharmacokinetic/pharmacodynamic model describing 
CSFT response to anti-VEGF treatment. Outcome measures 
were modelled patient allocation to fixed regimens and 
mean CSFT reduction. Results: Using DA definitions 1 and 2, 
respectively, 78% and 76% of patients in the brolucizumab 
arm were allocated to a greater than or equal to q12w regi-
men, and 56% and 52% were allocated to a q16w regimen. 

Meeting presentation: These data have been accepted for presenta-
tion at EURETINA 2021.

This is an Open Access article licensed under the Creative Commons 
Attribution-NonCommercial-4.0 International License (CC BY-NC) 
(http://www.karger.com/Services/OpenAccessLicense), applicable to 
the online version of the article only. Usage and distribution for com-
mercial purposes requires written permission.
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Mean reduction in CSFT was similar between the two study 
drugs with both DA definition assumptions. Conclusions: 
This analysis demonstrates the potential durability of action 
and effectiveness of brolucizumab. © 2022 The Author(s).

Published by S. Karger AG, Basel

Introduction

Anti-vascular endothelial growth factor (anti-VEGF) 
therapy is the gold standard treatment for neovascular 
age-related macular degeneration (nAMD), with proven 
efficacy in visual and anatomical outcomes in clinical tri-
als [1]. However, treatment burden is a continuing con-
cern in nAMD. While visual outcomes are generally bet-
ter with more frequent injections, with early pivotal trials 
of anti-VEGF therapy using a monthly dosing schedule 
[2, 3], high injection burden in the clinical setting leads to 
long-term reduced compliance in many patients and sub-
sequent suboptimal visual outcomes [1, 4, 5]. There re-
mains an unmet need for anti-VEGF agents with greater 
durability, to reduce the burden of treatment through less 
frequent dosing [5]. The HAWK and HARRIER trials 
compared the efficacy and safety of the anti-VEGF agents 
brolucizumab and aflibercept for the treatment of nAMD 
and were the basis of the approval of brolucizumab 6 mg 
in this indication in the USA, Europe, and other territo-
ries [6, 7].

At the time of the design of the HAWK and HARRIER 
studies, 8-weekly maintenance therapy was well estab-
lished with aflibercept, and 12-weekly maintenance was 
emerging as the new paradigm for treatment burden re-
duction. The brolucizumab treatment arms of HAWK 
and HARRIER followed a conservative, adaptive study 
design whereby all patients received 3 monthly loading 
injections followed by dosing every 12 weeks (q12w) un-
less disease activity (DA) was identified at prespecified 
DA assessment visits. These visits were at weeks 16, 20, 
32, and 44 in HAWK and at these plus additional visits at 
weeks 28 and 40 in HARRIER. In the event of DA, pa-
tients were permanently adjusted to dosing every 8 weeks 
(q8w), with no option for treatment intervals to be ex-
tended later if DA subsided [6, 7].

Following this design, brolucizumab 6 mg provided 
non-inferior visual acuity outcomes versus aflibercept 2 
mg given q8w, and the majority of brolucizumab 6 mg-
treated eyes (56% in HAWK and 51% in HARRIER) were 
maintained on q12w dosing to the primary analysis at 
week 48 [7]. Significantly greater central subfield thick-
ness (CSFT) reductions from baseline to week 48 were 

observed with brolucizumab 6 mg versus aflibercept 2 mg 
in HAWK (p = 0.001) and HARRIER (p < 0.001).

Faricimab is an experimental monoclonal antibody 
which targets VEGF-A and angiopoietin-2 [8]. For this 
new anti-VEGF agent, q12w and q16w dosing allocations 
were evaluated in the phase III TENAYA and LUCERNE 
studies. In these studies, faricimab 6 mg was given ac-
cording to a fixed regimen following four loading doses. 
Patients were allocated to fixed q8w, q12w, or q16w, 
based on the presence of DA at week 20 and 24 and the 
absence of DA at week 24. This regimen was not adjusted 
based on the presence or absence of DA later in year 1 
[9–11]. The differences between the adaptive study de-
sign used in the development of brolucizumab and the 
fixed dosing design used in the faricimab development 
trials provoke a question regarding the durability poten-
tial of brolucizumab if a fixed dosing regimen, similar to 
TENAYA and LUCERNE, had been used in the HAWK 
and HARRIER studies.

The aim of this modelling analysis is to apply the fixed 
dosing stratification approach from the TENAYA and 
LUCERNE studies to patient-level brolucizumab data 
from the HAWK and HARRIER trials. This will allow us 
to determine the proportion of brolucizumab patients 
who would have been assigned to each of the fixed q16w, 
q12w, and q8w dosing regimens after the loading phase 
based on DA assessments at weeks 16 and 20. In addition, 
simulation of CSFT data will be performed to provide an 
estimation of the anatomical treatment outcomes that 
might have been achieved if the patients had been allo-
cated to a fixed regimen with these modelled q8w, q12w, 
and q16w allocations.

Methods

Study Design
This was a post hoc study of patient-level data, performed in two 

parts: a patient allocation analysis and a CSFT simulation analysis.

Patient Population
The patient allocation analysis included patient-level data from 

the brolucizumab 6 mg arms of HAWK (NCT02307682) and 
HARRIER (NCT02434328), two 2-year, randomized, double-
masked, multicentre active-controlled phase III trials conducted at 
408 sites in North, Central, and South America; Europe; Asia; Aus-
tralia; and Japan [7]. These trials were conducted in accordance 
with the principles of the Declaration of Helsinki, International 
Conference on Harmonization (ICH) E6 Good Clinical Practice 
(GCP) Consolidated Guideline, and other regulations as applica-
ble and were compliant with the Health Insurance Portability and 
Accountability Act of 1996. All trial participants provided written 
informed consent, and Independent Ethics Committee/Institu-
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tional Review Board approval was obtained for these trials. A total 
of 360 patients were included in the full analysis set of the broluci-
zumab 6 mg arm of HAWK and 370 in the same arm of HARRIER. 
The CSFT simulation analysis included these data plus patient-
level data from the aflibercept arms of the same studies (n = 360 
and 369 for HAWK and HARRIER, respectively).

Patient Allocation
In the HAWK and HARRIER studies, DA assessments were 

conducted at weeks 16 and 20, following the three loading doses at 
weeks 0, 4, and 8. In the current analysis, HAWK and HARRIER 
patient-level data from weeks 16 and 20 were used to allocate pa-
tients to a fixed q16w, q12w, or q8w dosing regimen based on the 
presence or absence of DA at these time points (Fig. 1), according 
to the DA criteria described below. According to these modelled 
regimens, and as shown in Figure 1, patients allocated to a q8w 
regimen would receive 8 injections in year 1, those allocated q12w 
would receive 6, and those allocated 16qw, 5.

Patients who did not meet DA criteria for this analysis at week 
16 but who received an injection at that visit based on the HAWK 
and HARRIER protocol (where DA was determined at the discre-
tion of the masked investigator and supported by protocol guid-
ance based on dynamic functional and anatomical characteristics) 
were excluded from the analysis. Patients who did not meet DA 
criteria at week 20 were considered to be a q16w patient for this 
analysis, whether or not they received an injection.

The patient allocation analysis was performed twice, using two 
different DA criteria for the assessment at weeks 16 and 20, which 

corresponds to the assessment 8 weeks after the loading intervals 
as in TENAYA and LUCERNE (Table  1). DA definition 1 was 
based on the definition of DA used for allocation of treatment reg-
imen in the phase II study of faricimab in nAMD, STAIRWAY 
[12], while DA definition 2 was a simpler, clinician-relevant defini-
tion of DA.

CSFT Simulation
Two different scenarios of CSFT outcomes for brolucizumab 

were simulated over the course of 1 year with patients allocated to 
the fixed q16w, q12w, or q8w dosing regimens as described above 
(DA definitions 1 and 2), and CSFT outcomes for aflibercept were 
simulated over the same time period with patients receiving 
aflibercept q8w following three loading doses. Simulations were 
performed using a pharmacokinetic/pharmacodynamic model 
that describes CSFT response to anti-VEGF treatment. The model 
was developed by fitting CSFT data from several studies of brolu-
cizumab in nAMD patients: the SEE phase I study of the safety and 
tolerability of brolucizumab in four ascending doses of 0.5 mg, 3 
mg, 4.5 mg, and 6 mg as well as the 0.5-mg ranibizumab compara-
tor arm (194 patients) [13]; the OSPREY phase II study of efficacy 
of brolucizumab 6 mg versus aflibercept 2 mg (96 patients) [14]; 
the HAWK phase III 2-year study comparing the efficacy and safe-
ty of brolucizumab (3 mg and 6 mg) versus aflibercept 2 mg (1,078 
patients); and the HARRIER phase III 2-year study comparing the 
efficacy and safety of 6-mg brolucizumab versus aflibercept 2 mg 
(739 patients) [7].

W0 W4 W8 W12 W16 W20 W24 W28 W32 W36 W40 W44 W48

q16w

q12w

q8w

DA assessment Brolucizumab 6 mg DA positive DA negative

Loading phase Primary
endpoint

Fig. 1. Allocation of patients to q8w, q12w, and q16w regimens in the modelling analysis. Patients received 3 
monthly injections as a loading dose before being evaluated at week 16 and week 20. Based on their DA status at 
these time points, patients were assigned to a fixed dosing regimen for the remainder of the study. DA, disease 
activity; q8w, 8-week dosing interval; q12w, 12-week dosing interval, q16w, 16-week dosing interval.
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Pharmacokinetics of all study drugs were described using a 
one-compartment model with drug-specific half-lives. The CSFT 
was described using a logistic growth model with an added drug 
effect.

During model development, we ensured that the model well 
described the observed data through a series of goodness-of-fit di-
agnostic plots, including simulation-based diagnostics such as vi-
sual predictive checks which tested that the model reproduces the 
data in simulations. Through visual predictive check diagnostics, 
we ensured that not only are mean CSFT data reproduced, but also 
that 10th and 90th percentiles of the data are reasonably well re-
produced in simulations.

Each simulated study comprised 350 patients treated with bro-
lucizumab 6 mg and 350 patients treated with aflibercept 2 mg. The 
individual CSFT profiles were simulated for the HAWK and HAR-
RIER populations (i.e., baseline CSFT covariate on model param-
eters) with individual parameters sampled from the distributions 
of the random effects. The inclusion of baseline CSFT as a model 
covariate means not only that CSFT baselines are properly simu-
lated in for each virtual patient (sampled from HAWK and HAR-
RIER data), but also that effects of those baselines on any other 
model parameters (if any) are also captured. To obtain confidence 
intervals of simulated mean CSFT, we simulated 200 studies.

Simulated patients were assigned to q8w, q12w, and q16w 
treatment based on CSFT increase from week 12, which is the max-
imum drug effect time point. Two specific thresholds were select-
ed for CSFT increases from week 12 to week 16 and from week 12 
to week 20. At week 16, patients with CSFT increase greater than 
first threshold were allocated to q8w and treated; the rest contin-
ued untreated to week 20. At week 20, the patients not yet assigned 
to q8w and with CSFT increase greater than the second threshold 
were allocated to q12w and treated; the rest were allocated to q16w. 
This initial allocation of treatment intervals was simulated up to 
week 48. The specific values of the CSFT increase thresholds were 
selected to match the allocation percentages for the two described 

DA definitions (Table 2). Mean change from baseline in CSFT was 
presented as an average of values from weeks 40, 44 and 48, for 
consistency with the presentation of anatomical endpoints from 
TENAYA and LUCERNE [11].

Results

Patient Allocation
Table 2 summarizes the results of the patient alloca-

tion analysis. Using DA definition 1 to allocate patients 
to a fixed regimen at weeks 16 and 20, 53% of patients in 
HARRIER and 59% of patients in HAWK were allocated 
to a q16w regimen, and 77 and 79%, respectively, were al-
located to a greater than or equal to q12w regimen. Simi-
lar results were achieved using DA definition 2: 49–56% 
of patients were allocated to a q16w regimen, and 74–78% 
were allocated to a greater than or equal to q12w regimen.

CSFT Simulation
Figures 2 and 3 show simulated CSFT data for brolu-

cizumab and aflibercept in HAWK and HARRIER with 
brolucizumab 6 mg patients allocated to fixed q16w, 
q12w, or q8w dosing regimens using DA definition 1 
(Fig. 2) and DA definition 2 (Fig. 3) and aflibercept in a 
fixed q8w regimen, both after 3 loading doses. The mean 
reduction in CSFT from week 40 to 48 with brolucizumab 
was −152.39 μm using DA definition 1 and −151.30 μm 
using DA definition 2. Aflibercept given as a q8w regimen 
resulted in a mean reduction in CSFT from week 40 to 48 
of −158.57 μm.

Discussion

Recent development trials of anti-VEGF therapies in 
nAMD have used a fixed dosing stratification approach 
to assign patients to a specific treatment interval for the 
entire study duration, based on assessment of DA follow-
ing the loading phase of dosing. This analysis aimed to 
apply this approach retrospectively to patient-level data 
for brolucizumab in nAMD, to determine how the study 
population would have been allocated between regimens 
if the fixed dosing stratification had been used in the ear-
lier HAWK and HARRIER trials.

In this analysis, two sets of criteria were used to deter-
mine DA and allocate patients to a fixed dosing regimen. 
DA definition 1 is based on the definition of DA used for 
allocation of treatment regimen in the phase II study of 
faricimab in nAMD, STAIRWAY [12], and is intended to 

Table 1. DA criteria used in the analysis

DA criteria

Definition 1 BCVA loss >10 letters from the maximum of the last 
two visits or

BCVA loss >5 letters from the average of the last 
two visits or

CSFT increase ≥75 μm from minimum of the last 
two visits or

CSFT increase ≥50 μm from average of the last two 
visits

Definition 2 BCVA loss of ≥5 letters or CSFT gain of ≥50 μm 
compared with 8 weeks prior to the DA assessment 
(i.e., week 16 was compared with week 8, and week 
20 was compared with week 12)

BCVA, best-corrected visual acuity; CSFT, central subfield 
thickness; DA, disease activity.
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provide the closest possible approximation of the fixed 
dosing stratification approach used in the TENAYA and 
LUCERNE studies. DA definition 2 is intended as a defi-
nition of DA which includes visual acuity and anatomical 
changes and might be considered to be more representa-
tive of a typical decision-making process used in clinical 
practice.

The patient allocation analysis showed that, when as-
sessed for a fixed dosing regimen at weeks 16 and 20, us-
ing DA definitions 1 and 2, respectively, 78% and 76% of 
patients in the brolucizumab arm were allocated to a 
greater than or equal to q12w regimen, and 56% and 52% 
were allocated to a q16w regimen. In TENAYA and LU-
CERNE, 77.8–79.7% of patients in the faricimab arm 
were allocated to a greater than or equal to q12w regimen 

DA criteria Regimen 
allocation at 
week 16/20

HAWK
Patients, n (%)

HARRIER
Patients, n (%)

Arithmetic mean 
of HAWK and HARRIER 
allocations (%)

Definition 1 q8w 63 (20.9) 73 (22.7) 21.86
q12w 62 (20.6) 77 (24.0) 22.35
q16w 176 (58.5) 171 (53.3) 55.79
≥q12w 238 (79.1) 248 (77.3) 78.14

Definition 2 q8w 64 (21.7) 83 (25.9) 23.90
q12w 67 (22.7) 80 (25.0) 23.90
q16w 164 (55.6) 157 (49.1) 52.20
≥q12w 231 (78.3) 237 (74.1) 76.10

DA criteria definition 1: at least one of (i) BCVA loss >10 letters from the maximum of the 
last two visits, (ii) BCVA loss >5 letters from the average of the last two visits, (iii) CSFT 
increase ≥75 μm from minimum of the last two visits, or (iv) CSFT increase ≥50 μm from 
average of the last two visits. DA definition 2: BCVA loss of ≥5 letters or CSFT gain of ≥50 μm 
compared with two visits prior to the DA assessment. BCVA, best-corrected visual acuity; 
CSFT, central subfield thickness; DA, disease activity; q8w, 8-week dosing interval; q12w, 
12-week dosing interval, q16w, 16-week dosing interval.

Table 2. Modelled patient allocation to 
q8w, q12w, and q16w regimens
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Fig. 2. CSFT simulation over the course of 
1 year with brolucizumab 6 mg patients al-
located to fixed q16w (56%), q12w (22%), 
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and 44.9–45.7% to a q16w regimen [11]. In both our anal-
ysis and TENAYA and LUCERNE, patients were assigned 
to a q16w regimen if there were no signs of DA up to and 
including 12 weeks after the final loading phase injection. 
If the proportion of patients thus assigned to a q16w reg-
imen is an indicator of durability of action, our analysis 
provides evidence that the durability of brolucizumab 
may be at least equivalent to that of faricimab. However, 
it is of note that in TENAYA and LUCERNE, patients re-
ceived 4 monthly loading doses prior to allocation, com-
pared with 3 monthly loading doses in HAWK and HAR-
RIER, making our comparison a conservative one.

The increased durability of faricimab compared with 
earlier anti-VEGF agents has been hypothesized to be an 
additive effect resulting from the dual inhibition of 
VEGF-A and angiopoietin-2 [12]. In the case of broluci-
zumab, it is the agent’s smaller molecular size, high stabil-
ity, and solubility, enabling a high molar dose, that is 
thought to provide its prolonged duration of treatment 
effect [13].

This analysis also provides modelling evidence of the 
anatomic CSFT outcomes with the hypothetical q8w/
q12w/q16w allocation using DA assessments. The CSFT 
simulation showed a greater reduction in CSFT during 
the loading phase with brolucizumab compared with 
aflibercept, and a similar mean reduction in CSFT aver-
aged over weeks 40–48. The simulated aflibercept CSFT 
data showed good similarity to the actual aflibercept 

CSFT data from HAWK and HARRIER, which gives us 
confidence that our simulation model is reasonably ac-
curate.

The limitations of this analysis include the post hoc 
nature of the work, and the inability to directly compare 
HAWK and HARRIER with TENAYA and LUCERNE 
due to the differences in design, particularly in the load-
ing dose phase. In addition, the model does not differen-
tiate between different fluid compartments, considering 
only the overall contribution of all fluids to CSFT.

In conclusion, this modelling analysis demonstrates 
the potential durability of action and effectiveness of bro-
lucizumab. Despite only receiving 3 loading doses, over 
three-quarters of patients treated with brolucizumab in 
HAWK and HARRIER would have been allocated to a 
greater than or equal to q12w regimen. In addition, under 
their allocated regimens, it is predicted that patients in the 
brolucizumab arm of HAWK and HARRIER would have 
achieved similar CSFT reductions to those treated with 
aflibercept but with fewer injections.
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which patients were assessed for assign-
ment to fixed dosing intervals. CSFT, cen-
tral subfield thickness; DA, disease activity.
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