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Hereditary hemorrhagic telangiectasia (HHT), a genetic vascular disorder associated with epistaxis and hepatic
shunts, is responsible for high-output cardiac failure in rare cases. Bevacizumab, which targets vascular endothelial
growth factor, was shown to decrease both cardiac index (Cl) and epistaxis duration in HHT patients with severe liver
involvement. The relationship between its serum concentration and change in both Cl and epistaxis duration was
investigated to design the bevacizumab maintenance dosing regimen of future therapeutic studies. Twenty-five HHT
patients with dyspnea and high Cl were included in a prospective non-comparative study. They received bevacizumab
at a dose of 5 mg/kg per infusion every 14 days for a total of 6 injections. The relationships between bevacizumab
serum concentration and both Cl and epistaxis duration were described using transit compartments and direct
inhibition pharmacokinetic-pharmacodynamic models. The performances of different maintenance regimens were
evaluated using simulation. Infusions every 3, 2 and one months were predicted to maintain 41%, 45% and 50% of
patients with CI <4 L/min/m? at 24 months, respectively. The fraction of patients with <20 min epistaxis per month
was predicted to be 34%, 43% and 60%, with infusion every 3, 2 or one months, respectively. Simulations of the effects
of different maintenance dosing regimens predict that monthly 5 mg/kg infusions of bevacizumab should allow
sustained control of both cardiac index and epistaxis.

Introduction factor (VEGF) and transforming growth factor 3 (TGF-B).?

TGEF-B stimulates the production of VEGF, which plays a key

Hereditary hemorrhagic telangiectasia (HHT), also known as
the Rendu-Osler-Weber syndrome, is an inherited vascular dys-
plasia characterized by recurrent epistaxis, cutaneous telangiecta-
sia and visceral arteriovenous malformations (AVM) that affect
many organs, including the lungs, gastrointestinal tract, liver and
brain.'
symptomatic liver shunting leading, in most cases, to elevated

In rare cases, hepatic involvement is associated with

cardiac index and high-output cardiac failure. It is a disorder of
. .2 . .

unbalanced angiogenesis.” Patients show increased plasma con-

centrations and tissue expression of vascular endothelial growth
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role in angiogenesis.

We recently published the results of a prospective Phase 2
study on the efficacy of bevacizumab, a recombinant human-
ized monoclonal IgG1 antibody that inhibits the biologic
activity of human VEGF, on reduction of both cardiac index
(CI) and epistaxis duration.” Patients were given 5 mg/kg bev-
acizumab infusions every other week for a total of 6 infusions.
During the study, bevacizumab serum concentrations were
measured and bevacizumab area under the concentration vs
time curve (AUC) until evaluation times was estimated. In
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Table 1. Characteristics of the patients at baseline

No. (%) Mean (SD) Median (Range)

Patients 25 (100)

Age (year) 57.44 (8.6) 59 (35-68)

Sex

Female 24 (96)

Male 1(4)

Cardiac index (L/min/m?) 24 5.01(0.67) 5.05 (4.1-6.2)
Duration of epistaxis (min/month) 25 (100) 221 (239.7) 179 (0-947)

this work, the decrease in CI and improvement of epistaxis at
3 and 6 months was not shown to be related to global expo-
sure to bevacizumab.

The aim of this study was to develop a pharmacokinetic-phar-
macodynamic (PK-PD) model in order to assess the individual
concentration-effect relationship of bevacizumab and to identify
the best maintenance dosing regimen for future studies in HHT
patients.

Results

Twenty-five patients were included (Table 1). One patient
received only 2 infusions of bevacizumab. A total of 317 bevaci-
zumab serum concentration and 96 CI measurements were avail-
able. Records of daily epistaxis duration were available for all
patients.

As previously reported, distribution and elimination half-lives
of bevacizumab were 1.4 and 21.5 days, respectively.4 In the
studied population as a whole, decrease in CI and epistaxis dura-
tion at 3 and 6 months were not related to bevacizumab exposure

as estimated by its cumulated AUC. However, descriptions of
individual changes in CI (Fig. 1) and epistaxis duration (Fig. 2)
were obtained using the PK-PD models. The pharmacokinetic
model and the CI sub-model adequately described observed data
as shown by goodness-of-fit plots of predicted population and
individual values vs observations (Fig. S1). Plots of normalized
prediction distribution error vs predicted values confirmed the
adequacy of pharmacokinetic and both PK-PD sub-models with
observed data (Fig. S2). The interindividual variability for epi-
staxis-duration risks A was high (207%), but precisely estimated
(r.s.e. = 26%). This reflects the high variability in epistaxis-dura-
tion risk observed between patients. Mean estimated minimum
bevacizumab-induced CI (C7,,;,) was 3.92 L/min/m* (Table 2).
The concentrations leading to 50% of maximal effect of bevaci-
zumab on CI and epistaxis were 3.72 mg/L and 5.48 mg/L,
respectively. None of the covariates tested (age, weight, body sur-
face area or body mass index) explained the inter-subject variabil-
ity of the estimated pharmacokinetic or PK-PD parameters.
Concentrations of VEGF could not be integrated into the PK-
PD model. No relationship was observed between bevacizumab
pharmacokinetic parameters and the occurrence of adverse
events.

Simulation of bevacizumab concentrations, CI and epistaxis
duration in 5,000 virtual patients that were treated with mainte-
nance dosing regimens (DR) consisting of repeated injections
(DR2, DR3 or DR4) led to sustained effects while an induction
treatment every year (DR1) did not lead to a long term control
of symptoms (Fig. 3). An infusion of 5 mg/kg bevacizumab every
month (DR4) gave the best results (Fig. 4). The superiority of
this regimen was particularly marked for epistaxis, with 28, 34,
43 and 60% of patients with less than 20 min of daily epistaxis
at 24 month for DR1, DR2, DR3 and
DR4, respectively. However, in terms

Cardiac index (L/min/m?)

of cardiac index, DR2, 3 and 4 were
similarly effective since they were able
to maintain 41%, 45% and 50% of
patients with a CI < 4 L/min/m?” at 24
months, respectively (Fig. 4), com-
pared with 21% with DR1.

Discussion

Bevacizumab, an anti-VEGF mono-
clonal antibody, administered at a dose
of 5 mg/kg every other week for 6
injections, was shown to decrease CI
and to decrease epistaxis duration in

-1 0 3 6

Time (month)

12 HHT patients with severe liver involve-
ment.* To better adjust bevacizumab
dose to this indication and to design a

maintenance regimen, we developed a

Cl.

Figure 1. Observed and model-predicted cardiac index (Cl) over time in patients. Closed circles are
observed Cl in patients treated with 6 injections de 5 mg/kg bevacizumab every other week. Continu-
ous line and shaded areas represent median and 5th, 25", 75™ and 95™ percentiles of model-predicted

dose-response model describing both
bevacizumab pharmacokinetics and the
relationships between its serum concen-
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trations and HHT symptoms. Using
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this mathematical model and
parameters estimated in HHT
patients, we simulated over
3 years the effect of 4 dosing
regimens on CI and epistaxis
daily duration.

Bevacizumab
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o

netic parameters estimated in 25
HHT patients were similar to
those reported for cancer
patients.”  Therefore, HHT
patients were not suboptimally
or over-dosed compared to can-
cer patients when the dosing reg-
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improvement in pharmacody-

namic endpoints (CI and epi-
staxis daily duration), and the
effect of bevacizumab on these

endpoints was sustained beyond

Figure 2. Observed frequencies and model-predicted probabilities of epistaxis daily durations. White, gray and
dark gray bars are ‘no epistaxis’, ‘less than or equal to 10 min’ and ‘11 to 20 minutes’ mean daily epistaxis
observed frequencies, respectively. Solid, dashed and long-dashed lines are the model predicted probabilities
for ‘no epistaxis’, ‘less than or equal to 10 min’ and ‘less than or equal to 20 min’ daily epistaxis, respectively.

the induction phase. Both delay

and sustained effect were taken into account by using a pragmatic
approach to describe the relationships between bevacizumab
serum concentrations and the endpoints, i.e., the inclusion of
transit effect-compartments in the PK-PD model as previously

Table 2. Estimated pharmacokinetic and pharmacokinetic-pharmacody-
namic parameters

Parameter (unit) Value r.s.e.(%) CV%
Vi (L) 3.51 7 34%
ko (1/day) 0.0572 6 26%
k> (1/day) 0.195 17 -
k> (1/day) 0.284 18 39%
CK.o (1/day) 0.0321 13 46%
Clo (L/min/m?) 493 3 12%
Clmin (L/min/m?) 3.92 4 15%
CCsp (mg/L) 3.72 52 -
Ekeo (1/day) 0.0116 23 146%
Mo () 0.518 26 207%
bBVZ 0.126 5 -
ba 0.0573 14 -

rs.e. (%) is relative standard error of estimated parameter, an index of esti-
mation reliability, and CV% is the coefficient of intersubject variability. k;o is
elimination rate, k;, and k,; are distribution rates. Ck,, is the cardiac index
transit rate constant. Cly and Cl,,;, are initial and minimal cardiac index,
respectively. CCs, is concentration leading to a cardiac index of (Cly+Clpp;n)/
2. Ekg is the epistaxis transit rate constant. A, is the Poisson distribution
parameter of the epistaxis duration classes. ECs is the concentration lead-
ing to A = \/2. bgyz and b, are the proportional error model parameters for
bevacizumab and cardiac index, respectively.
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done to describe neutropenia induced by chemotherapy.” The
measurement of serum VEGF did not allow construction of a
more mechanistic model.

No influence of global exposure to bevacizumab, as assessed
by AUC, on the decrease in CI or improvement of epistaxis at 3
and 6 months was observed in our previous study, when all the
patients were analyzed together.* This can be explained by several
factors: (a) the delay between exposure to bevacizumab and
response; (b) the analysis of endpoints at given times despite their
complex changes with time; and (c) the important interindividual
variability in disease activity of HHT patients and in their sensi-
tivity to bevacizumab, which are assessed by the interindividual
variability in the estimated pharmacodynamic parameters Ck,y,
Ek,yand A, (Table 2).

Assuming that models developed to describe the concentra-
tion-effect relationship of bevacizumab over a one-year follow-up
could be applied to a maintenance treatment, we tested different
dosing regimen to design future maintenance clinical trials. A
repetition of the induction regimen (5 mg/kg every other week
for 6 injections) every year (DR1) was able to control CI and epi-
staxis at 30 months, but not at 24 months. A maintenance regi-
men consisting of single injections of 5 mg/kg every month
(DR4) was the most effective of the tested regimen on epistaxis
and CI control. However, according to the chosen endpoints,
injections every 3 months (DR2) performed reasonably well.
This last regimen may therefore prove to be effective in the whole
population of patients. On the other hand, bimonthly (DR3) or
monthly infusions may be useful in patients with worrying epi-
staxis. No immune response against bevacizumab was described
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Figure 3. Simulations of bevacizumab concentrations and effects obtained with 4 different maintenance dosing regimen over 3 years. DR1 consists in 6
injections of 5 mg/kg bevacizumab, every over week, every year (3 upper panels). DR2, DR3 and DR4 consist in 6 injections of 5 mg/kg bevacizumab,
every over week, followed by injections of 5 mg/kg every 3, 2 and 1 months, respectively (lower panels). Solid lines and shaded areas are median and
5th_g5th percentiles of simulated bevacizumab concentrations (left panels), simulated cardiac index (center panel) and simulated epistaxis duration (right

when used in its oncological indications. However, immune
response against therapeutic proteins is uncommon in cancer
patients. In HHT, long-term bevacizumab treatment could be a
risk of immune response against bevacizumab, especially when
infusions are spaced out (i.e., DR2). Nevertheless, these dosing
regimens must be tested in prospective studies.

Methods

Patients

This pharmacokinetic and PK-PD study was nested in a com-
pleted clinical trial (clinicaltrials.gov identifier: NCT00843440).
Details regarding trial design, patient characteristics, treatment
plan, and outcomes were published previously.* Briefly, patients
with clinically confirmed HHT with severe liver involvement,
dyspnea (>class II according to the New York Heart Association)
and high CI on echocardiography (defined as >3.9 L/min/m” in

www.tandfonline.com

men and >3.6 L/min/m? in women) were included in a prospec-
tive, open-label, non-comparative study conducted in a single
institution after nationwide recruitment. Patients received bevaci-
zumab intravenously at a dose of 5 mg/kg per injection every
14 days for a total of 6 injections.

This study was approved by the local research ethics com-
mittee and by the French Medical Products Agency (AFS-
SaPS, now ANSM). Oral and written informed consents were
obtained from all patients in accordance with national
regulations.

Clinical measurements

Cardiac output and CI were calculated before and 3, 6 and 12
months after the first injection, CI being a normalization of car-
diac output measure by body surface area. Daily duration and
number of episodes of epistaxis were daily-recorded by patients,
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Figure 4. Simulation of proportion of responders at 24™ and 30" month according to bevacizumab maintenance dosing regimen. DR1 consists in 6
injections of 5 mg/kg bevacizumab, every other week, every year. DR2, DR3 and DR4 consist in 6 injections of 5 mg/kg bevacizumab, every other week,
followed by injections of 5 mg/kg every 3, 2 and 1 months, respectively. Each bar is divided into 4 shades of gray according to quartiles of the initial val-
ues of cardiac index and of the initial epistaxis duration. Clearest gray is the first quartile (mildest symptoms) and darkest is the fourth (highest severity

before inclusion and over 12 months after treatment initiation.
Adverse events were graded 1 to 4 according to the National Can-
cer Institute common toxicity criteria (NCICT-CAE) version

3.0.4

Biological measurements

Bevacizumab serum concentrations were measured in blood
samples collected 5 hours and 24 hours after the first infusion,
then, right before the beginning and 2 hours after the end of
each infusion. Bevacizumab serum concentrations were measured
using a validated enzyme-linked immunosorbent assay (ELISA).®
Limit of detection and lower limit of quantitation were
0.033 mg/L and 5 mg/L, respectively.

Total VEGF concentrations were measured in plasma using a
solid phase sandwich ELISA kit (Quantikine® kit of R&D Sys-
tems Europe, Ltd., Abingdon, UK). Limit of detection and lower
limit of quantification were 9 g/L and 31.2 jg/L, respectively.

Pharmacokinetic-Pharmacodymamics analysis

Data management and graphical evaluation were done using
R (version 3.0.1), Vienna, Austria.” Pharmacokinetic and PK-
PD analyses were performed by nonlinear mixed-effects model-
ing, using Monolix (version 4.2.2), Lixsoft Orsay, France.'® All
models were evaluated using goodness-of-fit and residual plots
and objective function values. Discrimination between hierarchi-
cal models was based on the likelihood ratio test, for which a
change in objective function value > 3.84 was considered statisti-
cally significant (o < 0.05).
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Bevacizumab pharmacokinetic model

One- and two-compartment models with first-order elimina-
tion from the central compartment were tested to describe beva-
cizumab serum concentrations over time. A two-compartment
model gave the best description of the observed concentrations
(Equation 1):

dcC

Ttlz - ko Ci = k- Citk -G

o (1)
A ki Cy—ky - C

U 12:C1 =Ky - G

where C, is the concentration in the central volume of distribu-
tion V;, k;p is systemic elimination rate, C, is the concentration
in the peripheral compartment of distribution and £;, and 45,
are distribution rates between the 2 compartments.

Relationship between bevacizumab and VEGF
concentrations

With the aim of developing a mechanistic PK-PD model, we
first analyzed the relationship between bevacizumab serum con-
centration and plasma VEGF using a target-mediated drug dis-
position (TMDD) model.'’ Because the assay measured both
free VEGF and VEGEF-bevacizumab complexes, an apparent
increase in plasma VEGF concentrations during bevacizumab
treatment was observed, as previously reported.'” In addition,
several patients had low baseline VEGF concentrations, and
extrapolated plasma concentrations of free VEGF (calculated
because the assay measured both VEGF and bevacizumab-VEGF
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complex) during treatment were not related to cardiac indexes
and epistaxis durations. Then, it was not possible to link plasma
VEGEF concentrations to these 2 pharmacodynamic parameters.

Relationship between bevacizumab pharmacokinetics and
adverse events

Estimated bevacizumab pharmacokinetic parameters of
patients with at least one adverse event of grade > 1 or 2 were
compared with those of other patients using Wilcoxon signed
rank test.

Cardiac index sub-model

According to the cardiac index data, the effect of bevacizumab
on CI was delayed and a long duration of this effect was
observed. Different model were tested to quantify the influence
of bevacizumab concentrations on CI over time. Direct response
and indirect response models with inhibition or stimulation of
CI “production” or “elimination” led to biases, i.e., unsatisfac-
tory fitting of data. An effect-compartment model was good at
describing the long lasting effect of bevacizumab,'® but not the
delay in the appearance of this effect. The delay effect of bevaci-
zumab concentration on CI was taken into account with chained
effect-compartments, also called transit compartments, as previ-
ously used to describe chemotherapy induced myelosuppression.”
Two to 5 transit effect-compartments model were tested. A tran-
sit effect compartment model with 4 compartments and a direct
inhibition of CI gave the best description of the long lasting
effect of bevacizumab concentrations on CI (Equation 2):

dCcC,

- L= Che Cy — Che - CCyy
dCcC,

7 2= Chy- CCy — Chy - CCy
dCC,
73 = Chep- CCoy — Chyp - CCos )
dCC,

i L= Che CCus — Chuy - CCos

CCe4

CIt)=  Clyy~+ (Cly —Clyy) - [ 1 — —

) +(Cy ) ( cce4+cc50)

where CC,; to CC,y are the transit Cl effect-compartment con-
centrations, Ck,g is bevacizumab transit CI effect-compartment
constant, C; is the bevacizumab concentration in the central vol-
ume of the pharmacokinetic model, CI(t) is CI as a function of
time, Clyand CI,,, are baseline and minimal CI, respectively (L/
min/m?), and CCs, is concentration of bevacizumab in the final
ClI effect-compartment concentration, leading to 50% of maxi-
mal effect i.e., (Cly + Clym) /2.

Epistaxis sub-model

Epistaxis episodes are spontaneous and recurrent in HHT
patients. As a consequence, the daily epistaxis duration is highly
variable from day to day and cannot be described with a conven-
tional quantitative model. The objective of the pharmacody-
namic model was therefore to describe the probability (risk) of

www.tandfonline.com

mADbs

occurrence of the different daily-epistaxis duration classes. Daily
epistaxis duration was categorized by 10 minute classes (dg):
“0” was for no epistaxis, “1” was for less than or equal to 10 min
per day, “2” was for 11 to 20 min per day, etc., and “7” was for
an epistaxis duration of more than 1 hour per day. Probabilities
of occurrence of the different duration classes were verified to be
stable before treatment. Because mean and variance of duration
classes were similar, data were modeled using a Poisson distribu-
tion with parameter A. The best description of A variation over
time (A(t)) was obtained using a sigmoid inhibitory function and
4 transit effect compartments. The relationship between A and
concentration in the final epistaxis-effect-compartment (EC.4)
(Equation 3) was:

dEC,

Tel = Eke - C1 — Ekyy - ECyy
E

d dfez = Eky-EC, —Ek,-EC,,
E

% = Ehe- ECoo — Ekyo- ECus )

dEC,

74 = FEkeo- ECy3 — Eky - ECos

ECe4

() = o | 1— —mMm——

@ 0 ( ECu +EC50>

where EC,; to EC.4 are transit epistaxis effect-compartment con-
centrations, Ek,y is bevacizumab transit epistaxis effect-compart-
ment constant, C; is the bevacizumab concentration in the
central volume of the pharmacokinetic model, A(t) and 4, are
Poisson distribution parameters of epistaxis durations over time
and at baseline, respectively, and £Csy is the final epistaxis effect-
compartment concentration, leading to a A(t) of 1,/2.

Pharmacokinetic and  pharmacokinetic-pharmacodynamic
models are schematically described in Figure 5.

Interindividual variability, residual error models and model
evaluation

The interindividual variabilicy (IIV) of parameters was
described using a log-normal distribution. ITV variability estima-
tion was accepted if its r.s.e. was < 40%. The final model
included IIV for all pharmacokinetic parameters, except distribu-
tion parameter k. Inclusion of IIV for Ck,y reduced the objec-
tive function significantly (by 200 points). No IIV was estimated
for CCsp and ECs). A covariate analysis was performed to iden-
tify individual factors explaining ITV.'*'> A proportional error
model gave the best description of residuals of bevacizumab con-
centrations and CI over time. For epistaxis, which was described
using a Poisson distribution model, no error model was needed.

The pharmacokinetic model and the CI sub-model were eval-
uated using goodness-of-fit plots of the predicted population val-
ues s and predicted individual values us
observations. The performance of these 2 models were further

observations

evaluated by monitoring deviations from normality of the nor-

malized prediction distribution error.'°
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Figure 5. Pharmacokinetic and pharmacokinetic-pharmacodynamic
models relating cardiac index and epistaxis duration with bevacizumab
concentrations. Bevacizumab pharmacokinetics are described using a 2-
compartment model with linear elimination. Effects of bevacizumab are
described using transit effect-compartments. The concentrations in the
last effect-compartments influence cardiac index and risk of epistaxis
through sigmoid E,,,x models. C; and C, are concentrations in the cen-
tral and peripheral compartments, respectively. k;o is elimination rate
and k;, and k; are distribution rates. CC,; to CCq4 are transit effect-com-
partment concentrations. Cke is transit rate constant. Clp and Cl,,;, are
initial and minimal cardiac index, respectively. CCs, is CCo4 concentration
leading to a cardiac index of (Cly+Cl,,in)/2. ECe to ECey4 are transit effect-
compartment concentrations. Ek, is the transit rate constant. 4, is the
Poisson distribution parameter of the epistaxis duration classes. ECsy is
EC.4 concentration leading to A = /2.

In silico evaluation of maintenance dosing regimens

The pharmacokinetic and PK-PD models, together with the
population estimated parameters, were used to predict the per-
formances of different maintenance regimens regarding both CI
and epistaxis control, as a basis for future studies in HHT

. 17,1
patients.'”'®

Building of the virtual patient cohort

The CI and epistaxis sub-models were used to relate CI and
daily epistaxis duration probabilities to bevacizumab concentra-
tion. Both models were based on data obtained after a one-year
follow-up, but the assumption was made that they are valid to
describe maintenance treatment over 3 years. The pharmacoki-
netic and PK-PD parameters of 5,000 virtual patients were gen-
erated from distributions and covariance matrix of the real
patient population (Table 2).

Dosing regimen simulations
Four different 36 months maintenance dosing regimens were
tested in the 5,000 virtual patients. An induction dosing regimen

636 mAbs

of 6 injections of 5 mg/kg bevacizumab, every other week,
repeated every year was noted as DR1. Regimens DR2, DR3 and
DR4 were constituted by an induction of 6 injections of 5 mg/
kg bevacizumab, every other week, followed by single injections
of 5 mg/kg every 3, 2 and 1 month, respectively. Because the
main purpose of this simulation experiment was to characterize
the PK profiles of bevacizumab obtained with 4 different dosing
regimens and their influence on CI and epistaxis, no trial proto-
col deviations were incorporated, i.e., all enrolled subjects were
assumed to be fully compliant to the assigned dosing regimen,
without dropouts or losses to follow up. Monolix (version 4.2.2,
Lixsoft, Orsay, France)'® was used to perform the simulation.

Evaluation of the different dosing regimens

The long-term performance of the different maintenance dos-
ing regimens was assessed in terms of CI and mean epistaxis dura-
tion (in min/month). This ‘mean epistaxis duration’ (mgry) was
calculated using the A parameter of the Poisson distribution of
the daily epistaxis duration classes with the following formula:
mery =24 % 10 x 365.25/12. Because the highest fluctuations in
CI and epistaxis risk with time were observed with DR1, dosing
regimens were compared at 24 months (the ‘worst time’ for
DRI, at which the bevacizumab effects on CI and epistaxis were
minimal), and at 30 months (the “best time” for DR1, at which
bevacizumab effect was maximal).
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