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Aims: Fremanezumab is a fully humanized IgG2Δa/κ monoclonal antibody specific

for calcitonin gene‐related peptide developed and approved for the preventive treat-

ment of migraine in adults. The population pharmacokinetics (PK) of fremanezumab

were characterized in healthy subjects and patients with chronic migraine and epi-

sodic migraine, including the effects of intrinsic and extrinsic factors on PK variability.

Methods: Nonlinear mixed effects modelling was performed using NONMEM with

data from 7 phase 1–3 clinical trials evaluating selected intravenous and subcutane-

ous dose regimens. The influence of covariates on fremanezumab PK was assessed

and model evaluation was performed through visual predictive checks.

Results: A 2‐compartment model with first‐order absorption and elimination

described the PK data well. Typical values for fremanezumab central clearance

(0.0902 L/d) and central distribution volume (1.88 L) for a 71‐kg subject were consis-

tent with previously reported values for IgG antibodies. Higher body weight was

associated with increased central clearance and distribution volume. Effects of other

covariates (age, albumin, renal function, sex, race, injection site, and acute, analgesic

and preventive medication use for migraine) were not found to statistically signifi-

cantly influence fremanezumab PK. There was no indication of reduced exposure in

participants with positive anti‐drug antibody status or with mild to moderate hepatic

impairment. Absolute bioavailability was estimated at 0.658.

Conclusions: A comprehensive population PK model was developed for

fremanezumab following intravenous and subcutaneous administration in healthy

subjects and patients with chronic migraine or episodic migraine, which will be used

to further evaluate exposure–response relationships for efficacy and safety

endpoints.
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What is already known about this subject

• Fremanezumab plasma concentration–time profiles and

exposure parameters were similar in Japanese and

Caucasian healthy subjects following single dose

subcutaneous administration of 225, 675 and 900 mg.

• The long half‐life of fremanezumab (30 days) supports

monthly or quarterly administration.

What this study adds

• The population pharmacokinetics of fremanezumab after

intravenous and subcutaneous administration was

characterized in over 2500 subjects (including patients

with chronic migraine or episodic migraine) using a 2‐

compartment model with first‐order absorption and

elimination.

• Weight was the only significant covariate predictive of

variability in fremanezumab pharmacokinetics; higher

weight was associated with lower exposure.
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1 | INTRODUCTION

Calcitonin gene‐related protein (CGRP) is a well‐studied neuropeptide

and vasodilator that plays an important role in the pathogenesis of

migraine, both centrally and peripherally.1,2 Increased CGRP levels

have been detected in the external jugular vein during an acute

migraine attack,3 consistent with previous reports that intravenous

(IV) CGRP administration induces migraine‐like headaches in most

individuals with migraine, but not healthy control subjects.4 Small mol-

ecule CGRP receptor antagonists have demonstrated efficacy in acute

migraine5-7 and monoclonal antibodies (mAbs) that target CGRP or its

receptor have demonstrated efficacy as preventive treatment in epi-

sodic migraine (EM) and chronic migraine (CM) studies.8,9

Fremanezumab, a fully humanized IgG2Δa/κ mAb, selectively tar-

gets CGRP and has been approved by the US Food and Drug Admin-

istration for the preventive treatment of migraine in adults.8

Fremanezumab binds to the CGRP ligand and blocks both the α‐ and

β‐CGRP isoforms from binding to the CGRP receptor.8 Introduction

of 2 mutations into the constant region of the fremanezumab heavy

chain limits antibody effector functions, thereby preventing

fremanezumab from stimulating antibody‐dependent cell‐mediated

cytotoxicity and triggering complement‐mediated lysis.10

During the development of fremanezumab, pharmacometric

modelling and simulation were used extensively to support develop-

ment‐related decision‐making and are described in this manuscript. A

population pharmacokinetic (PopPK) model was iteratively developed

using a 3‐staged approach. Initially, it was developed using intensive

data from healthy subjects in 2 phase 1 studies following IV and sub-

cutaneous (SC) administration,11 then adding informative data from

the long‐term safety (LTS) phase 3 study in EM and CM migraine

patients after SC administration.12 Finally, it was further refined by

adding trough samples collected after SC administration from 2 phase

2b13-15 and 3 phase 3 trials (2 pivotal studies and the LTS study.12,16,17

The final PopPK model provided a basis for prediction of subject‐spe-

cific exposure estimates to support future assessment of exposure–

response relationships for efficacy and safety endpoints. This manu-

script represents the first published PopPK analysis for a therapeutic

mAb targeting the CGRP pathway.
2 | METHODS

2.1 | Data

Data from 7 clinical studies evaluating IV and SC administration of

fremanezumab in healthy subjects and patients with EM or CM were

pooled for analysis (Table 1). The 2 phase 1 studies included full‐pro-

file blood sampling for determination of fremanezumab concentrations

over 90 or 225 days, whereas a sparse sampling strategy (monthly

predose trough samples) was implemented in the phase 2b and 3 stud-

ies (2 pivotal studies and 1 LTS study). Two additional nontrough sam-

ples were obtained from patients enrolled in the phase 3 LTS study

who did not roll over from 1 of the 2 double‐blind phase 3 trials.
Fremanezumab was administered subcutaneously, except for 1 phase

1 study that included both IV and SC administration.

All studies were conducted in accordance with the principles of the

Declaration of Helsinki. Clinical protocols were reviewed and

approved for each site by institutional review boards and all study par-

ticipants provided written informed consent prior to enrolment in the

studies.
2.2 | Bioanalysis

A sandwich enzyme‐linked immunosorbent assay procedure was used

for measurement of plasma fremanezumab concentrations. The

method was validated in the concentration range of 250 to

3500 ng/mL as assessed via accuracy and precision using

fremanezumab spiked at different levels in the human plasma samples.

The accuracy of the spiked samples varied between 98 and 104% of

the nominal concentrations. The interassay precision varied from 3

to 7% and the intra‐assay from 3 to 5%. The lower limit of quantitation

(LLOQ) value for the PK assay used in the analysis was 250 ng/mL.
2.3 | Population PK modelling

NONMEM, v7.3, was used for all model development (first‐order con-

ditional estimation with interaction method), simulations and evalua-

tion procedures,18 and KIWI, v3 (or later), was used for model

discrimination and data visualization.19

Figure 1 illustrates the PopPK model development process for

fremanezumab. Exploratory graphical analysis of the concentration–

time data obtained following IV administration of fremanezumab in

the phase 1 bioavailability study exhibited a biphasic profile,



TABLE 1 Description of participants, dosing regimens, and pharmacokinetic sampling plans for studies included in the population pharmacoki-
netic analyses

Study

number/phase
Study title Participants

Duration of
dosing Dosing regimen Pharmacokineticsampling

LBR‐101‐011/
phase 1

A randomized, placebo‐
controlled, double‐blind,
parallel group study

assessing the safety,

tolerability, and

pharmacokinetics of 2

different doses of TEV‐
48125 given IV and SC

36 healthy male and female

subjects (18–60 years)24

(6/cohort) received TEV‐
48125; 12 (6/cohort)

received placebo

Single IV (1‐h
infusion) or

SC dose

Six treatment

groups:225 mg, 1‐h IV

infusion (n = 6)900 mg,

1‐h IV infusion

(n = 6)225 mg, SC

(n = 6)900 mg, SC (n = 6)

placebo, 1‐h IV infusion

(n = 6)placebo SC (n = 6)

Predose (0 h), EOI (1 h), 6,

and 12 h after the start

of infusion/postdose,

and on d 2, 4, 6, 7, 10,

15, 21, 30, 60, and 90

TV48125‐PK‐
10078/

phase 1

A double‐blind, placebo‐
controlled study to assess

the pharmacokinetics,

safety, and tolerability of

single doses SC

administration of TEV‐
48125 (doses up to

900 mg) in Japanese and

Caucasian healthy

subjects

64 healthy subjects

enrolled: 32 Japanese

and 32 Caucasian,

matched based on sex,

age and body mass

index48 received

fremanezumab and 16

received placebo

Single SC dose One cohort (cohort 1) with

the following doses

administered in the

following allocation

ratio:225 mg or placebo

SC 4:2 (n = 6)675 mg or

placebo SC 4:1 (n = 5)

900 mg or placebo SC

4:1 (n = 5)three cohorts

(cohorts 2, 3, and 4) with

the following doses

administered in a 1:1:1:1

allocation ratio (n = 16

per cohort):225 mg

SC675 mg SC900 mg

SCplacebo SC

Predose (0 h) and 4, 8, and

12 h after study drug

administration on d 1

and on d 2 (24 and 36 h

postdose), 3 (48 and

60 h post), 4 (72 and

84 h postdose), 5 (96

and 108 h postdose), 6

(120 postdose), 8 ± 1 d,

12 ± 1 d, 15 ± 1 d,

29 ± 2 d, 43 ± 2 d,

57 ± 2 d, 85 ± 2 d,

113 ± 2 d, 141 ± 2 d,

169 ± 2 d, 197 ± 3 d, and

225 ± 3 d

LBR‐101‐021/
phase 2b

A multicentre, randomized,

double‐blind, double‐
dummy, placebo‐
controlled, parallel group,

multi‐dose study

comparing the efficacy

and safety of SC TEV‐
48125 with placebo for

the preventive treatment

of chronic migraine

~240 male and female

subjects (18–65 years)

with history of frequent

migraines suggestive of

chronic migraine~160

(80/cohort) received

fremanezumab; 80

received placebo

3 SC doses total:

Once monthly

for 3 mo

Three treatment groups

administered 3 doses

every 28 d:675 (loading

dose)/225 mg, SC

(n = 88)900 mg, SC

(n = 88)placebo, SC

(n = 89)

Predose on d 1, 29, 57, and

a sample collected on d

85 (follow‐up)

LBR‐101‐022/
phase 2b

A multicentre, randomized,

double‐blind, placebo‐
controlled, parallel‐group
study comparing the

efficacy and safety of 2

doses of SC TEV‐48125
with placebo for the

preventive treatment of

high frequency episodic

migraine

~300 male and female

subjects (18–65 years)

fulfilling the criteria for

episodic migraine~200

(100/cohort) received

fremanezumab; 100

received placebo

3 SC doses total:

Once monthly

for 3 mo

Three treatment groups

administered 3 doses

every 28 d:225 mg, SC

(n = 96)675 mg, SC

(n = 97)placebo, SC

(n = 104)

Predose on d 1, 29, 57, and

a sample collected on d

85 (follow‐up)

TV48125‐
CNS‐
30049/

phase 3

A multicentre, randomized,

double‐blind, placebo‐
controlled, parallel‐group
study comparing the

efficacy and safety of 2

dose regimens of SC

administration of TEV‐
48125 vs placebo for the

preventive treatment of

chronic migraine

~1020 male and female

subjects (18–70 years)

fulfilling the criteria for

chronic migraine~680

(340/cohort) received

fremanezumab; 340

received placebo

3 SC doses total:

Once monthly

for 3 mo

Three treatment groups

administered 3 doses

every 28 d:675 mg, SC

loading dose; 225 mg, SC

next 2 doses (n = 379)

675 mg, SC (n = 376)

placebo, SC (n = 375)

Predose on d 1, 29, 57, and

a sample collected on d

85 (follow‐up)

(Continues)
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ABLE 1 (Continued)

Study
number/phase

Study title Participants

Duration of

dosing Dosing regimen Pharmacokineticsampling

TV48125‐
CNS‐
30050/

phase 3

A multicentre, randomized,

double‐blind, placebo‐
controlled, parallel‐group
study comparing the

efficacy and safety of 2

dose regimens of SC

administration of TEV‐
48125 vs placebo for the

preventive treatment of

episodic migraine

~768 male and female

subjects (18–70 years)

fulfilling the criteria for

episodic migraine~512

(256/cohort) received

fremanezumab; 256

received placebo

3 SC doses total:

Once monthly

for 3 mo

Three treatment groups

administered 3 doses

every 28 d:225 mg, SC

(n = 290)675 mg, SC first

dose; placebo, SC next 2

doses (n = 291)placebo,

SC (n = 294)

Predose on d 1, 29, 57, and

a sample collected on d

85 (follow‐up)

TV48125‐
CNS‐
30051/

phase 3

A multicentre, randomized,

double‐blind, parallel‐
group study evaluating

the long‐term safety,

tolerability, and efficacy

of SC administration of

TEV‐48125 for the

preventive treatment of

migraine

~1842 male and female

subjects (18–70 years)

~867 subjects fulfilling

the criteria for chronic

migraine and ~675

subjects fulfilling the

criteria for episodic

migraine from pivotal

efficacy study (studies

TV48125‐CNS‐30049
and TV48125‐CNS‐
30050)~300 new

subjects fulfilling the

criteria for chronic or

episodic migraines

12 or 4 SC doses

total: Once

monthly for

12 mo or

once every

3 mo for

12 mo,

respectively

One cohort (cohort 1) for

subjects with chronic

migraine

(n = 1017):675 mg SC

(loading dose) and

225 mg SC once monthly

for 11 mo (total 12

doses)675 mg SC once

every 3 mo for 12 mo

(total 4 doses)

For subjects rolling over

from a previous pivotal

study (TV48125‐CNS‐
30049 and TV48125‐
CNS‐30050):Predose on

d 85, 169, 253, and 337

and a sample collected

on d 534 (follow‐up)

One cohort (cohort 2) for

subjects with episodic

migraine

(n = 825):225 mg dose

SC every 28 d for 12 mo

(total 12 doses)675 mg

SC once every 3 mo for

12 mo (total 4 doses)

For subjects not rolling

over from the previous

pivotal study:Predose on

d 1, 85, 169, 253, and

337 and a sample

collected on d 534

(follow‐up);two

additional visits after any

dose of study drug: 3 to

10 d or 15 to 20 d after

study drug

administration

OI, end of infusion; IV, intravenous; SC, subcutaneous; TEV 48125, fremanezumab.
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suggesting a 2‐compartmental model; however, models based on data

following SC administration indicated a 1‐compartmental model.

Hence, the modelling was initiated using only the IV data fitted to a

2‐compartment model. Then, a systematic, stepwise approach to

model building was implemented given the heterogeneous nature of

the pooled dataset after SC administration. Data collected after SC

administration were added to the analysis dataset in stages from most

to least informative: (i) intensive SC data from the study including both

IV and SC administration (used to estimate bioavailability); (ii) data

from the other phase 1 study with SC administration to establish a

model based on all intensive phase 1 data; (iii) data from the phase 3

study with additional nontrough sampling; and (iv) trough samples

from the phase 2b and 3 studies.

Between‐subject variability (BSV) in parameters was modelled

using an exponential form. Residual variability (RV) was modelled
using a proportional or additive plus proportional form, as

appropriate.20

2.3.1 | Covariate analysis

The influence of various intrinsic and extrinsic factors on the PK of

fremanezumab was evaluated, including weight, age, race, sex, patient

status, albumin, anti‐drug antibody (ADA) status, injection site, renal

function category, hepatic function category, and use of preventive,

acute or analgesic medications. Continuous covariates were centred

about the population median value to improve the precision of the

parameter estimates.20

Forward selection followed by backward elimination (α = 0.01 with

decrease in BSV by ≥5% and α = 0.001, respectively; 1 df for χ2‐dis-

tribution) methods were used to assess covariate relationships. After



FIGURE 1 Flowchart of the fremanezumab population pharmacokinetic model development process
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backward elimination, the reduced multivariable model was then eval-

uated for any remaining biases in the BSV and RV error models and

refined, as necessary.

2.3.2 | Model evaluation

The adequacy of the final model was evaluated using a simulation‐

based, prediction‐corrected visual predictive check (VPC) method.21,22

Simulations were performed (n = 1000 replicates) using the final

model and statistics of interest were calculated for comparison with

observed data; e.g., the 5th, 50th (median) and 95th percentiles of

the simulated and observed concentration distributions. These per-

centiles were plotted vs time, with the original observed dataset and

percentiles based on the observed data overlaid to visually assess con-

cordance between the model‐based simulated data and the observed

data.

2.4 | Simulations

Model‐based simulations were performed to evaluate exposures for

the 2474 patients enrolled in the phase 2b or 3 trials, based on SC

dosing regimens of fremanezumab administered in the phase 3 clinical

trials: 225 mg SC monthly for 12 doses (with and without a starting

dose of 675 mg) and 675 mg SC quarterly for 4 doses. Patient‐level

measures of steady‐state fremanezumab exposure, including maxi-

mum drug concentration (Cmax,ss), average drug concentration (Cav,ss),

and area under the fremanezumab drug concentration vs time curve

(AUCss), were calculated based on the individual Bayesian estimates
of model parameters from day 0 to day 28 or day 84 (for monthly or

quarterly dosing regimens, respectively).
3 | RESULTS

3.1 | Exploratory data analysis

A total of 13 745 fremanezumab concentrations (2436 samples from

phase 1 and 2b trials and 11 309 samples from phase 3 trials) collected

from 2546 individuals (74 healthy subjects and 2474 patients) were

used for the PopPK modelling. Concentrations below the LLOQ com-

prised 1.9% of all postdose samples and were excluded from the anal-

ysis dataset used for modelling.

The analysis population for the pooled data was primarily Cauca-

sian (79.9%) and female (86.1%) with a median (range) age of 43

(18–71) years and median (range) body weight of 70.8 (43.5–131.8)

kg. Approximately 20% of the PK samples were collected in the pres-

ence of preventive medications, 55% in the presence of acute medica-

tions and 9% in the presence of analgesics. The presence of ADAs was

confirmed in only 0.7% of the samples collected. Supporting Table S1

provides a summary of the intrinsic and extrinsic factors by study

phase.

Figure 2 displays a semilogarithmic scatterplot of dose‐normalized

plasma fremanezumab concentrations vs time since the previous dose

for the pooled phase 1/2b/3 data. The dose‐normalized concentration

data generally show similar exposures between the phase 1, 2b and 3



IGURE 2 Dose‐normalized plasma fremanezumab concentrations
s time since previous dose. Conc, concentration; norm, normalized

IGURE 3 Schematic diagram of fremanezumab population
harmacokinetic model structure. CL, clearance; F, relative
ioavailability; ka, first‐order absorption rate constant; Q,
tercompartmental clearance; T, time; tlag, absorption lag time; Vc,
entral volume of distribution; Vp, peripheral volume of distribution

TABLE 2 Parameter estimates and standard errors for the
fremanezumab final population pharmacokinetic model

Parameter

Final parameter

estimate

Between‐subject
variability

Typical

value %RSE Magnitude %RSE

CL: Central clearance (L/d) 0.0902 1.50 23.4%CVa,b 4.60

CL: Allometric exponent for

weight (−)c
1.05 4.33

Vc,iv: Central volume of

distribution IV (L)d
2.98 FIXED NE NA

Vc,SC: Central volume of

distribution SC (L)e
1.88 3.38 35.1%CVa,b,f 19.9

Vc: Allometric exponent for

weight (−)d,e
1.53 10.3

ka: Absorption rate constant

(/d)

0.180 12.2 59.0%CVa,b,f 15.8

Q: Intercompartmental

clearance (L/d)

0.262 FIXED NE NA

Vp: Peripheral volume of

distribution (L)

1.72 FIXED NE NA

F1: Bioavailability 0.658 FIXED NE NA

ALAG1: Lag time (d) 0.0803 FIXED NE NA

Residual variability iv 0.0467 32.6 NA NA

Residual variability SC

proportional componentg
0.0531 4.03

Residual variability SC

additive componentg
0.204 25.6

Minimum value of the objective function = 73303.561

%CV, coefficient of variation expressed as a percent; IV, intravenous; NA,

not applicable; NE, not estimated; %RSE, relative standard error expressed

as a percent; SC, subcutaneous.
a%CVx ¼

ffiffiffiffiffiffi
ω2

x

p
× 100.

bBayesian shrinkage of η estimates was 10.6% for clearance, 37.1% for V ,
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p
b
in
c

c

and 42.7% for ka.
cTypical Value for CL = 0.0902 × (Weight/71)1.05

dTypical Value for Vc,iv = 2.98 × (Weight/71)1.53

eTypical Value for Vc,sc = 1.88 × (Weight/71)1.53

fPhase 1 data (subcutaneous [SC]) and the patients with additional pharma-

cokinetic samples in Study TV48125‐CNS‐30051 were considered to have

appropriate and informative data to contribute to the estimation of

between‐subject variability (BSV) in the central volume of distribution

(Vc) and absorption rate constant (ka). Thus, data from other patients were

excluded from the estimation of BSV and calculation of shrinkage in the

BSV of Vc and ka.
gEpsilon shrinkage ranged from 3.1 to 9.0%.
data, with relatively greater variability evident in the sparse phase 2b/

3 data.

3.2 | Final fremanezumab population PK model

A 2‐compartment model with first‐order absorption and a lag time,

first‐order elimination, an effect of weight on CL and central volume

of distribution (Vc), a proportional RV model for the IV data and a com-

bined additive and proportional RV model for the SC data (Figure 3)

adequately fit the pooled phase 1/2b/3 data. The model included sep-

arate estimates of central volume for IV (Vc,IV) and SC (Vc,SC) adminis-

tration. Parameters for the peripheral compartment

(intercompartmental clearance [Q] and peripheral volume of distribu-

tion [Vp]) were estimated from the IV phase 1 data and fixed in subse-

quent stages. In addition, absolute bioavailability (F) and lag time were

estimated based on both IV and SC phase 1 data and subsequently

fixed for models including the entire pooled phase 1/2b/3 dataset.

Table 2 provides the final parameter estimates and corresponding pre-

cisions for the final PopPK model of fremanezumab. The typical values
(for a 71‐kg subject, the median weight in this population) for central

CL and Vc,SC were 0.0902 L/d and 1.88 L, respectively, with an esti-

mated F of 0.658 for SC administration. Based on the allometric rela-

tionships with weight, relative to a 71‐kg subject (the median weight

in the population), a 51‐kg subject and a 101‐kg subject (i.e. 5th and

95th percentiles of body weight in the analysis dataset) are expected
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to have approximately 29% lower and 45% higher CL and 40% lower

and 71% higher Vc, respectively.

All parameters were estimated well, with no high correlations

(|r| > 0.9) between parameter estimates. The magnitude of estimated

BSV was lower for CL (23.4%) and Vc (35.1%), compared to first‐order

absorption rate constant (ka; 59.0%). To improve model stability, sub-

jects with IV infusion administration or trough‐only sampling were not

included in the estimation of BSV on ka or Vc; this was accomplished
FIGURE 4 Goodness‐of‐fit diagnostic plots for the fremanezumab final po
population predicted and individual predicted values; residuals and conditi
weighted residuals vs time; normalized prediction distribution errors (NPD
individual predicted values. The red line is a reference line or the line of id
by fixing the individual values of ka or Vc for these subjects equal to

the typical value. Estimated RV ranged from 93.3%CV at low individ-

ual predicted concentrations (values near the LLOQ) to 23.1% for

fremanezumab predicted concentrations >10 μg/mL. Goodness‐of‐fit

plots for the final PopPK model (Figure 4) indicate that the model pro-

vided a reasonable fit to the data following both IV and SC administra-

tion. Scatterplots of individual estimates of random effect terms of 1

parameter vs another, assessing the assumption of zero covariance,
pulation pharmacokinetic model, including observed concentrations vs
onal weighted residuals vs population predicted values; conditional
E) values vs time since dosing; and individual weighted residuals vs
entity, the blue line is a smoothing spline. Conc, concentration
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showed no apparent trends (data not shown). As such, no off‐diagonal

omega matrix elements were estimated.

The effect of intrinsic and extrinsic factors (including dose) on

specified PK parameters was evaluated. The inclusion of weight as a

covariate was statistically significant and reduced the BSV in CL and

Vc by 22 and 16%, respectively. No other covariate effects were found

to be statistically significant predictors of fremanezumab PopPK.

Since data regarding injection site were not available from all sub-

jects in the full dataset, the covariate effect of injection site on

fremanezumab absorption was explored in a subpopulation analysis

wherein only data deemed potentially informative to this covariate

of interest were included. Patients from the LTS phase 3 study who

had additional samples collected during days 3–10 or 15–20 were

included in the analysis. Subjects were considered evaluable only if

at each visit all injections for a given dose were within the same ana-

tomic location (abdomen, thigh or upper arm), and the subsequent cor-

responding PK sample(s) was collected at an informative time (with

respect to ka). Injection site was evaluated as a time‐varying covariate

on ka, and all parameters (except ka) were fixed to the final model

parameter estimates. Based on the prespecified criteria for covariate

analysis (i.e. P < .01 and reduction in BSV in the parameter of interest

of at least 5%), injection site was not considered a significant covariate

on ka in this subpopulation analysis.
FIGURE 5 Prediction‐corrected visual predictive check for the fremanez
data in healthy subjects. CI, confidence interval; IV, intravenous; Pred Cor
3.3 | Evaluation of the model

Prediction‐corrected VPC was performed using the final PopPK model

to ensure adequate model performance and assess the predictive

capabilities of the model. The median and 90% prediction interval,

derived from the simulated datasets, overlaid on the observed

fremanezumab concentration data and corresponding percentiles for

the intensive phase 1 IV and SC data and the sparse phase 2b/3 SC

data are provided in Figure 5 and Figure 6, respectively. For the phase

1 data, a small degree of overprediction is apparent around the peak

with some underprediction during the post‐absorptive phase of the

profile. At almost all sampling time points for the phase 2b/3 data,

the percentiles based on the observed data fall within the confidence

interval around the corresponding simulation‐based percentile, indi-

cating excellent predictive performance of the model for the data fol-

lowing SC administration in migraine patients.
3.4 | Simulations

Figure 7 illustrates the median (90% prediction interval) simulated

fremanezumab concentration–time profiles for the SC dose regimens

used in the phase 3 clinical trials over 12 months.
umab final population pharmacokinetic model: Phase 1 serial sampling
r, prediction‐corrected; SC, subcutaneous



FIGURE 6 Prediction‐corrected visual predictive check for the fremanezumab final population pharmacokinetic model: Phase 2b and phase 3
data in migraine patients. CI, confidence interval; Pred, prediction
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Boxplots of exposure measures vs select patient covariates were

examined to determine if these covariates exhibited a clinically rele-

vant impact on fremanezumab steady‐state exposure. Figure 8 pro-

vides representative boxplots of exposures (particularly, Cav,ss(0–28d)

and Cav,ss(0–84d)) vs quartiles of body weight following administration

of 225 mg SC once monthly and 675 mg SC once quarterly. Across

the range of body weight (the only covariate found to be significant

in the model), a decrease in fremanezumab exposure was evident

across the quartiles of increasing body weight. The findings were con-

sistent across additional exposure measures, including Cmax,ss(0–28d),

Cmax,ss(0–84d), AUCss(0–28d), and AUCss(0–84d).

Supporting Figure S1 and Figure S2 provide boxplots of

fremanezumab Cav,ss following administration of 225 mg SC once

monthly vs intrinsic and extrinsic factors evaluated as potential predic-

tors of variability in PK. Figure S1 presents fremanezumab exposure vs

sex, acute medication usage (ergotamine/triptan), and renal function

category. For these factors, trends are evident for marginally higher

exposures in females, patients receiving acute medications and

patients with impaired renal function (as compared to males, patients

not receiving acute medications and patients with normal renal func-

tion, respectively). However, despite these trends, none of these fac-

tors were found to be statistically significant covariates in the PopPK
analysis, and overlap in the range of exposures is observed across

groups. Similar results were observed for 675 mg quarterly doses (data

not shown).

Supporting Figure S2 presents boxplots of fremanezumab Cav,ss

following administration of 225 mg SC once monthly vs age quartile,

race, liver function category, analgesic medication usage, preventive

medication usage, ADA status and patient status. The results demon-

strate that exposures are consistent across the sub‐groups

representing each of these factors and are consistent with the PopPK

analysis findings as there was no statistically significant effect of these

factors on fremanezumab PK. Similar results were observed for

675 mg quarterly doses (data not shown).

The calculated model‐based median terminal half‐life was approxi-

mately 30 days (independent of dose or dose regimen). Based on pre-

dicted exposure levels in the phase 3 studies, fremanezumab

concentrations approach steady state by 3 months of treatment and

steady state is expected to be achieved by approximately 168 days

(6 months) for the 225 mg monthly and 675 mg quarterly regimens

(Figure 7). As shown inTable 3, comparison of the exposures following

the final (12th) dose of the 225 mg monthly regimen to exposures fol-

lowing a single dose resulted in a median accumulation ratio of 2.43

and 2.38 for the area under the fremanezumab plasma concentration



FIGURE 7 Simulated fremanezumab concentration–time profiles for the subcutaneous dose regimens used in the phase 3 clinical trials
administered over 12 months. Conc, concentration

IGURE 8 Boxplots of model‐predicted Cav,ss(0–28d) and Cav,ss(0–84d) by quartiles of body weight in patients: 225 mg subcutaneous once monthly
or 12 doses (left) and 675 mg subcutaneous once quarterly for 4 doses (right). Cav,ss(0–28d), average fremanezumab plasma concentration from 0 to
8 days at steady state; Cav,ss(0–84d), average fremanezumab plasma concentration from 0 to 84 days at steady state

2730 FIEDLER‐KELLY ET AL.
F
f
2

vs time curve from 0 to 28 days (AUC0–28d) and Cmax, respectively; for

the 675 mg once‐quarterly dosing regimen, the exposures after dose 4

(final dose) compared to dose 1 resulted in a median accumulation

ratio of 1.21 and 1.22 for area under the fremanezumab plasma con-

centration vs time curve from 0 to 84 days (AUC0–84d) and Cmax,

respectively.
4 | DISCUSSION

This manuscript describes the iterative PopPK model development for

fremanezumab using a large pooled population of healthy subjects

(n = 72) enrolled in 2 phase 1 studies and patients with EM or CM

(n = 2474) enrolled in 2 phase 2b studies and 3 phase 3 studies. A



TABLE 3 Summary of accumulation ratios: 225 mg subcutaneous
once monthly and 675 mg subcutaneous once quarterly

Dosing regimen Percentile ARAUC
a ARCmax

b

225 mg SC once monthly 5th 2.58 2.57

50th 2.43 2.38

95th 2.55 2.23

675 mg SC once quarterly 5th 1.18 1.30

50th 1.21 1.22

95th 1.27 1.14

AR, accumulation ratio; AUC, area under the concentration–time curve;

Cmax, maximum drug concentration.
aAUC(0–28d, 225 mg 12th dose)/AUC(0–28d, 225 mg 1st dose) or AUC(0–84d, 675 mg

4th dose)/AUC(0–84, 675 mg 1st dose).
bCmax(225 mg 12th dose)/Cmax(225 mg 1st dose) or Cmax(675 mg 4th dose)/Cmax(675 mg

1st dose).
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2‐compartment model with first‐order absorption and elimination and

allometric weight scaling of CL and Vc (with estimated exponents) rea-

sonably fit the phase 1/2b/3 data.

Despite the large pooled phase 1/2b/3 dataset, this modelling

effort was somewhat limited by the designs of the studies included.

Within the phase 1 healthy subject studies, no multiple‐dosing data

were available, limiting knowledge of accumulation to steady‐state

conditions and within‐subject variability in the healthy subject popula-

tion. Furthermore, the phase 2b and pivotal 3 trials, which comprised

the majority of the dataset, included exclusively sparse PK data collec-

tion, consisting entirely of trough, predose samples. However, addi-

tional information was obtained regarding absorption, peak

concentration and the first elimination phase from 2 additional sam-

ples collected from a subset of patients in the LTS study at specified

times following dosing.

The final model structure illustrates how the iterative approach

maximized the use of informative data during model development to

address the apparent discrepancy in compartmental structure for IV

vs SC dosing. Exploratory plots demonstrated that the concentra-

tion–time profile following SC administration reflects a monophasic

decrease after absorption, while the profile following IV administration

reflects a biphasic process. In fact, when data following IV administra-

tion were not included in the dataset, the 2‐compartment model fit

could not be supported.23 By fixing the parameters defining the

peripheral compartment, both the IV and SC data were fit adequately

and a precise estimate of bioavailability was obtained. Given that the

apparent differences in fremanezumab elimination between IV and

SC administration are probably due to the fact that the relatively slow

absorption phase following SC administration masks the initial elimina-

tion phase observed following IV administration, rather than patient‐

related differences, if IV data were available from patients with

migraine (EM or CM), it would be expected that the estimates of Q

and Vp would be similar to those observed in healthy volunteers. Fur-

thermore, the effect of patient status, defined as healthy subjects vs

patients with migraine, was evaluated as a covariate and found not

to be a statistically significant predictor of variability in fremanezumab
PK (see also Supporting Figure S2 illustrating the similarity in exposure

between healthy subjects and patients).

In general, fixed and random effect parameters were estimated

with good precision, and goodness‐of‐fit plots, as well as VPC diag-

nostics, indicated a good fit of the model to the data. The model char-

acterized the overall PK data well and accurately captured the central

tendency and shape of the multiple‐dose profile. After adjusting PK

parameters for inclusion of IV data in the model (using the estimated

F of 0.658), apparent clearance (CL/F) and total apparent volume

(Vc/F + Vp/F) for a typical subject (weighing 71 kg) were 0.137 L/d

and 5.47 L, respectively. These values are similar to those reported

previously11 (mean CL/F values from 0.111 to 0.129 L/d and mean

apparent volume of distribution during the terminal phase from

5.711 to 6.430 L) and are generally consistent with previously

reported values for IgG antibodies.24,25 Dose proportionality assess-

ment was performed and suggested no changes in PK parameters with

respect to dose.

As generally observed with mAbs, weight was a significant predic-

tor of variability in PK for both CL and Vc; higher weight was associ-

ated with increased CL and Vc. The effects of other covariates

evaluated (race, sex, albumin, age, renal function category, injection

site, and acute, analgesic and preventive medications) were not found

to statistically significantly influence the PK of fremanezumab. The

lack of race as a significant covariate is consistent with a previous

noncompartmental PK analysis comparing the single‐dose PK of

fremanezumab in Japanese and matched Caucasian healthy subjects.11

Geometric mean ratios (i.e. Japanese/Caucasian ratios) for AUC and

Cmax were within the default 0.80–1.25 no‐effect range across all

doses, with similar median time of Cmax (range of 5–11 days) and mean

half‐lives (range of 31–39 days) for both ethnicities. ADA status and

liver function were evaluated on an exploratory basis due to limited

sample size within the respective categories and the results showed

no indication of these covariates having an impact on fremanezumab

exposure.

Exploratory graphical evaluation and additional covariate analysis

on a subset of the population was performed to evaluate the effect

of injection site on ka and found no significant effect of injection site

on variability in the rate of absorption. Due to the limited data avail-

able in the studies deemed to be informative to the estimation of F,

the effect of injection site on F could not be formally evaluated.

Although it is reported that injection site can have an impact on both

the rate and the extent of absorption for mAbs, the effect of injection

site on the extent of absorption is considered less likely.26,27 Further-

more, since the lymphatic pathway may represent the primary mecha-

nism for absorption of IgG‐type mAbs, it is possible that the inherent

slow absorption makes the regional variation of lymph flow associated

with different injection sites negligible in terms of an effect on F such

that the extent of absorption does not differ significantly between

dosing sites.28

Based on the model, fremanezumab exhibits linear, dose‐propor-

tional kinetics with a calculated median terminal half‐life of approxi-

mately 30 days with fremanezumab concentrations approaching

steady state by 3 months of treatment and steady‐state conditions
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are expected to be achieved by approximately 168 days (6 months) for

the 225 mg SC monthly and 675 mg SC quarterly dosing regimens.

This estimated half‐life is consistent with the typical range of half‐life

values reported for other therapeutic mAbs.29,30 In particular, for the

mAbs that target the CGRP pathway, the reported half‐life is 28 days

for erenumab and 27 days for galcanezumab.31,32 Approximately 2‐

fold accumulation based on AUC0–28 and Cmax is anticipated for the

225 mg SC once‐monthly dosing regimen, whereas, minimal accumula-

tion is anticipated for the 675 mg SC once‐quarterly fremanezumab

dosing regimen.

In conclusion, the PopPK model for fremanezumab well described

the PK data observed in a large population of healthy subjects and

patients with CM or EM following IV and SC administration of a wide

range of doses and dosing intervals. As expected, this analysis con-

firmed the influence of weight on the PK parameters of

fremanezumab, whereby higher body weight is associated with lower

exposure. The prolonged absorption and long elimination half‐lives

for fremanezumab supports the use of monthly or quarterly dosing

regimens and the lack of significant influence of other intrinsic or

extrinsic factors on fremanezumab exposure suggests no need for

dose modification in special populations. Furthermore, the predictive

performance of the model indicates its appropriateness in predicting

subject‐specific estimates of exposure for use in the evaluation of

relationships between exposure and safety and efficacy response.
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