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Use Population PK modelling to explore

• HOW to identify which products are bioequivalent after multiple-

dosing?

• WHETHER we need multiple-dosing?

• HOW risk can be reduced in BE testing through modelling?

… deliberately radical to drive new thinking 



Paliperidone 
Palmitate \
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• Well established
Population PK model
in the literature

• E.g. Samtani et al
(2009)
https://doi.org/10.2165/1
1316870-000000000-
00000

https://doi.org/10.2165/11316870-000000000-00000


What is a population PK model? \

A model integrated pathway to explore 
bioequivalence of LAI products \ 6



Mathematical 
model \

• One compartment model
with linear absorption and
linear elimination

• 5 parameters:
• Volume V
• Clearance Cl
• Absorption rate ka
• Dose fraction F2

• Duration D / Time lag
Tlag
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Mathematical 
model \

• One compartment model
with linear absorption and
linear elimination

• 5 parameters:
• Volume V
• Clearance Cl
• Absorption rate ka
• Dose fraction F2

• Duration D / Time lag
Tlag

• Including between
subject variability
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Depot

Central Compartment

Absorption rate 
constant ka

Volume V

Elimination

Input Duration D2

Time Lag Tlag

First order input

Dose fraction (1-F2)

Zero order input

Dose fraction F2

Clearance Cl

• Sex
• Injection site
• Age

Absorption 
rate

• Creatine
clearance

Clearance

• Sex
• BMI

Volume

• Sex
• Injection site
• Needle

length
• Injection

Volume

Dose 
Fraction



Simulating PK 
profiles \

• Reference product
given to 25 virtual
individuals based on
the USA population

• Each individual has a
unique age, BMI,
height and ethnicity,
giving them a unique
set of PK parameters
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1) How to identify bioequivalent LAI products after

multiple dosing ? \
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Multiple-dosing bioequivalence \
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Simulate PK profiles of 
different products with 

multiple-dosing

Compare performance 
using appropriate metrics

Determine which products 
are bioequivalent



Mathematical 
model \

• Can easily change values
of any of the parameters
(shown in green)
• Volume V
• Clearance Cl
• Absorption rate ka
• Dose fraction F2

• Duration D / Time lag
Tlag (one variable)

• Both zero-order input and
first order input are
controlled by one
parameter F2
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Simple cross-over 
study \

• Same individuals given
both reference and
test 1 products

• Test 1 has 80% Ka
value of reference

A model integrated pathway to explore 
bioequivalence of LAI products \ 17



Simple cross-over 
study \

• Same individuals given
both reference and
test 2 products

• Test 2 has 150% F2
value of reference
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Comparing 
products \

• Standard metrics of
Cmax, Cmin and AUC
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Comparing 
products \

• Standard metrics of
Cmax, Cmin and AUC

• Also add partial AUC’s

A model integrated pathway to explore 
bioequivalence of LAI products \ 20



Comparing 
products \

• Bioequivalence ratio of
test/reference
between (0.8, 1.25)

• Point ratios have been
used for simplicity (i.e.
no CI, but analysis can
be extended)

• Test 1 is bioequivalent

• Test 2 is not
bioequivalent
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Test 1: Ka is 80% of reference Test 2: F2 is 150% of reference



Mathematical 
model \

• Can easily change
values of any of the
parameters (shown in
green)
• Volume V
• Clearance Cl
• Absorption rate ka
• Dose fraction F2

• Duration D / Time
lag Tlag (one
variable)

• Both zero-order input
and first order input
are controlled by one
parameter F2
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Depot

Central Compartment

Absorption rate 
constant ka

Volume V

Elimination

Input Duration D2

Time Lag Tlag

First order input

Dose fraction (1-F2)

Zero order input

Dose fraction F2

Clearance Cl

Assume Volume (V) and 
Clearance (Cl) are 
properties of the drug 
(blue)

All other parameters are 
properties of the 
formulation (green)

Test different products 
with different F2, Tlag, ka 
values



Simple cross-over 
study \

• Same individuals given
all products
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Comparing 
products \
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• 9261 different product
combinations (each
shown by a grey dot)

• 25 individuals, who
have 3 clinical studies
of each product

• Over ½ million
simulations
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Comparing 
products \
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• Compare
bioequivalent and
non-equivalent
profiles
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• Compare
bioequivalent and
non-equivalent
profiles

TEST 2

TEST 1 REF
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• Compare
bioequivalent and
non-equivalent
profiles



1) Multiple-dose bioequivalence: What have we learnt? \
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Population PK modelling has allowed us to

• Simulate PK profiles for different products

• Examine how the choice of BE metrics affects which products are

considered bioequivalent

• Discover a range of products (formulation parameter space) which

are bioequivalent after multiple-doses



2) Do we need multiple doses? \
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Single-dose bioequivalence \
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Simulate PK profile of 
different products with 

single dosing

Compare performance 
using appropriate metrics

Determine what criteria 
recovers multiple-dose 
bioequivalent products



Comparing 
products \
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• 1681 different product
combinations

• 25 individuals, each
receiving 3 schedules
of single-dose
administration of each
product



Comparing 
products \
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• What is the necessary
bioequivalent ratio?

1.25

0.8



Comparing 
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• What is the necessary
bioequivalent ratio?

• For illustration, ∆ is
symmetric 1.2 (∆=0.2) 

0.8 (∆=0.2) 



Comparing 
products \
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• What is the necessary
bioequivalent ratio?

• For illustration, ∆ is
symmetric

1.1 (∆=0.1) 

0.9 (∆=0.1) 



Comparing 
products \
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• What is the necessary
bioequivalent ratio?

• For illustration, ∆ is
symmetric
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• 1681 different product
combinations

• 25 individuals, who
have 3 clinical studies
of each product
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• 1681 different product
combinations

• 25 individuals, who
have 3 clinical studies
of each product

• ∆=0.2

• Single dose studies are
more sensitive than
multiple dose studies

Multiple-dose BE

Single-dose BE
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2) Single dose bioequivalence: What have we learnt? \
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Population PK modelling has allowed us to

• Determine a criteria on single dose studies that gives products

which are multiple-dose bioequivalent



3) How does this modelling integrate into product

development and testing? \
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Modelling & LAI product development \
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Guide product 
development

Integrate with 
bioequivalence assessment



Guide product development \
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Modelling & LAI product development \
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Guide product 
development

Integrate with 
bioequivalence assessment



BE Study \
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Obtain PK profiles 
from N individuals 
for the Reference 

product
Calculate metrics

Compare metric 
ratios

YES

NO

Bioequivalent

Reformulate 
or stop

Obtain PK profiles 
from N individuals 

for the Test 
product



Comparing 
products \
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• PK data from a virtual
population of 50
individuals (based on
USA census)

• Virtual crossover study,
with each individual
receiving a single dose
of Reference & Test 1
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• PK data from a virtual
population of 50
individuals (based on
USA census)

• Virtual crossover study,
with each individual
receiving a single dose
of Reference & Test 1

Individual 5

Individual 22
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• PK data from a virtual
population of 50
individuals (based on
USA census)

• Virtual crossover study,
with each individual
receiving a single dose
of Reference & Test 1

• Calculate PK metrics

Cmax

Cmin

AUC

AUC 
0-3 days
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• PK data from a virtual
population of 50
individuals (based on
USA census)

• Virtual crossover study,
with each individual
receiving a single dose
of Reference & Test 1

• Calculate PK metrics

• Need for each individual to take
2 products (Cross-over study)

• High inter-individual and inter-
occasion variability



BE Study \
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Obtain PK profiles 
from N individuals 
for the Reference 

product
Calculate metrics

Compare metric 
ratios

YES

NO

Bioequivalent

Reformulate 
OR full BE 

study

Obtain PK profiles 
from N individuals 

for the Test 
product



Model integrated BE Study \
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Obtain PK profiles 
from N individuals 

for the Test 
product

Fit population PK 
model

Is product ‘model’ 
bioequivalent?

YES

NO

Bioequivalent

Reformulate 
OR full BE 

study



Model-integrated 
comparison \

A model integrated pathway to explore 
bioequivalence of LAI products \ 62

• PK data from a virtual
population of 50
individuals (based on
USA census)

• Virtual crossover study,
with each individual
receiving a single dose
of Test 2

Individual 5 Individual 22
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• PK data from a virtual
population of 50
individuals (based on
USA census)

• Virtual crossover study,
with each individual
receiving a single dose
of Test 1

• Population PK model
fitted to the data

Model parameters
Ka = 4.5E-4 (1/hr) (79%)
F2 = 0.179 (107%)

Individual 5 Individual 22
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• PK data from a virtual
population of 50
individuals (based on
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• Virtual crossover study,
with each individual
receiving a single dose
of Test 1

• Population PK model
fitted to the data Known 

parameters for 
formulation

Parameters 
determined 
from PopPK 
model fit

Model parameters
Ka = 4.5E-4 (1/hr) (79%)
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• PK data from a virtual
population of 50
individuals (based on
USA census)

• Virtual crossover study,
with each individual
receiving a single dose
of Test 1

• Population PK model
fitted to the data Known 

parameters for 
formulation

Parameters 
determined 
from PopPK 
model fit

Model parameters
Ka = 4.5E-4 (1/hr) (79%)
F2 = 0.179 (107%)

Fit confidence 
interval
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• PK data from a virtual
population of 50
individuals (based on
USA census)

• Virtual crossover study,
with each individual
receiving a single dose
of all products

• Population PK model
fitted to the data Known 

parameters for 
formulation

Parameters 
determined 
from PopPK 
model fit
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• PK data from a virtual
population of 50
individuals (based on
USA census)

• Virtual crossover study,
with each individual
receiving a single dose
of Test 3

• Formulation
parameters of Test 3
are unknown

• Population PK model
fitted to the data
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• PK data from a virtual
population of 50
individuals (based on
USA census)

• Virtual crossover study,
with each individual
receiving a single dose
of all products

• Population PK model
fitted to the data



Model-integrated 
comparison \
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• Removes need to trial both reference
and test products, making clinical trials
more streamlined

• Models allow both inter-individual and
inter-occasion variability to be
accounted for



The power of models \
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Conclusion \
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• Determine a range of products which are bioequivalent after

multiple dosing

• Determine what criteria can be used to recover bioequivalent

products after only a single dose

• Create an integrated process with a PK study to prove BE with lower

inherent risk
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