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Standard bioequivalence (BE) studies
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• 2x2 crossover designs
• Non-compartmental analysis 

(NCA) based summary PK 
metrics (e.g., AUC, Cmax) 

• BE determined by comparing 
the 90% confidence interval of 
the geometric mean ratio of 
NCA metrics compared to  
predetermined limits.
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Problems with NCA calculations
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• Sparse data problems

• Assume equal weight for all 
observations 

• Sensitivity to missing data

• Sensitivity to data below the 
limit of quantification

• Interpolation problems from 
the last observation to ∞

• Hard to separate variability 
sources (BSV/IOV/RUV)

• Ad hoc design of sampling 
times



NCA analysis can give biased estimates
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Model based assesment

NCA analysis



Problems for standard BE studies

• Drugs with long half-life (e.g. LAI)
⎼ Long-term BE trial
⎼ Crossover steady-state studies may be needed in patients

• Sparse data

• Highly variable drugs (HVD)
⎼ BE design needs 3- or 4-way crossover study
⎼ Estimation of between occasion variability can be biased/imprecise

• Steady-state BE studies
⎼ Methods for establishing steady state can be inaccurate

• Other
⎼ Designs can be inefficient
⎼ Special formulations, e.g. local drug product needs clinical endpoint BE study
⎼ …
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Challenges of performing BE studies for LAI
- Long half-life (t1/2)
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It is not practical to perform a single-dose crossover BE study for LAI.

Washout (>5 t1/2)t1/2=8 hr Washout (>5 t1/2)t1/2=40d

Single dose crossover BE study



Two types of BE study designs for LAI
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Is there a 
long-term 

side effect?

No

Yes

Healthy 
voluteer

Patients
Multiple-dose

Crossover steady state

Single-dose
Parallel study

• Contraceptive
- Medroxyprogesterone 

acetate

• To treat alcohol/drug 
dependence
- Naltrexone

• Antipsychotic
- Paliperidone palmitate
- Aripiprazole
- Risperidone
- Olanzapine Pamoate

Dropout

Increased variationLong t1/2



How modeling can help with BE problems and 
method improvements

• Model-informed BE approach
⎼ Use pharmacometric models to understand and optimize the operating 

characteristics of standard BE methods and designs

• Model-integrated BE analysis

• Optimal design approaches for better BE study design
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One solution to reduce BE study duration for LAI:
use a switch study instead of crossover steady-state 
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Model-assisted approach: Use models 
to simulate studies to determine new 
BE limits.

Model-integrated approach: allows 
you to separate the superposition of 
test from reference in first period after 
switch.

Optimal design approaches for 
better BE study design
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Pharmacometric approaches will typically 
have higher power than standard methods

Model-Based Analysis
(Default Design)

Traditional Analysis
(Unstructured MMRM model,
LSMeans)

1892 (3.6 X)

1443 (2.2 X)

Model-Based Analysis
(Optimized for power)

(Optimized) Model-Based vs. 
Traditional Data Analysis in Alzheimer's

• Hooker et al., Model-based Trial Optimization for Phase II and III designs in Alzheimer's Disease, ACOP, 2011
• Ueckert et al., Optimizing disease progression study designs for drug effect discrimination, JPKPD, 2013 10



Previous work
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Model-based analyses of bioequivalence
crossover trials using the stochastic
approximation expectation maximisation
algorithm

Anne Dubois,a*† Marc Lavielle,b Sandro Gsteiger,c

Etienne Pigeoletc and France Mentréa

In this work, we develop a bioequivalence analysis using nonlinear mixed effects models (NLMEM) that mimics

the standard noncompartmental analysis (NCA). We estimate NLMEM parameters, including between-subject

and within-subject variability and treatment, period and sequence effects. We explain how to perform a Wald
test on a secondary parameter, and we propose an extension of the likelihood ratio test for bioequivalence. We

compare these NLMEM-based bioequivalence tests with standard NCA-based tests. We evaluate by simulation

the NCA and NLMEM estimates and the type I error of the bioequivalence tests. For NLMEM, we use the

stochastic approximation expectation maximisation (SAEM) algorithm implemented in MONOLIX. We simulate

crossover trials under H0 using different numbers of subjects and of samples per subject. We simulate with
different settings for between-subject and within-subject variability and for the residual error variance. The

simulation study illustrates the accuracy of NLMEM-based geometric means estimated with the SAEM algo-
rithm, whereas the NCA estimates are biased for sparse design. NCA-based bioequivalence tests show good

type I error except for high variability. For a rich design, type I errors of NLMEM-based bioequivalence tests
(Wald test and likelihood ratio test) do not differ from the nominal level of 5%. Type I errors are inflated for
sparse design. We apply the bioequivalence Wald test based on NCA and NLMEM estimates to a three-way

crossover trial, showing that Omnitrope® (Sandoz GmbH, Kundl, Austria) powder and solution are bioequiva-
lent to Genotropin® (Pfizer Pharma GmbH, Karlsruhe, Germany). NLMEM-based bioequivalence tests are an
alternative to standard NCA-based tests. However, caution is needed for small sample size and highly variable

drug. Copyright © 2011 John Wiley & Sons, Ltd.

Keywords: nonlinear mixed effects model; pharmacokinetics; noncompartmental bioequivalence analysis; two
one-sided tests; Wald test; likelihood ratio test

1. Introduction

We perform pharmacokinetic (PK) bioequivalence studies to compare different drug formulations. The

most commonly used design for bioequivalence trials is the two-period, two-sequence, crossover design.

The Food and Drug Administration (FDA) [1] and the European Medicines Evaluation Agency (EMEA)

[2] recommend this design. The FDA and the EMEA recommend to test bioequivalence from the ratios of

the geometric means of two parameters: the area under the curve (AUC ) and the maximal concentration

(Cmax) estimated by noncompartmental analysis (NCA) [3]. As specified in the regulatory guidelines,

the bioequivalence analysis should take into account sources of variation that we can reasonably assume

to have an effect on the endpoints AUC and Cmax. Therefore, linear mixed effects models (LMEM)

including treatment, period, sequence and subject effects are usually used to analyse the log-transformed

individual parameters [4]. We then perform bioequivalence tests on the estimates of the treatment effect.

aINSERM UMR738, University Diderot Paris 7, Paris, France
bINRIA Saclay, Orsay, France
cModeling and Simulation Department Novartis Pharma AG, Basel, Switzerland

*Correspondence to: Anne Dubois, INSERM UMR738, University Diderot Paris 7, Paris, France.
†E-mail: anne.dubois@inserm.fr
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Standard analysis
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log Cmax𝑖𝑘 = 𝜃𝐶𝑚𝑎𝑥 + 𝛽𝐶𝑚𝑎𝑥,𝑇𝑅𝑇𝑇𝑅𝑇𝑖𝑘 + 𝛽𝐶𝑚𝑎𝑥,𝑆𝐸𝑄𝑆𝐸𝑄𝑖 + 𝛽𝐶𝑚𝑎𝑥,𝑃𝐸𝑅𝑃𝐸𝑅𝑘 + 𝜂𝐶𝑚𝑎𝑥,𝑖 + 𝜀𝐶𝑚𝑎𝑥,𝑖𝑘

log AUC∞,𝑖𝑘 = 𝜃AUC∞ + 𝛽AUC∞,𝑇𝑅𝑇𝑇𝑅𝑇𝑖𝑘 + 𝛽AUC∞,𝑆𝐸𝑄𝑆𝐸𝑄𝑖 + 𝛽AUC∞,𝑃𝐸𝑅𝑃𝐸𝑅𝑘 + 𝜂AUC∞,𝑖 + 𝜀AUC∞,𝑖𝑘

log AUC𝑡𝑙𝑎𝑠𝑡,𝑖𝑘 = 𝜃AUC𝑡 + 𝛽AUC𝑡,𝑇𝑅𝑇𝑇𝑅𝑇𝑖𝑘 + 𝛽AUC𝑡,𝑆𝐸𝑄𝑆𝐸𝑄𝑖 + 𝛽AUC𝑡,𝑃𝐸𝑅𝑃𝐸𝑅𝑘 + 𝜂AUC𝑡,𝑖 + 𝜀AUC𝑡,𝑖𝑘

H0 (not bioequivalent) is rejected if:

log 0.8 < 𝐶𝐼90% 𝛽𝐶𝑚𝑎𝑥,𝑇𝑅𝑇 < log(1.25)

log 0.8 < 𝐶𝐼90% 𝛽AUC∞,𝑇𝑅𝑇 < log(1.25)

log 0.8 < 𝐶𝐼90% 𝛽AUC𝑡,𝑇𝑅𝑇 < log(1.25)

Equivalent to testing if the geometric mean ratios 
of Cmax, AUC∞, AUC𝑡𝑙𝑎𝑠𝑡 fall within 80% - 125%



Model additions used for BE analysis

13

Central
V

CLka
AbsorptionDose

𝐶𝐿𝑖𝑘 = 𝜃𝐶𝐿 ⋅ 𝑒
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𝑉𝑖𝑘 = 𝜃𝑉 ⋅ 𝑒
𝜂𝑉+𝜅𝑉
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𝑦𝑖𝑗𝑘 = 𝑓(Θ)+h(Θ, 𝜀𝑖𝑗)

𝛽𝑘𝑎,𝑇𝑅𝑇: treatment effect on ka (test/ref) 

𝛽𝑘𝑎,𝑆𝐸𝑄: sequence effect on ka

𝛽𝑘𝑎,𝑃𝐸𝑅: period effect on ka

𝛽𝐹,𝑇𝑅𝑇: treatment effect on in F (test/ref)

𝛽𝐹,𝑆𝐸𝑄: sequence effect on F

𝛽𝐹,𝑃𝐸𝑅: period effect on F

0 2 4 6 8 10 12

Time

0.0

0.1

0.2

0.3

0.4

0.5

C
o

n
c
e

n
tr

a
ti
o
n

Dose/F

𝐹 = 1 ⋅ 𝛽𝐹,𝑇𝑅𝑇 ⋅ 𝛽𝐹,𝑆𝐸𝑄 ⋅ 𝛽𝐹,𝑃𝐸𝑅

Note: if IOV not present in model then it should be added/investigated (for crossover designs)



Our developed model-integrated BE method
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Estimate 
model and 
parameter 
uncertainty

BE data

Model(s)

Model(s) 
fitting

Pop. sim 1

Pop. sim 2

Pop. sim N

Mean of ratio
of Cmax, AUC

Mean of ratio
of Cmax, AUC

Mean of ratio
of Cmax, AUC

Distribution of 
Mean ratio

90% CI of
ratio mean

BE Conclusion

TRT, sequence, 

period and IOV 

effects on 

absorption 

parameters 

(including F)

Uncertainty
Methods: 

SIR, Bootstrap, 
Model 

averaging

Sampling from model and 
parameter uncertainty

Compute individual Cmax, AUC

Modeling
Uncertainty 
estimation

Simulation Conclusion

• ACOP 2019, Andrew Hooker, Development and comparison of model-based bioequivalence analysis methods on sparse data.

• ACOP 2019, Xiaomei Chen, Model-based bioequivalence evaluation for ophthalmic products using model averaging approaches. 

• ACCP  2019, Mats Karlsson, Development of model-informed bioequivalence evaluation strategies for long-acting injectable products (LAI). 



Type I error is controlled for this model-integrated BE method and 
power is higher (especially with high variation and sparser data)
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• ACOP 2019, Andrew Hooker, Development and comparison of model-based bioequivalence analysis methods on sparse data.

• ACOP 2019, Xiaomei Chen, Model-based bioequivalence evaluation for ophthalmic products using model averaging approaches.  



Situations where no single PK model may be 
appropriate for BE analysis
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• No prior model

• Identifiability issues

• If IOV not present in model and should be 

added/investigated

Model Averaging

Avoid estimation/selection bias 

and overestimation of precision



Model qualification

• Models should be identifiable given the study design (test using 
optimal design software, like PopED).

• Use the models to predict (simulate) summary PK metrics (e.g. 
geometric mean of 𝐶𝑚𝑎𝑥 and 𝐴𝑈𝐶𝑙𝑎𝑠𝑡). Simulations should, at the 
least, predict data that results in similar metrics compared to the real 
data.
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https://andrewhooker.github.io/PopED/

https://andrewhooker.github.io/PopED/


Non-compartmental analysis posterior 
predictive check (NCAPPC)

• available on CRAN https://cran.r-project.org/package=ncappc
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https://cran.r-project.org/package=ncappc


Comparison of the population mean and 
variance of NCA metrics

• Histogram of the simulated 
population mean and variance of 
the NCA metrics. 

• Uncertainty in simulations (model 
and parameter uncertainty) 
Possible with rich and sparse data.

• Adjusted confidence intervals so 
that 5% of all simulations lie outside 
intervals in all tests.

19



One solution to reduce BE study duration for LAI:
use a switch study instead of crossover steady-state 

20

Model-assisted and Model-integrated 
approaches: 

• Research shows that the approach 
controls type 1 error, but will require 
more individuals in the study 
(compared to crossover steady-state 
studies using NCA metrics)

• Model-integrated more powerful 
than model-assisted approaches.
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Even more innovative designs
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Model-integrated OD study 
n ~ 10% less for 80% power on 
AUC compared to standard 
switch study. 
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Conclusion
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Model-informed approach

Modify NCA-based BE methods

Model-integrated approach

Use M&S in BE analysis procedure Reduce sample size
and/or

Reduce study duration

Make BE studies more 
feasible 

(especially in currently 
challenging situations 

like LAI)



• Optimal experimental design software

• https://andrewhooker.github.io/PopED/

Software

PopED

• NCA Calculation and Population PK Model Diagnosis
• https://github.com/UUPharmacometrics/ncappc

ncappc

bemod • Model based BE testing
• To be released on CRAN

• SIR
• Bootstrap
• https://uupharmacometrics.github.io/PsN/

https://andrewhooker.github.io/PopED/
https://github.com/UUPharmacometrics/ncappc
https://uupharmacometrics.github.io/PsN/
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