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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
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Potential problems with standard BE approaches: 
Problems with NCA calculations
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AUC

T1/2Tmax

Cmax
• 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



Population (NLME) model based approaches 
in general can handle these problems

• Built to handle sparse data and works well with 
parallel-group studies

• Higher power to identify differences/similarity
⎼ Can optimize design (for even higher power)

• Can better separate different types of variation
⎼ Between subject variation (BSV) on PK parameters
⎼ Occasion variation (IOV) on PK parameters
⎼ Residual error on concentration

• NCA Problems solved:
⎼ assumption about equal weight of all observations 
⎼ sensitivity to missing data
⎼ sensitivity to data below the limit of quantification
⎼ interpolation problems from the last observation to ∞
⎼ Sparse data problems
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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 6



NCA analysis can give biased estimates
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Model based assesment

NCA analysis



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 and IOV 

effects on 

absorption 

parameters

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.  



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

• Can not assume true model

• Identifiability issues

• Avoid estimation/selection bias and overestimation of 

precision

Model Averaging



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.  



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

• allows you to separate test from 
reference in first period after switch.

• Research shows that the approach 
controls type 1 error, but will require 
more individuals in the study 
(compared to crossover steady-state) 
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BE for LAI highly variable drugs (HVD)
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• RSABE: when IOV of the 
reference product is > 30% CV

• FDA draft guidance on Progesterone, 2011

• Verbeeck, Musuamba, 2012

Standard reference-scaled average 
bioequivalence (RSABE) studies

• Study design
⎼ 4-way study with sequences of (TRTR, RTRT)

⎼ 3-way study with sequences of (TRR, RTR, 
RRT)

Model based RSABE
⎼ Shorter studies?

⎼ Smaller studies?

⎼ Better evaluation of IOV?

• AAPS J. 2012 Dec; 14(4): 915–924, BM Davit, et.al Implementation of a 
Reference-Scaled Average Bioequivalence Approach for Highly Variable 
Generic Drug Products by the US Food and Drug Administration

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3475857/


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)



Topics for further investigation

• Other innovative BE study designs for LAI using model-integrated 
methods
⎼ Incomplete washout designs for highly variable drugs
⎼ Optimal designs
⎼ Adaptive optimal (response adaptive) designs?

• Model-integrated improvements
⎼ Uncertainty in the weights for model averaging
⎼ How to build models? Which models to include?

• Model informed methods 
⎼ Use the model to asses when SS will be reached
⎼ Fixed covariates in the standard approach based on NLME model
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