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Novel Model-Integrated Design for 
Bioequivalence Studies of LAI Products

A Complete Framework with the MonolixSuite

Géraldine Cellière
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▪ LAI are designed to require infrequent dose administration to improve 
patient adherence

▪ LAI have extended drug release, leading to flip-flop kinetics and long 
apparent half-lives

▪ Typical BE designs are impracticable:

o Parallel: high variability between individuals → low power

Challenges for bioequivalence (BE) trials for LAI
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Example LAI: Buprenorphine
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Draft Guidance on Buprenorphine

[…]
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LAI Buprenorphine with single dose parallel BE trial

Assuming a 5% difference between test and ref:
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LAI Buprenorphine with single dose parallel BE trial

Assuming a 5% difference between test and ref:

At least 500 individuals (250 per arm) to get 80% power

→ Low power
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▪ LAI are designed to require infrequent dose administration to improve 
patient adherence

▪ LAI have extended drug release, leading to flip-flop kinetics and long 
apparent half-lives

▪ Typical BE designs are impracticable:

o Parallel: high variability between individuals → low power

o Crossover: long half-lives → long wash-out period 

→ long BE trial duration 

→ high dropout rate

Challenges for bioequivalence (BE) trials for LAI
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LAI Buprenorphine with crossover BE trial

• FDA guidance:
– “An adequate washout period (e.g., more than 5 half lives of the moieties to be measured) 

should separate each treatment”

– “If the predose concentration is less than or equal to 5 percent of Cmax value in that subject, 
the subject’s data without any adjustments can be included in all pharmacokinetic 
measurements and calculations”

• Buprenorphine LAI (SUBLOCADE™):

– Apparent half-life ≈ 73 days  
=> washout period of one year
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• FDA guidance:
– “An adequate washout period (e.g., more than 5 half lives of the moieties to be measured) 

should separate each treatment”

– “If the predose concentration is less than or equal to 5 percent of Cmax value in that subject, 
the subject’s data without any adjustments can be included in all pharmacokinetic 
measurements and calculations”

• Buprenorphine LAI (SUBLOCADE™):

– Apparent half-life ≈ 73 days  
=> washout period of one year

Vary inter-dose interval
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LAI Buprenorphine with crossover BE trial
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• FDA guidance:
– “An adequate washout period (e.g., more than 5 half lives of the moieties to be measured) 

should separate each treatment”

– “If the predose concentration is less than or equal to 5 percent of Cmax value in that subject, 
the subject’s data without any adjustments can be included in all pharmacokinetic 
measurements and calculations”

• Buprenorphine LAI (SUBLOCADE™):

– Apparent half-life ≈ 73 days  
=> washout period of one year

– One year after the first dose, 90% of individuals 
have a residual concentration below 5% of their Cmax
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LAI Buprenorphine with crossover BE trial
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• FDA guidance:
– “An adequate washout period (e.g., more than 5 half lives of the moieties to be measured) 

should separate each treatment”

– “If the predose concentration is less than or equal to 5 percent of Cmax value in that subject, 
the subject’s data without any adjustments can be included in all pharmacokinetic 
measurements and calculations”

• Buprenorphine LAI (SUBLOCADE™):

– Apparent half-life ≈ 73 days  
=> washout period of one year

– One year after the first dose, 90% of individuals 
have a residual concentration below 5% of their Cmax
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Duration between doses (weeks)
Individuals need to be followed over at least 1.5 

years → Long duration



12 | NASDAQ: SLP

▪ LAI are designed to require infrequent dose administration to improve patient 
adherence

▪ LAI have extended drug release, leading to flip-flop kinetics and long apparent 
half-lives

▪ Typical BE designs are impracticable:

o Parallel: high variability between individuals → low power

o Crossover: long half-lives → long wash-out period 

→ long BE trial duration → high dropout rate

▪ These challenges have prevented the development of generics (over 30 LAI, 
only 1 has a generic product)

Challenges for bioequivalence (BE) trials for LAI

Propose alternative designs based 
on model-integrated evidence (MIE)
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Alternative design “single dose reduced crossover”

Estimate individual 

parameters for ref 

(given pop param and 

model from literature)

Predict carry-over of ref 

dose into second period

Subtract carry-over 

from second 

period data

Usual 

bioequivalence

statistical analysis

BE 

CONCLUSION

2-period, 2-treatment, 1-sequence 

crossover trial with 

no or limited washout
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Alternative design “single dose reduced crossover”

Estimate individual 

parameters for ref 

(given pop param and 

model from literature)

Predict carry-over of ref 

dose into second period

Subtract carry-over 

from second 

period data

BE 

CONCLUSION

2-period, 2-treatment, 1-sequence 

crossover trial with 

no or limited washout

Requirements:

▪ LAI can be given to healthy volunteers as single dose (not toxic)

▪ PK is linear (superposition principle)

▪ popPK model for reference product is available

Usual 

bioequivalence

statistical analysis
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Alternative design “single dose reduced crossover”

Estimate individual 

parameters for ref 

(given pop param and 

model from literature)

Predict carry-over of ref 

dose into second period

Subtract carry-over 

from second 

period data

BE 

CONCLUSION
Usual 

bioequivalence

statistical analysis

MonolixSuite

with R functions
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R code using the lixoftConnectors: at a glimpse

initializeLixoftConnectors(software = “monolix”)
loadProject("get_indivparam_template.mlxtran")
setData(dataFile = “trial_data.csv”, headerTypes =c("id","time","observation","amount","contcov"))
runConditionalDistributionSampling()

initializeLixoftConnectors(software = "simulx“)
importMonolixProject("get_indivparam_template.mlxtran")
defineOutputElement(name="sampling2ndPeriod", element=list(data=data.frame(time=samplingTimes), output="Cc"))
setGroupElement(group="simulationGroup1", elements = c("mlx_CondMean","sampling2ndPeriod“,”mlx_trt”))
runSimulation()
exportSimulatedData()

# data correction in R

initializeLixoftConnectors(software = "pkanalix“)
newProject(data = list(dataFile=paste0(“data_corrected.csv"),

headerTypes=c('id’,’occ’,'time','observation','amount','ignore','catcov’)
runNCAEstimation()
runBioequivalenceEstimation()
getBioequivalenceResults()$confidenceIntervals$test[,c("Parameter","Ratio","CILower","CIUpper")]
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Alternative design “single dose reduced crossover”

 Does it work?

1. Do we achieve a sufficient power with a reasonable number of 
individuals (and reasonable study duration)?

2. And at the same time do we have a properly controlled type I error?
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• Bioequivalence analysis in practice:
– Calculate 

𝜇𝑇

𝜇𝑅

– Construct a 90% confidence interval for 
𝜇𝑇

𝜇𝑅

– Bioequivalence is concluded if the confidence interval is within the BE limits [0.8, 1.25] 
𝜇𝑇

𝜇𝑅

• Bioequivalence analysis seen as hypothesis testing:

– Bioequivalence is concluded if the null hypothesis H0 is rejected

– Two one-sided tests at the 5% level of significance

Bioequivalence analysis: statistics reminder

𝜇 = population average of the NCA parameter

for test (T) or ref (R)

𝑒. 𝑔 𝜇𝑇 = mean 𝐴𝑈𝐶 𝑇

𝐻0:
𝜇𝑇
𝜇𝑅

≤ 0.8 or 1.25 ≤
𝜇𝑇
𝜇𝑅

𝐻1: 0.8 <
𝜇𝑇
𝜇𝑅

< 1.25
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Type I error and power: statistics reminder

H0 is true:

Formulations are not 

bioequivalent

H0 is false:

Formulations are 

bioequivalent

H0 is not rejected
Correct conclusion

𝑝 = 1 − 𝛼
Type II error

𝑝 = 𝛽

H0 is rejected:

Bioequivalence 

is concluded

Type I error 

𝑝 = 𝛼

Correct conclusion 

(Power)

𝑝 = 1 − 𝛽
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Empirical power and type I error on many trials
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Power assessment via simulations

▪ Simulate a large number of BE clinical trials under the H1 hypothesis (bioequivalence)

▪ Apply the BE analysis on each clinical trial simulation and record the BE conclusion

▪ Calculate the power as:

▪ Vary:
– Number of individuals
– True AUC ratio between the two formulations
– Design: 

• crossover (with washout)
• reduced crossover (with correction), 

different duration between doses
• parallel

power =
# trials with BE=true

# trials
Probability of correctly concluding bioequivalence 

when formulations are indeed bioequivalent.

# individuals

P
o

w
e

r 
(%

)

crossover

novel reduced crossover

parallel

True ratio of AUC is in ]0.8, 1.25[

GOAL: power as high as possible

𝐻1: 0.8 <
𝜇𝑇
𝜇𝑅

< 1.25
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Type I error assessment via simulations

▪ Simulate a large number of BE clinical trials under the H0 hypothesis at the limit

▪ Apply the BE analysis on each clinical trial simulation and record the BE conclusion

▪ Calculate the type I error as:

▪ Vary:
– Design: 

• crossover (with washout)
• reduced crossover (with correction), 

different duration between doses
• parallel

– Number of individuals
– True AUC ratio of 0.8 and 1.25

True ratio of AUC is 0.8 or 1.25.

type I error =
# trials with BE=true

# trials

Probability of incorrectly concluding bioequivalence 

when formulations are not bioequivalent.

# individuals
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parallel5%

GOAL: keep the type I error under control 

(5% on each side if BE confidence level is 90%)

𝐻0:
𝜇𝑇
𝜇𝑅

≤ 0.8 or 1.25 ≤
𝜇𝑇
𝜇𝑅
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Assessment via simulations

Estimate individual 

parameters for ref 

(given pop param and 

model from literature)

Predict carry-over of ref 

dose into second period

Subtract carry-over 

from second 

period data

BE 

CONCLUSION

correct ?

Lit.

Usual 

bioequivalence

statistical analysis

Simulate BE reduced crossover trial using 

model and pop param from literature

o For several relative bioavailabilities (true ratios)

o For several inter-dose intervals

o For several number of individuals

o For many replicates
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Clinical trial simulations

▪ Monte-Carlo simulation
– Model: from literature
– Individual parameters: sampled from the distributions characterized by the population parameters. 

Inter-occasion variability included if estimated in the literature.
– Treatment: single dose at max approved amount
– Output: simulated observation (prediction + residual error) on realistic sampling times
– Design: crossover with washout, reduced crossover (without washout), or parallel

▪ Difference between the two formulations

– All population parameters are the same except the (relative) bioavailability
=> allows to easily choose the value of the true ratio between test and ref

– Different absorption parameters between ref and test 
=> but not possible to simulate with known true ratio
=> only to investigate power but not type I error
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Buprenorphine LAI example

▪ BUP-XR (SUBLOCADE™): extended-release subcutaneous buprenorphine 
formulation for the treatment of opioid use disorder, with monthly dosing 
interval

▪ Published model:
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Buprenorphine LAI example

Note: no inter-occasion variability
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Assessment via simulations for Buprenorphine

Estimate individual 

parameters for ref 

(given pop param and 

model from literature)

Predict carry-over of ref 

dose into second period

Subtract carry-over 

from second 

period data

BE CONCLUSION

Lit.

power =
# BE=true

# rep

Usual 

bioequivalence

statistical analysis

Simulate BE reduced crossover trial using 

model and pop param from literature

o For true ratio = 0.8, 0.85, 0.9, 0.95, 1, or 1.25

o For duration between doses =  3, 4, 5 or 6 months

o For number of individuals = 10, 20, 30, 40, or 50

o For replicates = 200
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Buprenorphine: power vs sample size

• 5% difference between ref and test on average (true ratio = 0.95)
• Reduced crossover with 4 months between the ref and test dose

Parallel design (4 months)

Reduced crossover design (8 months) 

Traditional crossover design (20 months)

(+ model-based 
correction)
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Buprenorphine: power vs sample size

5% difference 
between ref and test on average (true ratio = 0.95)
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Buprenorphine: power vs sample size

10% difference 
between ref and test on average (true ratio = 0.90)
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Buprenorphine: type I error

True ratio = 0.80
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Buprenorphine: type I error

True ratio = 1.25
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Where does the bias come from?
Predictions with:

estimated individual parameters
true individual parameters  

Inter-dose interval : 6 monthsInter-dose interval : 3 months

3 months 6 months
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Reduced crossover design with inter-dose intervals of 4 months:

➢ Type I error properly controlled

➢ Power > 90% for AUC3-4weeks, AUClast and Cmax with 30 individuals, 
assuming a 5% difference between test and ref

✓ Trial duration 3 times shorter compared to traditional crossover with washout

✓ Power much higher for a given sample size compared to parallel design

Conclusion on the alternative design for Buprenorphine
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Pros and Cons of the alternative “reduced crossover” design

Requirements:

▪ PK is linear (superposition principle)
▪ popPK model for reference product is available
▪ LAI can be given to healthy volunteers as single dose (not toxic)

Pros: 
▪ Individuals parameters are estimated for the reference formulation only, for 

which a population model is available

▪ Data of second period is shifted but residual error remains the same (safer 
than simulation of BE trial from a model)

Cons:
▪ Different post-processing for ref and test (1-sequence design)
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Implementation and usage

o Implemented as an R script

o Use the R package lixoftConnectors

o Requires a MonolixSuite installation and license (free for academia)

Power and type I error assessment
(for trial planning)

Input:
▪ Monolix project with model definition and 

population parameters for ref
▪ Sampling times
▪ Sample size, inter-dose interval, true ratio, 

and number of replicates

Output:
▪ Percentage of BE=true over the replicates 

(i.e power or type I error depending on the 
true ratio)

BE analysis of trial data

Input:
▪ Monolix project with model definition and 

population parameters for ref
▪ Data from BE trial with reduced crossover 

design

Output:
▪ CI for each NCA metric
▪ BE conclusion
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Summary

The model-based bioequivalence analysis 

of a “reduced crossover” design provides:

✓ good power

✓ reasonable study duration

✓ controlled type I error

Implemented as an R script using the 

MonolixSuite.


