
✓ Equal performance with respect to different sample size distributions and effect strength of sex when variances were the same across male and female groups. 

✓ GLS was superior to HC3 when variances between sex differed.    

Assuming a sex effect and different variances among groups, the HC3 and GLS methods were more likely to find BE when truly present 

compared to the pooled BE approach. Performance differences between GLS and HC3 depend on the variance structure of the groups:

GeoSD = 1.21
GeoSD = 1.64GeoSD = 2.02
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           BACKGROUND  Bioequivalence (BE) studies are conducted to evaluate the similarity in pharmacokinetic (PK) and pharmacodynamic profiles 

           between two drugs or formulations1,2. The primary metrics used to assess BE of PK profiles are the area under the concentration-time curve 

(AUC) and the maximum concentration (Cmax), which can be derived from individual concentration-time profiles using non-compartmental analysis3. The recommended 

method for demonstrating BE in a parallel design study is the average BE approach, where BE is demonstrated if the two-sided 90% confidence interval* (CI) of the 

geometric mean ratios of both AUC and Cmax falls within predefined margins of 80-125% as recommended by the FDA1.

PROBLEM  In some cases, high variability within a study may prevent the demonstration of BE. If part of the variability is explained by other factors such as sex, a linear 

model with drug/formulation and sex as predictors can account for such an effect, thus increasing the likelihood of showing BE. In that case, the new subgroups may also have 

different variability, denoted as heteroscedasticity, for which there are different options to deal with in the context of linear modelling.

OBJECTIVE  Compare the performance of the average BE approach and two R-based methods to handle heteroscedasticity in terms of finding BE (based on AUC) when 

truly present:
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2 | SIMULATE SCENARIOS 
Simulate AUC in N=104 trials for:
A) Different variances between  and   (  ≥ )
B) Different effect size of sex on AUC
C) Varying sample size distribution by sex
D) Varying sample size distributions by drug
E) Combinations of A and B-D. 

3 | ESTIMATE (90% CI for BE assessment)
• Fit linear model for log(AUC) with DRUG (Pooled) or 

DRUG and SEX (HC3, GLS) as predictor(s).
• HC3 and GLS: Account for unequal variances among 

groups.

Introduction

Results

References:
1 US Department of Health and Human Services (2001). FDA Guidance for Industry, Statistical Approaches to Establishing Bioequivalence. http://www.fda.gov/cder/guidance/index.htm.
2 US Food and Drug Administration (2014). Bioavailability and Bioequivalence Studies Submitted in NDAs or INDs - General Considerations. https://www.fda.gov/media/121311/download. 
3 PhUSE CSS Development of Standard Scripts for Analysis and Programming Working Group (2014). Analyses and Displays Associated to Non-Compartmental Pharmacokinetics – With a Focus on Clinical Trials (Version 1.0).  
4 Zeileis A, Köll S, Graham N (2020). “Various Versatile Variances: An Object-Oriented Implementation of Clustered Covariances in R.” Journal of Statistical Software, 95(1), 1–36. doi:10.18637/jss.v095.i01.
5 Zeileis A (2004). “Econometric Computing with HC and HAC Covariance Matrix Estimators.” Journal of Statistical Software, 11(10), 1–17. doi:10.18637/jss.v011.i10.
6 Pinheiro J, Bates D, R Core Team (2025). nlme: Linear and Nonlinear Mixed Effects Models. R package version 3.1-167, https://CRAN.R-project.org/package=nlme. 

Conclusions

SCENARIO A: GLS outperforms HC3 when imbalance               

in variance between  and  increases

Bias:

• All methods correctly determined the mean drug effect 

as being zero (no bias).

Precision:

• The estimate of the GLS method tended to be the least 

variable compared to the other methods, as indicated by 

smaller size of 90% CIs. Hence, GLS was most precise.

• Across all methods, precision decreased with increasing 

heteroscedasticity for sex.

Coverage:

• For HC3 and GLS, the 90% CIs appropriately accounted 

for the actual variability of the drug effect estimator 

which was higher for HC3 compared to GLS (see SD of 

mean drug effect).

• The Pooled method was overly conservative, resulting in 

a coverage of close to 100% for 90% CIs.

Power: 

• Acknowledging the effect of sex (HC3, GLS) led to higher 

power compared to ignoring it (Pooled method).

• When simulations assumed equal variance across sex, 

HC3 and GLS led to comparable power; however, with 

increasing imbalance  in variance between groups, GLS 

was able to estimate the drug effect more precisely than 

HC3, corresponding to smaller 90% CIs and therefore 

higher probability to demonstrate BE.

SCENARIOS B-D: Equal performance of HC3 and GLS                

in absence of heteroscedasticity

When no heteroscedasticity was observed, HC3 and GLS 

performed equally well, irrespective of differences in effect 

or group size (S1 A-C). Both methods outperformed the 

standard BE method (Pooled).

SCENARIO E: The risk of failing BE was highest with high 

heteroscedasticity and large effect size 

When AUC was more variable in one sex, the chances to 

demonstrate BE were highest when effect size was small 

(S2 A), treatment groups had equal group size (S2 B), or 

when the sex ratio shifted towards the sex with lower 

variability (i.e., more females than males) (S2 C). 

# GLS method: Generalized least squares linear model
gls <- nlme::gls(log(AUC) ~ SEX + DRUG, data = simdata,
            # Allow for different variances (heteroscedasticity)
            weights = nlme::varIdent(form = ~1 | SEX * DRUG))
# Pairwise comparison of DRUG means
# (adjusted for degrees of freedom via Satterthwaite)
glsSAT <- emmeans::contrast(emmeans::emmeans(gls,   
            specs = ~ DRUG, data = simdata), method = "pairwise")
glsconfint <- confint(glsSAT, level = 0.9) # CI

4 | EVALUATE  
Evaluate method performance based on:

• Bias: the ability to accurately estimate the true effect
• Precision: the spread of the estimate (90% CI)
• Coverage: the probability that the CI contains the true 

drug effect (zero)
• Power: the probability of finding BE when truly 

present, i.e., is 90% CI contained within [0.8, 1.25]?

• HC3 only considers the underlying heteroscedasticity structure when estimating the size of the 90% CI.

• GLS already uses this information when estimating the effect size parameters, thus resulting in a higher chance to demonstrate BE when present.

*Based on the Two One-Sided Tests (TOST) approach.

1 | TEST SETTING
• Parallel design trial with 2 drugs (N=28 subjects/group)
• Treatment groups had equal size and sex distribution
• No drug effect on AUC (drugs are bioequivalent)
• Sex effect:  have higher AUC than 

Scenario A: Different variances between  and  

Im
p

le
m

e
n

ta
ti

o
n

 i
n

 R

a) Pooled: the standard average BE approach, i.e., based on the pooled population and without considering sex as predictor of AUC.

b) HC3: a sandwich estimator approach implemented in sandwich::vcovHC4,5 (using method HC3, i.e., heteroscedasticity-consistent covariance matrix 

estimation) which is applied to the linear regression model to correct the CIs for heteroscedasticity.

c) GLS: a restricted maximum likelihood approach implemented in nlme::gls6 explicitly using the provided within-group heteroscedasticity structure. 

Scan for supplemental material

# HC3 (SANDWICH) method: Linear model
lm <- lm(log(AUC) ~ SEX + DRUG, simdata)
# Wald t-test with covariance matrix being specified via Heteroscedasticity-            
# Consistent estimation of the coefficient estimates
lm_hc3 <- lmtest::coeftest(lm, vcov = sandwich::vcovHC(linM, type = "HC3"))
hc3confint <- confint(lm_hc3, level = 0.9)

Abbreviations:
AUC, area under the concentration-time curve; BE, bioequivalence; CI, confidence interval; Cmax, maximum concentration; GeoSD, geometric 
standard deviation; GLS, generalized least squares method accounting for a sex effect; HC3, heteroscedasticity-consistent covariance matrix 
estimation (SANDWICH) accounting for a sex effect; N, number of; Pooled, average BE approach, not accounting for a sex effect; SD, 
standard deviation  
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