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BC-3781, a pleuromutilin antimicrobial agent, is being developed for the treatment of patients with acute bacterial skin and skin
structure infections (ABSSSI) and community-acquired bacterial pneumonia. Data from a phase 2 study of patients with ABSSSI
were used to refine a previous population pharmacokinetic (PK) model and explore potential predictors of PK variability. The
previously derived population PK model based on data from three phase 1 studies was applied to sparse sampling data from a
phase 2 ABSSSI study and modified as necessary. Covariate analyses were conducted to identify descriptors (e.g., body size, renal
function, age) associated with interindividual variability in PK. All population PK analyses were conducted by using Monte
Carlo parametric expectation maximization implemented in S-ADAPT 1.5.6. The population PK data set contained 1,167 con-
centrations from 129 patients; 95% of the patients had 5 or more PK samples (median, 11). The previous population PK model
(three-compartment model with first-order elimination and nonlinear protein binding) provided an acceptable and unbiased fit
to the data from the 129 patients. Population PK parameters were estimated with acceptable precision; individual clearance val-
ues were particularly well estimated (median individual precision of 9.15%). Graphical covariate evaluations showed no rela-
tionships between PK and age or renal function but modest relationships between body size and clearance and volume of distri-
bution, which were not statistically significant when included in the population PK model. This population PK model will be
useful for subsequent PK-pharmacodynamic analyses and simulations conducted to support phase 3 dose selection. (This study
has been registered at ClinicalTrials.gov under registration no. NCT01119105.)

BC-3781 is a pleuromutilin antimicrobial agent that demon-
strates very good in vitro microbiological activity against a

wide range of bacterial pathogens, including the most common
skin pathogens, such as Staphylococcus aureus (including methi-
cillin-resistant strains), Streptococcus pyogenes, and Streptococcus
agalactiae (1). BC-3781 is also active against respiratory pathogens
such as Streptococcus pneumoniae, Haemophilus influenzae, Legio-
nella pneumophila, Moraxella catarrhalis, Chlamydophila pneu-
moniae, and Mycoplasma pneumoniae (2). Given the in vitro spec-
trum of microbiological activity, BC-3781 is initially being
developed for the treatment of acute bacterial skin and skin struc-
ture infections (ABSSSI). The routes of administration that are
being developed include the oral and intravenous (i.v.) routes,
which will potentially allow an i.v.-to-oral switch (i.e., step-down
therapy).

Data from three phase 1 clinical studies, a single-dose escala-
tion study (EudraCT number 2009-010318-31), a single- and
multiple-dose study (EudraCT number 2009-014053-33), and a
third study examining the effects of gender and age on the phar-
macokinetics (PK) of BC-3781 (IND number 106594), have been
used to construct a population PK model describing the disposi-
tion of BC-3781 in healthy subjects (3). The previous population
PK analysis data set contained 1,677 PK samples collected from 66
subjects. The most robust fit to the data was obtained by using a
three-compartment model with zero-order infusion and first-or-
der (linear) elimination. The nonlinearity of protein binding ob-
served in an in vitro protein binding (equilibrium dialysis) study
in which the mean (standard deviation [SD]) percentage un-
bound increased from 12.1 (0.3)% at 1 �g/ml to 17.1 (1.7)% at 3
�g/ml to 27.3 (6.1)% at 10 �g/ml (the highest concentration
tested) was incorporated into the model, as it provided a statisti-
cally significant improvement of the fit (compared to the model
without nonlinear protein binding). Overall, this model fit the

individual plasma concentration data with a high degree of preci-
sion and minimal bias. This phase 1 population PK model was
used, in combination with nonclinical PK-pharmacodynamic
(PK-PD) targets, to conduct Monte Carlo simulations to aid in
dose selection and to define the optimal, sparse PK sampling
scheme employed in a phase 2 study of patients with ABSSSI
(NAB-BC-3781-2001, study 2001).

This report describes the population PK analysis conducted for
BC-3781 by using data from study 2001. The primary aim of this
analysis was to describe individual PK exposures in patients with
ABSSSI. A covariate analysis was also undertaken to identify those
patient characteristics associated with the interindividual variabil-
ity of BC-3781 PK.

MATERIALS AND METHODS
PK data collection and assay. Data were obtained from study 2001, a
phase 2 clinical study of patients with ABSSSI. Patients were randomized
to receive one of two doses of BC-3781 (100 mg i.v. twice daily [q12h] or
150 mg i.v. q12h) or vancomycin (1 g i.v. q12h, adjusted individually
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according to institution guidelines) for 5 to 14 days. BC-3781 infusions
were to be given over 2 h; actual infusion durations were used in the
creation of the population PK data set. Two hundred ten patients were
randomized, with approximately 70 patients per treatment group. Only
those patients randomized to receive BC-3781 were included in the pop-
ulation PK analysis.

Subject demographic and disease characteristics collected prior to the
administration of the study drug were used to characterize the analysis
population and to evaluate their ability to explain a portion of the inter-
individual variability of selected PK parameters. Demographic informa-
tion included age, weight, body surface area (BSA), body mass index
(BMI), sex, and race. The only laboratory information included in the
analysis was serum creatinine (to calculate creatinine clearance [CLCR])
and serum albumin. BSA was calculated by using the method of Gehan
and George (4). The BMI was calculated as height in centimeters divided
by weight in kilograms squared. CLCR was calculated from the baseline
serum creatinine level, age, and body weight by using the Cockcroft and
Gault equation (5) and then normalized to BSA.

The PK sampling strategy used was selected by using optimal sampling
theory based on the phase 1 population PK model for BC-3781 (3).
Plasma PK samples were to be collected as follows: on day 1, at 2, 3 to 5,
and 8 to 12 h after the start of the infusion; on day 5 and the final
treatment day, before and 2, 4 to 6, and 10 to 12 h after the start of the
infusion.

The determination of BC-3781 in 1,423 human plasma samples was
performed by means of liquid chromatography with tandem mass spec-
trometric detection. The method was validated according to the FDA’s
Guidance for Industry on Bioanalytical Method Validation (6) and cov-
ered a calibration range of 1.00 ng/ml, the lower limit of quantitation
(LLOQ), to 1,000 ng/liter, the upper limit of quantitation (ULOQ). Sam-
ples exceeding the ULOQ were diluted with blank plasma and reassayed.
The predefined acceptance criteria regarding accuracy (85.0 to 115%; 80.0
to 120% at the LLOQ) and precision (15.0%; 20.0% at the LLOQ) were
met during prestudy validation. Batch acceptance criteria, as detailed in
the FDA Guidance for Industry on Bioanalytical Method Validation (6),
were met for all of the batches reported.

General data handling. The actual dates and times of dose adminis-
tration and PK sample collection were used in the construction of the
population PK data set. An outlier was defined as an aberrant observation
that substantially deviated from the rest of the observations within an
individual. Outliers were excluded from this analysis, given the poten-
tial for these observations to negatively impact the convergence and/or
parameter estimates (7). Suspected outlier observations were tested
and, if justified, excluded. Concentrations in the data set that were
below the limit of quantitation (BLQ) were flagged. The population
analysis program then applied the Beal M3 method (8), such that the
algorithm considered this BLQ value as a normally distributed, ran-
dom value somewhere between negative infinity and the limit of quan-
tification.

Population PK analysis methods. Candidate PK models were fitted to
the BC-3781 plasma concentration-time data by using Monte Carlo para-
metric expectation maximization as implemented in the open-source
software program S-ADAPT (9, 10, 11). S-ADAPT analyses were per-
formed on a Windows operating system and compiled using Intel
FORTRAN 9.1. The model selection criteria used to discriminate between
candidate PK models included (i) evaluation of individual and population
mean parameter estimates and their precision (standard error of the
mean [SEM]), (ii) graphical examination of standard goodness-of-fit
plots and plots of the observed versus individual predicted concentra-
tions, (iii) reduction in both residual variability and interindividual
variability, and (iv) comparison of objective function for nested mod-
els or the Akaike information criterion (12) for either nested or non-
nested models.

Given the previous population PK analysis for BC-3781 (3), model
development focused on three-compartment models with zero-order in-

put and first-order elimination. In addition to a model incorporating
saturable protein binding, a model was attempted in which total drug
concentrations were used. Interindividual variability was estimated for
each structural population PK model parameter, where possible, by using
an exponential-error model. Residual variability represents a composite
of assay variability, intrasubject variability, model misspecification, errors
in the timing of dose administration or PK sample collection, subject
noncompliance, and other unexplained errors and was initially described
by using an additive plus proportional coefficient of variation (CV) error
model. Other models for residual variability were to be explored as nec-
essary.

Covariate model development. The structural population PK model
for BC-3781 was utilized to assess the ability of the selected subject cova-
riates to explain a portion of the interindividual variability in the total
clearance and primary volume of distribution parameters. Bayesian esti-
mates of the clearance and volume of distribution parameters were ob-
tained, and plots of the individual parameters versus each of the subject
covariates were examined for observable trends. Potential functional
forms of the relationship between the PK parameter and the covariate
were assessed.

A forward-stepwise approach was used to construct the covariate
models in S-ADAPT. Each parameter-covariate pair showing a visually
apparent relationship was added, one at a time, to the model. That cova-
riate for which the addition resulted in the largest significant improve-
ment in the objective function (� � 0.05) was retained, provided that (i)
the model-fitting procedure minimized successfully, (ii) there was a
decrease in interindividual variability for the parameter on which the
covariate was added; and (iii) there was not a substantial compensa-
tory increase in interindividual variability for the other PK parame-
ters.

The resulting model was used for the next step. The process was then
repeated until none of the remaining covariates provided an improve-
ment in the objective function when added to the model. This full multi-
variate model was then subjected to a backward elimination procedure in
which the criteria for retention in the model were made more stringent
(� � 0.001 or an increase in the value of the objective function of �10.83
units after the removal of that covariate).

The reduced multivariable model, including all significant covariates,
was then evaluated for any remaining biases with respect to the structural
and residual variability models. The model was also checked for possible
simplifications such as power functions that could be reduced to linear
functions (e.g., when power is approximately equal to 1) or significant
categorical covariates that could be redefined by using fewer groups (e.g.,
race categories of Caucasian, black, and Hispanic changed to Caucasian
and other).

Calculation of PK exposure estimates. PK exposure estimates were
calculated for each patient by simulating a concentration-time profile by
using the final population PK model. In this simulation, the dosing history
and post hoc PK parameter estimates for each patient were used to generate
a PK profile (both free- and total-drug levels) from 0 to 24 h postdose after
the first dose of BC-3781. The area under the concentration-time curve
from 0 to 24 h (AUC0 –24) was calculated by integrating the PK profile over
time. Cmax (maximum concentration of drug in serum) values were ob-
tained by simulating the concentration immediately following the end of
the infusion.

RESULTS
Analysis data. There were 141 patients with ABSSSI randomized
to receive BC-3781 in study 2001; of these, the 10 patients enrolled
from site 20 were excluded because of consistent, irreconcilable
issues with sample documentation. Of the remaining 131 patients,
1 was excluded for having only one PK sample (patient 014-003)
and a second was excluded because of an inability to reconcile
obvious issues with sample timing, which resulted in an inability
to fit the model to the patient’s aberrant concentration-time pro-
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file. These two patients accounted for 9 of the 40 outlier samples
excluded from the analysis; the remaining 31 samples were re-
moved for various reasons. The final analysis data set contained
129 patients and 1,167 samples. Sixty-four patients had received
100 mg q12h, and 65 had received 150 mg q12h. All of the subjects
had at least two PK samples, and the majority had six or more.
Samples were spread throughout the postdose intervals in a man-
ner consistent with the intended sampling schedule.

The demographic characteristics were relatively consistent be-
tween the patients in the two dose groups, as shown in Table 1.
The analysis population was predominantly male (66.7%) and
Caucasian (75.2%) and had normal renal function (mean CLCR of
118 ml/min/1.73 m2). The mean age was 41.6 years, and the ages
ranged from 18 to 73 years. The mean weight was 92.3 kg, and the
weights ranged from 43.8 to 161 kg.

Semilog scatterplots of plasma BC-3781 concentrations versus
time since the start of the last dose, stratified by dosage regimen,
are provided in Fig. 1. In general, concentrations appeared to in-
crease proportionally with increasing doses despite some overlap
in the distribution of concentrations between doses. Smoothers
through the data from each visit suggested that the data were con-
sistent with a three-compartment PK model, similar to that which
was observed for the phase 1 data (3).

Structural model development. Initial structural model de-
velopment involved the fitting of two population PK models to the
data from study 2001, i.e., the final model from the previous anal-
ysis, which included nonlinear protein binding, and a simplified
model in which total drug concentrations were modeled. It is im-
portant to note that it was necessary to fix the parameters that
defined the nonlinear protein binding process to those values ob-
tained from the in vitro protein binding study. Although it re-
sulted in improved fits to the data, allowing these parameters to be
estimated by the total drug PK profiles resulted in free-fraction
estimates well above those observed in vitro (25 to 30% free as
opposed to the 12 to 15% observed in vitro at clinically relevant
concentrations [data on file, Nabriva Therapeutics]). Although it
is theoretically possible that the dynamics of the in vivo protein
binding results in significantly lower plasma protein binding
than that observed from the static in vitro equilibrium dialysis,
the real-time free-drug concentrations cannot be measured in
vivo and thus there are no data to support the larger free-drug
fraction.

Ultimately, the model incorporating nonlinear protein bind-
ing was deemed most appropriate for the following reasons. (i)
The minimum value of the objective function was lower for the
nonlinear protein binding model. Despite the addition of two PK
parameters, the drop in the objective function (8 units) represents
a statistically significant improvement in fit (P � 0.05). (ii) In
general, the precision of the population PK parameters was
higher. (iii) The overall goodness of fit was improved, both on an
individual basis and on a population basis. (iv) This model al-
lowed the prediction of free-drug concentrations, which can be
important for the appropriate conduct of PK-PD target attain-
ment analyses when translating preclinical PK-PD targets between
species.

Given that robust estimates of the population PK parameters
were obtained by using the phase 2 PK data alone, it was not
necessary to pool the phase 2 data with those from the phase 1
studies.

Covariate model development. The covariate screening plots T
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shown in Fig. 2 revealed that no strong relationships between pa-
tient descriptors and primary PK parameters (total clearance of
free drug [CLtu], volume of the central compartment for free drug
[Vcu], and steady-state volume of distribution of free drug [Vssu])

were evident. The only relationships of potential significance were
those between CLtu and body size (BSA and weight). Several mod-
els were attempted in S-ADAPT to test their statistical signifi-
cance. Although the addition of these relationships resulted in a

FIG 1 Semilog scatterplots of plasma drug concentrations versus time since the start of the last dose, stratified by study visit and separated by dose.

FIG 2 Covariate screening plots. Abbreviations: AGEY, age in years; WTKG, weight in kilograms; HTCM, height in centimeters; ALB, serum albumin concentration in
grams per deciliter; BSA, body surface area in square meters; BMI, body mass index in kilograms per square meter; CLCR, creatinine clearance in milliliters per minute
per 1.73 m2; CLtu, total clearance of free drug; Vcu, volume of the central compartment for free drug; Vssu, steady-state volume of distribution of free drug.
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slight lowering of the interindividual variability of CLtu and Vcu,
they did so by reducing the overall goodness of fit (exhibited by the
increase in the objective function in each case). Since none of these
models met the statistical criteria for inclusion of covariate rela-
tionships and the improvements in the interindividual variability
of CLtu were modest (10 to 15%), no covariate relationships were
added to the population PK model.

Final population PK model. The final population PK model
for the data from study 2001 was a three-compartment model
with zero-order infusion and first-order (linear) elimination. Sat-
urable (i.e., nonlinear) protein binding was implemented in the
population PK model by modeling free-drug concentrations and
converting fitted free-drug concentrations back to total-drug val-
ues by using the principles of mass balance and a nonlinear rela-
tionship between free- and total-drug concentrations.

The population PK parameter estimates and associated stan-
dard errors for the model are provided in Table 2. Note that all of
the parameters are scaled to free-drug concentrations; for exam-
ple, the total clearance estimate (CLtu) of 120 liters/h represents
the clearance of the free drug and is therefore significantly higher
than the CLt estimate from the model that did not contain satu-
rable protein binding (�18 liters/h). In general, the magnitude of
the interindividual variability was relatively low, with the excep-
tion of Vcu, which was quite variable (CV of 139%), likely because
of the fact that the PK sampling scheme was designed to maximize
the ability to estimate clearance while sacrificing the ability to
estimate volume parameters. The goodness-of-fit plots for this
model are provided in Fig. 3. Excellent fits to the data were ob-
tained, as evidenced by the overall coefficient of determination of
0.892 based on observed versus individual fitted concentrations
(upper left panel). In general, the other plots show consistent scat-
ter about zero, indicating that there were no significant biases in
the fit of the data.

The precision of the mean PK parameters was universally high,
supported by percent SEM values that were all below 20%. The
precision of the interindividual variability estimates was also ex-
cellent (maximum of 30% for the first distributional clearance

[CLd1u]). The intraindividual variability, which is approximated
by the slope (proportional) term for the residual variability model
(SDsl), was approximately 22%.

To assess the accuracy of drug exposure estimates, the preci-
sion of the individual estimates of CLtu was examined. Given that
the mathematical algorithms used to fit the population PK model
result in a distribution of not only the mean population PK pa-
rameters but also distributions of likely PK parameters for the
individual patients, individual percent CV estimates were reflec-
tive of the precision of the individual clearance estimates and
therefore the predicted AUC estimates. As shown in Fig. 4, the
individual percent CV estimates for CLtu were all relatively low
(median of 9.15, maximum of 25%), indicating that the precision
of the individual estimates of clearance and, by inference, the AUC
was high.

Exposure estimates and secondary PK parameters. Summary
statistics for the fitted PK exposure estimates by dose group are
provided in Table 3. While the medians differ as expected between
groups, there was a modest degree of overlap in AUC0 –24 values
between the 100- and 150-mg dose levels.

DISCUSSION

The objectives of the analysis described herein were 3-fold. The
first objective was to apply the population PK model for BC-3781
developed from phase 1 data to the PK data from a phase 2 study,
thereby assessing the utility of the phase 1 model vis-à-vis phase 2
patients undergoing sparse sampling. The plan allowed for mod-
ifications of this model as necessary to obtain an adequate fit to the
data. The second objective was to identify any patient descriptors
associated with the interindividual variability in BC-3781 popula-
tion PK parameters. The third, and most important, objective was
to obtain accurate estimates of PK exposure in the phase 2 patients
in order to facilitate the conduct of PK-PD analyses (13).

The previously developed PK model for BC-3781, which was a
three-compartment model with zero-order infusion and first-or-
der (linear) elimination, was based upon intensive PK sampling
data from three phase 1 studies of subjects who received a wide
range of single and multiple doses (3). The model had been used to
define an optimal sampling strategy to enable robust clearance
estimates within the logistical framework of this phase 2 study.
The phase 1 population PK model provided for a robust descrip-
tion of the PK of BC-3781, as evidenced by the lack of changes in
the structure of the model that were required to obtain an ade-
quate fit of the BC-3781 concentrations from the phase 2 study.

TABLE 3 Summary statistics for BC-3781 PK exposure estimates and
half-life

Parameter and dose (mg) Mean (SD) Median (min, max)

Day 1 Cmax (�g/ml)
100 1.57 (0.974) 1.46 (0.515, 8.11)
150 1.90 (0.705) 1.88 (0.633, 4.38)

Day 1 AUC0–24 (�g · h/ml)
100 10.9 (5.97) 9.87 (3.86, 48.3)
150 14.1 (5.76) 12.8 (4.29, 35.1)

Half-life (h)
100 11.0 (5.18) 9.74 (0.838, 23.5)
150 13.2 (5.79) 12.4 (3.38, 23.5)

TABLE 2 Final population PK model parameter estimates and standard
errors

Parametera

Final estimated mean value (% SEM)

Population mean
Magnitude of interindividual
variability (CV %)

Vcu (liters) 66.1 (18.6) 139 (29.4)
Vp1u (liters) 582 (7.51) 48.0 (17.3)
CLd1u (liters/h) 60.8 (11.0) 35.1 (30.4)
Vp2u (liters) 211 (10.2) 64.5 (19.0)
CLd2u (liters/h) 199 (10.1) 39.3 (25.8)
CLtu (liters/h) 120 (4.04) 17.8 (14.4)
Bmax 12.7
KD 2.07
SDin 0.0005
SDsl 0.217 (2.62)
a Volumes and clearances are scaled to free-drug concentrations. The minimum value
of the objective function is �1,888. Vp1u, volume of distribution of the first peripheral
compartment; Vp2u, volume of distribution of the second peripheral compartment;
CLd2u, second distributional clearance; Bmax, parameter describing the maximum
extent of protein binding; SDin, intercept (additive) term for residual variability model
for plasma concentrations; SDsl, slope (proportional) term for residual variability
model.
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Additionally, the assumption of nonlinear protein binding was
tested in this analysis and the model fits indicated that this as-
sumption should be retained for the phase 2 data. This added
complexity in the model also has the advantage of allowing for
more accurate estimates of free-drug exposures, which are useful
for translational exercises such PK-PD target attainment analyses
to support dose selection or in vitro susceptibility breakpoint se-
lection.

The covariate exploration analysis revealed that no strong re-
lationships between patient descriptors and PK parameters were
evident. This was first apparent visually via the covariate screening
plots and confirmed statistically by implementing several covari-
ate models in S-ADAPT. It is important to note that this does not
imply that there are no relationships between patient descriptors
and BC-3781 PK, only that no relationships were evident in these
data. Future population PK analyses using larger, more diverse
patient populations may provide further insight into those patient
characteristics that help explain the interindividual variability in
BC-3781 PK.

FIG 4 Precision of the individual clearance estimates from the final popula-
tion PK model. The vertical band represents the median value (9.15%).

FIG 3 Goodness-of-fit plots for the final population PK model. Obs., observed. r2, overall coefficient of determination.
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Given that the primary goal of this analysis was to obtain accu-
rate estimates of drug exposure, the precision of the individual
estimates of CLtu, which is the only PK parameter of importance
when estimating the AUC (in a linear-elimination model such as
this), was examined. Consistent with the overall goodness of fit of
the model, individual estimates of the percent CV of CLtu were all
relatively low (median of 9.15%, maximum of 25%). This finding
indicates that (i) the optimal sampling strategy resulted in highly
informative concentration-time profiles and (ii) the precision of
the individual clearance and AUC estimates was high.

In summary, population PK methods allowed for a robust de-
scription of the plasma PK of BC-3781 after i.v. administration to
patients in this phase 2 study. The population PK model was
deemed “fit for purpose,” given the desire to define the free- and
total-drug exposures experienced by those patients randomized to
receive BC-3781. Precise estimates of drug clearance, and there-
fore the AUC, were obtained which can then be used to conduct
clinical PK-PD analyses of efficacy and safety.
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