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ABSTRACT. Increased antibacterial resistance (ABR) and limited drug discovery warrant optimized use
of available antibiotics. One option is to rationally combine two antibiotics (fixed dose combination
(FDC)) that may delay or prevent emergence of ABR in notorious pathogen. Major concern with FDC
is the mutual interaction of its components that might influence their pharmacokinetic (PK) profile,
requiring reassessing of whole formulation (adding cost and time). The interaction can be identified by
comparing PK profile of a drug present in FDC with its independent entity. An open-label, crossover,
single-dose comparative PK study of FDC (ceftriaxone and sulbactam) with their individual reference
formulations was performed in 24 healthy adult subjects. No mutual PK interactions between ceftriaxone
and sulbactam were observed. Pharmacokinetic data was used to develop a population-PK model to
understand between-subject variability (BSV). Pharmacokinetics of ceftriaxone/sulbactam was explained
by one and two compartment models, respectively. The subject’s Bweight^ was identified as a covariate
explaining BSV. Both internal and external validations (healthy/infected subjects) were done. The model-
derived population-PK parameters of FDC’s active components in infected subjects were similar to
literature reported values of individual components. Efficacies of various FDC dosage regimens over a
range of minimum inhibitory concentrations (MICs) were assessed by Monte Carlo simulations using
population-PK parameters of infected/healthy subjects. In infected subjects, 3 g FDC/24 h can treat
bacteria with MIC ≤8 μg/mL, while for MIC 8–32 μg/mL, 3 g FDC/12 h is recommended. Lastly, the
developed population-PK model was successfully used to predict drug exposure in pediatric population.
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INTRODUCTION

The rapid emergence of antibacterial resistance (ABR)
imposes fresh challenges and creates serious public health
threat around the world. Extended-spectrum β-lactamases
(ESBLs) and metallo β-lactamases (MBLs) are major contrib-
utors of ABR (1). Rising trends of ESBLs are being observed
all over the world including the USA. More than 90% ESBL
cases are resistant to third/fourth generation cephalosporins.
Carbapenems are the last resort for serious ESBL-bacterial
infections and also, carbapenems are ineffective against MBL
strains. The situation is worsening further due to dried pipe-
line of newer antibiotics (2,3). Recent research work has
shown that the rational use of pharmacodynamically synergis-
tic antibiotics through fixed dose combination (FDC) ap-
proach may delay or even prevent emergence of ABR (4).

Antibiotic combination (pharmacodynamic synergism)
choices and further using non-antibiotic adjuvant (NAA) have
shown the synergistic effect to the level of ABR elimination.
On these lines, a combination of ceftriaxone, sulbactam, and
NAA ethylene diamine tetra acetate (EDTA; the concentra-
tion is so low that it qualifies as excipient) was developed. The
FDC works on ABR by eradicating biofilm, inhibiting con-
jugal transfer, bacterial adhesion, and decreasing efflux
transporters expression (5). The activity of FDC is similar
to meropenem in ESBL strains and is active against MBL
strains; thus, it can be used as carbapenem sparer drug
(5–8).

All three molecules are approved individually by various
regulatory agencies including USFDA. It is well known that
the addition of different components in a FDC product may
change the pharmacokinetic (PK) of the active components
(ceftriaxone + sulbactam) and further the safety profile of the
FDC product, which may affect the therapeutic outcome.
Thus, in the current study, FDC of ceftriaxone, sulbactam,
and disodium EDTA (2/1/0.037 w/w/w) (marketed as Elores®)
was evaluated for PK parameters of active components (ceftriaxone
and sulbactam). The PK profile of ceftriaxone and sulbactam of
FDC was compared with that of individual formulation of ceftri-
axone and sulbactam, respectively. The PK of individual drugs is
well characterized across populations (9,10). however, the
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chances of variability in drug exposures within a population
increase, when given in combination. The therapeutic potential
of the FDC against various infections can be assessed from the
understanding of population PK of active components of the
FDC and the severity of infection. Population PK of EDTA
(non-antibiotic adjuvant) will not add any relevant information
as the concentration is very less in the FDC, but its influence
on active component’s PK might be relevant; therefore, the
population PK was focused on ceftriaxone and sulbactam
only.

To understand the possible variability introduced by con-
founders (including age, weight, renal status), the population
PK of active components of FDC was evaluated using a two-
step approach. The first stage involved the assessment of
individual PK parameter estimates in healthy subjects by uti-
lizing individual’s concentration-time data (data-rich situa-
tion). The second stage involved identifying relationships
between estimated parameters and covariates using regres-
sion and covariance analysis. On the basis of modeling
approaches (using Pmetrics), a population PK model was
created and external/internal validations were performed
to evaluate the robustness of the model. In the external
validations, the robustness of model was tested using data
of active components (from FDC) in patient population
(11) and data from stand-alone arms in healthy population
(from the current study).

The use of FDC in pediatric population is another area
with potential risk originating from variable exposures. There-
fore, the utilizability of the model was extended to predict the
PK parameters (and hence exposures) in pediatric population.
The concentration-time data and estimated parameters for
pediatrics were taken from the published study (12,13). The
population PK model predicted parameter values in pediatrics
were compared with that observed in published study, and
thus, the reliability of the model was assessed for understand-
ing exposures of FDC’s active components in pediatric
population.

The parameters obtained from the robust population
PK (adult) model were further used to make predictions
for changes in exposures corresponding to different dos-
age regimens of FDC. The exposures were further relat-
ed to changes in pharmacodynamic (PD) responses
characterized by a specific PK/PD index. Both compo-
nents of the FDC are characterized by time-dependent
antibacterial activity, and the percentage of the exposure
time during which the free-drug concentration remains
above the minimum inhibitory concentrations (MICs)
(%T>MIC) is the PK/PD index that best correlates with
efficacy. Monte Carlo simulations (MCSs) were per-
formed to assess the efficacies of various dosage regi-
mens of FDC in terms of the probability of target
attainment (PTA) of PK/PD index 70%T>MICcomb (a
value generally used for beta-lactam antibiotics as the
desired PK/PD index for efficient bacterial killing and
MICcomb is the combined MIC of FDC for a single
pathogen) over a range of MICs (1–64 μg/mL). For
MCS, 1000 subjects’ simulated data was generated using
PK parameters derived from population PK model. The
PTA was calculated for 70%T>MIC over a range of
MICs and the dosage regimen showing ≥90%PTA was
identified as an efficacious therapeutic option.

MATERIAL AND METHODS

Drugs

Test formulation CSE 1034 (Elores® FDC of ceftriaxone
sodium USP equivalent to ceftriaxone 1000 mg + sulbactam sodi-
um USP equivalent to sulbactam 500 mg + non-antibiotic adjuvant
qualifying as excipient disodium EDTA 37.0 mg; batch no.
0FA0903, Exp: May/2012) was manufactured by Venus Remedies,
India. The reference products, i.e., Rocephin® (containing ceftri-
axone sodium equivalent to ceftriaxone 1000 mg, batch no.
B3478B01, Exp. Dec/2012, reference 1) and Bact-S® (containing
sulbactam sodium 0.5 g, batch no. DV0G1511, Exp. June/2012,
reference 2) were manufactured by Hoffmann- La Roche Inc,
France and Venus remedies, India, respectively.

Study Population and Design

The analysis was performed on the PK data of 24
patients from a randomized, cross-over, single-dose com-
parative pharmacokinetic study under fasting conditions.
In brief, patients eligible for study were 22 years or older
and healthy. Subjects with a history of serious disease or
infection were excluded. The study was designed in accor-
dance with good clinical practices and approved by an
independent ethics committee (IEC) [protocol no. AZ/
BE/P/038, dated 20 May 2010 approved on 13 July 2010].
A single dose was administered to study subjects as intra-
venous infusion over a period of 30 min in supine posture
in each treatment period. The study was conducted at
Azidus Laboratories Ltd., Vandalur, Chennai, India.

Blood Sampling and Drug Assay

Blood samples were collected from each subject at 0 h
(pre-dose), 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12, 16, and 24 h following
drug administration. The separated plasma samples were an-
alyzed for ceftriaxone and sulbactam using a validated
high-performance liquid chromatography (HPLC, 3
Agilent 1200 series, column Hypersil 250×4.6 mm, 5 μ)
method. The mobile phase was a mixture of tetrabutyl
ammonium hydroxide buffer (pH 7.0±0.1) and acetonitrile
(70:30). Aliquots (0.25 mL) of plasma samples were mixed
with equal volume of chilled acetonitrile and were kept at
2–8°C for 5 min. Samples were then centrifuged
(3500 rpm for 30 min) and supernatants were injected in
HPLC system for analysis.

Pharmacokinetic Analysis

PK parameters analyzed in the study included maxi-
mum measured plasma concentration (Cmax), area under
the plasma concentration vs. time curve (AUC), time of
maximum measured plasma concentration (tmax), elimina-
tion rate constant (Ke), clearance (CL), and volume of
distribution (VD).

Population Pharmacokinetic Analysis

Concentration-time data of ceftriaxone and sulbactam
were used to perform non-parametric PK modeling in
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Pmetrics (version 0.40, Laboratory for Applied Pharmacoki-
netic, Los Angeles, CA, USA) (14). Non-parametric approach
was used to better detect outliers patients and unexpected
sub-populations. Both algebraic and ordinary differential
equation solver were used to fit the model to the data.

Structure Model

One, two, and three compartment structure models with
zero-order input and first-order/Michaelis-Mentis elimination
were evaluated as potential PK models. The model selection
was based on the Akaike information criterion (AIC) index,
and the goodness-of-fit of both population- and individual-
predicted vs. observed plots. Between-subject variability in
ceftriaxone and sulbactam pharmacokinetics followed log nor-
mal distribution. For explaining residual variability, both the
additive lambda and multiplicative gamma error models in
Pmetrics were tested during model development. Each
observation was weighted by 1/error2 and error was cal-
culated as follows:

For gamma model : error ¼ SD*gamma

For lamda model : error ¼ SDþ lamda2
� �0:5

where SD was modeled with a polynomial equation, i.e., C0+
C1*[obs]

2+C2*[obs]
3C3*[obs]

4, where [obs] was the observed
concentrations of ceftriaxone or sulbactam and C0, C1, C2, and
C3 were assay error polynomial coefficients.

Covariate Analysis

Dependencies between PK parameters and covariates
(age, weight, and creatinine CL) were evaluated using
linear, power (allometric and population-mean-normal-
ized) and exponential regression models. In allometric
model, CL and VD were scaled to body size using coeffi-
cients of 0.75 and 1, respectively. Covariates were scaled
to median population values and continuous covariates
were extrapolated between observations. Forward/
backward stepwise approach was used for covariate selec-
tion. Diagnostic plots, change in the objective function
values (OFVs), and parameter variability were used to
select covariates that improved the model prediction.

Model Validation

Internal Validation. Visual predictive check (VPC) and
bootstrap analysis were performed to validate the predictabil-
ity and stability of the model graphically as well as statistically.
For VPC, 1000 data sets were simulated using final population
model parameters. For the VPC, 2.5th, 50th, and 97.5th per-
centiles of the simulated concentrations were processed using
R platform and observed concentration against time was plot-
ted to see the boundaries of these data points against the 2.5th
and 97.5th percentiles. For non-parametric bootstrap anal-
ysis, re-sampling with replacement was done 500 times
and the 2.5th and 97.5th percentile of the parameter
estimates were taken in order to build the 95% bootstrap
confidence intervals (CIs). The values of estimated param-
eters from bootstrap analysis were compared with those

estimated from the original data set. The entire bootstrap
procedure was done in automated fashion using SPSS ver.
20 (IBM, SPSS 20).

External Validation. The population PK model of ceftri-
axone and sulbactam was also evaluated on external valida-
tion data sets of (1) 24 healthy male subjects receiving
Rocephin and Bact-S, respectively, and (2) 12 patients (com-
plicated urinary tract infection) receiving the FDC (11). From
the Bayesian prior model parameter joint density, Pmetrics
calculated the Bayesian posterior joint density for each subject
in the separate external validation data sets (health subjects
and patients separately). The median marginal PK parameter
values of each posterior density were used to calculate the
predicted drug (ceftriaxone and sulbactam) concentrations,
given individual dose and subject covariates. The PK param-
eters estimates of external data sets were then compared with
the PK parameters of main data set (used for population PK
model development).

Model Prediction in Pediatric Population

The predictive performance of the developed model was
further evaluated in pediatric patients. The PK data of ceftri-
axone and sulbactam in pediatric population was taken from
literature (12,13). The individual concentrations were predict-
ed and compared using Bayesian approach, as explained in
external model validation; and associated PK parameters
were compared with the reported values in the literature
(12,13).

Monte Carlo Simulations

Monte Carlo simulations for 1000 adult subjects were
performed to determine how likely the FDC dose of 0.75,
1.5, 3, 6, and 9 g would achieve 70%T>MICcomb at different
values of MICcomb, i.e., 1, 4, 8, 16, 32, and 64 μg/mL. The
population PK parameters (CL and Ke obtained from final
population-PK model) were utilized in simulations. The
concentration-profiles of once-a-day and twice-a-day dosing
regimens were generated using CL and Ke of each simulated
subjects, and %T>MICcomb was calculated for all simulated
subjects for different exposures at all MIC values. The PTA
(target PTA minimum 90%) was then defined as percentage
of simulated subjects showing %T>MICcomb of more than 70.

RESULTS

Pharmacokinetic Analysis

The PK evaluations were done using data from 24 male
subjects, 22–32 years old, with BMI in the range of 18.56–
24.96 kg/m2, respectively (Table I). Table I has also shown the
demographics of 12 cUTI patients, whose PK data was
employed for external validation of final population PK model
of ceftriaxone and sulbactam.
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Comparative PK Profiles of Drugs Given Individually
and in FDC

The comparison of PK profile of the FDC's active com-
ponents (i.e. ceftriaxone and sulbactam) of FDC with their
respective reference formulations were done graphically as
well as statistically. The plasma concentration-time curves of
ceftriaxone and sulbactam under fasting condition were super-
imposable with that of reference drugs (Rocephin: ceftriaxone
alone; Bact-S: sulbactam alone) within experimental errors
(Fig. 1). The PK parameters of ceftriaxone and sulbactam in
each formulation (FDC and reference drugs) were compared
(Table II) using paired t-test; and the differences between the
CL or VD values in two different IV formulations were

observed statistically non-significant. Exposures to the body
provided the same dose was given. No statistical significant
difference was observed in ceftriaxone or sulbactam PK para-
meters when given in combination (FDC) or as individual drug
(Rocephin and Bact-S) (Table II). These results confirms that
overall drug exposure to the body do not change, irrespective of
nature of formulation, i.e., FDC or drugs given separately.

Population PK Modeling

Structural PK Model

The main impetus for study was to develop population
PK model for the FDC of ceftriaxone and sulbactam. In total,
528 plasma concentrations (264 each of ceftriaxone and
sulbactam) were used to develop the population PK model.
The non-parametric pharmacokinetic modeling was per-
formed using Pmetrics (described in BMATERIALS AND
METHODS^).

The lowest AIC value (2178) and good diagnostic
plot (correlation coefficient of 0.85 for population-
predicted vs. observed and 0.92 for individual-predicted
vs. observed) of ceftriaxone was obtained in one compart-
ment with gamma error (supplementary Table 1). It
should be noted that similar values were obtained for all
three compartments model, but diagnostic plots of one-
compartment showed higher imprecision and bias. More-
over, the VD of ceftriaxone was reported as 7–12 L (15).
which was best explained by one compartment model with
first order elimination kinetics. The Michaelis-Menten
equation showed poor diagnostic plots and PK parameter
estimates. Thus, structural PK model for ceftriaxone was
constructed using one compartment, zero order input,
gamma error model and first order elimination.

Similar model development was done for sulbactam.
The lower AIC value (1003) and good diagnostic plots
(correlation coefficient of 0.78 and 0.89 for predicted vs.
observed for population and individual, respectively) were
obtained for two compartment with lambda error model.
It must be noted that gamma error model have shown
lower AIC values (367) vs. lambda error model (1003) for
two compartment PK model, but diagnostic plots of higher
correlation coefficient (0.89 vs. 0.85), lower bias (0.07 vs.
−0.20) and lower imprecision (0.87 vs. 0.91) were obtained
with lambda error model (supplementary Table 2). Addi-
tionally, more residual variability can be explained by
inter-individual covariates in lambda model, improving
the robustness and validity of the population-PK model.
On comparing the one and two compartment models with
lambda error model, similar AIC and diagnostic plots
were obtained.

However, the estimated VD (closer to the reported values
of 20–30 L) can be better explained by two-compartment
model (16). Thus, the structural PK model for sulbactam was
constructed with zero-order input, lambda error model, and
second-order elimination.

Incorporation of Covariates

The effect of covariates on PK of ceftriaxone and
sulbactam were investigated to compensate for between-

Table I. Subject Demographics for Enrolled Subjects

Demographic variable Mean (range)

Healthy subjects cUTI patients

Number of male/female 24/0 7/5
Age (years) 26 (22–32) 43.5 (28–56)
Height (m) 1.6875 (1.518-1.79) 1.58 (1.44-1.64)
Weight (kg) 62.95 (50–78.8) 62 (52–72)
BMI (kg/m2) 23.63 (18.56-24.96) 25.08 (24.88-26.77)
Serum creatinine (mg/dL) 1 (0.9-1.3) 1.2 (0.8-1.4)

cUTI complicated urinary tract infections

Fig. 1. Mean plasma concentrations (± SD) vs. time profiles of ceftri-
axone a and sulbactam b in human healthy subjects (n=24) after
single-dose IV infusion of FDC [ceftriaxone/sulbactam (1 g/0.5 g)]
and reference drugs (1 g Rocephin for ceftriaxone and 0.5 g Bact-S
for sulbactam)
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subject variability (BSV) of the PK data and to improve/
refine the structural PK model. All three variables (age,
weight, and creatinine CL) were evaluated to explain the
BSV of the population-PK model. Stepwise forward/
backward approach was used to identify covariates which
are highly correlated to PK parameters. The identified
covariate-PK parameter relationship was modeled using
linear, exponential, and power (allometric and normal-
ized) equations to reduce the BSV and improve the
model-fit.

For allometric scaled models, primary PK parameters
were allometrically adjusted to body size using body
weight and coefficient of 0.75 (for CL) and 1 (for VD)
(17). For ceftriaxone, BKe^ was weakly correlated with
weight (abbreviated as "wt") of subjects, but the correla-
tion was better than other covariates tested. The correla-
tion of Ke~wt was best explained by allometric-scaled
power model normalized with median population weight
(lower AIC [2175] and lower bias [−0.023] of diagnostic
plot; supplementary Table 1). The Brefined^ model was
slightly better than structural PK model of ceftriaxone
(Fig. 2a). For sulbactam, it was observed that Ke was
correlated with "wt" and Bage,^ whereas VD was correlat-
ed with "wt". All possible covariate models were applied
similar to ceftriaxone. However, Ke~wt improved the
model fit more than any other covariates or their combi-
nations (supplementary Table 2). The Bimproved^ model
had shown lower AIC value (901 vs. 1003) and better
model-fit with lower imprecision (0.758 vs. 0.873) as com-
pared to its structural PK model (Fig. 2b). Mention must
be made that sulbactam PK analysis was based on PK
data of 12 h because of its very short half–life, i.e., ~1 h (18).

The final population PK model of ceftriaxone and
sulbactam was explained by one-compartment (1C) model
and two-compartment (2C) model, respectively. However,
in both of the cases, weight was the main covariate
impacting the elimination constant as per the following
equation ke=ke0*(70/wt)

0.25, where "wt" was weight of
subjects. For ceftriaxone, multiplicative gamma error mod-
el was used (gamma [g]=5) with assay error polynomial
coefficients of 0.02, 0.05, and −0.0002. In case of

sulbactam, additive lamda error model was used (lamda
[L]=0.1) with assay polynomial coefficients, i.e., C1 and
C2 of 0.1 and 0.1, respectively. For detailed equations of
error models, please refer to BPopulation Pharmacokinetic
Analysis^ subsection of BMATERIAL AND METHOD^
section. The residuals between observed and predicted
observations were normalized by the standard deviations
of the data (conditional weighted residuals) and plotted
with predicted data as well as with time for both of the
final models (data not shown). In both cases, no system-
atic trends were observed. The PK parameters of the final
population-PK model are given in Table III.

Model Validation

Internal Validation

The ability of the final population-PK model to pre-
dict the observed data was evaluated graphically using
VPC. One thousand data sets were simulated using final
population model parameters. For a model in which
random effects are well estimated, approximately 95%
of the observed values are expected to be within the
2.5th and 97.5th prediction interval (19). In case of cef-
triaxone, 3 and 4% of observed values were outside the
2.5th and 97.5th percentile, respectively. In case of
sulbactam, 94.1% observed values were within the 2.5th
and 97.5th prediction interval. These results validated the
predictability of final pop-PK models of ceftriaxone and
sulbactam (Fig. 3).

Stability and performance of final model were also
assessed by non-parametric bootstrap analysis with re-
placement and re-sampling. Re-sampling was performed
500 times, and the 2.5th and 97.5th percentile of the
parameter estimates were taken in order to build the
95% bootstrap confidence intervals. For ceftriaxone, Ke

and VD were 0.083 (vs. 0.082 of final model) and 7.470
(vs.7.471), respectively (Table III). Similarly for sulbactam,
the estimated Ke and VD values were 0.650 (vs. 0.61 of
final model) and 28.928 (vs. 29.71 of final model), respec-
tively (Table III). The bootstrap-estimated values with

Table II. Descriptive Statistics for Pharmacokinetic Parameters of Ceftriaxone and Sulbactam after Single-Dose 30 min IV Infusion of FDC and
Reference Formulations of Individual Components

Parameters (units) Ceftriaxone (mean±SD) Sulbactam (mean±SD)

FDC (n=24) Rocephin
(n=24)

Statistical
significancec

(α=0.05)

FDC (n=24) Bact-S (n=24) Statistical
significancec

(α=0.05)

Cmax (μg/mL) 148.76±14.83 149.30±13.48 NS 19.29±5.69 20.64±5.64 NS
AUC0-t (μg h/mL) 1269.58±248.39 1186.01±214.22 NS 28.80±13.18 29.70±9.36 NS
AUC0-∞ (μg h/mL) 1500.58±254.02 1386.45±255.74 NS 29.40±12.93 30.13±9.54 NS
Tmax (h)

a 0.5 (0.5–1.0) 0.5 (0.5–0.5) NSb 0.5 (0.5–1.0) 0.5 (0.5–1.0) NSb

T1/2 (h) 9.22±2.49 8.69±1.13 NS 0.92±0.40 0.83±0.20 NS NS
Kel (h

−1) 0.08±0.01 0.08±0.01 NS 0.89±0.36 0.90±0.28 NS
CL (L/h) 0.74±0.16 0.81±0.19 NS 29.82±11.55 31.79±14.33 NS
VD (L) 9.55±1.95 9.46±1.73 NS 44.52±16.81 43.09±20.25 NS

aValues expressed as median (range)
bAnalysis performed by Wilcoxon matched-pair test
cAnalysis performed by student paired t-test
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95% CI were in close proximity with those estimated from
the final population-PK model (Table III), suggesting the

reliability of the final population-PK models of both cef-
triaxone and sulbactam.

Fig. 2. Plot of observed vs. population-predicted concentrations (left) and observed vs. individual-predicted
concentrations (right) of ceftriaxone a and sulbactam b, generated from the final pop-PK model. Circles
represent the observed concentration. Each solid line indicates a non-parametric regression with robust
linear fit

Table III. Estimates of Final Population-PK Parameters of Ceftriaxone and Sulbactam from FDC

Ceftriaxone Sulbactam

Ke VD Ke VD

Population-PK model a 0.08 7.47 0.61 29.71
b 0.09±2.37 8.31±3.49 0.58±2.88 32.46±4.64

Bootstrap (n=500) c 0.083 (0.083, 0.089) 7.478 (7.476,8.514) 0.650 (0.646, 0.654) 29.928 (29.044, 4 0.157)
d 0.086 (0.082,0.090) 8.260 (7.676, 8.842) 0.620 (0.582, 0.657) 32.594 (29.211,35.977)

External validation
Healthy subject a 0.09 7.42 0.61 27.14

b 0.09±1.74 8.23±3.40 0.61±4.65 30.99±5.12
cUTI patients a 0.12 7.87 0.42 30.43

b 0.13±0.03 7.77±0.29 0.42±0.013 30.43±0.02
Pediatric extrapolation
Predicted a 0.10 2.51 1.54 5.85
Observed a 0.12 3.54 1.49 8.52

a: median; b: mean±RSE; c: median (95% CI); d: mean (95%CI); e: median (IQR); median calculated CL for ceftriaxone and sulbactam were
0.59 and 18.1 L/h, respectively. Median calculated CL for both populations (healthy and infected subjects) combined were 0.75 and 16.5 L/h for
ceftriaxone and sulbactam, respectively
cUTI complicated urinary tract infection
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External Validation of Population PK Model Using Data
from Healthy Subjects

The population-PK models of ceftriaxone and sulbactam
were also evaluated on another data set of same 24 healthy
male subjects receiving reference formulations Rocephin® and
Bact-S®, respectively. The Bayesian estimated concentrations were
highly correlated with observed concentrations (r2=0.92 for ceftri-
axone and r2=0.87 for sulbactam) (Fig. 4). On comparing
population-PK-derived primary PK parameters of reference drugs
(Rocephin® and Bact- S®) with corresponding active components
of FDC, no significant changes were observed (Table III). This
result further substantiates our initial claim that the PK parameter of
ceftriaxone and sulbactam remains unaffected when given in the
FDC of ceftriaxone and sulbactam along with EDTA.

External Validation of Population PK Model Using Data
from cUTI Patients

Another validation of population PK model was carried
out using PK data of 12 cUTI patients after the administration
of FDC ceftriaxone/sulbactam (2/1) 3.0 g. Similar to above
external validation, the Bayesian estimated concentrations
were highly correlated with observed concentrations (r2=
0.91 for ceftriaxone and r2=0.97 for Sulbactam) (Fig. 5). On
comparing the PK parameters estimates, i.e., Ke and VD of
external data sets of ceftriaxone and sulbactam with the FDC
of ceftriaxone and sulbactam, only marginal differences
(statistically non-significant) in median of both Ke (ceftriax-
one 0.12 vs. 0.08; sulbactam 0.42 vs. 0.61) and VD (ceftriaxone
7.87 vs. 7.47; sulbactam 30.43 vs. 29.71) were observed
(Table III). This supports the applicability of the developed
pop-PK model of both drugs in cUTI patients.

Utilizability of Developed Population PK Model: Pediatric
Extrapolation (Concerns Related to Special Population)

The utilizability of the model was extrapolated to predict
the PK parameters (and hence exposures) in pediatric data
sets extracted from literature (12,13). The demographics of

pediatric subjects used in the ceftriaxone and sulbactam study
are given in supplementary Table 3. Focusing on ceftriaxone
population-PK model, one modifications was made, i.e., mul-
tiplicative gamma error value was increased from 5 to 10 for
better model-fit of pediatric data. No statistical differences in
diagnostic plots (r2 value 0.90 for g=10 vs. 0.91 for g=5; bias
0.40 for g=10 vs. 0.41 for g=5) and PK parameters (Ke and VD

values 0.08 h−1 and 7.5 L, respectively, for both g=10 and 5)
were observed in the population-PK model having gamma
error value of 5 and 10 (supplementary Table 1).

Model validity in pediatrics was evaluated graphically using
the diagnostic plot between observed and individual posterior
predicted values, which showed high correlation (r2=0.89) and
lower bias (0.888) (Fig. 5a). Lower AIC of 653 was obtained in
the analysis. The estimated medians ofKe andVD were 0.10 h−1

and 2.51 L, which were statistically in close agreement with
observed values (reported in the literature from where pediatric
data was extracted) of 0.12 h−1 and 3.54 L, respectively
(Table III and Fig. 6). For sulbactam, the population-PK model
adequately described pediatric data confirmed by diagnostic
plots of high correlation (r2=0.91) and lower bias (−0.423)
(Fig. 6). Lower AIC of 409 was obtained in the analysis (Sup-
plementary Table 2). The estimated PK parameters, i.e.,Ke and
VD median values were 1.54 h−1 and 5.85 L, which were statis-
tically in close agreement with reported values of 1.49 h−1 and
8.52 L, respectively (Table III). Thus, population-PK models of
ceftriaxone and sulbactam could be extrapolated to pediatric
population and hence exposures can be easily determined for
dose modifications.

Monte Carlo Simulations

Monte Carlo simulations of concentration-time profiles
were performed using population PK parameters estimated
from both populations (healthy and infected) combined. The
population PK parameters utilized in simulations were CL of
0.75±0.2 and 16.52±4.63 L/h for ceftriaxone and sulbactam,
respectively. The Ke was set to 0.09 and 0.51 for ceftriaxone
and sulbactam, respectively. The FDC in dose range of 0.75 to
9 g as OD and BD regimen were used to calculate PTA over a

Fig. 3. Plots of visual predictive checks obtained from the simulations of ceftriaxone 1 g OD a and sulbactam
0.5 g OD b using the final pop-PK model. Solid lines represent the median (middle one) and 95% confidence

interval (side ones) obtained from the simulated data
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range of MICcomb (1–64 μg/mL) (Fig. 7). The FDC was noted
to be very effective with PTA of ~100% at dose strength
≥1.5 g OD and ≥0.75 g BD for the strains corresponding to
MIC of 1 and 4 μg/mL. For MIC 8 μg/mL, doses less than 3 g
were not effective. Even 3 g OD achieved PTA ~80%, which
can be improved to >95% when the same exposure was divid-
ed into two doses (1.5 g BD). Further increasing the dose to
3 g BD maximized the PTA to 100%. For MIC 16 μg/mL, OD
regimen was ineffective as the maximum PTA achieved at
highest 9 g OD dose was only 35%. The FDC was ineffective
at all drug exposures (PTA ~0–5 for the MIC of 32 and
64 μg/mL).

DISCUSSION

Previous studies have proven the superiority of ceftriax-
one (beta-lactam antibiotic) over other antibiotics in various
infections (20–22). Inclusion of sulbactam (beta lactamase
inhibitor) and disodium EDTA with ceftriaxone further en-
hances the antibacterial spectrum against difficult-to-treat
ESBL-/MBL-positive infections, due to synergistic effect of
the FDC, yielding better clinical outcomes (23,24). Carbapen-
ems are the last resort for ESBL infections and are ineffective
against MBLs. The FDC thus can be used as a carbapenem

sparer. In addition, FDC also prevents ABR by multiple
mechanisms (downregulation of efflux transporters, inhibition
of conjugal transfer, biofilm eradication to name a few) (24).
However, controlled exposures can keep a continuous check
on ABR. The exposures can generally be estimated from PK
parameters derived from a population but the information
related to population PK of FDC antibiotics is limited. In this
study, we created a generalized population PK model for
active components (ceftriaxone and sulbactam) of FDC. The
created model was further used to predict exposures of ceftri-
axone and sulbactam in adult patients (urinary tract infection)
and in pediatric population. The model predictions were ro-
bust across age groups and the population derived PK param-
eters were used to assess the efficacies at various dosage
regimens of FDC over a range of MICs using probabilistic
determinations of achievement of pharmacodynamic targets.
These targets are generally linked to PK/PD indices (AUC/
MIC ratio, Cmax/MIC ratio, and % T>MIC), routinely used
for explaining the therapeutic efficacy in terms of achieving
MIC. For beta-lactams, %T>MIC=70% for beta lactam anti-
biotics is considered optimal for bacterial killing (in further
discussion MICcomb will be used instead of MIC as the MIC of
FDC is the combined effects of active ingredients)(25). Monte
Carlo simulations were performed to estimate the PTA and

Fig. 4. Plot of observed vs. population-predicted concentrations (left) and observed vs.individual-predicted
concentrations (right) of ceftriaxone a and sulbactam b, obtained from external validation of the final pop-
PK model [Rocephin data was used for Ceftriaxone 1 g Bexternal^ data; Bact-S data was used for sulbactam
0.5 g external data]. Circles represent the observed concentration. Each solid line indicates a non-parametric
regression with robust linear fit
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further dosage regimens giving desired PTAwere selected and
clinical breakpoints for the FDC were identified.

The major hurdle in dose optimization of FDC is the
variability of the drug exposure induced by potential interac-
tion of the components of FDC. Therefore, PK profile

comparison (graphical and statistical) between the FDC and
their individual counterparts at similar doses (Fig. 1 and
Table II) were done; and similar concentration-time profiles
and PK parameters (CL, VD, AUCs, t1/2, Ke, tmax, Cmax) were
observed. In addition, the PK parameters estimated in the

Fig. 6. Plot of observed vs. individual posterior-predicted concentrations of ceftriaxone a and sulbactam b,
generated from extrapolation of the final pop-PK model to pediatric population. Circles represent the

observed concentration. Each solid line indicates a nonparametric regression with robust linear fit

Fig. 5. Plot of observed vs. population-predicted concentrations (left) and observed vs.individual-predicted
concentrations (right) of ceftriaxone a and sulbactam b, obtained from external validation of the final pop-
PK model [PK data of ceftriaxone 2 g and sulbactam 1 g was taken from 12 cUTI patients]. Circles represent
the observed concentration. Each solid line indicates a non-parametric regression with robust linear fit
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study (Table II) were in concordance with the values men-
tioned in literature (15,18). Similarity in PK profile suggested
similar systemic exposure, which would be beneficial to
patients as two drugs can be given together to reduce pill
burden to patients along with other benefits (cost reduction,
pharmacodynamic synergism just to name few). It must be
mentioned that EDTA was a part of the FDC formulation
and super-imposable PK profiles were obtained for both
ceftriaxone and sulbactam. This suggests that EDTA did
not alter the PK parameters of the active components of
the FDC.

The major focus of the present study was to develop
population PK model for the FDC of ceftriaxone and
sulbactam. The population-PK model assists in rationally op-
timizing the antimicrobial dose as per the individual physiol-
ogy. Model selection was based on the AIC and the goodness-
of-fit of both population and individual predicted vs. observed
plots. In short, the finally developed population-PK model of
FDC was explained by one and two compartments for ceftri-
axone and sulbactam, respectively. Weight was the main co-
variate, impacting the elimination rate constant Ke and
explaining the between-subject variability of the data. The
residual variability in the models was explained by error
models. The model underwent procedures of internal and
external validations for testing model robustness in different
scenarios and hence to gauge the general utilizability of model
in predicting exposures. Internal validation of model were
done by VPC and bootstrap analysis and the estimated values
with 95% CI for PK parameters CL and VD were similar to
that obtained from the population PK model. External
validations were done using data from healthy volunteers
[taking ceftriaxone and sulbactam alone] and the data
from cUTI patients [taking the FDC]. The model depen-
dent CL and VD estimations were in line with reported
values in the literature for both the populations, advocat-
ing the robustness and reliability of the population-PK
model in predicting exposures.

The developed model’s applicability was further tested
on pediatric population. This special group of population is
known to have differences in drug exposures due to variability
in CL and VD. The inappropriate changes in exposures might
result in sub-optimal efficacy and/or compromised safety. The
developed model with weight as covariate was used to predict

the PK parameters (and hence exposures) in pediatric data
sets extracted from literature (12,13). Interestingly, it was
observed that the developed PK model, after proper refine-
ment, can be extrapolated to pediatric population. As per the
model, the estimated CL and VD were similar to that reported
in the literature (12,13). further reiterating the generalizablity
and utilizability of the developed population PK model.

The model-derived parameters (CL and Ke) from the
combined healthy and infected subjects’ data were then used
to simulate data for another 1000 subject. It should be men-
tioned that CL, Ke, and VD of both populations were not
statistically different (Table III). The populations were com-
bined to increase the variabil i ty in the simulated
concentration-time profiles and making it closer to a real
situation. Monte Carlo simulations of 1000 subjects were done
to determine how likely the different exposures determined by
different dosage regimens (0.75 to 9 g OD/BD) of FDC would
achieve the target %T>MICcomb of 70% over a range of MICs
1–64 μg/mL. Focusing on PTA of %T>MICcomb ~70%, the
FDC has achieved 100% PTA for almost all doses against the
strains for which it exhibits MIC of 1–4 μg/mL. Also for MIC
≤8 μg/mL, the lowest dose that can achieve the PTA of more
than 90% is 1.5 g BD. Further increase in MIC, i.e., 16 μg/mL
lowers the PTA, requiring higher doses to revive the PTA
back to 90% (large amount of FDC dose, i.e., >6 g BD).
However, higher doses might also compromise the safety of
FDC. All doses were ineffective for strains corresponding to
MIC 32 and 64 μg/mL. Thus, the strains corresponding to the
MIC of ≤8, 8–16, and ≥32 μg/mL were susceptible, interme-
diate, and resistant, respectively to the FDC. The categoriza-
tion of bacterial strains against a drug, in terms of MICs,
evaluates the therapeutic potential of the drug. These clinical
breakpoints provide an advantage over infections wherein
ceftriaxone alone is showing therapeutic limitations. For ex-
ample, the susceptibility for FDC is ≤8 μg/mL, which is four-
fold higher than that of ceftriaxone resistant strains (MIC
≥2 μg/mL). In summary, a high PTA (≥90%) for a target
70%T>MIC with MIC ≤8 μg/mL was observed with 1.5 g
BD dose; with same total exposure in OD dose (3 g), ~80%
PTAwas attained. Dosage regimen of 3 g BD showing PTA of
100% indicates the improvement in response, if required, in
cases of severe infections. This claim was further supported
from the clinical data of cUTI patients (data used for external

Fig. 7. Probability of target attainment of FDC, for two dosage regimens, i.e., once-a-day a and twice-a-day
b, plotted as a function of dose and MIC. It was determined that how likely the FDC dose of 0.75, 1.5, 3, 6,

and 9 g would achieve 70%T>MICcomb at different values of MIC, i.e., 1, 4, 8, 16, 3, and 64 μg/mL
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validation purpose), where >90% cure was achieved with 3 g
BD FDC dose (11).

It should be mentioned that the study also suffered from a
few limitations. Firstly, ceftriaxone and sulbactam, total (free
+ protein bound) concentrations were measured, while only
free drug was used to calculate PK/PD index and further
antibacterial efficacy. Secondly, the study was conducted in
healthy subjects and extrapolated to small pool of infected
subjects (UTI); however, it would be difficult to extrapolate
the findings to severely ill patients. The reason is differences in
CL and VD, which will affect the plasma concentrations and
the associated PK/PD index. Therefore, further studies in
severely ill patients should be conducted to assess the antibac-
terial efficacies of various dosage regimens.

CONCLUSION

The present study demonstrated that the PK profile of
ceftriaxone and sulbactam did not alter, when given in FDC,
from their original PK profile, i.e., when given individually. In
other words, there is no pharmacokinetic interaction between
ceftriaxone, sulbactam, and EDTA, when given simultaneous-
ly in a FDC. The second section was focused on developing a
population PK model using the plasma concentration-time
data of 24 healthy adult subjects. Model validity was
established internally using VPC and boot strap method. The
developed model was validated externally in healthy as well as
patient population and further the model was used to estimate
exposure in pediatrics. Finally, 1000 patient MCS was per-
formed using population PK model-based parameters to pre-
dict attainment of pharmacodynamic targets (PK/PD index; an
efficacy driver) at various FDC doses over range of MICs. The
optimal dosage regimens of 1.5 g BD/3 g OD/3 g BD had a
likelihood of attaining target exposures. To conclude, in-depth
population PK modeling of FDC containing ceftriaxone and
sulbactam was done and the model-based parameters were
used to estimate exposure-dependent attainment of efficacy.

AUC: area under curve; FDC: fixed dose combination;
MIC: minimum inhibitory concentrations; PK: pharmacokinet-
ics; PD: pharmacodynamics; pop-PK: population pharmacoki-
netic; VPC: visual predictive check; VD: volume of distribution
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