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Abstract

Background The pharmacokinetic variability of ampicillin-sulbactam in adults has not been extensively described, particu-
larly in patients with a reduced renal function (i.e., < 60 mL/min).

Objective This study investigated the population pharmacokinetics of ampicillin and sulbactam in patients with a wide
range of renal functions and sought to define dosing approaches that have a high likelihood for optimising drug exposure.
Methods Serial blood samples were collected from 16 adult patients receiving intravenous ampicillin-sulbactam in general
wards. Total ampicillin and sulbactam concentrations were measured by chromatographic assay and pharmacokinetic param-
eters were estimated using Pmetrics®. Monte Carlo simulations were used to evaluate the probability of target attainment
(PTA) of free ampicillin and sulbactam concentrations exceeding the minimum inhibitory concentration (MIC) for 60% and
100% of the dosing interval. Fractional target attainment (FTA) was calculated against MIC distributions of common hospital
pathogens. A threshold of > 90% and > 95% was used to define both optimal PTA and FTA, respectively.

Results The median (range) age, weight, and serum creatinine of the study population was 68 (40-82) years, 62 (40-82)
kg, and 1.4 (0.6-6.4) mg/dL, respectively. The pharmacokinetics of ampicillin and sulbactam were best described by a two-
compartment model with serum creatinine most closely associated with clearance for both drugs. The estimated ampicil-
lin and sulbactam clearances were 5.58 L/h and 4.79 L/h, respectively, while the volumes of distribution were 12.6 L and
15.36 L, respectively. Approved dosing regimens of ampicillin-sulbactam were sufficient against MICs < 8 and < 4 mg/L,
respectively. A 4-h infusion enabled optimal PTA at higher MICs. For both dosing targets, optimal FTAs were obtained
against Streptococcus pneumoniae.

Conclusion Optimal FTAs were obtained against the susceptible MIC distributions of Escherichia coli, Klebsiella pneu-
moniae, and Acinetobacter baumannii. Applying a 4-h infusion will enhance PTA and FTA, particularly at higher MICs.
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1 Introduction

Ampicillin is a penicillin antimicrobial with an extended
spectrum of activity against Gram-negative bacteria. It
remains an essential antimicrobial in the treatment of
infections, including in low- and middle-income countries
(LMICs) where there is limited access to newer broad-
spectrum antimicrobials [1, 2]. However, there are con-
cerns regarding its use due to the highly reported number
of ampicillin-resistant pathogens [3, 4]. One mechanism
of resistance to ampicillin is the production of bacte-
rial enzymes that cleave the p-lactam ring, known as
p-lactamases [5]. Use of ampicillin in combination with a
p-lactamase inhibitor, such as sulbactam, can often over-
come this resistance mechanism and maintain a broader
spectrum of activity, including against Acinetobacter bau-
mannii [5, 6]. The efficacy of ampicillin-sulbactam to treat
various infections has been well documented, although
registered indications and dosing regimens may vary
across countries [6-9].

Optimising ampicillin and sulbactam exposures is essen-
tial to improve patient outcomes whilst potentially lowering
the risk of developing resistant pathogens [10]. Ampicillin
and sulbactam exhibit time-dependent killing, with phar-
macokinetic/pharmacodynamic (PK/PD) targets best repre-
sented as the percentage of time in which the unbound frac-
tion of ampicillin and sulbactam remain above the minimum
inhibitory concentration (MIC) of the causative organism (%
JToyie) [11-13]. The ability of a dosing regimen to attain
desired PK/PD targets may be impacted by the PK vari-
ability in the population [10]. Although renal function has
been identified as an important covariate, earlier PK stud-
ies have not included patients with a wide range of renal
functions, particularly those with a reduced renal function
(i.e., estimated glomerular filtration rate of < 60 mL/min),
to adequately explain the PK variability of both ampicillin
and sulbactam in relation to this covariate [14-17].

In addition to understanding PK, the MIC of the infect-
ing pathogen should ideally be known to describe %fT .\
target attainment [10]. Nevertheless, in resource-chal-
lenged hospitals in LMICs, laboratories to measure MICs
are not widely available [18]. Therefore, it is important to
evaluate whether commonly prescribed dosing regimens
of ampicillin-sulbactam provide optimal %fT. ;¢ early in
therapy (i.e., after the first dose) against a wide range of
probable pathogens and MIC distributions. We are una-
ware of such data from previous studies [14—17].

Here, we studied the population PK of ampicillin and
sulbactam in patients with a wide range of renal functions
and sought to define dosing approaches that have a high
likelihood for optimising drug exposure against the most
frequently identified hospital-based pathogens [18-20].
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2 Methods
2.1 Study Design and Setting

A prospective, observational PK study was conducted in
a referral hospital in Surabaya, Indonesia. Patients aged
> 18 years receiving either first or multiple doses of intra-
venous ampicillin-sulbactam in general wards (excluding
the intensive care unit [ICU]) were enrolled in this study.
Patients on, or planned for, renal replacement therapy (RRT)
at the time of sampling were excluded. Pregnant women
were also excluded from the study.

Ethical approvals for the study were granted by the Ethics
Committee of Dr Ramelan Navy Hospital (approval num-
ber 76/EC/KERS/2019) and The University of Queens-
land Human Research Ethics Committee (approval number
2018001592). Before collecting blood samples, written
informed consent was obtained from either the patients
themselves or their legally authorised representatives.

2.2 Drug Administration, Sampling Procedure
and Data Collection

Ampicillin-sulbactam dosing regimens were prescribed at
the discretion of the treating team. At the time of this study,
there was only one product of ampicillin-sulbactam at the
research site which consisted of 1000 mg of ampicillin and
500 mg of sulbactam. Doses given, administration times,
and number of doses before sampling were documented at
the time of sampling.

Doses of ampicillin-sulbactam were diluted with 0.9%
sodium chloride just before administration as a bolus injec-
tion (over approximately 3 min). Multiple blood samples per
patient were collected during one dosing interval (5 min,
20 min, 120 min, 240 min after injection and just before the
next dose) with 3 mL of venous blood collected per blood
sample using lithium heparin tubes. Each blood sample
was placed on ice and immediately transferred to in-house
laboratory for centrifugation (3000 rpm for 15 min). After
centrifugation, the aliquot was stored in a — 80 °C freezer
until analysis.

Relevant patient characteristics (age, gender, body
weight, and body mass index) and laboratory data (serum
albumin and serum creatinine, Se,) were collected from
the medical records at the time of recruitment. The Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation was used to determine the estimated glomerular
filtration rate (eGFRcgp_gpy) for each patient [21, 22]. All
medications administered concomitantly with ampicillin-
sulbactam were recorded and checked for potential clini-
cally significant interactions with ampicillin-sulbactam [26].
Interactions classified as “avoid combination” and “usually
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avoid combination” in the reference used in our study were
considered as clinically significant interactions.

2.3 Ampicillin-sulbactam assay

Total concentrations of ampicillin and sulbactam were meas-
ured simultaneously in plasma using a validated ultra-high-
performance chromatography-tandem mass spectrometry
(UHPLC-MS/MS) method on a Nexera UHPLC system
coupled to a 8030+ triple quadrupole mass spectrometer
(Shimadzu, Kyoto, Japan). Test samples were assayed in
batches alongside plasma calibrators and quality controls,
and results were subjected to batch acceptance criteria [27].
The assay methods were linear from 1 to 200 mg/L and 0.5
to 100 mg/L for ampicillin and sulbactam, respectively. The
precision at lower limit of quantification (LLOQ) of 1 mg/L
(ampicillin) and 0.5 mg/L (sulbactam) was reported as
2.4% and 0.3%, respectively, while the accuracy at the same
LLOQ was reported as — 1.1% and 5.8%, respectively. For
ampicillin, precision of 2.5%, 1.4%, and 1.9%, and accuracy
of 1.5%, — 3.0%, and — 6.4% were reported at concentra-
tions of 3, 30 and 150 mg/L, respectively. For sulbactam,
precision of 5.1%, 0.7%, and 8.2%, and accuracy of — 6.7%,
6.3%, and — 1.2% was reported at concentrations of 1.5, 15
and 75 mg/L, respectively.

2.4 Population PK Modelling
2.4.1 Structural Model

Ampicillin and sulbactam concentration data were fitted
to generate a population PK model using Non-Parametric
Adaptive Grid (NPAG) programme in Pmetrics version
1.9.7. (Laboratory of Applied Pharmacokinetics and Bio-
informatics, Los Angeles, CA, USA) for R (version 4.0.1)
[23]. A structural model of ampicillin and sulbactam was
first developed by comparing the one- and two-compartment
model without introducing covariates. Both lambda and
gamma error models were tested for ampicillin and sulbac-
tam PK models.

The best structural model was chosen according to the
goodness-of-fit of both the population- and individual-
observed versus predicted concentration plots, the value of
the — 2*Log-likelihood (— 2LL), and the Akaike Informa-
tion Criterion (AIC). The goodness-of-fit of the models was
assessed by visual inspection of the observed versus pre-
dicted concentration plots both in population- or individual-
scatter plots, the coefficient of determination (Rz), slopes,
intercept, and bias of the linear regression [28, 29]. For AIC
and — 2LL, models with lower values were considered to be
better than the comparator with a decrease of 3.84 unit of
— 2LL considered statistically significant.

2.4.2 Covariate Analysis

The effect of several biologically plausible demographic and
clinical characteristics on the PK of ampicillin and sulbac-
tam was assessed. The variables tested for inclusion were
age, gender, weight, body mass index, serum albumin, Seg,
and eGFR g gpr- The final estimated PK parameters from
the final model with covariates were presented as mean,
standard deviation (SD), percentage coefficient of variation
(%CV), median value, and the percentage of shrinkage. The
%CV represented the inter-individual variability.

2.4.3 PK Model Diagnostics

The best structural model was chosen according to the
goodness-of-fit of both the population- and individual-
observed versus predicted concentration plots, the value of
the — 2*Log-likelihood (— 2LL), and the AIC. The good-
ness-of-fit of the models was assessed by visual inspection
of the observed versus predicted concentration plots both
in population- or individual-scatter plots, the coefficient of
determination (RZ), slopes, intercept, and bias of the linear
regression [23]. For AIC and — 2LL, models with lower
values were considered to be better than the comparator
with a decrease of 3.84 unit of — 2LL considered statisti-
cally significant. Once the structural model was chosen, each
covariate was separately added to that particular model and
only covariates resulting in a statistical decrease of — 2LL
(a decrease of 3.84 units) and AIC, whilst improving the
goodness-of-fit of the scatter plots, were retained in the final
model. Internal validation was conducted via a visual predic-
tive check (VPC) to evaluate the predictive performance of
the final model with covariates using 1000 simulations. The
distribution of the observed concentration in this simulation
was plotted and visually inspected.

2.4.4 Monte Carlo Dosing Simulation

The final model with covariates was used in the Monte Carlo
dosing simulations to identify the dosing strategy of ampi-
cillin and sulbactam with the highest likelihood of achiev-
ing target drug exposures. Dosing regimens simulated were
selected according to the approved product information that
was based on creatinine clearance (CL,) ranges [11, 12]:

1. Ampicillin: 1000 mg (corresponds to 1500 mg ampicil-
lin-sulbactam) and 2000 mg (corresponds to 3000 mg
ampicillin-sulbactam) every 24 h (for CL, 10 mL/
min/1.73 m?), every 12 h (for CL, 20 mL/min/1.73 m?),
every 6 and 8 h for (for CL, > 30 mL/min/1.73 m?).

2. Sulbactam: 500 mg (corresponds to 1500 mg ampi-
cillin-sulbactam) and 1000 mg (corresponds to
3000 mg ampicillin-sulbactam) every 24 h (for CL,
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10 mL/min/1.73 m?), every 12 h (for CL¢, 20 mL/
min/1.73 m?), every 6 and 8 h for (for CL, > 30 mL/
min/1.73 m?).

In order to better identify the influence of renal func-
tion on the achievement of PK/PD targets, the typical
simulated patients with CL, > 30 mL/min/1.73 m? were
further divided into three (3) groups including: 30, 70,
100 mL/min/1.73 m?. Each dosing regimen was simulated
in Pmetrics® (version 1.9.7), with 1000 subjects as either
receiving a bolus injection or prolonged infusion over 4 h.

Fixed protein binding values of 28% and 38% for ampi-
cillin and sulbactam, respectively, were used in the dosing
simulations [24, 25]. In general, %fT.\yc value of > 50%
provided maximal bactericidal effect for ampicillin based on
preclinical studies [13]. While for sulbactam, it was found
in an in vivo murine thigh infection model that > 60% of
ST mic would result in maximal bactericidal effect (3 log,
kill against A. baumannii) [11]. However, a recently pub-
lished consensus paper on antimicrobial therapeutic drug
monitoring in critically ill patients recommended a PK/
PD target of 100% fT. ync [26]. It is worth mentioning that
even though our study was conducted predominantly in a
non-ICU setting, due to limited ICU capacity, critically ill
patients were often also treated in general wards. Therefore,
the achievement of 60% fT ync and 100 % fT. e Were both
used as a priori PK/PD targets for ampicillin-sulbactam in
our study.

The percentage of simulated patients that could attain
the PK/PD targets was used to calculate the probability of
target attainment (PTA). Since adequate PK/PD exposures
attained from the beginning of treatment would be important
for therapeutic success, the PTAs in our study were calcu-
lated both after the first administration and at steady state
(i.e., after the fifth administration) [27]. The optimal PTA
for a specific MIC was defined as > 90% [34]. To calcu-
late the fractional target attainment (FTA), the PTA of each
dosing regimen was compared against the MIC distribution
of relevant pathogens. The FTAs of ampicillin were calcu-
lated against Escherichia coli, Klebsiella pneumoniae, and
Streptococcus pneumoniae, while for sulbactam, the FTA
was calculated against A. baumannii. Two FTA assessments
were performed. First, FTAs of ampicillin and sulbactam
were calculated against the whole MIC distribution of bac-
teria (ranging from 0.002 to 512 mg/L) derived from Euro-
pean Committee on Antimicrobial Susceptibility Testing
(EUCAST) database [35]. The intention of evaluating PK/
PD exposures against entire MIC distributions was to select
optimal dosing regimens in such situations where the MIC of
the pathogen was unknown (i.e., when used as empiric ther-
apy). Second, FTAs of ampicillin were calculated against a
fixed MIC range for susceptible strains of selected pathogens
(i.e., directed therapy), including: < 8 mg/L, < 8 mg/L, and
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< 0.5 mg/L for E. coli, K. pneumoniae, and S. pneumoniae,
respectively [35]. The directed FTAs for sulbactam against
A. baumannii were calculated against MIC < 4 mg/L [28].
Findings from the second assessment are relevant where
susceptibility reports are made without including the actual
MIC value, as often seen in LMIC countries [18, 20]. Any
dosing regimen that achieved optimal FTA (i.e., defined as
> 95%) was considered a successful dosing regimen either
for directed or empirical based therapy.

2.4.5 Statistical Analysis

Descriptive analysis using frequencies (%) for categorical
data and mean (+ standard deviation; SD) for continuous
data in the demographic of patients were conducted using
Microsoft Excel v2016.

3 Results
3.1 Patient and Sampling Characteristics

A total of 59 and 60 samples from 16 patients were included
in the population PK analyses of ampicillin and sulbactam,
respectively. The characteristics of patients included in the
study are presented in Table 1.

3.2 Population PK Model

The plasma concentration-time profiles for both ampicillin
and sulbactam were best described by a two-compartment
model. The improvement of both population- or individual-
scatter plots (graphs are not shown) and the value of — 2LL
and AIC (Table 2) after the addition of eGFRgp_gp; 0n CL

Table 1 Demographic data of study participants

Characteristic Total patients (%)

Total number 16

Male 6 (37.5)

Age (years)? 68 (40-82)
Weight (kg)*® 62 (40-82)
Sec, (mg/dL)* 1.4 (0.6-6.4)

eGFR py gpr (ML/min/1.73 m*)* 42.2 (5.9-108.4)
Dosing regimens used
12 (75)

4(25)

1000 mg ampicillin and 500 mg sulbactam q8h
1000 mg ampicillin and 500 mg sulbactam q6h

g8h every 8 h, gbh every 6 h
*Presented as median (range)

"Data derived from eight (50%) patients while the clinical conditions
of the other half of patients were not possible for direct weight meas-
urement
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Table 2 Estimates of ampicillin-sulbactam pharmacokinetic parameters from the final model with covariate and model selection
PK parameter PK value from final PK model
Ampicillin Sulbactam
Mean SD CV % Median Shrink (%) Mean SD CV % Median Shrink (%)
CL (L/h) 5.58 2.57 46.1 5.07 0.04 4.79 2.05 42.8 4.47 3.15
V(L) 12.6 2.16 17.2 12.7 1.85 15.4 4.73 30.8 14.6 2.85
Kep (L/h) 0.90 0.78 86.6 0.44 0.13 0.42 0.41 96.8 0.32 14.0
Kpe (L/h) 0.17 0.79 67.3 1.11 4.81 0.69 0.56 81.7 0.79 5.55
Compartment model —2LL AIC —2LL AIC
Model selection
One 356 363 283 290
Two (with Kp—Kcp) 315 326 258 269
Two (with Kp—Kcp and the additional of Sec, on CL) 306 317 249 260
Two (with Kp—Kcp and the additional of eGFRxp_gp; Without 312 323 256 268
allometric scale on CL)?
Two (with Kp—Kcp and the additional of eGFR g gp; With 314 325 252 263

allometric scale on CL)?

— 2LL — 2*Log-likelihood at each cycle, AIC Akaike Information Criterion at each cycle, CL clearance, eGFR estimated glomerular filtration
rate, Kp the rate constant from the central compartment to the peripheral compartment, K- the rate constant from the peripheral compartment
to the central compartment, PK pharmacokinetic, V volume of central compartment

2 Allometric scale value: 0.75

of ampicillin and sulbactam were not as good as the addition
of Sec, on CL of both antimicrobials. The final model for
both ampicillin and sulbactam consisted of Se normalised
to the median value of patients (1.4 mg/dL) on CL:

CLpwp = CLyp X (1.4/Sec,). (D

CLgy, = CLgy X (1.4/Se¢,), )

where CL ,;p and CLgyy; stands for clearance of ampicillin
and sulbactam, respectively.

The value of — 2LL and AIC of all compartmental mod-
els and estimated population PK parameters obtained from
the final model with covariates for ampicillin and sulbactam
are presented in Table 2. The goodness-of-fit of both the
population- and individual-observed versus predicted con-
centration plots of final models are shown in Fig. 1A, B,
while the VPC plots are presented in Fig. 2A, B.

3.3 Probability of Target Attainment

Dosing simulations were conducted in five groups of simu-
lated patients with different Se, values. Efforts to correlate
Sec, to CL, were made when Se, values were found as a
significant covariate in the final model, including: Sec, 6, 2,
1.5, 1, 0.7 mg/dL to represent CL, 10, 20, 30, 70, 100 mL/
min/1.73 m?, respectively [29].

The probability of simulated dosing regimens achiev-
ing a 60% fT .\ for ampicillin and sulbactam is presented

in Figs. 3 and 4, respectively. To maintain clarity, only the
most commonly prescribed dosing regimens at the research
site (ampicillin-sulbactam 1500 mg every 8 h) as a bolus
injection as well as 4-h prolonged infusion dosing regimens
are presented for Se, 1.5, 1, and 0.7 mg/L, respectively.
For the target of 60% fT. e, there was at least one dosing
regimen of ampicillin-sulbactam in each group of Se, that
attained optimal PTA for ampicillin at MIC of 8 mg/L (MIC
value to define susceptible E. coli and K. pneumoniae) [35]
and for sulbactam at MIC of 4 mg/L. (MIC value to define
susceptible A. baumannii) [28], respectively, from the first
administration (Table 3).

For a target of 100% fT. e, the PTAs of ampicillin and
sulbactam are shown in the Supplementary Figs. 1 and 2,
respectively; while the highest MIC at which optimal PTA
was attained for all simulated dosing regimens of ampicillin
and sulbactam are presented in the Supplementary Table 1.

3.4 Fractional Target Attainment

For 60% fT. \pic, the empiric and directed FTAs of all sim-
ulated ampicillin dosing regimens against E. coli, K. pneu-
moniae, S. pneumoniae are presented in Table 4; while
those for sulbactam against A. baumannii are presented
in Table 5. Based on our dosing simulations, almost all
dosing regimens of ampicillin-sulbactam achieved optimal
FTA for both empirical and directed therapy against S.
pneumoniae (Table 4). However, no ampicillin-sulbactam
dose attained optimal FTA for empirical therapy against E.
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coli and K. pneumoniae (Table 4). Similar to this, optimal For 100% fT, ¢, the empiric and directed FTAs of
FTA for empirical therapy could not be obtained by any  ampicillin and sulbactam are presented in Supplementary
ampicillin-sulbactam dosing regimen against A. bauman-  Tables 2 and 3, respectively.

nii (Table 5). While for directed therapy, optimal FTA was
difficult to attain among patients with Se., < 1 mg/dL
against K. pneumoniae (Table 4).
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Fig.4 Probability of target
attainment of several dos-
ing regimens of ampicillin-
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4 Discussion
4.1 Key Findings
This study included patients with a relatively reduced renal

function (11 of 16 patients had eGFRkp_gp; of < 60 mL/
min/1.73 m?), a sub-population that has not been commonly
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— & -3000 (Q6h)-4hI

investigated previously. The PK data for both ampicillin and
sulbactam were best described using a two-compartment
model with Se, as the covariate for CL. For 60% fT yirc
dosing regimens recommended in the approved product
information for ampicillin-sulbactam attained optimal
PTAs against MIC values used to define susceptible strains
of the studied bacteria. However, when a target of 100%
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Table 4 Fractional target attainment (FTA) for various dosing regimens of ampicillin-sulbactam to attain fT, ;e > 60% for the ampicillin com-

ponent against S. pneumoniae, E. coli and K. pneumoniae

Ampicillin-sulbactam FTA (%) by bacteria and Se, (mg/dL)

dosing regimens -
S. pneumoniae

E. coli

K. pneumoniae

Sec, 1 Sec,

Sec, 6 Sec 2 Sec,
1.5 0.7

Sec, 6 Sec 2 Sec,

Sec, 1 Sec,

0.7

Sec, 6 Sec, 2 Sec,

1.5

Sec, 1 Sec,

1.5 0.7

a b a b a b a b a b a b

a b a b a b a b a b a b a b a b a b

Empiric FTAs against the whole minimum inhibitory concentration (MIC) distribution

1.5 g q24-h bolus + + - - - - = - - - X X
1.5 g g24-hinfusion + + - - - - - — - -
3 g q24-h bolus + + -
3 g q24-hinfusion + +

1.5 g q12-h bolus
1.5 g q12-h infusion
3 g ql2-h bolus - -
3 g ql2-hinfusion - -
1.5 g q8-h bolus
1.5 g q8-h infusion

X X
- - - - - - x X
X X

| |
| |
I+ + + +
I+ + + +

|

|

|

|

|

|

|

|

3 g q8-h bolus - - - -
3 g q8-h infusion
1.5 g g6-h bolus - - - -
1.5 g g6-hinfusion - - — -
3 g g6-h bolus - - - -
3 g g6-h infusion - - - - +

[
[
[
[

+ o+ + + 4+ + o+
4+ + o+ o+ o+
4+ + + o+ o+
o+ + o+ o+ o+
4+ + o+ o+ o+
+ o+ + o+ o+ o+

Directed FTAs against the susceptible strains
1.5 g q24-h bolus + + - - - - - -

1.5 g g24-h infusion + +
3 g q24-h bolus + +
3 g q24-h infusion  + +
1.5 g q12-h bolus - -
1.5 g q12-h infusion — -
3 g q12-h bolus - -
3 gql2-hinfusion - -
1.5 g q8-h bolus - -
1.5 g g8-hinfusion - - -
3 g q8-h bolus - - - -
3 g q8-h infusion - - - -
1.5 g q6-h bolus - - - -
1.5 g g6-hinfusion - - - -—
3 g q6-h bolus - - - -
3 g q6-h infusion - - - =

+ o+ + +
+ + + +

|

|

|

|

|

|

|

|

+ o+ o+ + o+ o+
+ 4+ o+ o+
+ 4+ + + + + + o+
+ 4+ + + + o+ o+
+ 4+ + + o+ o+
+ 4+ + + + o+ o+

|

|

X X X X
X X X X

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|
X X X X
X X X X

|

|

|

|

|

|

X X X X
|
|
|
|
|
|
|
|

X X X X X X X X
X X X X X X X X
X X X X X X X X
X X X X X X X X
X X X X X X X X
X X X X X X X X

|

|

|

|
X X X X X X X X
X X X X X X X X
X X X X X X X X
X X X X X X X X
X X X X X X X X
X X X X X X X X

|
|
|
|
|
|
|
|
+ + X X

+ + + +
Lo
I
I
I
Lo
Lo
Lo
I

+ X X X

+ + X X
|
|
|
|
|
I

|

I
+ 4+ X + + + X
T T S i S
+ 4+ 4+ X + X X X
+ 4+ 4+ X + + + %
+ X 4+ X + X X X
+ X 4+ X 4+ X X X

I

I

Lo

I
X X X + X X X
+ + 4+ X + + x X
X X X X X X X
+ X 4+ X 4+ X X X
+ X X X X X X X
+ X X X X X X X

- - 4+ + - - - - +

Se ., serum creatinine, a, simulation at the first dosing regimen; b, simulation at the fifth dosing regimens; —, not simulated; +, could attain FTA
> 95%; X, could not attain FTA > 95%; q24 h, 12 h, 8 h, 6 h indicates the dose is given every 24 h, 12 h, 8 h, 6 h, respectively

STomic was used, optimal PTAs were relatively harder to
attain. Findings of our dosing simulations emphasised that
standard dosing of ampicillin-sulbactam can potentially be
used in empirical therapy against S. pneumoniae but not nec-
essarily against E. coli, K. pneumoniae, and A. baumannii
even for the lower target of 60% fT. \yc. While for directed
therapy, limited options of dosing regimens could attain
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an acceptable FTA if ampicillin-sulbactam is used to treat
infections caused by K. pneumoniae among hospitalised
patients with good renal function (Se., < 1 mg/dL). The
highest dose in the approved product information may be
required to achieve target exposure, particularly for hospi-
talised patients with preserved renal function infected with
less susceptible causative pathogens.
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Table 5 Fractional target
attainment (FTA) for various

Ampicillin-sulbactam dos- FTA (%) by bacteria and Se, (mg/dL)

. . o ing regimens
dosing regimens of ampicillin-

A. baumannii

sulbactam to attain fT. \;c
> 60% for the sulbactam

Sec, 6

Sec, 2 Sec, 1.5 Sec, 1 Sec, 0.7

component against A.
baumannii

a

b a b a b a b a b

Empiric FTAs against the whole minimum inhibitory concentration (MIC) distribution

3 g q24-h bolus X
3 g q24-h infusion X
1.5 g q24-h bolus X
1.5 g q24-h infusion X
3 g ql12-h bolus
3 g q12-h infusion -
1.5 g q12-h bolus -
1.5 g q12-h infusion -
3 g q8-h bolus -
3 g q8-h infusion -
1.5 g g6-h bolus -
1.5 g q6-h infusion -
3 g g6-h bolus -
3 g q6-h infusion -
1.5 g q6-h bolus -
1.5 g q6-h infusion -

X — — —_ — — —_ _ —

X
X — — — — — — — —
X

|

|

|
X X X X X X X X
X X X X X X X X
X X X X X X X X
X X X X X X X X
X X X X X X X X
X X X X X X X X

Directed FTAs against the susceptible strains

3 g q24-h bolus +
3 g q24-h infusion +
1.5g q24-h bolus +
1.5g q24-h infusion +
3 g ql12-h bolus -
3 g q12-h infusion -
1.5 g q12-h bolus -
1.5 g q12-h infusion -
3 g q8-h bolus -
3 g q8-h infusion -
1.5 g g8-h bolus -
1.5 g q8-h infusion -
3 g g6-h bolus -
3 g q6-h infusion -
1.5 g q6-h bolus -
1.5 g q6-h infusion -

+ - - p— — - —

+
+ - — — — — - — —
+

I |
+ X X + X |
|
| I |
| O R |
| T |
| I T |
| S T |
| T |

[
[
[
+ X + + 4+ X + + + +
+ + 4+ + X + +
+ X + + X X + X
X + + + X + X%
+ X + X X X 4+ X
+ X + X X X + X

+ +

Se ., serum creatinine; a, simulation at the first dosing regimen; b, simulation at the fifth dosing regimens;
—, not simulated; +, could attain FTA > 95%; X, could not attain FTA > 95%; q24 h, 12 h, 8 h, 6 h indi-
cates the dose is given every 24 h, 12 h, 8 h, 6 h, respectively

4.2 Relationship with Previous Studies

The two-compartment PK model for both ampicillin and
sulbactam described in the present study was similar when
compared with other published ampicillin [18, 30] and sul-
bactam studies [14, 15]. The covariates affecting the final
model, however, are different. Previous studies on ampicillin
[16] and sulbactam [14—16] found renal function measures
as the preferred covariate for CL calculated by using the

Cockcroft-Gault equation. We also tested renal function
calculated using eGFRkp gp; as the covariate for CL for
both ampicillin and sulbactam, but the —2LL, AIC, and the
goodness-of-fit of models for both ampicillin and sulbactam
with the inverse of Se., on CL was seen to statistically out-
perform the models with eGFRgp_gp; on CL.

Although Se, is generally not considered to be the
most accurate measurement of renal function [40], Se,
concentrations may still be valuable to dose optimise
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ampicillin-sulbactam in LMIC countries for several reasons.
First, measured urinary CL, may not be readily available in
some LMIC clinical settings [31]. Second, the association
between Se., and CL, as well as PK/PD exposure, has been
observed for other antimicrobials with similar physiochem-
ical properties to both ampicillin and sulbactam [32-34].
Finally, the findings of our PK/PD simulation emphasised
that PK/PD exposures of a specific dosing regimen were
influenced by changes in Se(, values.

The estimated PK parameters for ampicillin and sulbac-
tam described in our study were relatively different com-
pared with other studies. The CL ;yp (5.58 L/h) and CLgyy;.
(4.79 L/h) in our study are relatively lower compared
to the reported CL,yp (10.7 L/h) and CLgyy; (10.4 L/h)
among patients in a study by Soto et al. [16]. These dif-
ferences could be related to observed differences in renal
function between the two populations. The study by Soto
et al recruited patients with relatively higher renal func-
tion (median Sec, = 0.73 mg/dL) compared to our patients
(1.4 mg/dL) [16]. Regardless of the differences in reported
estimates, the CL ;p among patients in our study and that
of Soto et al were relatively lower compared to healthy
subjects (CL = 13.28 L/h) [16, 30]. In addition, the CLgy;,
in our study is also lower compared with those described
by Yokoyama et al (7.23 L/h) and Jaruratanasirikul et al
(7.75 L/h) [14, 15]. The differences between each of the
two studies is attributable to differences in reported median
renal function descriptor [14, 15]. Furthermore, the value of
CLgy; in our study is also in line with the reported CLgy;; in
another study by Jaruratanasirikul et al. [35]. In this study,
the age of patients included in the study ranged from 21
to 81 years and the CLgy; was 2.26 L/h and 7.64 L/h for
patients aged > 65 and < 65 years, respectively. We included
patients aged 40-82 years and it could be suggested that
the CLgyy; in our study, i.e., 4.79 L/h, is in line with those
reported by Jaruratanasirikul et al. [35].

In our PTA simulations, we observed superiority in
achieving the PK/PD targets if ampicillin-sulbactam was
administered as a 4-h prolonged infusion. Even though this
superiority was observed in all Se., groups, it was more
prominent in patients with Se, < 1.5 mg/dL. For both 60%
JTomic and 100% fT e, any dosing regimen of ampicillin-
sulbactam in these patients had a PTA exceeding 90% at a
higher MIC value if simulated as a 4-h infusion compared
to bolus injection. Consistent with our findings, Jaruratana-
sirikul et al. also found the superiority of a 4-h infusion of
sulbactam to provide adequate PK/PD exposures [14]. How-
ever, whether 4-h infusions result in better clinical outcomes
in non-ICU patients requires further investigation [36, 37].

Our first FTA assessment demonstrated that all ampicil-
lin-sulbactam dosing regimens (i.e., the ampicillin compo-
nent) in all Se, groups were optimal (> 95 %) after both
the first and fifth administration against the whole MIC
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distribution of S. pneumoniae. Furthermore, the optimal
FTA was maintained for both PK/PD targets (60% and 100%
fTomic).- However, this was not the case against E. coli and
K. pneumoniae. One reason is that 28.1% of E. coli and
87.2% of K. pneumoniae have reported MICs of > 8 mg/L,
in which case almost all of our simulated dosing regimens
did not attain the optimal PTA [35]. Meanwhile, only one
strain of S. pneumoniae was reported with an MIC of 8 mg/L
[35]. In contrast, our second assessment of directed therapy
found that among all Se, groups, an ampicillin-sulbactam
dosing regimen of 3000 mg as a 4-h infusion provided ade-
quate exposure against S. pneumoniae and E. coli from the
first dose even for the higher PK/PD target. While against
K. pneumoniae, this dosing regimen would generally be suf-
ficient for the lower target of 60% fT .y for the ampicillin
component.

All simulated ampicillin-sulbactam dosing regimens
were found to be inadequate in providing optimal FTA for
either 60% fT. \yc and 100% fT yyc for the sulbactam com-
ponent against the whole MIC distribution of A. baumannii.
This could be related to the high percentage (41.5%) of A.
baumannii with an MIC > 4 mg/L. We did find that most
1500 mg dosing regimens were sufficient to achieve optimal
FTA at the lower target of 60% fT. ¢ for the sulbactam
component against susceptible strains of A. baumannii. A
dose of 1500 mg given every 6 h as a 4-h infusion would
be appropriate for patients with a relatively preserved renal
function (Se, ranging from 0.7 to 1.5 mg/dL). Our find-
ings, however, were not supported by others [15]. Yokoy-
ama et al. reported that although 90% of A. baumannii had
an MIC < 4 mg/L (MICy, 4 mg/L), sulbactam dosing regi-
mens below 2000 mg every 6 h were not enough to attain
optimal FTA for a target of 60% [T,y in patients with
preserved renal function (CL, 90 mL/min). There could be
two reasons for the need for higher doses. First, the doses in
Yokoyama et al were simulated as 1-h infusions while ours
were as 4-h prolonged infusions. According to Jaruratana-
sirikul et al., 4-h infusion of sulbactam achieves better PK/
PD exposures than 1-h infusion [14]. Second, the population
CLgy,, of 7.23 L/h reported in Yokoyama et al. was higher
than what was found in our study [15].

4.3 Limitations

There are a few limitations that require attention when inter-
preting our findings. First, our PK/PD simulations were
based on applied fixed protein binding percentages (i.e., 28%
and 38% for ampicillin and sulbactam, respectively). Simu-
lations based on actual measured free fractions of ampicillin
and sulbactam are indeed important because only the free
fraction of the drug is responsible for antibacterial activ-
ity [38]. Second, as the 60% fT. \yc target for sulbactam
against A. baumannii was chosen based on only one study
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[11], further pre-clinical PK-PD studies are needed to better
define the exposure required for maximal sulbactam activ-
ity and these investigations need to include a wider range
of A. baumannii strains. Third, our dosing simulation trials
have not been validated in real clinical settings. Whether
Sec,-based dosing adjustment of ampicillin and sulbactam
could result in better clinical and microbiological outcomes
is yet to be determined. While awaiting such validation,
dosing regimens suggested in our simulations could serve
to guide clinicians on which dosing regimens are likely
to provide a high probability in attaining optimal PK/PD
exposures.

5 Conclusion

Both ampicillin and sulbactam PK were well described using
a two-compartment model with Se., being the only covariate
on CL. Currently approved dosing regimens may provide
adequate exposure against S. pneumoniae, E. coli, K. pneu-
moniae, and A. baumannii provided that these pathogens
are within the MIC distributions of susceptible strains and a
target of 60% fT. yc is deemed acceptable. Administering
both ampicillin and sulbactam as 4-h infusions will enhance
attainment of PK/PD exposures, even for the higher target
of 100% fT. pic-
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