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Objectives: Benzylpenicillin is commonly used to treat infective endocarditis, particularly for strepto-
coccal infections. This study aimed to perform pharmacokinetic/pharmacodynamic analyses of benzyl-

15 April 2025 penicillin to assess the probability of target attainment (PTA) across different pathogens, MIC values,

Accepted 21 April 2025 pharmacokinetic/pharmacodynamic targets, and renal function levels.

Available online 28 April 2025 Methods: In the Partial Oral Endocarditis Treatment trial, patients with left-sided infective endocarditis
were randomly assigned to either conventional intravenous or partial oral antibiotic treatment. This

Editor: W. Couet substudy included patients receiving intravenous benzylpenicillin (3000 mg q6h). Pharmacokinetic
measurements were conducted, and a population pharmacokinetic model was developed to estimate

Keywords: PTAs through model-based simulations. Pharmacokinetic/pharmacodynamic targets were based on time

Benzylpenicillin above MIC (or 4 x MIC) of the free concentration (fT > MIC or T > 4 x MIC).

Infective endocarditis
Pharmacodynamics
Pharmacokinetics
Target attainment

Results: A total of 75 patients were included, and 291 plasma concentrations were obtained. MIC values
were available for 68 patients. Individual target attainment for 50% fT > MIC and 50% fT > 4 x MIC targets
was 100% (56/56) and 94.6% (53/56) for streptococci, 100% (3/3) for staphylococci, but only 66.7% (6/9)
and 33.3% (3/9) for Enterococcus faecalis. For more stringent targets of 100% fT > MIC and 100%
fT > 4 x MIC, individual target attainment was 89.3% (50/56) and 75.0% (42/56) for streptococci, 100.0%
(3/3) and 66.7% (2/3) for staphylococci, but 33.3% (3/9) and 11.1% (1/9) for E. faecalis. Simulations showed
PTAs above 90% for MIC values < 0.5 mg/L at the 50% fT > MIC target, and for MIC values < 0.063 mg/L at

* Corresponding author. Magnus Bock, Department of Clinical Microbiology, Copenhagen University Hospital, Rigshospitalet, Henrik Harpestrengs Vej 4a, Copenhagen DK-
2100. Denmark.
E-mail address: magnus.nikolaj.bock@regionh.dk (M. Bock).

https://doi.org/10.1016/j.cmi.2025.04.025
1198-743X/© 2025 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All rights are reserved, including those for text and data
mining, Al training, and similar technologies.


mailto:magnus.nikolaj.bock@regionh.dk
www.sciencedirect.com/science/journal/1198743X
http://www.clinicalmicrobiologyandinfection.com
https://doi.org/10.1016/j.cmi.2025.04.025
https://doi.org/10.1016/j.cmi.2025.04.025
https://doi.org/10.1016/j.cmi.2025.04.025

M. Bock et al. / Clinical Microbiology and Infection 31 (2025) 1350—1355 1351

50% fT > 4 x MIC or 100% fT > MIC targets. Higher renal clearance was associated with substantially

lower PTAs.

Discussion: Intravenous benzylpenicillin achieved target levels in most patients with infective endocarditis,
particularly for those infected with streptococci or susceptible staphylococci. However, low individual
target attainment in patients with E. faecalis suggests limitations in treating enterococcal endocarditis,
especially in patients with preserved renal function. Magnus Bock, Clin Microbiol Infect 2025;31:1350
© 2025 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All
rights are reserved, including those for text and data mining, Al training, and similar technologies.

Introduction

Benzylpenicillin, an intravenously administered B-lactam, pri-
marily targets gram-positive pathogens such as Streptococcus spp.
Its central role in the treatment of infective endocarditis (IE) caused
by streptococci is emphasized by international guidelines [1].
Furthermore, some centres use benzylpenicillin in IE caused by
susceptible strains of staphylococci or enterococci. However, for -
lactam susceptible enterococci, ampicillin (or amoxicillin) is
generally recommended over benzylpenicillin because of lower
MIC, in combination with ceftriaxone or gentamicin [1].

IE is considered a biofilm infection on the endocardium,
commonly featuring bacterial vegetations on native or prosthetic
heart valves [2,3]. The 6-month mortality rates range from 24% to
29% [4]. Prolonged and high-dose antibiotic treatment is necessary
for the successful outcome of IE [1,2]. The Partial Oral Endocarditis
Treatment (POET) trial demonstrated the non-inferiority of oral
step-down treatment compared with traditional full-length intra-
venous therapy [5,6]. Nonetheless, it is generally believed that both
initial stabilization and patients ineligible for partial oral therapy
still require intravenous antibiotics.

Achieving sufficient plasma levels of antibiotics is important for
bacterial killing and clinical outcomes [7,8]. The mechanism of action
of B-lactams relies on the acylation of penicillin-binding proteins,
thereby inhibiting peptidoglycan synthesis [9]. When maximal
acylation is reached, the bacterial killing cannot increase further.
Thus, B-lactams exhibit time-dependent bacterial killing, where ef-
ficacy is determined by the duration that the antibiotic concentra-
tion remains above a certain threshold [10,11]. This is typically
measured as the percentage of time the free, unbound plasma
concentration exceeds the MIC (fT > MIC). For penicillins, the stan-
dard clinical pharmacokinetic/pharmacodynamic (PK/PD) target is
achieving 50% fT > MIC [7]. However, in biofilm infections, increased
tolerance to antibiotics may necessitate higher plasma levels over an
extended duration [12], and the optimal clinical PK/PD target in IE
remains debated [13]. Increasing the target antibiotic concentrations
to 4 x MIC over the entire dosing interval has been suggested [8,14],
based on previous clinical studies [15,16]. Hence, evaluating the
target attainment of benzylpenicillin in IE using higher targets is
important for optimizing treatment strategies based on antibiotic
susceptibility and patient characteristics such as renal function,
because penicillins are primarily eliminated in the kidneys.

Thus, in the present study, we performed PK/PD analyses of
benzylpenicillin in patients with IE to determine the probabilities of
target attainment (PTAs) by evaluating various bacterial species,
MIC values, PK/PD targets, and levels of renal function.

Methods
Ethics

The POET trial (ClinicalTrials.gov: NCT01375257) received
approval from the regional scientific ethics committee for the

Capital Region of Denmark (H-R-2011-40) and the Danish Data
Protection Agency (30-0598). The original approval included the
collection and use of the plasma samples described in this study. It
was conducted in compliance with the principles outlined in the
Declaration of Helsinki, and all participants provided written
informed consent.

Study design

The results of the POET trial and the protocol have been pub-
lished previously [5,17]. In summary, eligible participants were
adult patients diagnosed with left-sided IE and blood cultures
positive for Staphylococcus aureus, coagulase-negative staphylo-
cocci, Streptococcus spp., or Enterococcus faecalis. At randomization,
all patients had undergone a minimum of 10 days (7 days after
heart valve surgery) of intravenous antibiotic therapy with a
satisfactory clinical response according to prespecified stabilization
criteria (afebrile for at least 2 days, C-reactive protein reduced to
<25% of its peak level or <20 mg/L, and leukocyte counts below
15 x 10%/L). The patients were randomly assigned to partial oral
therapy with two oral antibiotics or conventional full-length
intravenous therapy. The primary endpoint was a composite
outcome including all-cause mortality, unplanned cardiac surgery,
embolic events, or relapse of bacteraemia with the primary
pathogen.

For the present analysis, all participants in the POET trial who
received benzylpenicillin were screened for eligibility. De-
mographic information, clinical characteristics, and patient out-
comes were gathered. Creatinine clearance was determined using
the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
formula [18].

Drug administration, PK measurements, and clinical microbiology

Eligible patients received 3000 mg benzylpenicillin (5 million
IU) g6h by short intravenous infusions over approximately 30 mi-
nutes. Patients had plasma concentrations determined at the day of
randomization (day 1) in the intravenously treated group. For each
patient, blood samples were collected at approximately 0.5, 1, 2, 4,
and 6 hours after administration. The 6-hour sample timing varied
between patients, occurring before, during, or after the next ben-
zylpenicillin infusion. Unfortunately, the exact timepoint of the
second dose was not recorded. Consequently, we chose to exclude
the 6-hour measurement for all patients to prevent bias. For three
patients, notable irregularities were detected in the PK curves,
suggesting an exchange of sample times for two samples, resulting
in fluctuating concentrations (Fig. S1). We decided to exchange the
sample times before subsequent analysis.

Samples were analysed by high-pressure liquid chromatography
using Agilent 1290 Infinity (Agilent Technologies, Santa Clara, CA,
USA) providing the total concentration in plasma.
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MICs of benzylpenicillin were evaluated by a gradient strip
method (Etest; bioMérieux, Marcy-I'Etoile, France) or VITEK2
(bioMérieux).

Population PK analysis

The population PK analysis was performed in Monolix (Version
2023R1, Lixoft, Antony, France) using the Stochastic Approxima-
tion Expectation-Maximization algorithm. The graphic
processing of the obtained results was partially carried out in
GraphPad Prism 10 (Version 10.1.2, GraphPad Software Inc., San
Diego, CA, USA).

During structural model building (Supplementary Methods), PK
models with one or two compartments and first-order elimination
were evaluated. The dose was modelled as a constant infusion over
30 min in the central compartment.

Because previous studies have found an effect of body weight
and creatinine clearance on the PK of benzylpenicillin [19—22], they
were selected as potential PK covariates. Body weight and creati-
nine clearance were normalized to observed median values of 78 kg
and 74.8 mL/min, respectively, and introduced as power functions
(Supplementary Methods).

The evaluation of the PK model was conducted according
to conventional methods [23]. Goodness-of-fit plots were gener-
ated to evaluate the adequacy of the final model, and a visual
predictive check was conducted by simulating the final model 500
times.

Individual target attainment and PK/PD analyses

We used the individual estimates from the population PK model
to compute the individual concentration—time curves for estima-
tion of time above MIC (fT > MIC) assuming a free unbound fraction
of 45% [19]. We performed the analyses using four different PK/PD
targets, namely 50% fT > MIC, 50% fT > 4 x MIC, 100% fT > MIC, and
100% fT > 4 x MIC [8].

To further explore the PTA relative to individual MIC, we con-
ducted a simulation of the final model in Simulx (Version 2023R1,
Lixoft). First, PK parameters were sampled for 10 000 patients with
a median creatinine clearance of 74.8 mL/min. Second, we simu-
lated the model using the standard dose of 3000 mg q6h and
computed individual estimates of concentration—time curves at
day 5 assuming steady-state conditions at this point. Third, the PTA
using the specified PK/PD targets and varying MIC values (0.016 -16
mg/L) was calculated. Finally, 90% CIs were derived from 500 sim-
ulations, each based on 1000 parameter sets sampled from the final
model's variance—covariance matrix [24]. Using these 500 PTA
estimates, we determined the 5th and 95th percentiles for each
target and MIC.

Similar simulations were conducted assuming a creatinine
clearance of 40.8 mL/min, representing the 10th percentile, and
103.2 mL/min, representing the 90th percentile of estimated
creatinine clearance.

Results
Patient characteristics

A total of 75 patients treated with benzylpenicillin in the POET
trial were included. The demographic and clinical data are
summarized in Table 1. Most patients were infected by strepto-
cocci (79%, 59/75), and 10 (13%, 10/75) and five (7%, 5/75)
patients were infected by E. faecalis and staphylococci, respec-
tively. MIC data were available for 68 patients and are reported in
Fig. S2. The determined MIC range was 0.008—0.38 mg/L for

Table 1
Demographic and clinical data of the study population
Total patients, N 75
Male, n (%) 50 (66.7)
Female, n (%) 25(33.3)
Characteristic,” median (IQR)
Age (y) 69 (64—76.5)
Body weight (kg) 78 (65.3—89.5)
BMI (kg/m?) 24.9 (23.5-28.4)

Creatinine clearance (mL/min)
Pathogen, n (%)

74.8 (53.0-92.5)

Streptococci 59 (78.7)
Enterococcus faecalis 10(13.3)
Staphylococci 5(6.7)
Unknown” 1(1.3)
Outcome, n (%) 6 (8.0)

BMI, body mass index; IQR, interquartile range.

¢ Body weight, height, and creatinine data were missing for one patient
each, making BMI calculations impossible for two patients and creatinine
clearance estimation impossible for one.

b Microbiological data were unavailable for one patient.

¢ The composite outcome in the Partial Oral Endocarditis Treatment study
included all-cause mortality, unplanned cardiac surgery, embolic events, or
relapse of bacteraemia with the primary pathogen.

streptococci, 1— 6 mg/L for E. faecalis, and 0.064—0.125 mg/L for
staphylococci. The composite outcome occurred in six patients
(8%, 6/75).

Population PK analysis

A total of 291 plasma concentrations of benzylpenicillin were
available for analysis. A two-compartment model with the first-
order elimination adequately described the data. The population
PK estimates are reported in Table S1. Large inter-individual vari-
ation was observed. We observed significant correlations between
clearance, inter-compartmental clearance, and volume of central
compartment, which were kept in the final model and the simu-
lations. The residual variability was best described by a propor-
tional error model.

Inclusion of estimated creatinine clearance as a covariate for
clearance caused a significant improvement of the model (change
in objective function value = —49.11, p < 0.0001) and was retained
in the final model. No significant improvement was observed
including body weight as a covariate.

Goodness-of-fit plots are presented in Fig. S3. They showed an
acceptable fit with no visible structural misspecifications. The
performed visual predictive check is provided in Fig. S4, further
demonstrating an adequate fit with no systematic trends.

Individual target attainment and PK/PD analyses

The individual target attainment with targets of 50% fT > MIC
and 50% fT > 4 x MIC was 100% (56/56) and 94.6% (53/56) for
streptococci, 100% (3/3) for staphylococci, and only 66.7% (6/9) and
33.3% (3/9) for E. faecalis, although only three patients with
staphylococcal IE were evaluated (Table 2). Using stricter thresh-
olds of 100% fT > MIC and 100% fT > 4 x MIC, the individual target
attainment was 89.3% (50/56) and 75.0% (42/56) for streptococci,
100.0% (3/3) and 66.7% (2/3) for staphylococci, and 33.3% (3/9) and
11.1% (1/9) for E. faecalis, respectively.

Among the six patients who reached an endpoint, five patients
achieved 50% fT > MIC, five patients achieved 100% fT > MIC and
50% fT > 4 x MIC, and four patients achieved 100% fT > 4 x MIC.

Model-based simulations assuming the median creatinine
clearance of 74.8 mL/min showed that high PTAs (>90%) were
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Patient group

50% fT > MIC

100% fT > MIC

50% fT > 4 x MIC

100% fT > 4 x MIC

All patients with available MIC (N = 68)
Streptococci (N = 56)
Enterococcus faecalis (N = 9)
Staphylococci (N = 3)

95.6% (65/68)
100.0% (56/56)

66.7% (6/9)
100.0% (3/3)

82.4% (56/68) 86.8% (59/68) 66.2% (45/68)
89.3% (50/56) 94.6% (53/56) 75.0% (42/56)
33.3% (3/9) 33.3% (3/9) 11.1% (1/9)
100.0% (3/3) 100.0% (3/3) 66.7% (2/3)

The letter f indicates the free unbound concentration; e.g. fT > MIC means the time above MIC of the unbound concentration. T, time.

100 -~ 50% fT>MIC
90~ - 100% fT>MIC
80 —— 50% fT>4xMIC
707 —— 100% fT>4xMIC
X 60+
< 50-
£ 40-
30+
20
10+
(U | T T T T
@\bQ@\Q?&Q PP N s e

MIC (mg/L)

Fig. 1. PTA from Monte-Carlo simulations. A median creatinine clearance of 74.8 mL/
min was assumed. The letter f indicates the free unbound benzylpenicillin concen-
tration; e.g. fT > MIC means the time above MIC of the unbound concentration. The
error bars indicate the 90% Cls for the estimates. PTA, probability of target attainment;
T, time.

achieved for MIC values < 0.5 mg/L with a standard target of 50%
fT > MIC, and for MIC values < 0.063 mg/L with targets set at 100%
fT > MIC or 50% fT > 4 x MIC (Fig. 1). The strictest target of 100%
fT > 4 x MIC did only result in a high PTA if a low MIC of 0.016 mg/L
was assumed.

Simulating patients with varying degrees of renal function
yielded significant shifts in the estimated PTAs, as illustrated in
Fig. 2. Reduced renal function (creatinine clearance = 40.8 mL/min)
resulted in high PTAs for MIC <1.0 mg/L with the standard target of
50% fT > MIC, for MIC <0.25 mg/L with targets set at 50%
fT > 4 x MIC or 100% fT > MIC, and even for MIC <0.063 mg/L with a
stringent 100% fT > 4 x MIC target. Conversely, higher renal func-
tion (creatinine clearance = 103.2 mL/min) led to a notable

decrease in PTA. High PTAs were only observed with the standard
target and MIC values < 0.25 mg/L, a target of 50% fT > 4 x MIC and
MIC values < 0.063 mg/L, or a target of 100% fT > MIC with a low
MIC of 0.016 mg/L.

Discussion

The evaluation of antibiotic plasma concentrations and infecting
bacterial MICs in the POET trial enabled us to perform thorough PK/
PD analyses [5]. Previously, we evaluated individual target attain-
ment using standard targets of the major oral antibiotics included
in the POET trial [25]. In the present study, we analysed the target
attainment of intravenous benzylpenicillin (3000 mg g6h) in 75
patients from the POET trial and found that most patients achieved
the target levels, particularly those infected with streptococci or
susceptible staphylococci. However, target attainment in the nine
patients infected with E. faecalis was notably low (11-67%). This
finding can be explained by the elevated expression of low-affinity
penicillin-binding proteins, particularly PBP5, in enterococcal spe-
cies, leading to high MICs [26]. Thus, the low PTA for E. faecalis
corresponds to the elevated epidemiological cut-off value reported
by European Committee on Antimicrobial Susceptibility Testing (8
mg/L), in contrast to streptococci and staphylococci, which have
epidemiological cut-off values of <1 mg/L [27]. Furthermore, high
renal function was found to significantly reduce PTA.

Although six patients reached an endpoint in this POET sub-
study, four of them achieved the high PK/PD target of 100%
fT > 4 x MIC. This suggests that factors other than benzylpenicillin
treatment may have influenced the outcome, underlining the
complexity of IE. However, it is well established that achieving
sufficient antibiotic plasma levels is strongly correlated with clin-
ical outcomes in critically ill patients, particularly those with
bloodstream infections, and the consequences of underexposure
can be devastating [8]. A recent systematic review evaluated
optimal PK/PD targets in patients with IE and concluded that
although T > MIC is important, no single PK/PD target can be

PTA (%)
g
L

IR

50% fT>MIC
100% fT>MIC
50% fT>4xMIC
100% fT>4xMIC

T
GRS

T T T
© N D o P ©
ST RN N
SRS RS SN
MIC (mg/L)

PTA (%)
g
1

-~ 50% fT>MIC
-=— 100% fT>MIC
—— 50% fT>4xMIC
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T T
H b N 9
oF ©
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Fig. 2. PTA with reduced (a) and high renal function (b). A creatinine clearance of 40.8 mL/min (a) or 103.2 mL/min (b) was assumed, corresponding to the 10th and 90th percentile
of estimated creatinine clearance. The letter f indicates the free unbound benzylpenicillin concentration; e.g. fT > MIC means the time above MIC of the unbound concentration. The
error bars indicate the 90% Cls for the estimates. PTA, probability of target attainment; T, time.
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established based on the current level of evidence and suggested
more clinical trials validating defined therapeutic targets [13].

A previous study evaluating benzylpenicillin in 46 patients
with IE reported that 96% achieved 50% fT > MIC, and 71% ach-
ieved 100% fT > MIC [21]. Consistent with our results, the authors
concluded that enterococcal IE was associated with a poor PTA.
Another study involving 25 patients with streptococcal IE con-
ducted population PK analysis of benzylpenicillin and found that a
trough plasma concentration exceeding 60 x MIC to be associated
with a positive outcome proposing an optimal dose of 1 million
IU/h continuously [20].

Identifying patients at risk of underexposure to penicillin is
crucial, as these patients could experience worse clinical outcomes
and might benefit from therapeutic drug monitoring or an increase
in dosage [7]. In our study, the inter-individual variation of PK pa-
rameters was substantial, consistent with previous studies of crit-
ically ill patients [28,29]. If underexposure of benzylpenicillin is
identified, possible solutions include appropriately increasing the
dose or switching to alternative antibiotics with a better PK/PD
profile. Alternatively, co-administering an antibiotic from a
different class can be considered. Furthermore, some studies sug-
gest that extended or continuous infusions of B-lactams may
improve the PTA and clinical outcome compared with short in-
fusions [30], as they optimize time-dependent bacterial killing. This
approach also reduces the burden on nursing staff by requiring
fewer venous line manipulations.

The present study has limitations. First, the POET study was not
designed for subgroup analyses, and because of the limited sam-
ple size of 75 patients, of whom only six patients reached an
endpoint, no PK/PD analysis evaluating clinical outcome could be
performed. Second, the free unbound plasma concentrations were
estimated based on the measured total concentrations and a
previously reported unbound fraction. The magnitude of protein
binding in this study population may differ, and inter-individual
variation may have influenced the results, although substantial
bias seems unlikely. Third, the potential impact of body weight on
the PK of benzylpenicillin could not be quantified, as body weight
did not significantly improve the PK model, likely because of
limited variability in body weight among patients. Fourth, the
penetration and distribution of benzylpenicillin within the bac-
terial vegetations were not investigated. Understanding these
aspects is important for achieving target concentrations at the site
of infection. Fifth, benzylpenicillin was administered as short in-
fusions over approximately 30 minutes, but the individual infu-
sion times were not recorded, which may have influenced the
analyses. To investigate this, we performed simulations assuming
infusion times of 15 or 45 minutes, which did not substantially
alter the PTA values (Fig. S5).

In conclusion, most patients with IE achieve the target levels of
intravenously administered benzylpenicillin (3000 mg q6h), espe-
cially those with streptococcal or susceptible staphylococcal in-
fections. The low individual target attainment observed in patients
with IE caused by E. faecalis aligns with existing evidence and
guidelines that suggest benzylpenicillin may have limitations in
treating enterococcal IE, especially in patients with preserved renal
function.
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