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Abstract
Infections are a major problem in patients with burn diseases. Mortality is high despite antibiotic therapy as studies are contro-
versial concerning drug underdosing. The aims of this prospective, observational study were to monitor plasma concentrations of
piperacillin during standard piperacillin/tazobactam treatment in 20 burn patients and 16 controls from the intensive care unit
(ICU) and to optimize doses by in silico analyses. Piperacillin/tazobactam (4/0.5 g, tid) was administered over 0.5 h. Blood
samples were taken at 1, 4, and 7.5 h after the end of the infusion. Free piperacillin plasma concentrations were determined.
Pharmacokinetic parameters and in silico analysis results were calculated using the freeware TDMx. The primary target was
defined as percentage of the day (fT>1xMIC; fT>4xMIC) when piperacillin concentrations exceeded 1xMIC/4xMIC (minimum
inhibitory concentration), considering a MIC breakpoint of 16 mg/L for Pseudomonas aeruginosa. In an off-label approach, two
burn patients were treated with 8/1 g piperacillin/tazobactam, 3 h qid. fT>1xMIC (55 ± 22% vs. 77 ± 24%) and fT>4xMIC (17 ± 11%
vs. 30 ± 11%) were lower in burn than in ICU patients after 4/0.5 g, 0.5 h, tid. In silico analyses indicated that fT>1xMIC (93 ± 12%
burn, 97 ± 4% ICU) and fT>4xMIC (62 ± 23% burn, 84 ± 19% ICU) values increase by raising the piperacillin dosage to 8/1 g qid
and prolonging the infusion time to 3 h. Off-label treatment results were similar to in silico data for burn patients (84%fT>1xMIC

and 47%fT>4xMIC). Standard dosage regimens for piperacillin/tazobactam resulted in subtherapeutic piperacillin concentrations
in burn and ICU patients. Dose adjustments via in silico analyses can help to optimize antibiotic therapy and to predict respective
concentrations in vivo. Trial registration: NCT03335137, registered 07.11.2017, retrospectively.
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D Day
ICU Intensive care unit
MIC Minimal inhibition concentration
PIP Piperacillin
PK Pharmacokinetic
SAPS II score Simplified Acute Physiology Score
SCr Serum creatinine
t1/2 Half-life time
TAZ Tazobactam
TBSA Total burn surface area
TDM Therapeutic drug monitoring
TISS Therapeutic Intervention Scoring System
Vd Volume of distribution
PBB Plasma protein binding
tid Three times a day
qid Four times a day
sid Once a day

Introduction

Infections represent a major problem in burn patients and are
associated with adverse outcomes and mortality (Chim et al.
2007; Rafla and Tredget 2011). The use of antibiotics for
severe burns remains controversial, however, and standard
guidelines do not recommend this treatment (Yoshino et al.
2016). While Avni et al. claimed that prophylaxis with sys-
temic antibiotics significantly reduced all-cause mortality by
50%, Barajas-Nava et al. found no difference in all-cause
mortality (Avni et al. 2010; Barajas-Nava et al. 2013). Very
recently, Tagami et al. demonstrated that prophylactic antibi-
otics may improve survival inmechanically ventilated patients
with severe burns but not in those who do not receive mechan-
ical ventilation (Tagami et al. 2016). Conflicting results have
been attributed to the methodological quality of the data but
the question of whether sufficient antibiotic concentrations
were reached by standard dosing regimens, thereby influenc-
ing clinical outcome, has not been adequately addressed.
Pseudomonas aeruginosa (P. aeruginosa) infections are com-
mon in burn patients and impede the recovery process
(Church et al. 2006). Indeed, this organism is responsible for
bacteremia in wound cultures of burn patients (Mir et al. 2017)
and is also associated with highmortality in both burn patients
and patients on the intensive care unit (ICU; Mann et al. 2012;
McManus et al. 1985; Shorr 2009; Tredget et al. 2004).
Considering the presence of these dominant bacteria,
piperacillin/tazobactam (PIP/TAZ) is commonly used in burn
patients to treat infections, showing particularly good activity
against Gram-negative pathogens, including P. aeruginosa.
For PIP, as a time-dependent antibiotic, the duration
(fT>1xMIC) for which the unbound drug concentration exceeds
at least the minimum inhibitory concentration (MIC) is crucial
for its antibacterial effects (Craig 1998). However, clinical

evaluations have claimed that ß-lactam concentrations up to
four times over the MIC are clinically more effective (Li et al.
2007; McKinnon et al. 2008).

Dose recommendations for PIP/TAZ treatment of burn pa-
tients are mainly based on pharmacokinetic (PK) data origi-
nating from healthy volunteers or noncritically ill patients
(Roberts 2011). However, as PK parameters such as volume
of distribution and clearance (Vd and CL) may be dramatically
altered in burn patients, such a dosing regimen may produce
only subtherapeutic concentrations of these antibiotics, there-
by contributing to a lower survival (Weinbren 1999). PK pa-
rameters may be affected by the timing of events related to
burn injuries: the first 48 h after injury are characterized by
burn shock, capillary leak, severe hypovolemia, edema, hypo-
albuminemia, and a low glomerular filtration rate (GFR)
(Bourget et al. 1996). In contrast, during the hypermetabolic
phase (> 48 h), the blood flow to tissues and organs (kidney
and liver) is increased, thus enhancing GFR and clearance
(CL) of PIP (Bourget et al. 1996). Hence, it seems reasonable
that plasma concentrations are altered in burn patients as (1)
changes in renal function may affect the PK of PIP, which is
mainly eliminated via the kidney (Bergan 1981); (2)
nonplasma-bound PIP may be altered due to hypoalbumin-
emia and the therapeutic need to supplement albumin
(Cartotto and Callum 2012), protein binding for PIP in healthy
volunteers is ~ 30% (Bergan 1981), and burn injury, in partic-
ular, is known to result in decreased albumin concentrations
and altered plasma protein binding of drugs (Blanchet et al.
2008); and (3) initial fluid resuscitation is mandatory for pa-
tients with a total burn surface area (TBSA) > 20% as major
burn causes tissue destruction with capillary leakage leading
to plasma extravasation and edema. Edema formation is al-
ready seen in the first hour after burn injury, reaching peak
values after 12–24 h. Thereafter, volume is reabsorbed and
eliminated (Demling 2005).

Considering these PK changes, a modified dosing strat-
egy may be important to optimize antibiotic efficacy.
Various studies recommend therapeutic drug monitoring
(TDM) to optimize the dosage of ß-lactams for critically
ill patients (Dellinger et al. 2004; Patel et al. 2012; Roberts
et al. 2010). The aim of our study was to determine wheth-
er standard treatment of burn patients with PIP/TAZ
(4/0.5 g, infusion duration 0.5 h, tid) and patients on the
ICU of the internal medicine department, serving as con-
trols, can produce therapeutic concentrations of free
(unbound) PIP in plasma. Secondly, we performed in silico
dosage simulations to assess adjustments of the dosing
regimen for burn patients to enhance PIP concentrations
and improve antibiotic efficacy. Finally, we tested whether
adjusting the PIP dose produces adequate plasma concen-
trations as predicted by in silico analysis, treating two burn
patients with 8/1 g PIP/TAZ, qid in an off-label approach
and prolonged infusion duration (3 h).
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Materials and methods

Study design This prospective, observational study
(NCT03335137) was performed from May 2014 to
May 2016 and was approved by the ethics committee of the
University (reference number 13-275). Informed consent was
obtained for all patients. Burn patients from the Burn Care
Unit of Plastic Surgery were included in the study. Patients
from the ICU suffering from pneumonic sepsis served as con-
trols. The inclusion criteria for all patients for treatment with
PIP/TAZ consisted of the clinical need for antibiotics for at
least 3 days and, additionally for burn patients, a TBSA > 20%
or presence of an inhalation trauma. Burn patients received
pain medication as well as airway, fluid, and wound manage-
ment (Alharbi et al. 2012). Burn patients received 4 g PIP as
short-term (0.5 h) infusions every 8 h (= 4 g/0.5 h/tid) in a
prophylactic approach before a microbiological diagnosis was
made. Patients were co-treated with 0.5 g TAZ per 4 g PIP and
the amount of TAZ was proportionally scaled up when PIP
dosage was increased. To keep readability and comprehension
as simple as possible, we did not include TAZ dosage in the
remainder of the paper. Although dose reduction is recom-
mended in cases of renal dysfunction, PIP/TAZ dosing was
not adjusted since plasma analysis was not performed close to
the time of treatment. Lactated Ringer’s solution (24.1 ± 3.1 L,
ranging from 8.5 to 48.8 L) was infused in burn patients by
giving half of the fluid in the first 8 h and the next half over the
next 16 h, according to standard guidelines (Guilabert et al.
2016). This volume displacement within 3 days is supposed to
affect PIP concentration, thus prompting us to estimate PIP
plasma concentrations at d1 and d3. Blood samples (5 mL)
were drawn into lithium heparin tubes 1, 4, and 7.5 h after
starting the infusion during the 3rd dosing interval at d1 and
the 7th dose interval at d3 (Fig. S1). Thus, six samples and a
total volume of 30 mL were gained from each patient. Blood
samples were centrifuged to separate plasma, which was
stored at − 80 °C until analysis. ICU patients also received
4 g/0.5 h/tid PIP and blood samples were similarly achieved.

Two burn patients received PIP in an off-label approach. At
d1, an initial loading dose of 4 g/0.5 h PIP was administered
during initial burn blister debridement immediately after pa-
tients arrived at the burn intensive care station. Thereafter,
they received 8 g/3 h/qid. At d2, both patients were treated
with 4 g/3 h/qid. Blood samples were taken during each dose
interval after 3 and 5.5 h at d1 and d2.

Analytical methods Total PIP concentrations were determined
in plasma using high-performance liquid chromatography
(HPLC) and UV detection (λ = 254 nm), as previously de-
scribed (McWhinney et al. 2010). To quantify the total PIP
concentration, 200 μL plasma was buffered with 200 μL
phosphate buffer (50 mM NaH2PO4, pH 6.0) and acetonitrile
(400 μL) was added for protein precipitation, followed by a

wash step with dichloromethane (2 mL). After centrifugation
(3000g, 20min), 10μL of the aqueous layer were injected into
the HPLC system, consisting of a Waters XBridge (C18 BEH
2.5 μm, 50 × 3 mm) column, a precolumn (Nucleoshell RP18
2.7 μm, 4 × 3mmMacherey-Nagel GmbH& Co. KG), and an
acetonitrile phosphate-buffered mobile phase (500:125 mL,
pH 6, 0.4 mL min−1, 40 °C) (McWhinney et al. 2010). The
linearity for total PIP has been shown on spiked plasma be-
tween 2 and 200 mg/L. Unbound PIP concentrations were
measured using ultrafiltration and HPLC, as described in the
literature (Briscoe et al. 2012). Briefly, 300 μL plasma was
buffered with 10 μL phosphate buffer (3 M KH2PO4, pH 7.5)
and ultrafiltered using Nanosep Omega 10K filters (VWR,
Ismaning, Germany) (Briscoe et al. 2012; Schleibinger et al.
2015). Then, 2 μL of the ultrafiltrate was injected into the
HPLC system. The recovery rate after sample preparation
was 103%. The linearity of this method was approved (rang-
ing between 2 and 200 mg/L; r = 0.9992) and the detection
limit was 2 mg/L. The bias of this method was < 5%.

Pharmacokinetic analysis Considering parameters in burn and
ICU patients [sex, age, body weight, height, serum creatinine
(SCr), measured PIP concentration, protein binding, and
MIC], we calculated Vd, CL, and half-life (t1/2) by using
TDMx (TDMx—model-supported Therapeutic Drug
Monitoring for Precision Dosing; Wicha et al. 2015). The
eGFR was estimated by Cockroft-Gault as we did not sample
24-h urine to measure 24-h urinary creatinine clearance. To
further assess an optimized PIP regimen for burn patients, we
performed in silico analysis using TDMx by varying PIP
doses, dose intervals, and infusion duration and by
intraindividually considering the parameters sex, age, body
weight, height, SCr, measured PIP concentration, protein
binding, and MIC.

Pharmacokinetic-pharmacodynamic targeting We used the
EUCAST breakpoint (16 mg/L) for P. aeruginosa (The
European Committee on Antimicrobial Susceptibility
Testing - EUCAST 2017). According to others (Roberts
et al. 2014), we calculated the time (% of day) during which
free drug concentrations exceeded 1xMIC (fT>1xMIC) or
4xMIC (fT>4xMIC) by using the TDMx freeware. TDMx uses
a population PK model in conjunction with a Bayesian engine
to derive the individual pharmacokinetic parameters
(McKinnon et al. 2008; Tam et al. 2002). We additionally
counted the number of patients with values exceeding
50%fT>1xMIC (indicating the conservative PK/PD target), or
100%fT>1xMIC and 100%fT>4xMIC (more indicating an aggres-
sive PK/PD target).

Statistical Analysis Data are presented as scatterplots and in
line graphs as means ± SD by Prism 6.0 (GraphPad Software,
La Jolla, USA). The t test was used to test for significance
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between the two groups. A two-way ANOVAwas performed
considering the factor time and patient group. p values in the
figures originated from two-way ANOVA by testing differ-
ences between burn and ICU patients or of dosing regimens.
Paired two-way ANOVA was calculated for testing time dif-
ferences between d1 and d3. Bonferroni’s post hoc test was
only performed if F reached p < 0.05 and there was no signif-
icant variance inhomogeneity. Differences were considered to
be significant at p < 0.05. Correlation analyses were per-
formed by two-tailed Pearson test.

Results

Main study

A total of 20 burn and 16 ICU control patients were included.
Two burn patients and one ICU patient were excluded due to
missing samples. One further burn patient was excluded from
most evaluations due to a pre-existing, dialysis-dependent

renal failure. Data of this patient were only included in eval-
uations showing a relationship between renal function and
PK/PD parameters (Fig. 3). Demographic and clinical charac-
teristics of burn and ICU patients are depicted in Table 1,
showing that burn patients were obviously younger than
ICU patients and that the burn group consisted of more males
than females while the gender ratio was equal in the ICU
patients. The median ABSI score was 8 and 3rd degree burn
33%. TISS scoring indicated that intensive care treatment re-
quirements were higher for burn patients than for ICU patients
(Table 1). CRP increased beyond normal concentrations in
most patients (Table 1). Indeed, 21% of burn patients died
during hospitalization. All of them had suffered an inhalation
injury. Mortality showed a weak correlation with TBSA (r =
0.3041; p < 0.05).Most infections were wound infections with
various different organisms, also including P. aeruginosa
(Table 2). Furthermore, 44% of burn patients had sepsis ac-
cording to the international consensus definitions for sepsis
(Singer et al. 2016). Burn patients also received albumin
(20%, in total 639 ± 72 mL, ranging from 100 to 1200 mL)

Table 1 Demographic and
clinical characteristics of burn and
ICU patients

Burn ICU p value

Number (n) 17 15

Age (years) 48.5 ± 15.8 72.7 ± 9.9 < 0.0001

Sex (male/female) 14/5 8/8

Body weight (kg) 80.3 ± 17.6 74.4 ± 16.6 0.3096

Height (cm) 176.4 ± 10.6 170.7 ± 8.6 0.0889

TBSA (%) 32.1 ± 15.5

3rd degree burn (%) 33 ± 22

Inhalation injury (n/%) 10 (52.6%)

ABSI score at d11 8 ± 2.1

SAPS II score at d12 30 ± 10 30 ± 8 0.892

TISS score at d13 27 ± 3 7 ± 4 < 0.0001

Heart rate 105 ± 19 96 ± 13 0.110

CRP (at d1) 125 ± 90 121 ± 85 0.925

Leukocytes at d1 (× 109/L) 14.2 ± 4.2 11.8 ± 8.0 0.259

Leukocytes at d3 (× 109/L) 8.9 ± 2.6 10.1 ± 5.6 0.259

Hematocrit at d1 (%) 33.9 ± 7.2 30.0 ± 1.5 0.0931

Body temperature at d1 (°C) 37.2 ± 0.8 37.6 ± 1.0 0.238

Volume out (via urine and stomach tube, L) 4.2 ± 2.5

Albumin at d1 (g/dL) 20.6 ± 6.6

Albumin at d3 (g/dL) 26.8 ± 4.8

Mortality 4 (21.1%) 3 (18.8%)

1 The Abbreviated Burn Severity Index (ABSI) score is a five-variable scale to help assess burn severity. The
variables considered are sex, age, presence of inhalation injury, presence of a full-thickness burn, and percentage
of total body surface area burned
2 The SAPS II (Simplified Acute Physiology Score) is made of 3 disease-related variables (metastatic cancer,
hematologic malignancy, AIDS) and 12 physiological variables considering age, vital parameters (heart rate,
systolic BP, temperature, coma score), oxygenation (mechanical ventilation or CPAP, PaO2, FiO2), and renal
(urine output) and laboratory parameters (sodium, potassium, bicarbonate, bilirubin, WBC)
3 The Therapeutic Intervention Scoring System TISS is a scoring system based on therapeutic intervention on
critically ill patients to assess the quantity of care provided in a medical intensive care unit

232 Naunyn-Schmiedeberg's Arch Pharmacol (2019) 392:229–241



at d2 and d3 after burn injury. The plasma albumin concen-
trations in burn patients were below the normal range (Jeon
et al. 2014) (33–55 g/dL) at d1 and d3 (Table 1). Values
at d3 were slightly higher than at d1 due to albumin
supplementation.

In contrast to ICU patients, almost none of the burn patients
achieved peak levels markedly exceeding the therapeutic tar-
get of 4xMIC breakpoint (Fig. 1a, b). In consequence,
fT>4xMIC of burn patients was extremely low and was doubled
in ICU patients, not differing between d1 and d3 (Fig. 1c, d).
When absolute numbers of burn and ICU patients who
reached 50%fT>MIC, 100%fT>MIC, or 100%fT>4xMIC after
4 g/0.5 h/tid PIP were counted, it also became evident that
the efficacy of more aggressive antibiotic treatment is low,
particularly in burn patients (Tab. S2). Plasma protein binding
(21 vs. 13%) was slightly higher in the ICU patients as the free
PIP was lower without revealing any differences between d1
and d3 (Fig. 2a). Linear protein binding was detected, as the
linear regression line did not differ from zero (Fig. 2b, c).
eGFR was higher in burn than in ICU patients, not differing
in SCr (Table 3). This finding may also be related to the youn-
ger age of this group (Table 1) as age is a factor of the
Cockcroft-Gault formula. Five burn patients had abnormal
renal function (eGFR < 60 mL/min) and four of them died
(Fig. 3d). Five showed an augmented renal clearance
(ARC), defined as eGFR ≥ 130 mL/min. In contrast, only
one ICU patient had ARC while renal function of the other
ICU patients was normal or impaired. As eGFR was higher in

burn patients, half-life was clearly lower and CL higher than
in ICU patients (Table 3). Vd was ~ 30% higher in burn pa-
tients (Table 3). eGFR and fT>1xMIC and fT>4xMIC (Fig. 3a, b)
as well as eGFR and CL correlated moderately (Fig. 3c) in
burn but not in ICU patients. Thus, burn patients with renal
dysfunction (< 60 mL/min) had a significantly higher proba-
bility of showing adequate drug concentrations than patients
with a normal eGRF, while burn patients with ARC did not
even achieve the target of fT>4xMIC (Fig. 3c).

In silico analyses

Considering individual patient parameters, PIP concentra-
tions, PIP protein binding, and a MIC of 16 mg/L, we calcu-
lated fT>4xMIC and fT>1xMIC values for 15 different dosing
strategies (varying in dosing, dose intervals, and infusion du-
ration) by TDMx (TDMx—model-supported Therapeutic
Drug Monitoring for Precision Dosing; Wicha et al. 2015).
Individual, simulated PK profiles are exemplarily depicted
for one burn patient in Fig. S5 when 4 or 8 g/3 h/qid PIP
was to be administered. Computer-based analyses indicate
that the best fT>4xMIC and fT>1xMIC values are obtained by
the PIP dosage regimen 8 g/3 h/qid (Table 4). When PIP
was dosed 4, 6, or 8 g/tid, fT>4xMIC and fT>1xMIC values tended
to increase by prolonging the infusion time from 0.5 to 3 h
(Table 4). In burn patients, fT>4xMIC following 8 g/3 h/qid was
markedly higher than the dosing regimen of 4 g/3 h/qid, which
is the maximum approved PIP dosage (Fig. 4b, Table 4). As

Table 2 Detection of gram-
positive and gram-negative
bacteria (%) in microbiological
smear tests and blood cultures in
burn patients during their total
clinical stay. Numbers in
parentheses indicate positive
cultures during d1-d3. Blood
comprises blood culture and
central venous and arterial
catheter tips

Blood Sputum Wound

Gram-negative

Acinetobacter baumannii 0 0 10 (2)

Acinetobacter lwoffii 0 0 10 (2)

Citrobacter species 0 5 5

Escherichia coli 14 19 52 (4)

Enterobacter cloacae 10 14 29 (2)

Klebsiella species 0 10 14 (2)

Proteus mirabilis 0 5 14

Pseudomonas aeruginosa 10 14 24 (2)

Pseudomonas putida 0 5 5

Meningococci (Neisseria meningitidis) 0 5 (1) 0

Gram-positive

Enterococcus faecalis 10 0 52 (2)

Staphylococcus aureus 0 0 33 (5)

MRSA 0 0 10 (1)

Streptococcus pneumoniae 0 10 (2) 0

Streptococcus mitis/oralis 0 0 5 (1)

Coag. neg. Staphylococci (Staph. epi., haem., capitis) 38 0 57 (4)

Corynebacterium tuberculosis 5 0 19

Bacillus species 5 5 38 (5)
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fT>1xMIC was higher than fT>4xMIC, the difference between 4 g
and 8 g/3 h/qid was much lower although two-way ANOVA
testing also indicated a slight dosage effect (p = 0.036; Fig.
4a). ICU patients would also benefit from increasing the PIP
dosage into the off-label range of 8 g/3 h/qid (Fig. 4). These
results were confirmed when absolute numbers of total) of
burn patients were counted, reaching 50%fT>MIC,
100%fT>MIC, or 100%fT>4xMIC (Tab. S3).

Off-label use

To assess whether fT>4xMIC and fT>1xMIC values were reached
in real life after infusing 8 g/3 h/qid as predicted by our in
silico analysis, the ethics committee allowed us to investigate
two burn patients using an off-label approach, as the daily total
of 32 g (8 g/qid) exceeded the maximum approved dose of
16 g (4 g/qid) PIP. Two patients were included in this program
and plasma PIP was determined (Fig. 5a). The eGFR of these
two patients was 129 and 109 mL/min, thus not differing from
values of burn patients from the observational study (Fig.3).
Following off-label treatment using 8 g/3 h/qid PIP, fT>4xMIC

was 47.0% and 46.3% and fT>1xMIC was 83.4% and 85.0% for
both patients (Fig. 5b). Hence, these values were quite similar
to the predicted values of our in silico simulations (Table 4 and
Fig. 4). In contrast, fT>4xMIC following the 4 g/3 h/qid regimen
was zero while predicted to range between 6 and 18%
(Fig. 5c). All other kinetic parameters were similar to those

of the main study (Tab. S1). Neither patient showed signs of
sepsis. No adverse events were observed.

Discussion

Our study shows that standard doses of intermittently admin-
istered PIP are insufficient to achieve therapeutic plasma con-
centrations greater than one or four times over the MIC by
considering aMIC breakpoint for P. aeruginosa of 16 mg/L as
defined by EUCAST. Our data suggest that rates of approx.
50%fT>1xMIC or approx. 10%fT>4xMIC do not represent suffi-
cient PK/PD targets in burn patients, which is in accordance
with other reports claiming that 100%fT>1xMIC or 40–
70%fT>4xMIC are required for PIP as a conservative PK/PD
target, respectively (Mohd Hafiz et al. 2012), or even
100%fT>4MIC as a more aggressive indicator (Tam et al.
2002; Tam et al. 2005). The results (approx. 80%fT>1xMIC

and 35%fT>4xMIC) for ICU patients were indeed slightly better
but certainly not satisfactory.

Blood and organ concentrations that are too low run the
risk of inducing therapy failure and/or developing antibiotic
resistance (Roberts et al. 2008). Despite knowledge of PK
alterations and the therapeutic need for a sufficient antibiotic
treatment in burn patients, only few data have been published
that focus on the correct dosing of antibiotics in severe burn
injuries. Patel and coworkers detected underdosing in up to

Fig. 1 Pharmacokinetic profiles of piperacillin (free concentrations) in
burn and ICU patients at day 1 (a) and day 3 (b) after administration of
4 g/0.5/tid PIP. The dashed lines indicate the 1xMIC (16 mg/L) or 4xMIC
(64 mg/L) of piperacillin for P. aeruginosa according to EUCAST (The
European Committee on Antimicrobial Susceptibility Testing - EUCAST
2017). Subfigures (c) and (d) depict the time (% of 24 h, calculated by
using the web-based TDMx-Software (TDMx - model-supported

Therapeutic Drug Monitoring for Precision Dosing; Wicha et al. 2015))
when the free drug concentration exceeds the 1xMIC (fT>1xMIC) and
4xMIC (fT>4xMIC) for P. aeruginosa in burn and ICU patients. A 2-way
ANOVAwas performed to examine the effects of patients (burn vs. ICU)
and time (d1 vs. d3). Values in line graphs are depicted as means ± SD;
*p < 0.05 vs. ICU
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60% of burn patients who were treated with six different ß-
lactam antibiotics (Patel et al. 2012). Various studies in criti-
cally ill patients also confirmed that PIP plasma concentra-
tions might be too low (Sinnollareddy et al. 2012; Taccone
et al. 2010; Udy et al. 2012). As one reason for insufficient PIP
concentrations, alterations in protein binding were accused of
influencing PIP concentrations, as observed in critically ill
patients (Wong et al. 2013) and albumin concentration is de-
creased and plasma protein binding of drugs is altered in burn
patients (Blanchet et al. 2008). In the Patel study (Patel et al.
2012), which included only a small number of burn patients

(n = 6) receiving PIP treatment, the free PIP concentration was
disadvantageously estimated by considering data from healthy
volunteers. In contrast, we analyzed not only a markedly larg-
er group of burn patients but also determined that protein
binding in these patients is lower than in healthy individuals.
However, PPB did not differ between d1 and d3 although
plasma albumin slightly increased in this time period as a
result of therapeutic supplementation while it was slightly
lower (burn 13% and ICU 21%) as reported by others (30%)
(Fachinformation Piperacillin/Tazobactam 4 g/0.5 g Pulver
zur Herstellung einer Infusionslösung 2015). As PPB was
lower, free PIP concentrations might be expected to be higher.
However, PIP concentrations were low, which may be attrib-
uted to the high volume that was administered within a short
time period for fluid resuscitation and a high renal CL. Our
observations confirm the conclusion that Vd and CL of PIP
are markedly increased in burn patients compared to internal
medicine ICU patients, which is in line with the findings of
others also showing that these parameters are increased com-
pared to healthy volunteers (Bourget et al. 1996; Bulitta et al.
2007; McManus et al. 1985). An increase in Vd was also
attributed to burn-dependent hypoalbuminemia (Udy et al.
2015). As volume was particularly substituted within the first
day of hospitalization, which equals d1 of our study and we
did not determine PIP plasma concentrations at later time
points, we cannot exclude that PIP may be higher later, related
to a decrease in CL. Thus, it may be worthwhile to monitor
antibiotic concentrations by TDM together with Bayesian
forecasting not only at initial therapy but to continue the mon-
itoring in order to maintain the PIP concentrations that were
reached by non-burn patients within the therapeutic window.
Hence, adverse effects would be expected to only appear at a
normal rate by being aware that PIP/TAZ has an excellent
safety and tolerability profile (mostly including diarrhea, in-
fused vein reaction, nausea, and headache, most of which
were considered mild or moderate) (Gin et al. 2007).

Changes in renal function are particularly important in burn
injury and may affect low plasma concentrations. In accor-
dance with others (Conil et al. 2007b; Doh et al. 2010; Jeon
et al. 2014), we measured serum creatinine and estimated cre-
atinine clearance (CLCr) by the Cockcroft-Gault formula in
burn patients here. Although a linear relationship between
CLCr and the Cockcroft-Gault GFR estimation was demon-
strated in burn patients, it was shown furthermore that the
lowest clearances are overestimated while normal or high
CLCr are underestimated (Conil et al. 2007a). Thus, the au-
thors concluded that the Cockcroft-Gault formula is not the
best method to assess renal function in burn patients and
should be abandoned in favor of direct measurement from a
24-h urine collection. Therefore, this constitutes a limitation of
our approach. Nevertheless, we assume that this bias, which is
based on eGRF assessment of renal function, will be constant
in burn patients, thus still revealing the relative differences

Fig. 2 Plasma protein binding of piperacillin. A two-ANOVA was
performed to examine the effects of patients (burn vs. ICU) and time
(d1 vs. d3). Free piperacillin concentration at days 1 and 3 is lower in
ICU than in burn patients (a). There is no correlation between the free and
total piperacillin concentration in burn (b, r = −0.104, p = 0.335) and ICU
patients (c, r = 0.170, p = 0.206), which is also indicated as slope of the
linear regression line did not differ from zero in both collectives
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between the patients. Acute kidney injury is one of the most
important complications and survival decreases in patients
with extensive burns covering over 15–20% TBSA
(Witkowski et al. 2016). Although the study was not powered
to statistically evaluate this issue, we observed a relationship
between renal dysfunction and TBSA and that patients died
when eGFR was low or decreased within the initial 48 h after
injury (Fig. 3d). It seems at least feasible that renal dysfunc-
tion will lower PIP clearance, thus increasing drug concentra-
tions inducing toxic effects. Here, standard prescription infor-
mation for PIP products recommends adjusting PIP dosing
and infusion frequency to prevent overdosing and side effects.
Although we abstained from adjusting the doses, peak con-
centrations never reached toxic concentrations. On the other
hand, renal blood flow is increased during the hypermetabolic
phase, leading to an increased GFR. In our study, 29% of burn
patients showed an augmented renal clearance (commonly
defined as CLCR ≥ 130 mLmin−1), which was causally related
to low plasma concentrations not achieving optimal PIP ex-
posures, as also demonstrated by others in critically ill patients
who were treated with standard PIP dosing (Sime et al. 2017;

Udy et al. 2015). Hence, these authors have suggested that
assessing renal function by measuring creatinine clearance
can be employed as a useful tool to determine whether achiev-
ing the PIP PK/PD target is likely, considering the magnitude
of MIC values. We selectively demonstrated in burn patients
that eGFR is positively related to PIP clearance while nega-
tively related to %fT>4xMIC, confirming the necessity to mon-
itor renal function to adjust antibiotic treatment. The impor-
tance of renal function was taken into consideration by includ-
ing SCr to optimize PIP dosing by in silico analyses.

As mentioned above, studies in critically ill patients also
showed that PIP plasma concentration are too low, allowing
the authors to conclude that modified dosing strategies im-
paired antibiotic therapy (Sinnollareddy et al. 2012; Taccone
et al. 2010; Udy et al. 2012). Dose optimization by therapeutic
drug monitoring (TDM) is helpful to ensure adequate PIP
exposure in critically ill and burn patients (Dellinger et al.
2004; Patel et al. 2012; Roberts et al. 2010). However, there
is a great delay for most patients in achieving therapeutic
concentrations. As guidelines recommend preventive system-
ic administration of antibiotics particularly in the perioperative

Table 3 Pharmacokinetic
parameters of piperacillin and
kidney function parameters in
burn and ICU patients at day 1
and day 3

Burn ICU pburn vs. ICU pd1 vs. d3

d1 d3 d1 d3

SerCrea (mg/dL) 1.03 ± 0.45 1.34 ± 0.63 1.17 ± 0.76 0.85 ± 0.37 0.6820 0.223

eGFR (mL/min) 113 ± 37 110 ± 39 69 ± 36 79 ± 38 0.0082 0.490

t1/2 (h) 1.56 ± 0.97 1.47 ± 0.69 2.68 ± 1.62 2.47 ± 1.71 0.0249 0.241

CL (L/h) 17.3 ± 10.7 17.1 ± 9.0 7.5 ± 3.5 9.5 ± 3.5 0.0008 0.533

Vd (L) 28.1 ± 7.6 29.3 ± 7.1 22.9 ± 6.2 23.3 ± 5.0 0.0057 0.587

Fig. 3 Correlation analyses
between eGFR (at d1) and
fT>4xMIC (a), fT>1xMIC (b), PIP
clearance (c) and TBSA (d) in
burn and ICU patients. eGFR
values indicating acute kidney
injury (AKI) or augmented renal
clearance (ARC) are shaded gray.
Filled symbols in panel d indicate
patients who died while
hospitalized
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period, limited time is available for TDM-guided PIP adjust-
ment (Yoshino et al. 2016). To overcome this disadvantage in
antimicrobial therapy, computer software support is advocated
to individualize PIP dosing (Felton et al. 2014). In this con-
text, Monte Carlo simulations were demonstrated to provide
adequate PIP exposure for the management of febrile neutro-
penia (Sime et al. 2017). To estimate optimal PIP dosing, we

used the TDMx platform, which is an attractive, state-of-the-
art, pharmacometric, open access software tool (TDMx—
model-supported Therapeutic Drug Monitoring for Precision
Dosing; Wicha et al. 2015). By using this approach, we could
simulate different approaches for each patient by varying the
dosage and infusion durations and also including the compar-
ison between continuous versus intermittent infusions. This

Table 4 Predicted %fT>1xMIC and %fT>4xMIC values following TDMx
simulation for different dose regimens (increase in dose, doses intervals,
and infusion time) in burn patients considering the parameters sex, age,

body weight, height, serum creatinine, real measured PIP concentration,
protein binding, and MIC

PIP dose regimen %fT>1xMIC %fT>4xMIC

A 4 g/0.5 h/tid 56 ± 22 17 ± 12

6 g/0.5 h/tid 65 ± 25 29 ± 15

8 g/0.5 h/tid 71 ± 25 38 ± 18

B 4 g/4 h/tid 75 ± 18 6 ± 17

6 g/4 h/tid 84 ± 16 25 ± 15

8 g/4 h/tid 87 ± 15 47 ± 21

C 4 g/0.5 h/qid 72 ± 25 25 ± 16

6 g/0.5 h/qid 80 ± 24 41 ± 20

8 g/0.5 h/qid 83 ± 23 51 ± 21

D 4 g/3 h/qid 85 ± 16 13 ± 25

6 g/3 h/qid 91 ± 13 45 ± 24

8 g/3 h/qid 93 ± 12 62 ± 24

E 8 g/24 h/sid 61 ± 41 0

12 g/24 h/sid 88 ± 23 9 ± 25

16 g/24 h/sid 90 ± 23 9 ± 26

Significance concentrations following paired 2-ANOVA

Dosage/administration (4 vs. 6 vs. 8 g) Infusion duration (0.5 vs. 4 h) Infusion repetitions/d (tid vs. qid) Interaction

fT>4xMIC A vs. B < 0.0001 0.0738 < 0.0001

fT>4xMIC A vs. C 0.0011 < 0.0001 0.0161

fT>4xMIC B vs. C < 0.0001 < 0.0001 0.0011

fT>4xMIC C vs. D < 0.0001 0.3113 < 0.0001

fT>1xMIC A vs. B 0.2567 0.0921 0.3196

fT>1xMIC A vs. C 0.2418 < 0.0001 0.4342

fT>1xMIC B vs. C 0.138 < 0.0001 0.1687

fT>1xMIC C vs. D 0.3554 < 0.0001 0.709

Fig. 4 Predicted fT>1xMIC (a) and fT>4xMIC (b) values (indicating the time
(% of 24 h) when the free drug concentration exceeds the 1xMIC and
4xMIC following the PC-based TDMx simulation considering the
parameters (sex, body weight, height, serum creatinine, measured PIP
concentration, protein binding, and MIC) of burn and ICU patients after

infusing 4 g/3 h/qid or 8 g/3 h/qid PIP. Two-way ANOVA testing
indicated dosage effects regarding fT>1xMIC (p = 0.036) and fT>4xMIC

values (p < 0.0001). A two-way ANOVAwas performed to examine the
effects of patients (burn vs. ICU) and time (d1 vs. d3)

Naunyn-Schmiedeberg's Arch Pharmacol (2019) 392:229–241 237



comparison might be important as conflicting results have
been published. A Cochrane analysis on antibiotic treatment
of severe acute infections demonstrated no differences in

mortality, infection recurrence, clinical cure, superinfection
post-therapy, and safety outcomes when comparing continu-
ous infusions of intravenous antibiotics to traditional, intermit-
tent infusions of antibiotics (Shiu et al. 2013) while a very
recent study showed that, compared to intermittent dosing,
administration of β-lactam antibiotics by continuous infusion
in critically ill patients with severe sepsis was associated with
decreased hospital mortality (Roberts et al. 2016). In our in
silico analyses, we showed that increasing both the dose and
the infusion time resulted in greater fT>1xMIC and fT>4xMIC

values. Similar findings were observed in patients treated with
meropenem for ventilator-associated pneumonia after admin-
istration as 3-h infusion or bolus injection (Jaruratanasirikul
et al. 2005). Extended infusion regimens of β-lactams were
found to be the best option to ensure optimal protection
against the most susceptible isolates in adult patients with
cystic fibrosis (Butterfield et al. 2014) and sepsis (Vardakas
et al. 2018). Based also on the observation that commonly
employed, intermittent PIP doses (4.0 g tid or qid) are highly
likely to result in subtherapeutic exposures, dosing simula-
tions for optimal PIP exposure revealed that prolonged infu-
sion regimens are necessary to cover common pathogens iso-
lated from patients with febrile neutropenia (E. coli,
K. pneumoniae, and P. aeruginosa (Sime et al. 2017). We
detected that continuous infusions of 12 or 16 g PIP sid pro-
duced good target effects for fT>1xMIC. However, fT>4xMIC

values remained extremely low. As 8 g/3 h/qid PIP promised
the best results in TDMx dosing simulation, we proposed this
PIP dosing regimen for the treatment of burn patients knowing
that this dosage is off-label. To test whether the prediction is
true in reality, we treated two burn patients according to this
PIP regimen and compared it with the maximum approved
dosing regimen of 4 g/3 h/qid. Both approaches confirmed
the predicted fT>1xMIC and fT>4xMIC values (Fig. 5). It addi-
tionally became evident that the conservative or aggressive
target (100%fT>1xMIC or 40–70%fT>4xMIC) (Taccone et al.
2010) was almost reached by off-label use of PIP while the
maximum approved dosing regimen failed. In contrast, the
stricter 100%fT>4xMIC target (Tam et al. 2002; Tam et al.
2005) was not fulfilled by 8 g/3 h/qid PIP. Side effects and,
particularly, seizures were not observed; however, patients
were only treated for 1 day with the high PIP dose and they
were sedated due to the burn injury.

We determined that the following aspects limit the impor-
tance of our study: (i) we only estimated GFR according to the
Cockroft-Gault equation and did not measure creatinine clear-
ance, being aware that Cockroft-Gault estimation may be sub-
optimal to assess renal function in burn patients (Conil et al.
2007a); (ii) we used the clinical breakpoint defined by
EUCAST for P. aeruginosa as the target MIC instead of
intraindividual MIC values of the patient, who is also influ-
enced by local conditions; (iii) as no differences were seen
between the 2 days, it may be concluded that volume

Fig. 5 PIPfree concentration following 8 g/3 h/qid and 4 g/3 h/qid PIP in
two burn patients (a). Free PIP concentration was calculated by
measuring total PIP concentrations and by considering 13% protein
binding as determined for burn patients (see above). The dashed lines
indicate the 1xMIC breakpoint (16 mg/L) or 4xMIC breakpoint (64 mg/
L) of PIP for P. aeruginosa according to EUCAST (The European
Committee on Antimicrobial Susceptibility Testing - EUCAST 2017).
fT>1xMIC and fT>4xMIC values following 8 g/3 h/qid (b) or 4 g/3 h/qid
PIP (c) which were individually calculated by the web-based TDMx-
Software (TDMx - model-supported Therapeutic Drug Monitoring for
Precision Dosing; Wicha et al. 2015)). The gray-shaded areas indicate
the predicted fT>1xMIC and fT>4xMIC values (means ± SD) as calculated
by our simulation approach considering the burn patients of the main
study
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displacement either has no effect on PIP concentration or that
the gap between the two measurements was too close. Thus, it
may be necessary to additionally determine PIP concentra-
tions at later time points in a follow-up trial; and (iv) this study
was not designed to evaluate clinical outcomes concerning
mortality, infection prevention or recurrence, clinical cure,
superinfection post-therapy, and safety outcomes. To obtain
such results, it would be necessary to perform a follow-up
(multicenter) study based on a larger cohort of burn patients
who would be treated as suggested with high-dose PIP and
prolonged infusion duration.

Conclusions

Our results clearly show that the standard dosing regimen by
infusing 4 g/0.5/tid PIP is unlikely to achieve optimal PIP ex-
posure in burn or in critically ill patients from the ICU. This is
mainly driven by an increase in PIP clearance. In silico dosing
simulation predicted that it may be necessary to increase PIP
doses (8 g/qid) and to prolong infusion duration (3 h) in burn
patients to achieve higher blood concentrations of the drug. As
eGFR were found by using Bayesian pharmacokinetic analysis
to correlate with PIP concentration in burn patients, we aim to
modify TDMx to better integrate this parameter in in silico
simulations to better predict PIP dosing for each burn patient
prior to starting PIP therapy.We additionally intend in a follow-
up project to perform population pharmacokinetic analyses that
will likely identify further co-variates, which then may improve
the PIP dosing in burn and ICU patients.
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