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Abstract: (1) Introduction: Piperacillin is a common antibiotic choice in the treatment of periprosthetic
joint infections (PJI) caused by Pseudomonas aeruginosa. The aim of this study was to assess and
compare the time with free piperacillin concentration above the minimum inhibitory concentration
(fT > MIC) at steady state in target tissues relevant for PJI treatment following continuous and
intermittent short-term infusion. (2) Methods: 16 pigs were randomized to receive either continuous
or intermittent short-term infusion of piperacillin. Steady state piperacillin concentrations were
assessed using microdialysis in tibial cortical bone, tibial cancellous bone, synovial fluid of the knee
joint, and subcutaneous tissue. MIC-targets of 4, 8, 16, and 64 mg/L were applied. Plasma samples
were obtained as reference. (3) Results: Continuous infusion resulted in longer fT > MIC for MIC
targets of 4 mg/L and 8 mg/L compared to intermittent short-term infusion in all compartments with
the exception of tibial cortical bone. For the MIC-target of 16 mg/L, continuous infusion resulted in
alonger fT > MIC in all compartments except for the bone compartments. No differences between
groups were seen when applying a MIC-target of 64 mg/L. (4) Conclusions: An aggressive dosing
strategy may be necessary to obtain sufficient piperacillin concentrations in all bone compartments,
particularly if more aggressive targets are applied. Based on the present study, continuous infusion
should be considered in the treatment of PJI.

Keywords: pharmacokinetics; piperacillin; prosthetic joint infections; microdialysis; Pseudomonas
aeruginosa; porcine model

1. Introduction

Periprosthetic joint infection (P]I) is a devastating complication to arthroplasty surgery
with a reported incidence of 1-2% following primary surgery [1]. Of these, approximately
1-3% are caused by the gram-negative bacteria Pseudomonas aeruginosa (P. aeruginosa) [2-4].
P. aeruginosa is a particularly challenging pathogen to treat due to emerging multi-drug
resistant strains [5]. Essential for current PJI treatment protocols are: (1) surgery—either
one-stage exchange, two-stage exchange, or a combination of debridement, antibiotics,
irrigation, and retention (DAIR) [6]. Preferences vary in relation to PJI presentation and
geographic location; and (2) sufficient perioperative systemic antibiotic regiments [7]. The
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definition of a sufficient antibiotic regimen is the ability to reach and maintain an adequate
pharmacokinetic profile in relevant target tissues.

The broad-spectrum beta-lactam antibiotic, piperacillin, often administered in com-
bination with tazobactam, is a key drug in the treatment of P. aeruginosa infections [8].
Piperacillin is a time-dependent antibiotic, meaning that the effect is best correlated to the
time the free drug concentration is above the minimal inhibitory concentration at target sites
(fT > MIC) [9]. To sample and evaluate target site fT > MIC of piperacillin, microdialysis is
an established method for sampling of target site antibiotic concentrations. Microdialysis is
particularly advantaged by delivering high temporal resolution concentration-time profiles
of the free drug concentration simultaneously from multiple target sites [10,11].

Intermittent short-term infusion of piperacillin/tazobactam (pip/tazo) continues to
be the standard clinical practice in most orthopedic settings when indicated for PJI treat-
ment. Nevertheless, continuous infusion has been shown to be superior in terms of longer
fT > MIC, reduced mortality, and increased cure rates in critically ill patients [12-16].
Evaluation of piperacillin concentrations in target tissues relevant for PJI treatment follow-
ing continuous infusion is lacking and may be included in future dosing regiments for
piperacillin [17].

This porcine study aimed to employ microdialysis for assessment and comparison of
piperacillin steady state fT > MIC in target tissues relevant for PJI treatment: tibial cortical
bone, tibial cancellous bone, synovial fluid of the knee joint, subcutaneous tissue, and
plasma following continuous and intermittent short-term infusion.

2. Results

All 16 pigs completed the study. Three catheters in subcutaneous tissue and two in
synovial fluid of the knee joint were excluded due to malfunctioning membranes. One tibial
cortical bone catheter and one cancellous bone catheter were excluded due to incorrect drill
hole placement, as assessed on post-mortem CT scans, hence 57 of 64 catheters were used for
analysis. Relative recovery (RR) from 14 out of 57 catheters could not be determined reliably,
as they were negative or <20% [18]. However, the dialysate piperacillin concentration
resembled the concentrations of the remaining catheters in the given compartment. Hence,
the group compartment mean RR was applied. The mean RR (SD) across groups for
each compartment were 0.55 (0.28) for tibial cortical bone, 0.56 (0.22) for tibial cancellous
bone, 0.46 (0.16) for subcutaneous tissue, and 0.53 (0.20) for the synovial fluid of the knee
joint. Mean piperacillin concentration-time profiles for the third dosing interval are shown
in Figure 1.

The mean fT > MIC for the third dosing interval is summarized in Table 1 for
both administration groups and all compartments. Table 1 presents mean fT > MIC
values, calculated separately for each animal and each compartment, whereas Figure 1
depicts the mean piperacillin concentrations in each compartment. For MIC = 4 mg/L,
across all compartments, except for tibial cortical bone, continuous infusion resulted in a
fT > MIC of 100% compared to 74-91% for the intermittent short-term infusion group. For
MIC = 8 mg/L, continuous infusion resulted in longer fT > MIC across all compartments,
except for tibial cortical bone. For MIC = 16 mg/L, continuous infusion resulted in longer
fT > MIC for all compartments except the two bone compartments. Tibial cortical bone
showed no differences in fT > MIC for MIC = 4, 8, and 16 mg/L between the two admin-
istration groups. When applying MIC = 64 mg/L, no differences in fT > MIC were seen
between the two administration groups.
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Figure 1. Mean piperacillin concentration—time profiles on log scale following continuous infusion (a)
and intermittent short-term infusion (b). MIC = 4, 8, 16, and 64 mg/L values are inserted for target
illustration by dotted lines. Error bars represent 95% CI; upper limit is shown.
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Table 1. Mean time the free piperacillin concentration was above the minimum inhibitory concentra-
tion (fT > MIC) in the third dosing interval. Ty, = 330 min.

Continuous Infusion Intermittent Short-Term Infusion

[Min] (95%CI) [%] [Min] (95%CI) [%] p-Value
MIC =4 mg/L
Cortical bone 65 (—37-166) 20 133 (1-266) 040 <0.270
Cancellous bone 330 (330-330) 100 244 (182-306) 074 <0.003
Subcutaneous tissue 330 (330-330) 100 253 (201-305) 077 <0.033
Knee joint 330 (330-330) 100 272 (239-304) 082 <0.019
Plasma 330 (330-330) 100 300 (273-328) 091 <0.001
MIC =8 mg/L
Cortical bone 0 (0-0) 0 55 (—16-126) 017 <0.154
Cancellous bone 290 (206-374) 88 187 (128-246) 057 <0.019
Subcutaneous tissue 330 (330-330) 100 212 (137-285) 064 <0.008
Knee joint 307 (247-367) 93 220 (160-279) 067 <0.021
Plasma 330 (330-330) 100 238 (200-277) 072 <0.001
MIC =16 mg/L
Cortical bone 0 (0-0) 000 0 (0-0) 0000 <1.000
Cancellous bone 217 (73-361) 66 119 (78-159) 036 <0.176
Subcutaneous tissue 322 (302-342) 98 152 (82-223) 046 <0.002
Knee joint 275 (134-416) 83 162 (102-222) 049 <0.036
Plasma 322 (302-342) 98 163 (139-187) 049 <0.001
MIC = 64 mg/L
Cortical bone 0 (0-0) 0 0 (0-0) 00 1.000
Cancellous bone 0 (0-0) 0 7 (—6-21) 02 0.467
Subcutaneous tissue 10 (—15-34) 3 30 (—10-69) 09 0.392
Knee joint 0 (0-0) 0 30 (1-60) 09 0.056
Plasma 69 (—38-175) 21 69 (58-79) 021 0.099

The key pharmacokinetic parameters: area under the curve (AUC15 151), peak drug
concentration (Cmax), tissue penetration (AUCyissue/ AUCplasma), and time until peak drug
concentration (Tmax) are presented in Table 2. Continuous infusion resulted in a higher
median AUCq, 13}, for synovial fluid of the knee joint and subcutaneous tissue compared
to intermittent short-term infusion. With the exception of tibial cortical bone, median
Cmax was lower for the continuous infusion group compared to the intermittent short-term
infusion group for all compartments. The median tissue penetration was similar for the
two administration forms.

Table 2. Key pharmacokinetic parameters of piperacillin in the third dosing interval.

Median AUCy5_15 1, [min-mg/mL], (95%CI)

Cortical bone
Cancellous bone

Subcutaneous tissue

Knee joint
Plasma

Median Cmax, [mg/L], (95%CI)

Cortical bone
Cancellous bone

Subcutaneous tissue

Knee joint
Plasma

Median AUCjissue/ AUCp1a5ma,(95%CI)

Cortical bone
Cancellous bone

Subcutaneous tissue

Knee joint

Continuous Infusion Intermittent Short-Term Infusion p-Value
1394 (786-2473) 1649 (896-3036) 0.684
12,709 (7870-2,0523) 8009 (5137-12,485) 0.151
23,230 (15,557-34,686) 8612 (5946-12,485) 0.002
17,785 (11,327-27,925) 9094 (6049-13,670) 0.033
33,573 (19,006-59,303) 24,080 (13,571-42,725) 0.394
3 (2-5) 5 (3-9) 0.117
22 (14-35) 46 (30-70) 0.026
40 (26-63) 77 (51-117) 0.041
35 (20-60) 88 (55-141) 0.016
72 (35-145) 499 (247-1011) 0.001
0.04 (0.02-0.08) 0.07 (0.03-0.14) 0.350
0.41 (0.21-0.78) 0.33 (0.18-0.62) 0.628
0.56 (0.28-1.14) 0.34 (0.17-0.66) 0.280
0.45 (0.22-0.92) 0.38 (0.19-0.76) 0.724
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Table 2. Cont.
Continuous Infusion Intermittent Short-Term Infusion p-Value

Median Ty, [min], (95%CI) *

Cortical bone - 809 (750-871)
Cancellous bone - 777 (689-800)
Subcutaneous tissue - 760 (701-824)
Knee joint - 750 (689-817)
Plasma - 742 (689-800)

* Trmax is not applicable to the group receiving continuous administration at assumed steady state. AUC1p_151;
area under curve from 12 h to 18 h. Cnax; peak drug concentration. AUCjissue / AUCplasma; tissue penetration.
Tmax; time until Cpax.

3. Discussion

Steady state fT > MIC and key pharmacokinetic parameters for piperacillin were
investigated after continuous and intermittent short-term infusion in target tissues relevant
for PJI treatment in a porcine model. Longer fT > MIC was observed for MICs of 4, 8, and
16 mg/L, following continuous infusion compared to intermittent short-term infusion in
tibial cancellous bone (except for 16 mg/L), synovial fluid of the knee joint, subcutaneous
tissue, and plasma. Only tibial cortical bone did not display a difference in fT > MIC
(4, 8 and 16 mg/L) between the two administration groups. Applying the aggressive target
of 64 mg/L (4 x MIC) did not result in any differences in observed fT > MIC between the
administration forms.

Although appropriate and sufficient antibiotic treatment is considered paramount in
PJI treatment, no definitive correlation between antibiotic target site exposure and treatment
success exist, as clinical data are lacking [17,19]. However, infected tissue has an impaired
and altered blood supply. In bone infections, this is believed to origin from suppurative in-
flammation with local tissue destruction, osseous sequestration, and increased intraosseous
pressure [20]. Previous studies have shown impaired cefuroxime and vancomycin pen-
etration at the site of infection in implant associated Staphylococcus aureus infections in a
porcine model [21,22]. As the present results are obtained in healthy tissues, they may not
readily be translated to an infected PJI setting, where a lower penetration may be expected.
Hence, the relationship between piperacillin concentrations at the site of infection and
clinical outcome is a needed target for future studies.

A definitive consensus about the optimal fT > MIC for piperacillin in PJI settings does
not exist [9]. The European Committee on Antimicrobial Susceptibility (EUCAST) reports
a required fT > MIC for piperacillin of 30—35% to achieve bacteriostasis based mainly on
experimental and in vitro data, while clinical data suggest that 100% fT > MIC, or even 100%
fT >4 x MIC, is needed in critically ill patients to achieve maximal bactericidal effect [23-25].
Aggressive targets may be warranted in critically ill patients to suppress resistant subpopula-
tions and overcome decreased susceptibility resulting from prior antibiotic treatments [19,25].
However, the feasibility and relevance of implementing aggressive targets in PJI settings, such
as 4 x MIC, is currently lacking sufficient data [25].

The data from the present study suggest that continuous infusion is superior in achiev-
ing longer fT > MIC compared to intermittent short-term infusion. However, in order
to reach a target of 100% fT > MIC (MIC: 16 mg/L) in all the bone compartments or
100% 4 x MIC in any compartment, a more aggressive dosing strategy may be necessary.
Our results and previous studies demonstrate that continuous piperacillin infusion im-
proves therapeutic exposure and prolongs fT > MIC compared to intermittent short-term
infusion [14-16,26]. Albeit largely reliant on target MIC, piperacillin continuous infusion
holds a potential to maximize target achievement whilst minimizing total daily dose [15].
Furthermore, continuous infusion is easy and inexpensive, and potentially harmful con-
centrations of piperacillin (Neurotoxicity has been associated with plasma concentrations
of 157 mg/L, following continuous infusion, and concentrations above 361 mg/L, fol-
lowing intermittent short-term infusion.) could be mitigated by applying continuous
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infusion [27,28]. In the present study, the mean plasma concentration for the continuous
infusion group remained below both proposed neurotoxicity thresholds throughout the
entire study period. Yet, it should be noted that staying below the threshold would require
evaluation of plasma concentrations, especially in patients with impaired kidney function,
which is not standard practice in many orthopedic wards [29].

Another commonly used dosing regimen of piperacillin is prolonged /extended infu-
sion often defined as a minimum infusion time of three to four hours [26]. As shown in
subcutaneous tissue with pharmacokinetic modelling, this form of administration likely
holds a potential to improve fT > MIC [16,30]. Some evidence indicates that prolonged
infusion is associated with higher clinical cure rate and lower mortality compared to inter-
mittent short-term infusion. However, the immediate clinical advantages remain largely
unclear [26,30].

A recently published study, using the same pig population as in the present study,
investigated piperacillin concentrations in compartments relevant for spondylodiscitis
treatment [11]. The pharmacokinetic results were similar to the present study, e.g., sub-
cutaneous tissue of the neck showed similar fT > MIC compared to the present findings
in subcutaneous tissue on the leg [11]. However, for the MIC-target of 16 mg/L, a lower
fT > MIC was observed in vertebral cancellous bone following both administration forms
compared to tibial cancellous bone. This difference may be explained by differences in
bone microstructure and blood perfusion, which exemplifies the need for assessment of
treatment dependent target tissue concentrations at all relevant anatomical locations.

Previous studies have reported cortical bone/plasma concentration ratios of
0.18-0.2 based on human tissue specimens from uninfected femoral cortical bone (1-1.5 h
after pip/tazo bolus) [31,32]. However, these studies utilized tissue specimen homogeniza-
tion, where the derived concentrations represent total tissue concentrations and not the
free and unbound interstitial fraction as obtained with the microdialysis technique. Despite
using a different methodology, these results are in line with the observed tibial cortical
bone/plasma ratios for the intermittent short-term infusion (bolus) group at comparable
static timepoints. However, the observed dynamic median AUC otical/ AUCp|asma ratios
were lower: 0.04 (95% CI: 0.02-0.08) for continuous infusion and 0.07 (95% CI: 0.03-0.14)
for intermittent short-term infusion.

A central limitation of the present study is that a higher total piperacillin dose was
administered to the continuous infusion group compared to the intermittent short-term
group (16 g vs. 12 g), possibly explaining some of the observed pharmacokinetic differences.
However, the different dosages were opted for to mirror standard clinical dosing during the
two administration forms. Pigs have a similar mineral bone composition to humans, and the
bone size allows for microdialysis catheter placement [33]. Yet, the clinical translation of the
results is still limited by the fact that this is an experimental study on pigs, approximately
five months old and still growing with an active epiphyseal plate, in contrast to the typical
adult PJI patient. Furthermore, the pigs were kept in general anesthesia for 18 h, which may
have influenced the pharmacokinetic profile of piperacillin. The microdialysis technique
displays inherent limitations, including the mandatory correction for RR, which may
amplify the pre-analytical and analytical variations of the estimated concentrations.

4. Materials and Methods

The study was conducted at the Department of Clinical Medicine, Aarhus University
Hospital, and it was carried out in agreement with national and international law and with
approval by The Danish Animal Experiments Inspectorate (license No. 2017/15-0201-01184).
Chemical analysis was performed at the Department of Clinical Biochemistry, Aarhus Uni-
versity Hospital. To comply with the ARRIVE-guidelines and the 3Rs, data obtained from
the present study originated from the same pigs used in a recently published article with a
different purpose and target tissues [11].
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4.1. Microdialysis

The microdialysis setup consists of a precision pump containing a perfusion fluid, a
microdialysis catheter with a semipermeable membrane, and a collection vial. The micro-
dialysis technique allows for continuous and simultaneous sampling of unbound molecules
in the interstitial fluid of virtually any tissue of interest [34,35]. Microdialysis is based on
passive diffusion of molecules along the concentration gradient across a semipermeable
membrane. The impact of convective forces across the membrane is assumed to be negligi-
ble, thus making microdialysis a diffusion-limited process [36]. The catheter is continuously
perfused by a perfusion fluid, wherefore an equilibrium across the membrane never occurs.
The concentration measured in the collected dialysate therefore only represents a fraction of
the total tissue concentration. This fraction is referred to as the relative recovery (RR). The
absolute extracellular fluid concentration of the analyte can be calculated as dialysate con-
centration divided by RR (Ctissue = Caialysate/ RR). Microdialysis equipment was acquired
from M Dialysis AB, Stockholm, Sweden. Type 63 Microdialysis Catheters with a molecular
cut-off of 20.000 dalton and 107 Microdialysis Pumps were used.

4.2. Calibration

Individual calibration of the microdialysis catheters can be performed in a variety
of ways [35]. In this study, the internal standard calibration method was opted for, as it
allows for continuous assessment of RR throughout the entire sampling period. Benzylpeni-
cillin was chosen as an internal standard based on previous thorough in vitro and in vivo
investigations [10]. The microdialysis catheters were perfused with 0.9% saline solution
containing 5 mg/L benzylpenicillin for at least 30 min to equilibrate before piperacillin
administration [18]. Pump perfusion flowrate was 2 pL/min.

4.3. MIC Values

According to EUCAST, the epidemiological cutoff (ECOFF) value for pip/tazo against
P. aeruginosa is 16 mg/L. However, the majority of isolates are susceptible to lower concen-
trations of 8 mg/L and 4 mg/L [37]. On top of this, an aggressive target of 4 x MIC has been
proposed for piperacillin in the treatment of critically ill patients [23,25]. Hence, these four
targets were applied to evaluate fT > MIC. The ECOFF represents a cut-off value separating
susceptible wild-type microorganisms from microorganisms with acquired resistance.

4.4. Randomization and Dosing

16 female pigs (Danish Landrace, 8690 kg) were block randomized in pairs of two
to receive either continuous or intermittent short-term intravenous infusion of pip/tazo
(Fresenius Kabi, Bad Homburg, Germany). In the continuous infusion group, a bolus of
4 ¢/0.5 g pip/tazo was initially administered at T = 0 over 30 min and followed by a
continuous infusion of 12 g/1.5 g during the following 17.5 h (Figure 2). The intermittent
short-term infusion group received a bolus of 4 g/0.5 g pip/tazo over 30 min at T =0 h,
T=6hand T =12 h. The total administered piperacillin/tazobactam dose was 16 g/2 g for
the continuous infusion group and 12 g/1.5 g for the intermittent short-term infusion group.
The dosing regimens were based on recommendations from EUCAST and the Clinical and
Laboratory Standards Institute (CLSI), recommending pip/tazo 4 g/0.5 g three times daily
for most infections and four times daily in severe cases [8].
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Figure 2. Timeline illustrating piperacillin/tazobactam dosing and sampling in the two administra-

tion groups. Created with BioRender.com.

4.5. Sampling of Steady State Concentrations

Piperacillin plasma half-life in pigs is approximately 73 min (95%CI: 58-90), con-
sequently theoretical steady state would be expected within 5 h to 7.5 h (5 x t1,5) [10].
Therefore, steady state was assumed in the third dosing interval, and samples were col-
lected from T = 12 h (720 min) to T = 18 h (1080 min). A sample representing base-
line was collected at T = 12 h. Dialysates were collected every 20 min from T = 12 h to
T =14 h, every 30 min from T = 14 h to T = 16 h, and every 60 min from T = 16 h
to T = 18 h. Blood samples were drawn from a central venous catheter at the midpoint
of each sampling interval. Blood samples were kept at 5 °C for a maximum of 2 h and
centrifugated at 3000 g for 10 min at 5 °C. Plasma aliquots and dialysates were stored at
—80 °C until further analysis. Tazobactam concentrations were not evaluated, since pre-
vious studies have indicated similar pharmacokinetics of piperacillin when administered

alone and together with tazobactam [38].

4.6. Target Tissues, Surgical Procedure, and Anaesthesia

Tissues relevant for PJI treatment were chosen as targets: tibial cortical bone, tibial
cancellous bone, subcutaneous tissue, and synovial fluid of the knee joint. With the pigs
in a supine position, the tibial bone of the right hind leg was exposed by an anteromedial
incision. A drill hole (@: 2 mm, depth: 15 mm) was made in the cortical bone at the
anterior tibial margin and a 10 mm microdialysis catheter was inserted. Another drill hole
(©: 2 mm, depth: 15 mm) was made in the cancellous bone at the level of the tibial condyles
approximately 10 mm distally to the epiphysial line and a 30 mm microdialysis catheter
was inserted. Using splitable introducers, a 30 mm microdialysis catheter was placed in
the synovial fluid of the knee joint, and a 30 mm microdialysis catheter was placed in the
adjacent subcutaneous tissue. Correct catheter placement in the tibial bone was confirmed
using intraoperative fluoroscopy, and correct placement of bone drill hole placement was

confirmed with post-mortem CT.

All pigs were kept under general anaesthesia during surgery and the following 18 h,
using continuous infusion of fentanyl (0.6-0.75 mg/h, Fresenius Kabi, Germany) and
propofol (400-500 mg/h, B. Braun, Melsungen, Germany). Arterial pH was monitored
with arterial gas samples and kept in the range of 7.38-7.56 by regulating ventilation. Core
body temperature was regulated with cooling and blankets and kept within the range of

35.3-38.8 °C, measured with a rectal thermometer.
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4.7. Quantification of Piperacillin Concentrations

The free piperacillin and benzylpenicillin concentrations in dialysates, and the free
piperacillin concentrations in plasma, were quantified using ultra-high performance liquid
chromatography (UHPLC) with UV detection (Agilent Series 1290 Infinity system with a
diode array detector, Agilent Technologies, Santa Clara, CA, USA) [10]. The lower limit
of quantification was 0.1 mg/L (CV% = 18%) for piperacillin and 0.1 mg/L (CV% = 11%)
for benzylpenicillin. The total imprecisions (CV%) for piperacillin (dialysate and plasma)
and benzylpenicillin (dialysate) were <9%. Linearity was found up to 1000 mg/L for
piperacillin and up to 25 mg/L for benzylpenicillin.

4.8. Data Analysis

Using linear interpolation, the piperacillin fT > MIC was determined for concentrations
of 4, 8,16, and 64 mg/L for each compartment and each animal separately (Microsoft Excel
v.2207 build 16.0, Redmond, Washington, USA. Quantile-quantile plots of fT > MIC showed
a noticeable “ceiling effect” owing to the effect of continuous infusion, as a significant
number of observations were equal to the true max of fT > MIC = 330 min. Pairwise
comparisons of fT > MIC were therefore performed using the Wilcoxon rank sum test due
to lack of a normal data distribution. For interpretational reasons and comparison with the
literature, fT > MIC was summarized in minutes and percentages of total sampling time
using mean with 95% confidence interval (95%CI).

AUC12-18 h Cmax, AUCltissue/ AUCplasma, and Tmax were determined by non-compartmental
analysis using linear mixed models with repeated-measures analysis of variance (ANOVA) in
Stata (v. 17, Statacorp, College Station, TX, USA). The Kenward-Roger’s approximation was
used to estimate the degrees of freedom due to small sample size. AUC1, 151, was estimated
using the linear up-log down trapezoidal method. Logarithmic transformation was performed
on the pharmacokinetic data to attain a normal data distribution. ANOVA analysis was per-
formed assuming equal intergroup and different intercompartmental variance. The data were
back-transformed to original scale and summarized as medians with 95%CI. Homogeneity of
variance was evaluated with residual vs. fits plots. Normality of residuals was assessed with
quantile-quantile plots. Pairwise comparisons were made using linear combination of estimates.

5. Conclusions

Piperacillin continuous infusion resulted in longer steady state fT > MIC compared to
intermittent short-term infusion in tibial cancellous bone (except for 16 mg/L), synovial
fluid of the knee joint, subcutaneous tissue, and plasma, but not in the tibial cortical bone
when applying MIC-targets of 4, 8 and 16 mg/L. To obtain sufficient piperacillin concen-
trations in all bone compartments, more aggressive dosing strategies may be necessary,
particularly if more aggressive targets are applied. Based on the current findings, and when
indicated, continuous infusion of piperacillin should be considered in the treatment of PJI.

Author Contributions: Conceptualization, PH., M.K,, K.O.-H., M.S. and M.B.; Formal analysis,
H.CR, PH, MK, EKP,MS. and M.B; Funding acquisition, PH. and K.S.; Investigation, PH., M.K,,
ARJ., SK.T. and M.B.; Project administration, H.C.R. and M.K,; Supervision, PH., ARJ., EK.P,
K.O.-H., M.S. and M.B;; Writing—original draft preparation, H.C.R.; writing—review and editing, all
authors. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by The Novo Nordisk Foundation (grant number NNF190C0058958),
The Kirsten and Freddy Johansen Foundation, The Inger and Asker Larsen Foundation, The Fund of 1870,
and The Carl and Ellen Hertz Legat Foundation.

Institutional Review Board Statement: The animal study was approved by the Danish Animal
Experiments Inspectorate (license no. 2017-15-0201-01184).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are available from the corresponding author upon
reasonable request.



Antibiotics 2023, 12, 577 10 of 11

Acknowledgments: The authors thank Line Mgller Nielsen and Eva Greibe from Department of
Biochemistry, Aarhus University Hospital and Anette Baatrup from Department of Clinical Medicine,
Aarhus University Hospital for their help with chemical analyses.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Izakovicova, P; Borens, O.; Trampuz, A. Periprosthetic joint infection: Current concepts and outlook. EFORT Open Rev. 2019,
4,482-494. [CrossRef] [PubMed]

Bjerke-Kroll, B.T.; Christ, A.B.; McLawhorn, A.S.; Sculco, PK.; Jules-Elysée, K.M.; Sculco, T.P. Periprosthetic joint infections treated
with two-stage revision over 14 years: An evolving microbiology profile. |. Arthroplast. 2014, 29, 877-882. [CrossRef]

Froschen, ES.; Randau, T.M.; Franz, A.; Molitor, E.; Hischebeth, G.T.R. Microbiological Profiles of Patients with Periprosthetic
Joint Infection of the Hip or Knee. Diagnostics 2022, 12, 1654. [CrossRef]

Rodriguez-Pardo, D.; Pigrau, C.; Lora-Tamayo, J.; Soriano, A.; del Toro, M.D.; Cobo, J.; Palomino, J.; Euba, G.; Riera, M;
Sanchez-Somolinos, M.; et al. Gram-negative prosthetic joint infection: Outcome of a debridement, antibiotics and implant
retention approach. A large multicentre study. Clin. Microbiol. Infect. 2014, 20, 0911-0919. [CrossRef] [PubMed]

Shah, N.B.; Osmon, D.R.; Steckelberg, ].M.; Sierra, R.J.; Walker, R.C.; Tande, A.].; Berbari, E.F. Pseudomonas Prosthetic Joint
Infections: A Review of 102 Episodes. J. Bone Jt. Infect. 2016, 1, 25-30. [CrossRef]

Rowan, EE.; Donaldson, M. ; Pietrzak, ].R.; Haddad, ES. The Role of One-Stage Exchange for Prosthetic Joint Infection. Curr. Rev.
Musculoskelet. Med. 2018, 11, 370-379. [CrossRef] [PubMed]

Zimmerli, W.; Trampuz, A.; Ochsner, PE. Prosthetic-joint infections. N. Engl. . Med. 2004, 351, 1645-1654. [CrossRef]

Tannous, E.; Lipman, S.; Tonna, A.; Hector, E.; Hussein, Z.; Stein, M.; Reisfeld, S. Time above the MIC of Piperacillin-Tazobactam
as a Predictor of Outcome in Pseudomonas aeruginosa Bacteremia. Antimicrob. Agents Chemother. 2020, 64, €02571-19. [CrossRef]
Burgess, D.S.; Waldrep, T. Pharmacokinetics and pharmacodynamics of piperacillin/tazobactam when administered by continu-
ous infusion and intermittent dosing. Clin. Ther. 2002, 24, 1090-1104. [CrossRef]

Knudsen, M.; Bue, M.; Pontoppidan, L.L.; Hvistendahl, M.A.; Seballe, K.; Stilling, M.; Hanberg, P. Evaluation of Benzylpenicillin
as an Internal Standard for Measurement of Piperacillin Bone Concentrations Via Microdialysis. J. Pharm. Sci. 2021, 110, 3500-3506.
[CrossRef]

Petersen, E.K.; Hanberg, P.; Knudsen, M.; Tostesen, S.K.; Jorgensen, A.R.; Obrink-Hansen, K.; Seballe, K; Stilling, M.; Bue, M.
Intermittent Short-Term Infusion vs. Continuous Infusion of Piperacillin: Steady State Concentrations in Porcine Cervical Spine
Tissue Evaluated by Microdialysis. Antibiotics 2022, 11, 910. [CrossRef] [PubMed]

Rhodes, N.J.; Liy, J.; O’Donnell, ].N.; Dulhunty, ] M.; Abdul-Aziz, M.H.; Berko, P.Y.; Nadler, B.; Lipman, J.; Roberts, ].A. Prolonged
Infusion Piperacillin-Tazobactam Decreases Mortality and Improves Outcomes in Severely 1l Patients: Results of a Systematic
Review and Meta-Analysis. Crit. Care Med. 2018, 46, 236-243. [CrossRef]

Fawaz, S.; Barton, S.; Nabhani-Gebara, S. Comparing clinical outcomes of piperacillin-tazobactam administration and dosage
strategies in critically ill adult patients: A systematic review and meta-analysis. BMC Infect. Dis. 2020, 20, 430. [CrossRef]
[PubMed]

Wu, C.C; Su, Y.C,; Wu, K.S.; Wu, TH,; Yang, C.S. Loading dose and efficacy of continuous or extended infusion of beta-lactams
compared with intermittent administration in patients with critical illnesses: A subgroup meta-analysis and meta-regression
analysis. J. Clin. Pharm. Ther. 2021, 46, 424-432. [CrossRef]

Roberts, J.A.; Roberts, M.S.; Robertson, T.A.; Dalley, A.].; Lipman, J. Piperacillin penetration into tissue of critically ill patients
with sepsis—Bolus versus continuous administration? Crit. Care Med. 2009, 37, 926-933. [CrossRef] [PubMed]

Bue, M.; Sou, T.; Okkels, A.S.L.; Hanberg, P.; Thorsted, A.; Friberg, L.E.; Andersson, T.L.; Obrink-Hansen, K.; Christensen, S.
Population pharmacokinetics of piperacillin in plasma and subcutaneous tissue in patients on continuous renal replacement
therapy. Int. J. Infect. Dis. 2020, 92, 133-140. [CrossRef] [PubMed]

Koch, B.C.P;; Zhao, Q.; Oosterhoff, M.; van Oldenrijk, J.; Abdulla, A.; de Winter, B.C.M.; Bos, K.; Muller, A.E. The mysteries of
target site concentrations of antibiotics in bone and joint infections: What is known? A narrative review. Expert Opin. Drug Metab.
Toxicol. 2022, 18, 587-600. [CrossRef]

Chaurasia, C.S.; Miiller, M.; Bashaw, E.D.; Benfeldt, E.; Bolinder, J.; Bullock, R.; Bungay, PM.; DeLange, E.C.; Derendorf, H.;
Elmquist, W.E,; et al. AAPS-FDA workshop white paper: Microdialysis principles, application and regulatory perspectives.
Pharm. Res. 2007, 24, 1014-1025. [CrossRef]

Drusano, G.L. Antimicrobial pharmacodynamics: Critical interactions of ‘bug and drug’. Nat. Rev. Microbiol. 2004, 2, 289-300.
[CrossRef]

Jensen, L.K.; Koch, J.; Henriksen, N.L.; Bue, M.; Tottrup, M.; Hanberg, P,; Seballe, K.; Jensen, H.E. Suppurative Inflammation
and Local Tissue Destruction Reduce the Penetration of Cefuroxime to Infected Bone Implant Cavities. J. Comp. Pathol. 2017,
157, 308-316. [CrossRef]


http://doi.org/10.1302/2058-5241.4.180092
http://www.ncbi.nlm.nih.gov/pubmed/31423332
http://doi.org/10.1016/j.arth.2013.09.053
http://doi.org/10.3390/diagnostics12071654
http://doi.org/10.1111/1469-0691.12649
http://www.ncbi.nlm.nih.gov/pubmed/24766536
http://doi.org/10.7150/jbji.15722
http://doi.org/10.1007/s12178-018-9499-7
http://www.ncbi.nlm.nih.gov/pubmed/29987643
http://doi.org/10.1056/NEJMra040181
http://doi.org/10.1128/AAC.02571-19
http://doi.org/10.1016/S0149-2918(02)80021-2
http://doi.org/10.1016/j.xphs.2021.06.008
http://doi.org/10.3390/antibiotics11070910
http://www.ncbi.nlm.nih.gov/pubmed/35884164
http://doi.org/10.1097/CCM.0000000000002836
http://doi.org/10.1186/s12879-020-05149-6
http://www.ncbi.nlm.nih.gov/pubmed/32563242
http://doi.org/10.1111/jcpt.13301
http://doi.org/10.1097/CCM.0b013e3181968e44
http://www.ncbi.nlm.nih.gov/pubmed/19237898
http://doi.org/10.1016/j.ijid.2020.01.010
http://www.ncbi.nlm.nih.gov/pubmed/31978581
http://doi.org/10.1080/17425255.2022.2117607
http://doi.org/10.1007/s11095-006-9206-z
http://doi.org/10.1038/nrmicro862
http://doi.org/10.1016/j.jcpa.2017.10.001

Antibiotics 2023, 12, 577 11 of 11

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Tottrup, M.; Bue, M.; Koch, J.; Jensen, L.K.; Hanberg, P.; Aalbaek, B.; Fuursted, K.; Jensen, H.E.; Seballe, K. Effects of Implant-
Associated Osteomyelitis on Cefuroxime Bone Pharmacokinetics: Assessment in a Porcine Model. |. Bone Jt. Surg. Am. 2016,
98, 363-369. [CrossRef]

Bue, M.; Hanberg, P.; Koch, J.; Jensen, L.K.; Lundorff, M.; Aalbaek, B.; Jensen, H.E.; Seballe, K.; Tottrup, M. Single-dose bone
pharmacokinetics of vancomycin in a porcine implant-associated osteomyelitis model. ]J. Orthop. Res. 2018, 36, 1093-1098.
[CrossRef]

Wong, G.; Brinkman, A.; Benefield, R.J.; Carlier, M.; De Waele, ].J.; El Helali, N.; Frey, O.; Harbarth, S.; Huttner, A.; McWhinney, B.;
et al. An international, multicentre survey of 3-lactam antibiotic therapeutic drug monitoring practice in intensive care units.
J. Antimicrob. Chemother. 2014, 69, 1416-1423. [CrossRef]

European Committee on Antimicrobial Susceptibility Testing. Piperacillin-Tazobactam: Rationale for the Clinical Breakpoints,
Version 1.0. 2010. Available online: http:/ /www.eucast.org (accessed on 1 November 2022).

Delattre, .K.; Taccone, ES.; Jacobs, F.; Hites, M.; Dugernier, T.; Spapen, H.; Laterre, PF.; Wallemacq, P.E.; Van Bambeke, F.; Tulkens,
PM. Optimizing (-lactams treatment in critically-ill patients using pharmacokinetics/pharmacodynamics targets: Are first
conventional doses effective? Expert Rev. Anti. Infect. Ther. 2017, 15, 677-688. [CrossRef]

Thabet, P; Joshi, A.; MacDonald, E.; Hutton, B.; Cheng, W.; Stevens, A.; Kanji, S. Clinical and pharmacokinetic/dynamic
outcomes of prolonged infusions of beta-lactam antimicrobials: An overview of systematic reviews. PLoS ONE 2021, 16, e0244966.
[CrossRef]

Quinton, M.C.; Bodeau, S.; Kontar, L.; Zerbib, Y.; Maizel, ].; Slama, M.; Masmoudi, K.; Lemaire-Hurtel, A.S.; Bennis, Y. Neurotoxic
Concentration of Piperacillin during Continuous Infusion in Critically Ill Patients. Antimicrob. Agents Chemother. 2017, 61, e00654-17.
[CrossRef]

Imani, S.; Buscher, H.; Marriott, D.; Gentili, S.; Sandaradura, I. Too much of a good thing: A retrospective study of 3-lactam
concentration-toxicity relationships. J. Antimicrob. Chemother. 2017, 72, 2891-2897. [CrossRef]

Chiriac, U.; Richter, D.C.; Frey, O.R; Rohr, A.C.; Helbig, S.; Preisenberger, J.; Hagel, S.; Roberts, J.A.; Weigand, M. A.; Brinkmann,
A. Personalized Piperacillin Dosing for the Critically Ill: A Retrospective Analysis of Clinical Experience with Dosing Software
and Therapeutic Drug Monitoring to Optimize Antimicrobial Dosing. Antibiotics 2021, 10, 667. [CrossRef]

Mah, G.T.; Mabasa, V.H.; Chow, I; Ensom, M.H. Evaluating outcomes associated with alternative dosing strategies for
piperacillin/tazobactam: A qualitative systematic review. Ann. Pharmacother. 2012, 46, 265-275. [CrossRef]

Incavo, S.J.; Ronchetti, PJ.; Choi, ].H.; Wu, H.; Kinzig, M.; Sérgel, F. Penetration of piperacillin-tazobactam into cancellous and
cortical bone tissues. Antimicrob. Agents Chemother. 1994, 38, 905-907. [CrossRef]

Boselli, E.; Breilh, D.; Biot, L.; Bel, ].C.; Saux, M.C.; Allaouchiche, B. Penetration of piperacillin/tazobactam into cancellous and
cortical bone tissue. Curr. Ther. Res. 2001, 62, 538-545. [CrossRef]

Meroni, G.; Tsikopoulos, A.; Tsikopoulos, K.; Allemanno, F.; Martino, P.A.; Soares Filipe, ].F. A Journey into Animal Models of
Human Osteomyelitis: A Review. Microorganisms 2022, 10, 1135. [CrossRef] [PubMed]

Joukhadar, C.; Miiller, M. Microdialysis: Current applications in clinical pharmacokinetic studies and its potential role in the
future. Clin. Pharmacokinet. 2005, 44, 895-913. [CrossRef] [PubMed]

Kho, C.M,; Enche Ab Rahim, S.K.; Ahmad, Z.A.; Abdullah, N.S. A Review on Microdialysis Calibration Methods: The Theory
and Current Related Efforts. Mol. Neurobiol. 2017, 54, 3506-3527. [CrossRef]

Chefer, V.I.; Thompson, A.C.; Zapata, A.; Shippenberg, T.S. Overview of brain microdialysis. Curr. Protoc. Neurosci. 2009,
47,7.1.1-7.1.28. [CrossRef]

The European Committee on Antimicrobial Susceptibility Testing. Breakpoint Tables for Interpretation of MICs and Zone
Diameters. Version 11.0. 2021. Available online: http://www.eucast.org (accessed on 1 November 2022).

Sorgel, F.; Kinzig, M. Pharmacokinetic characteristics of piperacillin/tazobactam. Intensive Care Med. 1994, 20 (Suppl. 3), S14-S20.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.2106/JBJS.O.00550
http://doi.org/10.1002/jor.23776
http://doi.org/10.1093/jac/dkt523
http://www.eucast.org
http://doi.org/10.1080/14787210.2017.1338139
http://doi.org/10.1371/journal.pone.0244966
http://doi.org/10.1128/AAC.00654-17
http://doi.org/10.1093/jac/dkx209
http://doi.org/10.3390/antibiotics10060667
http://doi.org/10.1345/aph.1Q378
http://doi.org/10.1128/AAC.38.4.905
http://doi.org/10.1016/S0011-393X(01)80053-9
http://doi.org/10.3390/microorganisms10061135
http://www.ncbi.nlm.nih.gov/pubmed/35744653
http://doi.org/10.2165/00003088-200544090-00002
http://www.ncbi.nlm.nih.gov/pubmed/16122279
http://doi.org/10.1007/s12035-016-9929-8
http://doi.org/10.1002/0471142301.ns0701s47
http://www.eucast.org
http://doi.org/10.1007/BF01745246

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Microdialysis 
	Calibration 
	MIC Values 
	Randomization and Dosing 
	Sampling of Steady State Concentrations 
	Target Tissues, Surgical Procedure, and Anaesthesia 
	Quantification of Piperacillin Concentrations 
	Data Analysis 

	Conclusions 
	References

