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A B S T R A C T

Microdialysis is a pharmacokinetic tool that can be advantageous when obtaining tissues’ pharmacokinetic
information. Since absolute extracellular tissue concentrations are needed in pharmacokinetic studies, cali-
brating the microdialysis system is necessary. The internal standard method is superior when compared to
other calibration methods. However, thorough evaluation of the internal standard is required before it can
be used. In vitro experiments and an in vivo study on pigs (n = 8) were conducted to assess the relative recov-
eries by gain and by loss for piperacillin, both with and without a benzylpenicillin concentration of 5 mg/mL.
Furthermore, the in vivo setup allowed for an evaluation of piperacillin cancellous bone and subcutaneous
tissue concentrations in a single 8 h dosing interval. Ultra-high performance liquid chromatography (UHPLC)
was used to determine piperacillin and benzylpenicillin concentrations. Relative recovery by loss for benzyl-
penicillin and relative recovery by gain for piperacillin were similar in in vitro and in vivo. Presence of benzyl-
penicillin did not affect the relative recovery for piperacillin. Relative recovery, pharmacokinetic parameters
and fT>MIC were similar when comparing the retrodialysis by drug and the internal standard calibration
methods (p > 0.31). Mean fT>MIC (16 mg/mL) for plasma, cancellous bone and subcutaneous tissue were
232 min, 255 min and 295 min, respectively.
Our findings suggest that benzylpenicillin is suitable as an internal standard for piperacillin in microdialysis
studies. Mean fT>MIC (16 mg/mL) for plasma, cancellous bone, and subcutaneous tissue reached a target of
50% fT>MIC under the investigated conditions (mean range: 52%−66%); however, the target was not
obtained in all pigs in all compartments. Moreover, 100% fT>MIC was not obtained in any case, suggesting
that different strategies must be taken into consideration if higher targets are employed.
© 2021 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

Microdialysis is a benign pharmacokinetic method allowing for
continuous and simultaneous sampling of the free, unbound intersti-
tial space concentrations of antimicrobials from multiple tissue com-
partments such as bone, soft tissues and solid organs.1 This is
encouraging in antimicrobial pharmacokinetic studies, as the intersti-
tial space most often is considered the active site.2−5 Therefore, the
microdialysis method serves as a promising alternative to tissue
specimens, which previously have been the predominant method for
obtaining antimicrobial tissue pharmacokinetics.6 Using a semiper-
meable membrane at the tip of the microdialysis catheter, the micro-
dialysis system is driven by diffusion.2−5 As the microdialysis system
is continuously perfused, equilibrium will never occur.2−5 Thus, the
concentration in the dialysates only represents a fraction of the actual
tissue concentration. This fraction is referred to as the relative recov-
ery (RR).2−5 To acquire information about absolute extracellular tis-
sue concentrations, it is essential to determine the RR.

RR determination can be performed by various calibrations meth-
ods such as the no-net-flux method, the low-flow-rate method, the
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retrodialysis by drug method and the retrodialysis by drug with an
internal standard method.5,7 The retrodialysis by drug method and
the retrodialysis by drug method with an internal standard, also
known as the internal standard method, is the most frequently
applied calibration method. While calibration with the retrodialysis
by drug method is limited to one or a few calibration points prior to
or after the sampling period, the internal standard method allows for
continuous calibration during the experiment.2,5 This makes the
internal standard method more reliable and less time consuming.5

However, the internal standard method must meet two essential cri-
teria: 1) an internal standard with similar physiochemical character-
istics as the analyte and 2) an internal standard with no interference
with the analyte. If these criteria are met, the internal standard RR
equals the drug of interest RR. Previously, mostly in vitro studies have
been performed to validate the internal standard,8,9 but as shown in
other studies in vitro RR does not always reflect in vivo RR.5,10 This
demonstrates, that it is crucial to conduct detailed evaluations in
both in vitro and in vivo studies before using the internal standard in
microdialysis studies.5,7,10

Benzylpenicillin has previously been used as an internal calibrator
for piperacillin in clinical studies due to similar molecule size and the
fact, that both antimicrobials are ß-lactams, but to our knowledge, it
has not been thoroughly evaluated.11,12 Piperacillin is a broad-spec-
trum, low protein-binding and high solubility ß-lactam antimicrobial
often given in combination with the ß-lactamase inhibitor, tazobac-
tam. Piperacillin/tazobactam has antibacterial properties against
Gram-positive and -negative aerobic and anaerobic bacteria, includ-
ing Pseudomonas aeruginosa.12,13 Although the predominant causa-
tive agents in bone infections are still Gram-positive bacteria, an
increase in bone infections caused by Gram-negative bacteria have
emerged during the last few decades.14,15 Piperacillin is one of few
available antimicrobials effective against P. aeruginosa and a key drug
in the treatment of P. aeruginosa osteoarticular infections.15,16 The
antibacterial activity is time dependent, meaning that the effect is
best related with the time for which the free unbound concentration
is maintained above the minimal inhibitory concentration
(fT>MIC).12,17 According to EUCAST, piperacillin exhibits a clinical
breakpoint MIC for P. aeruginosa of 16 mg/mL.18 In order to promote
and augment clinical piperacillin pharmacokinetic studies, we aimed
to evaluate benzylpenicillin as an internal standard for piperacillin in
both in vitro and in vivo setups and to use the internal standard to
determine porcine cancellous bone and subcutaneous tissue concen-
trations of piperacillin, compartments important in osteoarticular
infections.
Materials and Methods

The study was conducted at the Department of Clinical Medicine,
Aarhus University Hospital, Denmark and Orthopedic Research Unit,
Aarhus University Hospital, Denmark. All chemical analyses were
performed at the Department of Clinical Biochemistry, Aarhus Uni-
versity Hospital, Denmark. The in vivo study was approved by the
Danish Animal Experiments Inspectorate (License No. 2017/15−0201
−01,184). Present laws and principles by the European Union Direc-
tive 2010/63/EU for the Protection of Animals used for Scientific Pur-
poses were followed.

Microdialysis

A brief description of the microdialysis technique and calibration
methods has been given in the introduction. A thorough description
of microdialysis can be found elsewhere.1−4

This study used equipment from M Dialysis AB (Stockholm, Swe-
den). The catheters we used were CMA 63 (membrane length 30 mm
with a 20 kDa molecule cutoff), and the precision pumps were CMA
107, producing a flowrate of 2mL/min.

In microdialysis terms, relative recovery by loss (RRloss), refers to
transports from the microdialysis perfusate to the extracellular fluid.
In contrast, relative recovery by gain (RRgain), refers to transport from
the extracellular fluid to the microdialysis dialysate.

RRloss and RRgain are calculated using the following equations:

RRloss ¼ 1� Cdialysate

Cperfusate

RRgain ¼ Cdialysate

Cmedium

where Cdialysate is the concentration of either the analyte (retrodialy-
sis by drug method) or the internal standard (internal standard
method) in the dialysate, Cperfusate is the concentration of either the
analyte (retrodialysis by drug method) or the internal standard
(internal standard method) in the perfusate, and Cmedium is the con-
centration of either the analyte (retrodialysis by drug method) or the
internal standard (internal standard method) in the surrounding
medium.

For the in vivo study, the absolute extracellular tissue concentra-
tions of the analyte, Ctissue, were calculated by correcting for the RR
using the following equation:

Ctissue ¼
Cdialysate

RR

where Cdialysate is the concentration of the analyte.
RR was obtained for both the internal standard method and the

retrodialysis by drug method.
In the in vivo study, piperacillin concentrations were attributed to

the midpoint of the sampling intervals.

In Vitro Study

Five setups were performed to evaluate the suitability of benzyl-
penicillin as an internal standard for piperacillin. All setups were con-
ducted with 0.9% NaCl containing a benzylpenicillin concentration at
5 mg/mL and variable piperacillin concentrations: 5, 50, and 150 mg/
mL (expected tissue concentrations). The five setups are depicted in
Fig. 1A. Each setup consisted of four microdialysis catheters; four
samples were taken at 20 min intervals from each catheter, produc-
ing a dialysate volume of 40 mL, and preceded with a 15 min equili-
bration period. The same four catheters were consistently used
throughout all five setups. The catheters were placed in relevant fluid
container and correct placement was visually confirmed. A sixth
setup was conducted to evaluate the adherence of piperacillin and
benzylpenicillin to the microdialysis catheters by adding 0.9% NaCl
holding 150 mg/mL of piperacillin to the surrounding medium and
0.9% NaCl holding 5 mg/mL of benzylpenicillin to the perfusate. After
90 min, both the surrounding medium and the perfusate were
changed to blank 0.9% NaCl, and five samples from each catheter
were taken every 20 min in the following period.

In Vivo Study

Eight female pigs were included in the study (Danish Landrace
breed, weight 78−82 kg). During the entire study, the pigs were kept
in general anesthesia with a combination of propofol (550 mg/h, con-
tinuous infusion) and fentanyl (0.6 mg/h, continuous infusion). Tem-
perature (range: 35.6 °C − 39.3 °C) and pH (range: 7.38−7.47) were
monitored throughout the study.

Immediately after induction of general anesthesia, the pigs were
placed in a supine position for surgery. The proximal medial part of
the tibia was exposed by a longitudinal incision. A cancellous drill



Figure 1. (A) Setup overview for the in vitro study. (B) Forest plot comparing RR values for the following three questions in the in vitro study: (1) Does RRgain for piperacillin equal
RRloss for piperacillin; (2) Does RRgain for piperacillin resemble RRloss for benzylpenicillin; (3) Does the presence of benzylpenicillin affect RR for piperacillin. Estimated mean relative
factors are represented with 95% CI bars. The mean values (95% CI) are presented to the right. Pip, piperacillin; Benz, benzylpenicillin; RRgain, relative recovery by gain; RRloss, relative
recovery by loss.
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hole, with a diameter of 2 mm and a depth of 35 mm, was performed
with a diagonal angle. Microdialysis catheters were placed in the can-
cellous drill hole with fluoroscopic guidance and in adjacent subcuta-
neous tissues using splitable introducers. Finally, the catheters were
fixated to the skin by a single suture to prevent displacement.

After placement, the microdialysis catheters were perfused
with 0.9% NaCl containing 5 mg/mL benzylpenicillin, allowing for
calibration with the internal standard method. After 30 min of
tissue equilibration, 4 g of piperacillin in combination with 0.5 g
tazobactam, corresponding to standard clinical dose, were given
intravenously over 30 min. From drug administration (time zero)
to 120 min, dialysates were collected at 20 min intervals, produc-
ing dialysate volumes of 40 mL, from time 120−240 min at
30 min intervals, producing dialysate volumes of 60 mL and from
time 240 to 480 min at 60 min intervals, producing dialysate vol-
umes of 120 mL. In total, 14 samples were collected over an 8 h
period. Venous blood samples were collected from a central
venous catheter at the midpoint of each sampling interval. Each
blood sample held 4 mL of venous blood. In total, 14 venous
blood samples were collected. After the 8 h sampling period, the
perfusate was changed to 0.9% NaCl containing 250 mg/mL piper-
acillin, allowing for calibration with the retrodialysis by drug
method. After 15 min catheter equilibration, three samples with a
20 min interval were collected. The high concentration used in
the retrodialysis calibration was chosen to avoid interference
with possible remaining piperacillin residues in the tissue.



Figure 2. Mean RR for piperacillin and benzylpenicillin for all setups in vitro. Bars repre-
sent 95% CI. There were no significant differences among setups. RR, relative recovery.
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Handling of Samples

Dialysates were immediately frozen and stored at �80 °C until
analysis. Blood samples were collected in EDTA tubes and kept at
5 °C for a maximum of 6 h before being centrifuged at 3000 x g
for 10 min in order to collect their plasma into Eppendorf tubes.
Subsequently, plasma samples were frozen and stored at �80 °C
until analysis.

Ultra-High Performance Liquid Chromatography Analysis of Piperacillin
and Benzylpenicillin

Unbound piperacillin concentrations in microdialysates and
plasma, and benzylpenicillin concentrations in microdialysates, were
simultaneously quantified using ultra-high performance liquid chro-
matography (UHPLC) with UV detection.12 The UHPLC system con-
sisted of an Agilent Series 1290 Infinity system with a diode array
detector (DAD) (Agilent Technologies).

Calibration standards of piperacillin (2.5; 5; 10; 25; 100; and
250 mg/mL) and benzylpenicillin (1; 2.5; 5; and 25 mg/mL) were pre-
pared by adding stock solutions to a 0.9% NaCl solution and stored at
�80 °C. Stock solutions of piperacillin and benzylpenicillin were pre-
pared by dilution of the main stock (1000 mg/mL, Merck Life Science)
in 0.9% NaCl and stored at �80 °C. Quality controls of piperacillin
were prepared in a 0.9% NaCl solution (8 and 100 mg/mL) for the
analysis of microdialysate samples and in a 0.9% NaCl solution (5 and
80 mg/mL) for the analysis of plasma samples. Quality controls of
benzylpenicillin (2 and 8 mg/mL) for the analysis of microdialysate
samples were prepared in a 0.9% NaCl solution.

The free concentration of the analytes was measured by transfer-
ring 250 mL of the sample to a 96-well ultrafilter plate with a 30 kDa
molecular mass cut-off retaining proteins with ambiguously-bound
antimicrobials, leaving only the free fraction to be analyzed. The plate
was then centrifuged for 30 min at 2250 x g and 10 °C, and 15 mL of
filtrate was transferred to a 96-well microplate and mixed with
20 mL 0.9% NaCl solution. The plate was then sealed, shaken for 10 s,
and spun for 10 s before being transferred to the UHPLC system for
analysis. Separation took place on a Poroshell 120 EC��C18 column
(2.7 mm, 2.1 £ 50 mm) (Agilent Technologies) at 40 °C. The injection
volume was 5 mL for both microdialysate and plasma. The mobile
phases had a flow rate of 0.5 mL/min and were composed of (A) 5%
acetonitrile in phosphate buffer (50 nM NaH2PO4, pH 3) and (B) ace-
tonitrile. The gradient profile was: 20% B (0 min), 20% B (0.5 min),
30% B (3 min), 20% B (4 min), followed by gradient starting conditions
and re-equilibration for 1 min, resulting in a total runtime of 5 min
per sample. Piperacillin and benzylpenicillin were detected at
210 nm. No significant matrix effect was observed in either microdia-
lysate or plasma. The lower limit of quantification (LLOQ) was esti-
mated at 0.1 mg/mL (CV% = 18%) for piperacillin and at 0.1 mg/mL
(CV% = 11%) for benzylpenicillin. The total imprecisions (CV%) were
4% at 8mg/mL and 2% at 100mg/mL for piperacillin in 0.9% NaCl solu-
tion, and 6% at 5 mg/mL and 9% at 80 mg/mL for piperacillin in
plasma. The figures were 5% at 2 mg/mL and 3% at 8 mg/mL for ben-
zylpenicillin in a 0.9% NaCl solution. There was a linear relationship
up to 1000mg/mL for piperacillin and up to 25mg/mL for benzylpeni-
cillin. The calibration curve was only accepted, if the correlation coef-
ficient was > 0.98.

Pharmacokinetic Analysis and Statistics

Paired t-tests were used to compare the RR of the different in
vitro setups and the RR of the different calibration methods in
the in vivo study. For the in vivo study, the absolute extracellular
tissue concentrations of piperacillin in subcutaneous tissue and
cancellous bone were determined both by the retrodialysis by
drug method (using piperacillin) and by the internal standard
method (using benzylpenicillin), providing two concentration
time profiles for each tissue. The standard pharmacokinetic
parameters, area under the concentration-time curves (AUC0-last),
peak drug concentration (Cmax), times to Cmax (Tmax), and half-life
(T1/2) were determined separately for each compartment and cali-
bration method and for each pig by non-compartmental analysis
using the pharmacokinetic series of commands in Stata (v. 15.1,
StataCorp LLC, College Station, TX, USA). The AUC0-last was calcu-
lated using the linear up-log down trapezoidal rule. Cmax was cal-
culated as the maximum of all the recorded concentrations, and
Tmax was calculated as the time to Cmax. T1/2 was calculated as ln
(2)/λeq, where λeq is the terminal elimination rate constant esti-
mated by linear regression of the log concentration on time.
Microsoft Excel was used to estimate the fT>MIC for MIC 16 mg/
mL separately using linear interpolation for each compartment
and each animal. All variables were analysed using a mixed
model, considering the variance between pigs. The model
assumptions were tested by visual diagnosis of residuals, fitted
values, and estimates of random effects. A correction for degrees
of freedom due to small sample size was performed using the
Kenward-Roger approximation method. Overall comparisons
between the compartments and the two calibration methods
were conducted using the F test and a paired t-test. A p value <
0.05 was considered significant. No correction for multiple com-
parisons was applied. The tissue AUC0-last to plasma AUC0-last ratio
(AUCtissue/AUCplasma) was calculated as a measure of tissue pene-
tration. Statistical analyses were also performed using Stata.

Results

In Vitro Study

The mean RRs for both piperacillin and benzylpenicillin in all set-
ups are shown in Fig. 2.

The in vitro study was designed to answer the following four
questions: Question 1) Does RRgain equal RRloss for piperacillin: simi-
lar RRgain and RRloss were found for piperacillin (p = 0.99). Question 2)
Does RRgain for piperacillin resemble RRloss for benzylpenicillin: RRgain

for piperacillin were similar to RRloss for benzylpenicillin at all con-
centrations (p > 0.29). Question 3) Does the presence of benzylpeni-
cillin affect RRgain for piperacillin: RRgain for piperacillin was not
affected by the presence of benzylpenicillin (p = 0.79). Question 4) Do
benzylpenicillin and piperacillin adhere to the microdialysis catheter:
All concentrations were 0 mg/mL in all wash-out samples; hence, no
indication of drug adherence was found. The first three questions are
illustrated in a forest plot in Fig. 1B.



Table 1
Plasma, Cancellous Bone and Subcutaneous Tissue Pharmacokinetics, Calculated Using Both the Internal Standard Method and the Retrodialysis By Drug Method.

Pharmacokinetic
Parameter

Plasma Cancellous Bone Subcutaneous Tissue

Internal Standard
Method

Retrodialysis by Drug
Method

p Valuea Internal Standard
Method

Retrodialysis by Drug
Method

p Valuea

AUC0-last (minmg/mL) 19,479 (14,571; 24,388)c 15,892 (10,983; 20,800) 16,447 (11,538; 21,355) p = 0.81 17,937 (13,029; 22,846) 16,952 (12,043; 21,860) p = 0.68
Cmax (mg/mL) 362 (279; 445)d 123 (40; 207) 136 (53; 219) p = 0.82 124 (41; 207) 115 (32; 198) p = 0.88
Tmax (min)b 20 (10; 50) 68 (50; 110) 68 (50; 100) − 48 (30; 50) 48 (30; 50) −
T1/2 (min) 74 (58; 90) 86 (69; 102) 86 (69; 102) − 94 (78; 110)e 94 (78; 110) −
AUCtissue/AUCplasma − 0.86 (0.49; 1.22) 0.90 (0.54; 1.26) p = 0.71 0.98 (0.62; 1.35) 0.92 (0.56; 1.29) p = 0.60

AUC0-last, area under the concentration-time curve from 0 to last measured value; Cmax, peak drug concentration; Tmax, time to Cmax; T1/2, half-life; AUCtissue/AUCplasma, tissue pene-
tration expressed as the ratio of AUCtissue/AUCplasma.
Values are given as means (95% CI) unless stated otherwise.

a p-values for the comparison of pharmacokinetic parameters using both the internal standard method and the retrodialysis by drug method.
b Values are given as range.
c p > 0.14 for comparisons with both cancellous bone and subcutaneous tissue (calculated with the internal standard method).
d p < 0.05 for comparisons with both cancellous bone and subcutaneous tissue (calculated with the internal standard method).
e p < 0.05 for comparisons with plasma.

Figure 3. Mean concentration-time profiles for plasma, cancellous bone and subcuta-
neous tissue using the internal standard method. Bars represent 95% CI. The y-axis is in
log scale. The dotted line represents an MIC value of 16 mg/mL. MIC, minimal inhibi-
tory concentration.

3504 M. Knudsen et al. / Journal of Pharmaceutical Sciences 110 (2021) 3500−3506
In Vivo Study

All eight pigs completed the study, and all catheters were functional
and placed correctly. Before conducting the retrodialysis by drug cali-
bration, the last measured piperacillin dialysate concentrations in can-
cellous bone and subcutaneous tissue were 1.5 mg/mL and 2.3 mg/mL,
respectively. The mean RR (95% CI) for cancellous bone was 0.30 (0.23;
0.37) with the retrodialysis by drug method using piperacillin and 0.30
(0.24; 0.37) with the internal standard method using benzylpenicillin
(p = 0.87). For subcutaneous tissue, the mean RR (95% CI) was 0.33
(0.27; 0.39) with retrodialysis by drug method using piperacillin and
0.32 (0.24; 0.41) with the internal standard method using benzylpenicil-
lin (p = 0.68). The mean values of AUC0-last, Cmax, Tmax, and T1/2 are pre-
sented in Table 1. No differences were found between the estimated
pharmacokinetic parameters (Table 1) and fT>MIC (Table 2) for both
cancellous bone and subcutaneous tissue when comparing the two cali-
bration methods (p > 0.31).

The concentration-time profiles for plasma, cancellous bone, and
subcutaneous tissue calculated using the internal standard method
are shown in Fig. 3. Similar AUC0 − last values were found between
plasma, cancellous bone, and subcutaneous tissue (p > 0.14). While
cancellous bone and subcutaneous tissue Cmax were similar
(p = 0.99), plasma Cmax was higher than both tissues (p < 0.05). Fur-
thermore, a prolonged half-life was found in subcutaneous tissue
compared to plasma (p < 0.05). Finally, the tissue penetration of
piperacillin was complete to both subcutaneous tissue and cancellous
bone.

fT >MIC values are illustrated in Table 2. Mean fT>MIC, for 16 mg/
mL (95% CI)(% of an 8 h dosing interval), calculated using the internal
standard method, were in cancellous bone 255 min (192; 318)(57%),
Table 2
fT>MIC, Expressed as Minutes (95%CI) (% of an 8 h Dosing Interval), Calculated Using Both the

Parameter Plasma Cancellous Bone

Internal Standard
Method

Retrodialysis
Method

fT>MIC (minutes),
MIC = 4mg/mL

382 (343; 421) (85%) 398 (358; 437) (88%) 408 (368; 447

fT>MIC (minutes),
MIC = 8mg/mL

315 (260; 371) (70%) 349 (294; 405) (78%) 357 (302; 413

fT>MIC (minutes),
MIC = 16mg/mL

232 (169; 296) (52%) 255 (192; 318) (57%) 254 (190; 317

Values are given as means (95% CI) (%). MIC, minimal inhibitory concentration.
a p-values for the comparison of fT>MIC using both the internal standard method and the
b p < 0.05 for comparisons with plasma and cancellous bone (calculated with the internal
in subcutaneous tissue 295 min (232; 358)(66%), and in plasma
232 min (169; 296)(52%). fT>MIC 16 mg/mL was significantly longer
in subcutaneous tissue compared to both plasma and cancellous
bone (p < 0.01).

Discussion

We evaluated benzylpenicillin as an internal standard for pipera-
cillin, in both in vitro and in vivo settings, and utilized our findings to
investigate porcine cancellous bone and subcutaneous tissue
Internal Standard Method and the Retrodialysis By Drug Method.

Subcutaneous Tissue

by Drug p Valuea Internal Standard
Method

Retrodialysis by Drug
Method

p Valuea

) (91%) p = 0.59 423 (384; 463) (94%) 421 (382; 461) (94%) p = 0.91

) (79%) p = 0.67 376 (321; 431) (84%) 370 (315; 425) (82%) p = 0.75

) (56%) p = 0.89 295 (232; 358) (66%)b 283 (220; 347) (63%) p = 0.31

retrodialysis by drug method.
standard method).
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concentrations of piperacillin. We found that benzylpenicillin RRloss

was similar to piperacillin RRgain in vitro and in vivo and that the pres-
ence of benzylpenicillin did not affect the piperacillin RR. The mean
values for fT>MIC (16 mg/mL)(% of an 8 h dosing interval) that were
calculated using the internal standard method in plasma, cancellous
bone, and subcutaneous tissue were 232 min (52%), 255 min (57%),
and 295 min (66%), respectively.

Several calibration methods can be used to determine RR,5,7 with
the retrodialysis by drug method being the most frequently applied
in antimicrobial pharmacokinetic studies.5,19,20 Retrodialysis by drug
calibration is based on single estimates determined prior to or after
the sampling period.2 The method considerably uncertain because RR
can vary during the sampling period; furthermore, it is limited by the
fundamental need for the target compound to be absent from the tis-
sue during calibration.5 This makes studies investigating steady-state
drug concentrations challenging, if not impossible. In comparison,
the internal standard method is independent of the study drug con-
centration and allows for continuous observation of RR throughout
the sampling period.5 However, a thorough evaluation of the internal
standard is important, as the internal standard RR must equal the
study drug RR. Mostly, internal standards have been validated in
vitro.8,9 Nevertheless, in vitro RR does not necessarily reflect in vivo
RR.5,10 Ideally, both in vitro and in vivo assessment of an internal stan-
dard should be performed before application.7,10 RRgain and RRloss for
piperacillin have previously been shown to be equal in an in vitro
study, evaluated by the retrodialysis by drug method, but not con-
cerning benzylpenicillin as an internal standard.21 Nevertheless, the
results support our findings in terms of piperacillin RR’s reliability.

Dynamic assessment of target tissue concentrations allowed for
fT>MIC estimations in an 8 h dosing interval. A single bolus infusion
of 4 g of piperacillin resulted in fT>MIC (16 mg/mL) ranging from 52
to 66% across all investigated compartments. The optimal treatment
target for piperacillin is widely discussed.22−25 A target of 50% fT>MIC
has been associated with treatment success,22,23 but even higher tar-
gets, such as 100% fT>MIC or even 100% fT>4xMIC, have been advo-
cated in some clinical situations.24,25 Our mean fT>MIC (16 mg/mL)
values suggest that the target of 50% fT>MIC was achieved in the
investigated compartments. However, a distinct diversity was found
among pigs: 7 of 8 pigs achieved the target of 50% fT>MIC in subcuta-
neous tissue, and only 4 of 8 pigs reached the target in plasma and
cancellous bone. To accommodate the target of 50% fT>MIC in all
compartments and in all pigs within the present study setup, alterna-
tive dosing applications may be considered—e.g., shorter dosing
intervals, higher doses, or application of continuous infusion. Previ-
ously, two clinical studies assessing piperacillin plasma and subcuta-
neous tissue concentrations in critically ill patients on continuous
renal replacement found 100% fT>MIC in both plasma and subcutane-
ous tissue following administration of 4 g piperacillin every 8 h.12,26

However, both studies were conducted on steady state piperacillin
conditions, intricately a direct comparison. This encourages the
assessment of piperacillin bone concentrations in clinical settings,
where piperacillin in different clinically-relevant setups, such as pro-
phylaxis and treatment, can be further investigated.

Previously, piperacillin bone concentrations have only been deter-
mined by the tissue specimen method, reporting a mean bone pene-
tration of 0.23.27 In comparison, we found a mean piperacillin
cancellous bone penetration of 0.86. This substantial difference may
be explained by the static nature of the tissue specimen method as
opposed to dynamic assessment with microdialysis. Moreover, the
concentrations in tissue specimens are quantified in a homogenate
that may include blood remnants and do not recognize the different
tissue compartments. Consequently, pharmacokinetic parameters
and fT>MIC are imprecise, if not impossible, to determine. In the
present study, both cancellous bone and subcutaneous tissue dis-
played complete tissue penetration based on similar AUC0-last values
between all compartments. Cmax was highest in plasma compared to
the other compartments, while subcutaneous tissue presented with
longest half-life. The prolonged half-life may explain why fT>MIC
(16 mg/mL) was longer in subcutaneous tissue compared to both
plasma and cancellous bone.

It is important to recognize that this study does not clarify all
details regarding microdialysis calibration. The most distinct limita-
tion in microdialysis studies is sufficient individual catheter calibra-
tion. In antimicrobial microdialysis studies, in vivo RR has been
shown to range from 20% to 60%, illustrating the need for adequate
calibration.2,3,9 In this study, RR, calculated using the internal stan-
dard method, was found to be 0.30 and 0.32 in cancellous bone and
subcutaneous tissue, respectively, which we found acceptable. An
appreciable limitation to the present study is that we only evaluated
RRloss for benzylpenicillin. However, we believe the most important
evaluation occurs in vivo, and therefore, the in vitro setup was
designed to reflect the in vivo setup. Furthermore, factors such as
temperature, pH, flow rate, air in the microdialysis system, etc. are
known to impact the RR.8,9,28 However, these factors have not been
investigated in the present study setup.
Conclusion

Our findings suggest that benzylpenicillin is suitable as an internal
standard for piperacillin in microdialysis studies. Mean fT>MIC
(16 mg/mL) for plasma, cancellous bone, and subcutaneous tissue
reached a target of 50% fT>MIC under the investigated conditions
(mean range: 52%−66%); however, the target was not obtained in all
pigs in all compartments. Moreover, 100% fT>MIC was not obtained
in any case, suggesting that different strategies must be taken into
consideration if higher targets are employed.
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