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Abstract

Microdialysis allows the measurement of free interstitial drug concentrations. Calibration of microdialysis probes is crucial
during in-vivo microdialysis and is most commonly achieved by retrodialysis using either the investigational drug itself or an
“internal standard”. The internal standard should possess similar physicochemical properties with respect to the investiga-
tional drug without significant drug-drug interactions. This zz-vitro microdialysis study was performed to investigate, whether
penicillin G and ciprofloxacin are appropriate internal standards for piperacillin/tazobactam and levofloxacin, respectively.
Three forward and retrodialysis experiments were performed using three microdialysis probes with membrane cutoff of
20kDa and a membrane length of 30mm perfused at 2ul/min. Forwatd dialysis and retrodialysis were petformed using pipera-
cillin/tazobactam, levofloxacin and piperacillin/tazobactam + levofloxacin at three concentrations. Loss and gain ratios (LR,
GR) were calculated.

LR and GR for piperacillin/tazobactam and levofloxacinalone and in combination wete >0.7 and >0.8, respectively. LR of
penicillinand ciprofloxacin were >0.7 and >0.8. LR of piperacillin, levofloxacin, penicillinand ciprofloxacin slightly overes-
timated GR of piperacillinand levofloxacin. Bland-Altman analysis showed good agreement between LR of piperacillin/
penicillin and levofloxacin/ ciprofloxacin.

This zn-vitro microdialysis study showed that penicillin and ciprofloxacin may be used as internal standards for piperacillin and
levofloxacin for in-vivo calibration of microdialysis probes.
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Introduction ured in the dialysate fluid is termed “relative recovery”. Relative
recovery is probe-specific and depends on various factors, such
asflow rate, membrane surface, temperature, composition of the

Microdialysis allows the measurement of free interstitial drug con- ) - ) ) ] ’ oo
centrations and emerged as an elegant technique for determining perfusion medium, physicochemical properties of investigational
. 2]. Calibration drugs and conditions of the interstitial environment [3]. There-
fore, calibration of individual microdialysis probes is essential.
Calibration is most often achieved by the retrodialysis (RD) meth-

od [2]. RD relies on the assumption that analytes diffuse across

target site penetration of antimicrobial drugs |1
of microdialysis probes is an important aspect of #z-vivo micro-
dialysis experiments. During sampling, equilibration between the

interstitial compartment and the perfusate is usually not complete ) — e R
the semipermeable membrane similarly in either direction. Thus,

gain ratios (GR) should be equal to loss ratios (LR) for specific
analytes. For RD, either the parent compound (RD by drug) or a

and concentrations measured in the dialysate may not reflect in-
terstitial drug concentrations. The relative proportion of drug
that diffuses across the MD membrane and is subsequently meas-
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calibrator with similar physicochemical properties (RD by calibra-
tor orinternal standard) may be used [4]. Although RD by drug
is most commonly used, this technique may not be appropriate
when analytes of interest are still present in the interstitium, for
example after short wash-out periods or when measuring endog-
enous compounds, or if substantial variations in individual probe
recovery are expected throughout an experiment|5]. Alternatively,
the internal standard methodmay be used for continuous probe
calibration irrespective of interstitial drug concentrations. The
calibrator (= internal standard) is added to the perfusion solution
during the experiment. The internal standard should have simi-
lar physicochemical properties with respect to the investigational
drug without significant drug-drug interactions. In in-vitro stud-
ies, the recovery of both drugs may be investigated and, assuming
that the ratio of both recoveries does not differ between Zn-vivo
and in-vitro, in-vivo recovery may be calculated |4, 6-8].

Although previous in-vivo microdialysis studies used penicillin as
an internal standard for piperacillin [9, 10], the validity of this
approach has not been formally investigated to the best of our
knowledge. A combined Zz-vitro and in-vive microdialysis study in
rats used ciprofloxacin as an internal standard for levofloxacin,
showing good agreement in relative recoveries [11].

A planned zz-vivo microdialysis study investigating pulmonary
pharmacokinetics of piperacillin/tazobactam and levofloxacin
prompted us to validate the use of internal standards penicillin
and ciprofloxacin for piperacillin and levofloxacin, respectively.
We sought to investigate the following questions: First, does the
loss ratio of internal standard predict the gain ratioof the refer-
ence substance during forward dialysis? Second, does the loss ra-
tio of the internal standard differ from the loss ratio of the refer-
ence substance during RD? Third, are there relevant interactions
between internal standards and reference substances?

This is the first sz-vitro study investigating whether penicillin and
ciprofloxacin are suitable internal standards for piperacillin (in the
presence of tazobactam) and levofloxacin, respectively.

Materials and Methods

The study was conducted in accordance with the Basic & Clinical
Pharmacology & Toxicology policy for experimental and clinical
studies|12].

Experimental setup

For each experiment three microdialysis (MD) catheters (M Dialy-
sis, Sweden) with a membrane cutoff of 20kDa and a membrane
length of 30mm were used. MD catheters wete perfused at 2ul/
min using battery-driven portable MD pumps (107 Microdialysis
Pump, M Dialysis, Sweden). Microvials were used for collection
of microdialysates and aliquots of applied test solutions (Ref. No.
P000001, M Dialysis, Sweden). Borosilicate glass tubes (10ml)
were used for immersion solutions (Ref. No. 99445-13, Corning
Inc., NY 14831). Throughout all experiments, the hole of each
glass tube was covered with Parafilm M in order to avoid evapo-
ration. In order to ascertain that catheters and probes are func-
tioning propetly, pre-weighed test-vials were connected during
the equilibration period and weighed after disconnection (these
vials were not analyzed). Each vial was weighed before and after

https://scidoc.org/IJCPT.php

sampling. All experiments were performed in a shaking water bath
at approx. 37°C (Type 1083, GFL, Burgwedel, Germany). Micro-
vials were stored and frozen at -80°C in Microvial Racks after
collection (Ref. No. P000028, M Dialysis, Sweden). EPPi Box 45
Cryo boxes were used for further storage until final analysis (Ref.
No. KEA45-V81NA, National Lab, Germany).

Substances

R »®

Piperacillin/Tazobactam “Kabi”® and Levofloxacin “Kabi
purchased from Fresenius Kabi (Fresenius Kabi Austria GmbH,
Graz, Austria), Penicillin G-Natrium 1 Mega IE was purchased
from Sandoz (Sandoz GmbH, Kundl, Austria), Ciprofloxacin
“Hikma”® was purchased from Hikma (Hikma Pharma GmbH,
Germany), physiological 0.9% saline solution was purchased from
Medica Medicare, Kufstein, Austria. Microdialysis catheters wete
putchased from M Dialysis, Stockholm, Sweden.Piperacillin/
Tazobactam, Levofloxacin,

were

The following solutions were used:

* normal saline(NS): 0.9% normal saline

* Al: piperacillin/tazobactam 20/2.5ug/ml in normal saline

* A2: piperacillin/tazobactam 50/6.25ug/ml in normal saline

* A3: piperacillin/tazobactam 200/25pg/ml in normal saline

* A4: penicillin G 50pg/ml in normal saline

* B1: levofloxacinlpg/ml in normal saline

* B2: levofloxacin3pg/ml in normal saline

* B3: levofloxacin10pg/ml in normal saline

* B4: ciprofloxacin3pg/ml in normal saline

* C1: piperacillin/tazobactam 20/2.5ng/ml + levofloxacinlpg/ml
in normal saline

* C2: piperacillin/tazobactam 50/6.25ug/ml + levofloxacin3ug/
ml in normal saline

* C3: piperacillin/tazobactam 200/25pg/ml + levofloxacin10Opg/
ml in normal saline

* C4: penicillin G50pg/ml + ciprofloxacin3pg

Experiment A: piperacillin/tazobactamand internal stand-
ard penicillin G

Forward dialysis with piperacillin/ tazobactammwith internal standard penicil-
lin G

3 MD catheters were placed separately in glass vials containing
[A1] and were petfused with [A4] at a flow rate of 2uL/min. After
a run-in period of atleast 60min, three consecutive microdialysate
samples were collected at intervals 0-30, 30-60min and 60-90min
from each catheter. Thereafter, these steps were repeated with
immersion solutions [A2] and [A3].

Reverse dialysis with piperacillin/ tazobactam

3 MD catheters were placed separately in glass vials containing
[NS] and were perfused with [A1] at a flow rate of 2pL/min. Af-
ter a run-in period of at least 60min, three consecutive micro-
dialysate samples were collected at intervals 0-30, 30-60min and
60-90min. Thereafter, these steps were repeated with perfusion
solutions [A2] and [A3].

Experiment B: levofloxacin and internal standard ciproflox-
acin
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FWD and RD were performed analogously to experiment A with
solutions B1-4.

Experiment C: Co-presence of piperacillin/tazobactam and
levofloxacin with co-presence of internal standards penicil-
lin Gand ciprofloxacin

FWD and RD were performed analogously to experiment A with
solutions C1-4.

Microdialysis sample analysis

Drug concentrations were determined by HPLC with photometric
(piperacillin, tazobactam, penicillin G) or fluorimetric (ciprofloxa-
cin, levofloxacin) detection. The HPLC consisted of a Shimadzu
Prominence modular system with a quaternary solvent pump
(LC-20AD) with 3 channel degasser (DGU-20A3R), autosam-
pler (SIL-20AC HT, set at 6°C), column oven (CTO-20AC, set
at 40°C), and an SPD-M30A photodiode array detector equipped
with a 10 mm optical path length cell set at 225 nm (piperacillin,
penicillin G) or 210 nm (tazobactam), or an RF-10AXL fluori-
metric detector set to ex/em 280/475 nm (levofloxacin, cipro-
floxacin, all from Shimadzu, Duisburg, Germany). Separation
was performed using a Cortecs T3 2.7u 100x3 mm (piperacillin,
penicillin G), an XBridge BEH C18 2.5 50x3 mm (tazobactam,
both from Waters, Eschborn, Germany), or a Nucleodur RP18
HTec 3u 125x4 mm analytical column (levofloxacin, ciprofloxa-
cin, Macherey-Nagel, Diiren, Germany). All columns were pre-
ceded by a Nucleoshell RP18 2.7u 4x3 mm column protection
system (Macherey-Nagel, Diren, Germany). The mobile phases
were mixtures of 0.1 M H3PO4/acetonitrile (67:33% v/v for
piperacillin, penicillin G, or 95:5% for tazobactam), or 0.015 M
H3PO4/acetonitrile (85:15 v/v) with 1.6 g/L tetrabutylammoni-
um hydrogen sulfate (for levofloxacin, ciprofloxacin). All mobile
phases were adjusted to pH 3 with NaOH. The flow rates were
0.4 mL/min (piperacillin, penicillin G, tazobactam) or 0.8 mL/
min (levofloxacin, ciprofloxacin), the retention times were 2.4 min
(piperacillin), 3.0 min (penicillin G), 1.7 min (tazobactam), 1.8 min
(levofloxacin) and 2.3 min (ciprofloxacin), respectively. Samples
were injected directly. Injection volume was 1 pL. The linearity
has been proven using dilution seties of 1-300 mg/L (piperacil-
lin, penicillin G), 0.125-37.5 mg/L (tazobactam) and 0.1-10 mg/L
(ciprofloxacin, levofloxacin), respectively. The lowest concentra-
tion on the calibration curve has been defined as LLOD. Based on
in-process quality controls in 0.9% saline (200/20 mg/L pipera-
cillin and penicillin G, 25/0.25 mg/L tazobactam, 8/0.4 mg/L
levofloxacin and ciprofloxacin) imprecision and inaccuracy were

<5%.
Calculations and statistics

The gain ratio (GR) for forward microdialysis experiments was
calculated according to the following equation:

/concentration,

immersion solution

GR= concentration

microdialysate

The loss ratio (LR) for retrodialysis was calculated according to
the following equation:

LR = 1-concentration

microdialysate

/concentration

perfusion solution

https://scidoc.org/IJCPT.php

Student’s t-tests (paired and unpaired) and ANOVA were used
where appropriate for comparison of GR and LR at different
concentrations and drug combinations using a commercially
available computer program (GraphPad Prism 8).

Results

Gain and loss ratios (GR, LR) were stable during the 90min sam-
pling period, i.e. GR (piperacillin, tazobactam, levofloxacin) and
LR (penicillin G, ciprofloxacin) during the 60-90min interval were
98.9 £ 2.6% (piperacillin), 98.9 & 2.4% (tazobactam), 99.7 £ 3.3%
(levofloxacin), 98.2 + 1.4% (penicillin G) and 98.4 + 2.2% (cipro-
floxacin) of values obtained during the 0-30min interval. Results
shown below are mean values obtained during the 0-30, 30-60 and
60-90min intervals from all three MD probes. Detailed results are
given in figure 1 and table 1-3.

Excperiment A: piperacillin/ tazobactam with internal standard penicillin G

FWD of piperacillin/tazobactam showed slightly increasing GR
upon switching from low (A1), medium (A2) to high (A3) con-
centrations of piperacillin/tazobactam. However, this effect was
not observed during RD with piperacillin/tazobactam or penicil-
lin G. GR ranged between 0.72-0.80 for piperacillin and 0.83-0.89
for tazobactam. During RD, loss ratios of piperacillin/tazobac-
tam were 0.78-0.88 for piperacillin and 0.87-0.93 for tazobactam,
showing good agreement with LR of the internal standard peni-
cillin G (0.79-0.9) during FWD. Results of one MD probe during
FWD with piperacillin/tazobactam were deemed implausible due
to gain ratios of >2 and were excluded. GR and LR remained
stable throughout the whole experiment with exception of MD
probe 3 during RD with A3, where LR dropped ~25% after
switching from A2 to A3. A reason for this observation could not
be found and data were included in the final analysis.

Experiment B: levofloxacin with internal standard ciprofloxacin

FWD of levofloxacin showed consistent gain ratios across low
(B1), medium (B2) and high (B3) concentrations of levofloxa-
cin with GR between 0.85-0.88. During RD, LR of levofloxacin
were 0.87-0.88, comparable to loss ratios of the internal standard
ciprofloxacin (0.88-0.92). There was no significant difference be-
tween LR of levofloxacin and ciprofloxacin.

Experiment C: Co-presence of piperacillin/ tazobactam and levofloxacin
with co-presence of internal standards penicillin G and ciprofloxacin

The simultaneous presence of piperacillin/tazobactam and lev-
ofloxacin or penicillin G and ciprofloxacin in immersion and
perfusion solutions did not affect GR or LR significantly at low,
medium and high concentrations, suggesting no relevant physico-
chemical interaction. GR during FWD of piperacillin, tazobactam
and levofloxacin were 0.85-0.86, 0.88-0.92 and 0.83-0.89, respec-
tively. LR for piperacillin, tazobactam and levofloxacin were 0.79-
0.84, 0.88-0.92 and 0.85-0.90, comparable to LR for penicillin G
and ciprofloxacin (0.89-0.91 and 0.91.0.93) during FWD. Varying
concentrations of piperacillin/tazobactam and levofloxacin had
no effect on LR or GR.

Agreement between GR and LR
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Table 1. Experiment A: FWD and RD with PIP/TAZ and PEN.
Al A2 A3
FWD PIP (GR) | TAZ (GR) | PEN (LR) PIP (GR) | TAZ(GR) [ PEN (LR) PIP (GR) | TAZ (GR) PEN (LR)
0.728 + 0.101 | 0.835 + 0.07 | 0.799 + 0.078 | 0.77 +0.004 | 0.859 + 0.004 | 0.901 + 0.016 [ 0.807 % 0.100 | 0.894 * 0.068 | 0.863 * 0.085
RD PIP (LR) [ TAZ (LR) PIP (LR) [ TAZ (LR) PIP (LR) [ TAZ (LR)
0.806 £ 0.0833 | 0.876 £ 0.059 0.883 £0.049 | 0.933 £ 0.028 0.786 £ 0.110 | 0,870 + 0,077

RD = Retrodialysis.

Data presented as mean £ SD. FWD = Forward Dialysis; GR = Gain Ratio; LR = Loss Ratio; PEN = Penicillin G; PIP = Piperacillin; TAZ = Tazobactam;

Table 2. Experiment B: FWD and RD with LEV and CIP.

Bl B2 B3
FWD| LEV (GR) CIP (LR) LEV (GR) CIP (LR) LEV (GR) CIP (LR)
0.854 + 0.042 | 0910 £ 0.011 | 0.880 % 0.010 | 0.920 + 0.008 | 0.858 + 0.040 | 0.888 % 0.038
RD LEV (LR) LEV (LR) LEV (LR)
0.880 + 0.025 0.877 % 0.060 0.885 + 0.015

floxacin; LR = Loss Ratio; RD = Retrodialysis.

Data presented as mean £ SD. CIP = Ciprofloxacin; FWD = Forward Dialysis; GR = Gain Ratio; LEV = Levo-

Table 3. Expetiment C: FWD and RD with combined PIP/TAZ + LEV and combined PEN + CIP.

C1 C2 C3
FWD| PIP TAZ | LEV | PEN CIP (LR) PIP TAZ | LEV | PEN CIP (LR) PIP | TAZ | LEV | PEN CIP (LR)
(GR) | (GR) | (GR) | (LR) (GR) [ (GR) | (GR) | (ILR) (GR) | (GR) | (GR) | (LR)
0.863 10.885 £| 0.835 [0.916 +0.933 £ 0.014|0.857 +{0.921 £| 0.873 | 0.904 0.921 + 0.852 | 0.925 | 0.891 [ 0.895 [0.915 + 0.001
+ 0.023 + 0.021 0.020 | 0.016 + + 0.009 + + + +
0.064 0.041 0.012 | 0.014 0.009 | 0.002 | 0.011 [ 0.002
RD PIP (LR) TAZ (LR) LEV (LR) PIP (LR) TAZ (LR) LEV (LR) PIP (LR) TAZ (LR) LEV (LR)
0.791 £ 0.047 | 0.881 +0.033 ]0.852 + 0.040] 0.811 + 0.051 | 0.902 + 0.026 [0.865 £ 0.038] 0.846 £ 0.040 | 0.921 + 0.024 | 0.900 £ 0.028
Data presented as mean + SD. CIP = Ciprofloxacin; FWD = Forward Dialysis; GR = Gain Ratio; LEV = Levofloxacin; LR = Loss Ratio; PEN = Penicillin
G; PIP = Piperacillin; TAZ = Tazobactam; RD = Retrodialysis.

Figure 1: Loss and gain ratios for experiments A-C.
A: Experiment A, FWD + RD. B: Experiment B, FWD + RD. C: Experiment C, FWD. D: Experiment C, RD.Data present-
ed as mean values obtained during the 0-30, 30-60 and 60-90min intervals from all three MD probes. CIP = Ciprofloxacin;
FWD = Forward Dialysis; GR = Gain Ratio; IS = Immersion Solution; LEV = Levofloxacin; LR = loss ratio; NS = Normal
Saline; PEN = Penicillin G; PIP/TAZ = Piperacillin/ Tazobactam; RD = Retrodialysis; PS = Perfusion Solution.
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LR of piperacillin and levofloxacin slightly overestimated GR of
piperacillin and levofloxacin. LR piperacillin was 106.8 £ 12.6%
of GR piperacillin and LR levofloxacin was 102.1 * 6.5% of GR
levofloxacin. Similatly, LR of internal standards penicillin G and
ciprofloxacin were greater than GR of piperacillin and levofloxa-
cin, 110.7 £ 4.9% for LR penicillin G and 104.9 + 4.9% for LR
ciprofloxacin. Therefore, both RD methods show similar perfor-
mance in FWD (Figure 2).

Bland-Altman analysis showed good agreement between RD by
internal standards and RD by drug (Figure 3). The point outside
the 95% limits of agreement in the piperacillin vs. penicillin G plot
may be explained by an unexpected drop in LR for piperacillin of
MD probe 3 after switching from solution A2 to A3. Excluding
this potential outlier, loss rates obtained with internal standards
penicillin G and ciprofloxacin would be +7% and -13%/+6% of
loss rates obtained by piperacillin and levofloxacin.

Agreement between 1R of piperacillin-penicillin G and levofloxacin-cipro- Discussion
Sloxcacin

This is the first in-vitro study specifically investigating whether
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Figure 2: Comparison of loss ratios of piperacillin, levofloxacin, penicillin and ciprofloxacin with gain ratios of piperacillin
and levofloxacin.
Data presented as mean * SD. Values were calculated as follows: e.g. for PIP (LR) and PIP (GR): % = (LR/GR)*100. CIP =
Ciprofloxacin; GR = gain ratio; LEV = Levofloxacin; LR = loss ratio; PEN = Penicillin G; PIP = Piperacillin.

PIP (LR) + PIP (GR){

PEN (LR) * PIP (GR)-

LEV (LR) + LEV (GR)
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90

Figure 3: Bland-Altman plots of loss rates of piperacillin vs. penicillin G and levofloxacin vs. ciprofloxacin.
Absolute difference against averages of loss rates (in %) of PIP vs. PEN and LEV vs. CIP obtained during experiments A
and B across all concentrations with upper and lower 95% limits of agreement. CIP = ciprofloxacin, LEV = levofloxacin,
PEN = penicillin G, PIP = piperacillin.
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penicillin G and ciprofloxacin are appropriate internal standards
for piperacillin/tazobactam and levofloxacin, respectively. Three
concentrations of piperacillin/tazobactam and levofloxacin were
testedin FWD and RD experiments both alone and in combi-
nation. Concentrations were chosen based on expected plasma
time-concentration curves with standard dosing regimens. Fixed
concentrations of penicillin Gand ciprofloxacinwere used as in-
ternal standards during FWD for piperacillin and levofloxacin,
respectively.

LR and GR were relatively high throughout experiments A-C for
all substances and concentrations. High LR and GR were proba-
bly due to the membrane lengths of 30mm, low flow rates and ab-
sence of interfering factors encountered in in-vivo experiments.
Reported recoveries obtained during in-vivo RD for piperacillin
and levofloxacin, as well as the internal standard ciprofloxacin are
generally well below values measured in the present study [8, 9,
11, 13]. However, one study reported 98% recovery for piperacil-
lin, albeit at much lower flow rates of 0.3ul/min[14]. This undet-
scores that recoveries determined in-vitro should not be used to
calculate interstitial drug concentrations zz-vivo.

There were no significant variations in LR or GR when study
drugs were used in combination, suggesting no relevant phys-
icochemical interaction zz-vitro. GR increased minimally with in-
creasing piperacillin/tazobactam concentrations. Likewise, RD
increased slightly with increasing concentrations of piperacillin/
tazobactam/LEVO in experiment C. However, the magnitude of
this effect does not bear clinical significance. For all other experi-
ments, a clear relationship between drug concentrations and LR
ot GR could not be observed.

Maximilian Edlinger-Stanger MD, Edith Lackner, Christoph Dorn Dr., Doris Hutsch:

LR of piperacillin, penicillin G, levofloxacin and ciprofloxacinall
slightly overestimated respective GR by piperacillin and ciproflox-
acin. Overall, RD by internal standards was in good agreement
with RD by parent compounds.

Conclusion

In conclusion, this 7z-vitro microdialysis study showed that peni-
cillin G and ciprofloxacin may be used as internal standards for
piperacillin and levofloxacin for ##-vivo calibration of microdialysis
probes using the internal standard method.

Data sharing statement

The data that support the findings of this study are available on
request from the corresponding author.

References

[1].  Joukhadar C, Derendorf H, Miiller M. Microdialysis. A novel tool for clinical
studies of anti-infective agents. Eur J Clin Pharmacol. 2001 Jun;57(3):211-9.
PubMed PMID: 11497336.

Marchand S, Chauzy A, Dahyot-Fizelier C, Couet W. Microdialysis as a
way to measure antibiotics concentration in tissues. Pharmacol Res. 2016
Sep;111:201-207. PubMed PMID: 27297786.

Hsiao JK, Ball BA, Morrison PE, Mefford IN, Bungay PM. Effects of dif-
ferent semipermeable membranes on in vitro and in vivo performance
of microdialysis probes. ] Neurochem. 1990 Apr;54(4):1449-52. PubMed
PMID: 1690270.

Bouw MR, Hammarlund-Udenaes M. Methodological aspects of the use of
a calibrator in in vivo microdialysis-further development of the retrodialysis
method. Pharm Res. 1998 Nov;15(11):1673-9. PubMed PMID: 9833986.
Kho CM, Enche Ab Rahim SK, Ahmad ZA, Abdullah NS. A Review on
Microdialysis Calibration Methods: the Theory and Current Related Efforts.

la MD, Markus Zeitlinger MD. Penicillin and Ciprofloxacin as Internal Standards for Piperacillin and

Levofloxacin: An in-vitro Microdialysis Validation Study. Inz | Clin Pharmacol Toxicol. 2023;12(1):349-354.



http://scidoc.org/IJDOS.php
https://pubmed.ncbi.nlm.nih.gov/11497336/
https://pubmed.ncbi.nlm.nih.gov/11497336/
https://pubmed.ncbi.nlm.nih.gov/11497336/
https://pubmed.ncbi.nlm.nih.gov/27297786/
https://pubmed.ncbi.nlm.nih.gov/27297786/
https://pubmed.ncbi.nlm.nih.gov/27297786/
https://pubmed.ncbi.nlm.nih.gov/1690270/
https://pubmed.ncbi.nlm.nih.gov/1690270/
https://pubmed.ncbi.nlm.nih.gov/1690270/
https://pubmed.ncbi.nlm.nih.gov/1690270/
https://pubmed.ncbi.nlm.nih.gov/9833986/
https://pubmed.ncbi.nlm.nih.gov/9833986/
https://pubmed.ncbi.nlm.nih.gov/9833986/
https://pubmed.ncbi.nlm.nih.gov/27189617/
https://pubmed.ncbi.nlm.nih.gov/27189617/

[10].

Mol Neurobiol. 2017 Jul;54(5):3506-3527. PubMed PMID: 27189617.

Yu Y, Chandasana H, Sangari T, Seubert C, Derendorf H. Simultaneous
Retrodialysis by Calibrator for Rapid In Vivo Recovery Determination in
Target Site Microdialysis. ] Pharm Sci. 2018 Aug;107(8):2259-2265. Pub-
Med PMID: 29715477.

Wang Y, Wong SL, Sawchuk R]. Microdialysis calibration using retrodialysis
and zero-net flux: application to a study of the distribution of zidovudine to
rabbit cerebrospinal fluid and thalamus. Pharm Res. 1993 Oct;10(10):1411-
9. PubMed PMID: 8272401.

MacVane SH, Housman ST, Nicolau DP. In vitro microdialysis membrane
efficiency of broad-spectrum antibiotics in combination and alone. Clin
Pharmacol. 2014 Jun 5;6:97-101. PubMed PMID: 24940084

Roberts JA, Roberts MS, Robertson TA, Dalley AJ, Lipman ]. Piperacil-
lin penetration into tissue of critically ill patients with sepsis--bolus versus
continuous administration? Crit Care Med. 2009 Mat;37(3):926-33. PubMed
PMID: 19237898.

Bue M, Sou T, Okkels ASL, Hanberg P, Thorsted A, Friberg LE, et al. Popu-
lation pharmacokinetics of piperacillin in plasma and subcutaneous tissue

[11].

[12].

[13].

in patients on continuous renal replacement therapy. Int J Infect Dis. 2020
Mar;92:133-140. PubMed PMID: 31978581.

Marchand S, Frasca D, Dahyot-Fizelier C, Breheret C, Mimoz O, Couet W.
Lung microdialysis study of levofloxacin in rats following intravenous infu-
sion at steady state. Antimicrob Agents Chemother. 2008 Sep;52(9):3074-7.
PubMed PMID: 18591278.

Tveden-Nyborg P, Betgmann TK, Jessen N, Simonsen U, Lykkesfeldt ].
BCPT policy for experimental and clinical studies. Basic Clin Pharmacol
Toxicol. 2021 Jan;128(1):4-8. PubMed PMID: 32955760.

Joukhadar C, Frossard M, Mayer BX, Brunner M, Klein N, Siostrzonek
P, et al. Impaired target site penetration of beta-lactams may account
for therapeutic failure in patients with septic shock. Crit Care Med. 2001
Feb;29(2):385-91. PubMed PMID: 11246321.

Ullah S, Beer R, Fuhr U, Taubert M, Zeitlinger M, Kratzer A, et al. Brain
Exposute to Piperacillin in Acute Hemorrhagic Stroke Patients Assessed by
Cerebral Microdialysis and Population Pharmacokinetics. Neurocrit Care.
2020 Dec;33(3):740-748. PubMed PMID: 32219679.

Maximilian Edlinger-Stanger MD, Edith Lackner, Christoph Dorn Dr., Doris Hutschala MD, Markus Zeitlinger MD. Penicillin and Ciprofloxacin as Internal Standards for Piperacillin and
Levofloxacin: An in-vitro Microdialysis Validation Study. Inz ] Clin Pharmacol Toxicol. 2023;12(1):349-354.

354



http://scidoc.org/IJDOS.php
https://pubmed.ncbi.nlm.nih.gov/27189617/
https://pubmed.ncbi.nlm.nih.gov/29715477/
https://pubmed.ncbi.nlm.nih.gov/29715477/
https://pubmed.ncbi.nlm.nih.gov/29715477/
https://pubmed.ncbi.nlm.nih.gov/29715477/
https://pubmed.ncbi.nlm.nih.gov/8272401/
https://pubmed.ncbi.nlm.nih.gov/8272401/
https://pubmed.ncbi.nlm.nih.gov/8272401/
https://pubmed.ncbi.nlm.nih.gov/8272401/
https://pubmed.ncbi.nlm.nih.gov/24940084/
https://pubmed.ncbi.nlm.nih.gov/24940084/
https://pubmed.ncbi.nlm.nih.gov/24940084/
https://pubmed.ncbi.nlm.nih.gov/19237898/
https://pubmed.ncbi.nlm.nih.gov/19237898/
https://pubmed.ncbi.nlm.nih.gov/19237898/
https://pubmed.ncbi.nlm.nih.gov/19237898/
https://pubmed.ncbi.nlm.nih.gov/31978581/
https://pubmed.ncbi.nlm.nih.gov/31978581/
https://pubmed.ncbi.nlm.nih.gov/31978581/
https://pubmed.ncbi.nlm.nih.gov/31978581/
https://pubmed.ncbi.nlm.nih.gov/18591278/
https://pubmed.ncbi.nlm.nih.gov/18591278/
https://pubmed.ncbi.nlm.nih.gov/18591278/
https://pubmed.ncbi.nlm.nih.gov/18591278/
https://pubmed.ncbi.nlm.nih.gov/32955760/
https://pubmed.ncbi.nlm.nih.gov/32955760/
https://pubmed.ncbi.nlm.nih.gov/32955760/
https://pubmed.ncbi.nlm.nih.gov/11246321/
https://pubmed.ncbi.nlm.nih.gov/11246321/
https://pubmed.ncbi.nlm.nih.gov/11246321/
https://pubmed.ncbi.nlm.nih.gov/11246321/
https://pubmed.ncbi.nlm.nih.gov/32219679/
https://pubmed.ncbi.nlm.nih.gov/32219679/
https://pubmed.ncbi.nlm.nih.gov/32219679/
https://pubmed.ncbi.nlm.nih.gov/32219679/

	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	References

