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Abstract

The underlying pathology of diabetic wounds, i.e. impairment of macro- and microcirculation, might also impact target site penetration of antibacterial
drugs. To compare tissue concentrations of linezolid in infected and not infected tissue |0 patients suffering from type 2 diabetes with foot infection
were included in the study. Tissue penetration of linezolid was assessed using in vivo microdialysis at the site of infection as well as in non-inflamed
subcutaneous adipose tissue. All patients were investigated after receiving a single dose of linezolid and five patients in addition at steady state. After a
single dose of linezolid significantly higher area under the concentration vs. time curve over 8 hours (AUC_g) and maximum concentrations (C,.x)-
values were observed in plasma (65.5 & 21.2 mg*h/L and 16.4 + 4.6 mg/L) as compared to inflamed (36.3 £22.9 mg*h/L and 6.6 + 3.6 mg/L) and non-
inflamed tissue (33.0 & 17.7 mg*h/L and 6.7 & 3.6 mg/L). Multiple administrations of linezolid led to disappearance of significant differences in C,,,, and
AUC,_g between plasma, inflamed, and non-inflamed tissue. Approximately 2-fold increase of C,,x and AUC,_g-values in tissue was observed at steady
state as compared to the first administration. Penetration of linezolid is not impaired in diabetic foot infection but equilibrium between plasma and

tissue might be delayed.
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The increasing prevalence of bacterial resistance neces-
sitates appropriate use of antimicrobial agents, which can
be only achieved by a better understanding of their
pharmacokinetics (PK) and pharmacodynamics (PD). In
particular, soft-tissue infections should be treated with
antibiotics that penetrate well not only healthy, but also
infected tissues. In clinical practice, the treatment of soft-
tissue infections in patients with diabetes poses a real
challenge. The reduced perfusion in the context of
accompanying angiopathy impairs drug concentrations
at the site of the ulcer and the risk for developing resistant
strains increases with ongoing long-term antimicrobial
therapy. Diabetic foot infections account among the most
severe diabetic complications, as they delay healing,
might cause osteomyelitis and septicemia, and are the
main cause of non-traumatic foot amputations.'
Linezolid is increasingly used in the antimicrobial
therapy of infected wounds in patients with diabetes.
Linezolid belongs to the oxazolidinone family, is highly
active against antibiotic-resistant Gram-positive organisms
including glycopeptide-resistant gram-positive bacteria and
methicillin resistant Staphylococcus aureus (MRSA) and is
approved for the treatment of complicated skin and soft-
tissue infections.’ At steady state, its penetration into the

infected wound tissue was described to be good and
comparable with its penetration in normal tissues.* However,
achieving of appropriate target site concentrations already
after the first dose is considered beneficial for avoiding
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development of bacterial resistance, and hitting “hard and
early” has become a paradigm in antimicrobial therapy.”
This study aimed to assess whether currently employed
therapy regimens with linezolid provide effective antimi-
crobial concentrations at the site of diabetic soft tissue
infection after the first dose and to compare them with
concentrations at steady state. Target site PK of linezolid
was assessed and compared to linezolid PK in plasma and
non-inflamed subcutaneous adipose tissue.

Patients and Methods

Patients

The protocol was performed at the University Hospital of
Vienna in agreement with the principles of Good Clinical
Practice, the Declaration of Helsinki in its current version
and the Austrian drug law. The study was approved by the
institutional review board of the Medical University of
Vienna and written informed consent was obtained from
all study participants prior to inclusion in the study. Ten
patients with diabetes mellitus type 2 and skin or soft
tissue infections of the foot were enrolled into the study
and received linezolid for therapeutic reasons. For all 10
patients, PK of linezolid (Zyvoxid 600 mg in ready-to-
use infusion bags (300 mL), Pfizer, New York, USA) was
investigated after a single dose (SD) of linezolid. The
linezolid dosage for the 5 patients receiving multiple
doses was 600mg every 12hours for at least 3 days
before blood and tissue sampling ensued. The doses of
linezolid administered in the present study correspond to
the current standard dosages, as recommended by the
Summary of Product Characteristics; all doses were
administered as short time infusion over 30 min.

Microdialysis Procedure

Microdialysis is based on sampling of analytes from the
extracellular space by means of a semi-permeable
membrane at the tip of a microdialysis probe. Once the
probe is implanted into the tissue, substances present in
the extracellular fluid are filtered by diffusion out of the
extracellular fluid into the probe, and can be later detected
in the collected perfusion medium.® ,

In the present study, 2 microdialysis-probes (CMA 63 "
microdialysis probe, cut-off 20,000 Da, CMA, Solna,
Sweden) were inserted at each study day, 1 probe at the
border of the soft tissue infection (caution was taken not to
place it directly into an ulcer or purulent site), the other probe
subcutaneously into non-inflamed subcutaneous adipose
tissue of healthy thigh tissue. The probes were then constantly
perfused with a physiological solution at 1.5 pL/min.

In order to limit discomfort to the subject due to
immobility during microdialysis, the duration of the
whole procedure was restricted to 12 hours (including
placing of probes and the 1 hour equilibration, 8 hours
sampling and 2 hours calibration periods). Sampling of

dialysates and venous blood were performed at baseline
(30 minutes microdialysis baseline), at the end of the
infusion, in 30 minutes intervals from 1 to 3 hours and in
60 minutes intervals up to 8 hours for PK analysis. Probes
where calibrated according to retrodialysis (RD) methods
as previously described.”* Approximately 4.5 mL venous
blood for the measurement of linezolid plasma levels
was collected into lithium—heparin tubes at each time point
from the arm that was opposite to that was used for
linezolid infusion. Blood samples were kept on ice for a
maximum of 60 minutes and were centrifuged at +4°C and
3500 rpm for 10 minutes, cells were discharged and plasma
was obtained. Microdialysates and plasma samples were
stored at approximately —80 °C until analysis.

Linezolid concentrations in microdialysates and plasma
samples were analyzed using an established high perfor-
mance liquid chromatography (HPLC) procedure with
lower limits of quantification of 0.8 and 0.2 wg/mL for
microdialysate and plasma, respectively.’ Assay perfor-
mance across the entire linezolid concentration range with
respect to accuracy expressed as relative error was
<£54% and <19.4% and with respect to precision
expressed as coefficient of variation was <6.1% and
<7.5% for microdialysate and plasma, respectively.

PK and Statistical Analysis

Individual recovery values were assessed for each
microdialysis probe and for each period and were used
for calculating tissue concentration. The PK parameters
maximum plasma concentration (C,,,x), time to maxi-
mum plasma concentration (t,,x), and terminal elimina-
tion half-life (t;,) were calculated using a commercially
available computer program (Kinetica 3.0, Innaphase,
Philadelphia, PA, USA). Area under the concentration—
time curve (AUC) from 0 to 8 hours (AUC,_g) and AUC
from 0 to 12 (AUC,_;,) were calculated from non-fitted
data by employing the trapezoidal rule. In case of plasma
for AUC_j,r individual extrapolation based on the last
observed concentration and the elimination constant kg
was performed to allow for calculation of apparent total
body clearance (CL) and apparent volume of distribution
(V). To determine AUC,_;,, that is, the AUC for an
standard dosing interval of 12hours the concentration
after 12 hours (C,,) was calculated by use of the formula
(C= Clast-ekel't), where C represents the concentration at a
defined time point, Cpg is the last concentration
measured, k. is the elimination rate constant, and t is
the time between the measurement of Cy and the defined
time point.

Statistical analysis was performed using the statistical
software package SPSS release 15.0.1 (SPSS). Data are
presented as mean + SD. The differences between the
groups were tested using one-way paired ANOVA,
followed by post hoc ¢ tests when applicable. P values
<0.05 were considered statistically significant.
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Linezolid is administered twice daily; thus, to obtain a
conservative estimation of AUC;,, the respective
AUCy_, values for plasma, skeletal muscle tissue,
adipose tissue were doubled. The estimated values were
used for PK/PD calculations by dividing AUC 4 over
MICy, values of relevant Gram positives pathogens
obtained in the U.S.'*!!

Results and Discussion

Study participants were aged 59-81 years; their weight
was 95+89kg, their BMI 32.7+3.1kg/m.> Mean
HbAlc was 7.7+ 0.3% and mean CRP 5+2.2mg/dL.
All patients received a SD of linezolid (7 male and 3
female subjects), of whom 5 patients (3 male and 2 female
subjects) also received multiple doses of linezolid. Both
single- and multiple-dose administrations of linezolid
were well tolerated and no drug or microdialysis related
adverse events were observed. Mean linezolid recovery of
microdialysis probes was 37 £ 13% for non-inflamed and
36 £ 14 for inflamed tissue. There was also no significant
difference between recovery values obtained after the first
dose and at steady state.

One single intravenous infusion of linezolid led to
significantly higher AUC, g and C,,,x values in plasma
(65.5£21.2mgh/L and 16.4 £ 4.6 mg/L) as compared to
inflamed (36.3 £ 22.9 mgh/L and 6.6 & 3.6 mg/L) and non-
inflamed tissue (33.0+17.7mgh/L and 6.7+ 3.6 mg/L)
tissue (both P < 0.001, Table 1). There were no significant
differences in linezolid concentrations and PK parameters
between healthy and inflamed tissues after a single
intravenous infusion of linezolid.

Multiple administrations of linezolid led to a disap-
pearance of significant differences between plasma and
healthy or inflamed tissue concentrations (Table 2).
Compared to the first dose at steady state significantly
increased linezolid concentrations (AUC,_g) were ob-
served in plasma (P =0.040), but also in both healthy
(P=0.005) and inflamed tissues (P =0.043), reaching
approximately twofold increase of C.x and AUCy g

values in healthy and inflamed tissue at steady state as
compared to SD administration.

The tissue to plasma ratio calculated by using the
measured free AUC (AUCj..) in tissue and the estimated
AUC;. in plasma is commonly considered as measure of
tissue penetration of an antibiotic. When correcting for an
average protein binding in plasma of 15%,* after an SD
mean tissue to plasma AUCge, ratios of 0.59 +0.25 and
0.63 &= 0.24 for healthy and inflamed tissue, respectively,
were observed while the ratios increased to 0.98 +0.41
and 0.78 £0.23 at steady state. Therefore, the present
study demonstrates that despite good plasma to tissue
equilibration of linezolid was observed at steady state,
after the initial dose significantly lower C,,,x and AUC
values were observed in soft tissues when compared to
plasma (Figure la and Table 1).

In good agreement with previous data from healthy
subjects and diabetic patients, the PK parameters
observed in the present study showed equilibration of
linezolid between the blood compartment and interstitial
space fluid of soft tissue at steady state (Figure 1b and
Table 2).*® However, due to the fact that both SD and
multiple dose data were generated within the same group
of subjects the present study for the first time allows direct
observation of the delay in equilibration between the 2
compartments in diabetic patients. As the discrepancy
between tissue penetration after the first dose and at
steady state was not observed in healthy volunteers, this
finding can be deemed as indication than in case of
diabetic patients pathologies like micro- and macro-
vascular disease might delay plasma to tissue equilibri-
um,8 while local inflammation seems to have no
significant impact on PK of linezolid. Since previous
studies performed infusion of linezolid over 1hour
compared to the 30 minutes infusions in the present study
the observed higher C,,,x values in plasma were expected
in the present study (at steady state 27.4+21.2 as
compared to 12.0+3.7 for,4 however, the duration of
infusion had no obvious impact on the C,,,x in tissues.

In animal models with linezolid the mean free plasma
AUC(_,4/MIC ratio necessary for bacteriostasis was 19

Table I. Pharmacokinetic Parameters of Linezolid in Plasma, in the Interstitium of Inflamed Soft Tissue of the Leg and of Healthy Soft Tissue of the
Ipsilateral Thigh in 10 Patients with Diabetes Mellitus (Means + SD) After a Single Dose of 600 mg Linezolid

Healthy Tissue SD (n=10) Inflamed Tissue SD (n = 10)

Parameter Plasma SD (n = 10)
Crnax (mg/L) 16.4+4.6
Timax (h) 0.5+0.0
AUC, g (mgh/L) 65.5+21.2
AUC,_,, (mghlL) 82.3+31.1
AUC, 54 (mghlL) 164.5+62.1
AUC, i (mgh/L) 114.7 +62.4
Tin (h) 6.0+3.4
Clearance (L/h) 6.8+3.7

V, (L) 459+108

67+36 6.6+3.6
23+ 1.6 30+ 1.9
33.0+17.7 3634229
44.0+£23.7 48.1 £28.7
88.0 +47.3 96.2+57.4
ND ND
69+6.3 56+48
ND ND
ND ND
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Table 2. Pharmacokinetic Parameters of Linezolid in Plasma, in the Interstitium of Inflamed Soft Tissue of the Leg and of Healthy Soft Tissue of the
Ipsilateral Thigh in 5 Patients With Diabetes Mellitus (Means & SD) After Multiple Doses of Linezolid 600 mg Twice Daily for at Least 3 Days

Healthy Tissue MD (n=5)

Inflamed Tissue MD (n=15)

Parameter Plasma MD (n=15)
Cinax (mg/l) 274+212
Tmax (h) 0.5+0.0
AUC,_g (mgh/L) 100.8 +37.9
AUC,_; (mgh/L) 132.2+54.9
AUC, 54 (mghlL) 264.3£109.8
AUC_is (mgh/L) 189.8 +£99.7
Tin (h) 6.6+3.5
Clearance (L/h) 4.1 +£24

V; (L) 322483

149+ 48 1274£53
23+1.3" 25+ 11"
7734237 66.1 £26.5
107.2 +47.5 87.4+31.0
2144949 174.8+62.0
ND ND
104483 41+08
ND ND
ND ND

C nax Maximum concentration; T ,.x, time to maximum concentration; AUC, area under the concentration vs. time—curve for the indicated time interval; T, 5,

terminal half-time; V,, volume of distribution.

For plasma total concentrations, for tissue free concentrations are presented.

“P < 0.05 when comparing parameters for plasma vs. tissue.
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Figure |. (A) Time versus concentration profile after a single dose of
600 mg linezolid in plasma (total concentration), healthy and inflamed
tissue (free concentrations). Data are presented as mean & SD (n = 10).
(B) Time versus concentration profile after multiple administrations of
linezolid (600 mg twice daily for at least 3 days) in plasma (total
concentration), healthy and inflamed tissue (free concentrations). Data
are presented as mean £ SD (n=15).

while for achieving at least 1-log-unit kill reduction
values of about 46.1 were needed.!? Using AUCq 4
values obtained in the present study, this threshold
could be achieved or exceeded for MICy, values of up
to 2pg/mL in all compartments already after SD
(Table 1). Thereby MICy, values of oxacilin susceptible
and resistant S. aureus, Enterococcus faecalis and
faecium as well as different Streptococci spp. obtained
from 2 U.S. susceptibility surveillance studies can be
sufficiently covered.'®'! However, considering suscepti-
bility breakpoints of linezolid for staphylococci and
enterococci is <4 mg/L, this breakpoint would not be
optimally covered for inflamed and healthy soft tissues
after SD although it would be achieved at steady-state
conditions. In addition, the considerably inter-individual
variability of AUCy »4 values observed would suggest
that while tissue levels are sufficient in some patients
more resistant strain would not be optimally targeted in
others.

In order to avoid complications due to probe insertion,
the microdialysis catheters were placed in peripheral
zones around the inflamed area rather than in the infection
or wound itself where pathophysiological deviations
like decreased pH value and hypoxia might be present.
According to the Biopharmaceutical Classification Sys-
tem (BCS) linezolid should have low permeability.'?
However, both the excellent bioavailability of the drug as
well as our findings contradict this theoretical classification
system. In addition, linezolid was shown to maintain its full
antimicrobial activity as well as bacterial penetration
independent of pH, indicating our data might be used to
predict activity directly in the focus of the infection.'*

A prerequisite for extrapolating data between the last
measured time point at 8 hours to the end of the dosing
interval after 12 hours is linear PK during this time period.
Indeed linezolid undergoes linear elimination at thera-
peutic dose ranges and in plasma the terminal phase of
linezolid elimination is reached quickly after end of the
infusion period.'®> Appropriateness of the calculation and
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linearity of linezolid PK is further highlighted by the good
agreement of AUC ;,r after SD (114.7 £ 62.4mgh/L)
and the AUC in the dosing interval at steady state (AUC_
12 of 13224549 mgh/L). Together with the good
temporal resolution of microdialysis, that is, 11 measured
data points during the 8hours observation period this
suggests that extrapolation of data from 8 to 12 hours is
reliable for all described compartments.

Doubling the resulting calculated AUC, 1, values in
order to receive exposure over 24hours for PK/PD
calculation may be extremely conservative for the first
dose of treatment, however, it does not compensate for
potential circadian differences in PKs.'® As all patients
started their investigations with the morning dose of
linezolid interpretation of data has to be done with uttermost
caution. A further limitation of the present study is the low
sample size; in particular only 5 patients were investigated
under steady-state conditions. However, data at steady-state
conditions were already previously described and showed
good agreement with the present study.'”

Soft-tissue infections in diabetic patients, such as foot
ulcers, are extremely difficult to treat and often result in
chronic infections.'® Despite the good antimicrobial
activity of linezolid against all major Gram-positive
underlying pathogens, linezolid should be only used if
suspicion for MRSA is high, in which case it may be
considered as first line therapy.'® Therefore, one might
consider it even more important from a PK/PD perspec-
tive to use this antibiotic correctly starting with the first
administration, since sub-inhibitory concentrations might
accelerate development of resistance.?’ The concept of a
loading dose, as previously established for other anti-
biotics like levofloxacin, should be considered in this
case. However, also due to the limited sample size our
mainly descriptive data can only be considered hypothesis
generating and should be combined with other data on
linezolid tissue PK at a broader base for population PK
and Monte-Carlo simulations. Ultimately such a concept
will have to be evaluated clinically under consideration of
safety and tolerability aspects.

Declaration of Conflicting Interests

The authors declare that they have no financial or ethical conflict
of interest in connection with this paper.

Funding

This study was financially supported by Pfizer. Pfizer had no
influence of concept of the study or interpretation of data.

References

1. Wild S, Roglic G, Green A, Sicree R, King H. Global prevalence of
diabetes: estimates for the year 2000 and projections for 2030.
Diabetes Care. 2004;27(5):1047-1053.

12.

14.

15.

16.

18.

19.

20.

. Frykberg RG, Zgonis T, Armstrong DG, et al. Diabetic foot

disorders. A clinical practice guideline (2006 revision). J Foot Ankle
Surg. 2006;45(5 Suppl):S1-S66.

. Weigelt J, Itani K, Stevens D, Lau W, Dryden M, Knirsch C.

Linezolid versus vancomycin in treatment of complicated skin and
soft tissue infections. Antimicrob Agents Chemother. 2005;49-
(6):2260-2266.

. Wiskirchen DE, Shepard A, Kuti JL, Nicolau DP. Determination of

tissue penetration and pharmacokinetics of linezolid in patients with
diabetic foot infections using in vivo microdialysis. Antimicrob
Agents Chemother. 2011;55(9):4170-4175.

. Eckmann C, Dryden M. Treatment of complicated skin and soft-

tissue infections caused by resistant bacteria: value of linezolid,
tigecycline, daptomycin and vancomycin. Eur J Med Res. 2010;
15(12):554-563.

. Muller M, Schmid R, Georgopoulos A, Buxbaum A, Wasicek C,

Eichler HG. Application of microdialysis to clinical pharmacoki-
netics in humans. Clin Pharmacol Ther. 1995;57(4):371-380.

. Sauermann R, Burian B, Burian A, et al. Tissue pharmacokinetics of

ertapenem at steady-state in diabetic patients with leg infections. J
Antimicrob Chemother. 2013; 68(4):895-899.

. Dehghanyar P, Burger C, Zeitlinger M, et al. Penetration of linezolid

into soft tissues of healthy volunteers after single and multiple doses.
Antimicrob Agents Chemother. 2005;49(6):2367-2371.

. Buerger C, Joukhadar C, Muller M, Kloft C. Development of a

liquid chromatography method for the determination of linezolid
and its application to in vitro and human microdialysis samples.
J Chromatogr B. 2003;796(1):155-164.

. Flamm RK, Mendes RE, Ross JE, Sader HS, Jones RN. Linezolid

surveillance results for the United States: LEADER surveillance
program 2011. Antimicrob Agents Chemother.2013;57(2):1077-1081.

. Draghi DC, Sheehan DJ, Hogan P, Sahm DF. In vitro activity of

linezolid against key gram-positive organisms isolated in the united
states: results of the LEADER 2004 surveillance program.
Antimicrob Agents Chemother. 2005;49(12):5024-5032.

Lepak AJ, Marchillo K, Pichereau S, Craig WA, Andes DR.
Comparative pharmacodynamics of the new oxazolidinone
tedizolid phosphate and linezolid in a neutropenic murine
Staphylococcus aureus pneumonia model. Antimicrob Agents
Chemother. 2012;56(11):5916-5922.

. Inc T. Biopharmaceutics Classification System (BCS). http://

1667814201/tsrlinccom/services/bes/resultscfm. February 20, 2014.
Lemaire S, Van Bambeke F, Pierard D, Appelbaum PC, Tulkens
PM. Activity of fusidic acid against extracellular and intracellular
Staphylococcus aureus: influence of pH and comparison with
linezolid and clindamycin. Clin Infect Dis. 2011;52(Suppl 7):S493—
S503.

Stalker DJ, Jungbluth GL. Clinical pharmacokinetics of linezolid,
a novel oxazolidinone antibacterial20. Clin Pharmacokinet.
2003;42(13):1129-1140.

Rebuelto M. Chronopharmacology and antimicrobial therapeutics.
Curr Clin Pharmacol. 2006;1(3):265-275.

. Traunmuller F, Schintler MV, Spendel S, et al. Linezolid

concentrations in infected soft tissue and bone following repetitive
doses in diabetic patients with bacterial foot infections. Int J
Antimicrob Agents. 2010;36(1):84-86.

Ambrosch A, Haefner S, Jude E, Lobmann R. Diabetic foot
infections: microbiological aspects, current and future antibiotic
therapy focusing on methicillin-resistant Staphylococcus aureus.
Int Wound J. 2011;8(6):567-577.

Ager S, Gould K. Clinical update on linezolid in the treatment of Gram-
positive bacterial infections. Infect Drug Resist. 2012;5:87—102.
Rawat V, Singhai M, Kumar A, Jha PK, Goyal R. Bacteriological
and resistance profile in isolates from diabetic patients. N Am J Med
Sci. 2012;4(11):563-568.


http://1667814201/tsrlinccom/services/bcs/resultscfm
http://1667814201/tsrlinccom/services/bcs/resultscfm

