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The present study tested the ability of linezolid to penetrate soft tissues in healthy volunteers. Ten healthy
volunteers were subjected to linezolid drug intake at a dose of 600 mg twice a day for 3 to 5 days. The first dose
was administered intravenously. All following doses were self-administered orally. The tissue penetration of
linezolid was assessed by use of in vivo microdialysis. In the single-dose experiments the ratios of the area
under the concentration-time curve from 0 to 8 h (AUC,_g) for tissue to the AUC,_g for free plasma were 1.4
* 0.3 (mean = standard deviation) and 1.3 = 0.4 for subcutaneous adipose and muscle tissue, respectively.
After multiple doses, the corresponding mean ratios were 0.9 = 0.2 and 1.0 = 0.5, respectively. The ratios of
the AUC from 0 to 24 h (AUC,_,,) for free linezolid in tissues to the MIC were between 50 and 100 for target
pathogens with MICs between 2 and 4 mg/liter. In conclusion, the present study showed that linezolid
penetrates rapidly into the interstitial space fluid of subcutaneous adipose and skeletal muscle tissues in
healthy volunteers. On the basis of pharmacokinetic-pharmacodynamic calculations, we suggest that linezolid
concentrations in soft tissues can be considered sufficient to inhibit the growth of many clinically relevant

bacteria.

The worldwide increase of gram-positive, antimicrobial-re-
sistant pathogens accelerates the search for novel anti-infective
agents (28). Linezolid is the first approved substance of a new
class of antibiotics called the oxazolidinones. Linezolid has
been demonstrated to have excellent in vitro and in vivo activ-
ities against glycopeptide-resistant gram-positive bacteria (30).
These in vivo and in vitro characteristics of linezolid have
triggered the conduct of a large body of scientific research in
animals and humans. However, most of the currently available
pharmacokinetic (PK) studies about linezolid are based on
measurements of total plasma concentrations (3, 26). This may
be misleading for two reasons: first, only the free drug concen-
tration of an antimicrobial agent exerts antibacterial activity
(12, 16). Second, most relevant pathogens reside in the inter-
stitial space fluid (ISF) of the infected tissues but do not reside
in the bloodstream (22-24). Therefore, regulatory authorities
such as the U.S. Food and Drug Administration and the Eu-
ropean Agency for the Evaluation of Medicinal Products rec-
ommend that the concentration of an antibiotic needs to be
determined at the target site (5, 6). It is generally accepted that
this site is represented by the ISF of the tissue for most bac-
terial infections (22). A clinical technique that can be used to
assess target site concentrations in the ISF is in vivo microdi-
alysis (MD) (4, 20).

The present study was performed to evaluate the ability of
linezolid to penetrate soft tissues by use of the MD technique
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as a means to meet the regulatory requirements. The unbound,
i.e., microbiologically active, concentration-versus-time profile
of linezolid was determined in skeletal muscle, subcutaneous
adipose tissue, and plasma after single and multiple doses.

MATERIALS AND METHODS

The study took place at the Department of Clinical Pharmacology, Medical
University of Vienna, Vienna, Austria. The study protocol was approved by the
local ethics committee and was performed in accordance with the Declaration of
Helsinki (1964) in the revised version of 2000 (Edinburgh), the Guidelines of the
International Conference of Harmonization, the Good Clinical Practice Guide-
lines, and the Austrian drug law. All volunteers were given a detailed description
of the study, and their written consent was obtained prior to their enrollment in
the study.

Subjects. Ten healthy volunteers (five males and five females; age, 55 = 10
years; weight, 66 *+ 8 kg; height, 168 = 8 cm; means *+ standard deviations [SDs])
were included in the present study. Prior to inclusion in the study, the volunteers
were subjected to a screening examination, which comprised a medical history,
physical examination, 12-lead electrocardiogram, blood pressure measurement,
complete blood count with differential blood analysis, urine analysis, urine drug
screen, a urine human chorionic gonadotropin test to exclude pregnant female
volunteers, clinical blood chemistry analysis, blood coagulation tests, HBs anti-
gen test, and human immunodeficiency virus antibody tests.

Microdialysis. The principles of MD have previously been described in detail
(17, 19). In brief, MD is based on sampling of analytes from the extracellular
space of tissues by means of a semipermeable membrane at the tip of an MD
probe. The probe is constantly perfused with a physiologic solution at a flow rate
of 1.5 wl/min. Once the probe is implanted into the tissue, substances present in
the extracellular fluid at a certain concentration (Cyg,.) diffuse through the
membrane into the perfusate, resulting in a concentration (Cgiaiysae) in the
perfusion medium. For most analytes, equilibrium between the extracellular fluid
and the perfusion medium is incomplete, and therefore, Cyg,. is greater than
Cialysate: The calibration factor by which the concentrations are interrelated is
termed recovery. For calibration of the microdialysis probes, in vivo recovery was
assessed in each experiment by the retrodialysis method (18). The principle of
this method relies on the fact that the diffusion process is quantitatively equal in
both directions along the semipermeable membrane (2). For in vivo probe
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calibration, linezolid was added to the perfusate (Ringer’s solution; Mayrhofer
Pharmazeutika, Linz, Austria) at a concentration of approximately 100 mg/liter
in the single-dose experiment and at a concentration of 150 mg/liter in the
steady-state experiment. The disappearance rate (delivery) through the mem-
brane was taken as in vivo recovery. Retrodialysis was performed at the begin-
ning of the single-dose experiment and at the end of the steady-state experiment
over a period of 30 min. In vivo recovery values for linezolid were calculated as
follows: in vivo recovery (%) = 100 - [100 X (linezolid gjaiysace/lin€Z0lid perfusate) -

Study protocol. On study day 1, a plastic cannula was inserted into an ante-
cubital vein for the intravenous (i.v.) administration of linezolid and a second
plastic cannula was inserted in the contralateral upper limb to monitor blood
concentrations of linezolid at defined time intervals. Two commercially available
microdialysis probes (CMA 60; CMA, Solna, Sweden) with molecular weight
cutoffs of 20,000 and a membrane length of 30 mm were inserted into the
subcutaneous adipose tissue and a skeletal muscle of the thigh without prior
anesthesia by a previously described procedure (11). The microdialysis system
was connected to a perfusion precision pump (CMA 100, CMA) and was per-
fused with Ringer’s solution at a flow rate of 1.5 pl/min. After a 30-min baseline
sampling period and in vivo calibration of the probe, 600 mg of linezolid
(Zyvoxid; 2 mg/ml; Infusionsbeutel; Pharmacia, Vienna, Austria) was adminis-
tered intravenously over 30 min. Sampling of microdialysates and plasma was
performed at defined time intervals for up to 8 h postdosing. All samples were
frozen at —80°C until analysis.

After withdrawal of the plastic cannulas and the MD probes, the volunteers
left the research ward and were subjected to oral linezolid (Zyvoxid; 600 mg;
Filmtabletten; Pharmacia) drug intake at a dose of 600 mg twice a day for three
to five consecutive days. MD experiments on study day 2 were started simulta-
neously with the final drug intake, and the MD probes were calibrated at the end
of the sampling procedure of 8 h.

Bioanalysis. Linezolid concentrations in plasma and microdialysates were
measured by high-performance liquid chromatography (HPLC) (2). Total con-
centrations of linezolid in plasma were corrected for individual plasma protein
binding (PPB) values assessed by ultrafiltration to determine free plasma con-
centrations. The limit of quantification was 0.2 mg/liter in plasma and 0.8 mg/liter
in microdialysates. Overall, the accuracy and the coefficient of variation ranged
from —2.7 to 6.1% for microdialysates and plasma samples.

Determination of individual plasma protein binding. To evaluate the individ-
ual PPB, a commercially available ultrafiltration membrane (Centrifree ultrafil-
tration device; Millipore, Eschborn, Germany) with a regenerated cellulose
membrane (molecular weight cutoff, 30,000) was used. A total of 200 pl of a
plasma sample was transferred into the ultrafiltration device, which was placed in
a centrifuge (Megafuge; Heraeus, Hanau, Germany) and centrifuged at 1,064 X
g for 10 min at ambient temperature. The ultrafiltrate was then subjected to
HPLC for quantification of linezolid.

Prior to analysis of the human samples, the characteristics of the adsorption of
linezolid to the ultrafiltration device were investigated in vitro. Six aqueous
linezolid solutions of 10 mg/liter were prepared. Three of six solutions were
ultrafiltrated, and the concentrations in the ultrafiltrate were compared to those
in nonfiltrated aqueous solutions. No relevant differences were detected. In
addition, the unbound fractions (f,;s) in pooled plasma containing concentrations
of linezolid at 2, 10, and 20 mg/liter (n = 3 each) were determined. The un-
weighted linear correlation of the unbound fraction versus the total concentra-
tions of linezolid yielded y = 0.331x + 71.4 (R = 0.611). Thus, linezolid did not
bind to the ultrafiltration membrane, and binding can be considered independent
from the concentrations used.

Two plasma samples per volunteer and study day were selected to determine
the individual protein binding representing specific time points: an early time
point (=3 h) and a late time point (8 h), respectively. f,, was calculated as 100 -
(unbound plasma concentration/total plasma concentration) (at the same time
point). The mean of both f, values per study day and volunteer was calculated
and was used for calculation of the free fraction of linezolid in plasma. The
resulting individual unbound fractions of linezolid ranged from 79.5 to 95.8%,
with a mean of 89.5% (coefficient of variation = 4.8%; n = 20).

Calculations and data analysis. The individual in vivo recovery values were
used to calculate interstitial linezolid concentrations according to the following
equation: tissue concentration = 100 - (sample concentration/in vivo recovery).

PK analysis was performed by using commercially available computer software
(Kinetica version 3.0, InnaPhase, Philadelphia, Pa.), and the values of the PK
parameters were calculated by a noncompartmental approach. The area under
the concentration-time curve (AUC) values for plasma and the interstitium were
calculated from nonfitted data by using the linear trapezoidal rule. The AUC
from 0 to 24 h (AUC,_,4) was determined by use of the concentration at 24 h
(C5y4) value, which was calculated by extrapolation of the last measured concen-
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FIG. 1. Time-concentration curves (means * SDs) of linezolid in
plasma (total and free) and ISF of subcutaneous adipose tissue and
skeletal muscle. (a) Profile after administration of a single intravenous
dose of 600 mg (n = 10); (b) concentration-versus-time profile after
multiple doses of oral linezolid intake (600 mg twice a day; n = 9).

tration (Cy,) to the concentration at 24 h by the formula C,, = Cy, X el X
t), where ¢ is the time interval between Cj, and C,,.

The values of the following main PK parameters were determined: maximum
concentration (C,,,) and the time to Cy,., (Tmay)- The half-life for the terminal
slope (t,/,) was calculated by the equation ¢,, = In 2/k,;. The apparent total body
clearance (CL) and the apparent volume of distribution (V) after a single i.v.
administration of 600 mg of linezolid were determined for total plasma by use of
standard formulae, as follows: ' = dose X F/(AUC,_.. X k) and CL = dose/
AUC,,_.., where AUC,,_.. represents the AUC from 0 h to infinity. Since the oral
bioavailability (F) of linezolid is considered to be 100%, correction of JV and CL
for this parameter was not necessary (27).

Statistical analysis. Wilcoxon matched pairs tests and Bonferroni adjustments
were performed with commercially available computer software (Statistica, version
5.0; Statsoft Inc., Tulsa, Okla.) for statistical comparison of the main outcome PK
parameter (AUC e 10 AUCcc plasma)- All data are presented as means =+ SDs. A
two-sided P value of <0.05 was considered the level of significance.

RESULTS

The present study tested the ability of linezolid to penetrate
soft tissues in healthy volunteers by means of in vivo microdi-
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TABLE 1. Pharmacokinetic parameters (means * SDs) of linezolid in plasma, muscle, and subcutaneous adipose tissue following single
intravenous dose administration of 600 mg

AUC, 4 AUC, 5

CL

. Cinax Hors
Compartment (mg - hliter) AUCis5ue/AUCce prasma (mg - hliter) (mg/liter) Tonax (h) 1y (h) (liters/h) V (liters)
Plasma total 58.1 = 12.7 88.1 = 34.0 14.1 £ 2.8 05*=02 51=x26 7932 46.3 £ 9.1
Plasma free 53.0 = 11.6 80.3 = 30.9 128 £ 2.6 05*02 51=x26 ND“ ND
Subcutis 75.8 +24.2° 14+03 129.7 £ 57.8 18.1 £ 4.8 09 =03 6.1 =19 ND ND
Muscle 65.4 + 18.2° 1.3+04 94.1 =355 135 £33 1.1+03 3912 ND ND

“ ND, not determined.
b P < 0.05 compared with the results for free plasma.

alysis. Linezolid was well tolerated by all volunteers. The mean
in vivo recovery values for linezolid in single- and multiple-
dose experiments were 40.5% * 16.8% and 47.5% = 12.9%,
respectively (P > 0.05, which was not significant [ns]). In con-
trast to the reported PPB value of approximately 30% (15, 21),
we found mean PPB values of 8.7% = 3.1% in the single-dose
experiment and 12.4% = 4.7% after the administration of
multiple doses (P > 0.05; ns).

After a single intravenous dose of linezolid, the AUC,,_g for
soft tissues was significantly higher than that for free plasma (P
= 0.007 for adipose tissue and P = 0.02 for skeletal muscle)
(Fig. la). This is pointed out by the mean ratios of the
AUC 54 08 t0 the AUC, ¢ prasma 0-s ©f 1.4 = 0.3 for adipose
tissue and 1.3 = 0.4 for skeletal muscle.

Noncompliance rendered the PK profile of linezolid at
steady state invalid for one volunteer. Therefore, multiple-
dose PK data were available from only nine volunteers. After
multiple doses, the concentration-versus-time profiles of lin-
ezolid for plasma (total and free) and tissues clearly demon-
strated that the unbound plasma fraction of linezolid equili-
brated completely with the ISF concentrations in adipose
tissue and skeletal muscle (Fig. 1b). This is also indicated by
the mean ratios of the AUC,;yc o_s t0 the AUC ¢ prasma 0-ss
with values of 0.9 £ 0.2 for adipose tissue and 1.0 = 0.5 for
skeletal muscle.

The values of the main pharmacokinetic parameters of lin-
ezolid after single-dose administration (Table 1) and at steady
state (Table 2) were in excellent agreement with previously
published results (15).

Table 3 shows the ratios of the AUC,,, to the MIC for
pathogens with MICs of 2 mg/liter and 4 mg/liter, respectively,
for plasma and soft tissues at steady state.

DISCUSSION

Most of the recent PK data for linezolid available in the
literature focused on plasma concentrations (15), skin blister
studies (8), and tissue biopsy specimens (14). Nevertheless,

none of these techniques are capable of the assessment of the
free concentrations of linezolid in tissues, which more accu-
rately reflect the site of infection and drug action. Free tissue
concentrations are crucial for the prediction of antimicrobial
and clinical efficacy (10). Thus, in the present study we used the
in vivo microdialysis technique to selectively analyze the un-
bound, i.e., pharmacologically active, concentration of lin-
ezolid in the ISF.

The key finding of our study is the complete equilibration of
linezolid between plasma and the ISF of soft tissues after
multiple doses, i.e., at steady state, as indicated by the ratio of
the AUC ;45ue/AUCice plasma Of about 1. This is in excellent
accordance with the previously published data by Gee et al.
(8).

In contrast, the concentrations of linezolid in soft tissues
after a single i.v. administration were significantly higher than
the free plasma concentrations (P = 0.007 for adipose tissue
and P = 0.02 for skeletal muscle). The corresponding ratios of
the AUC j4que 10 AUCq ¢ prasma WETE greater than 1.

This finding is hard to explain, although different factors are
well known to markedly influence the plasma-to-tissue equili-
bration of an antibiotic. Chief among them are the physico-
chemical properties of the substance, such as the molecular
weight, the pK, value, the octanol/water partition coefficient,
the pH of the compartment, and the presence of active trans-
port pumps, which markedly determine penetration character-
istics of antibiotics into tissues. However, all these parameters
cannot explain the discrepancy between the results of the sin-
gle-dose part and the multiple-dose part of the present study
because no significant change in pK,, the pH of the tissue, or
the octanol/water partition coefficient is expected to occur be-
tween single and multiple doses in our healthy study popula-
tion. Thus, our observation is not yet fully understood, but it
should be mentioned that similar behaviors were found by our
group for gemifloxacin (9) and telithromycin (7). This under-
lines the need for novel strategies for the investigation of the
tissue pharmacokinetics of antibiotics. These strategies should

TABLE 2. Pharmacokinetic parameters (means * SDs) of linezolid for plasma, muscle, and subcutaneous adipose tissue after multiple oral
doses of 600 mg twice a day over a period of three to five consecutive days

AUC g

AUC, 54 Crnax

Compaﬁmem (mg . h/liter) AUCtissuc/AUCfrcc plasma (mg . h/liter) (mg/liter) Tmux (h) t1/2 (h)

Plasma total 949 + 243 2449 + 723 195 £ 4.6 1410 6.9 £ 2.6
Plasma free 83.9 =239 2171 = 71.5 17.1 £ 4.0 14+1.0 6.9 2.6
Subcutis 71.5 153 09 =02 200.8 = 53.2 12924 22+12 75 x£2.7
Muscle 80.2 =423 1.0 0.5 2355 £ 132.1 15.4 = 8.0 26 1.1 6.4 +18
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TABLE 3. AUC,_,,/MIC ratios for plasma and soft tissues at
steady state

AUC,_,4/MIC for pathogens with an MIC of*
Compartment

2 mg/liter

122.5 + 36.2 (71.9-183.0)
108.5 + 35.8 (62.4-168.8)

93.3 = 31.8 (43.4-147.9)
117.7 + 66.1 (35.5-236.1)

4 mg/liter

61.2 + 18.1 (36.0-91.5)
543 +17.9 (31.2-84.4)
46.6 + 15.9 (21.7-73.9)
58.9 + 33.0 (17.7-118.1)

Plasma total
Plasma free
Subcutis
Muscle

“ Data are presented as means = SDs (ranges).

allow the simultaneous assessment of the intra- and extracel-
lular concentrations of the compound. One promising ap-
proach that can be used to overcome the current limitations is
the use of the positron emission tomography combined with
the microdialysis technique. The suitability and applicability of
the combined use of these techniques have recently been dem-
onstrated for fluorine-18-labeled ciprofloxacin (13).

As tissue homogenization leads to an underestimation of the
concentration of linezolid in tissues, it is not unexpected that
there are marked differences between the results of the present
study and data derived by use of the traditional biopsy method
(14). Hence, the measurement of linezolid concentrations by
use of biopsy specimens might be regarded as inappropriate, as
the concentrations at the actual site of bacterial infection are
not adequately determined. This is particularly relevant for
antibiotics that have a low volume of distribution of about 20
to 30 liters and that distribute predominantly within the extra-
cellular fluid. In the present study the calculated volume of
distribution was approximately 50 liters and indicated that lin-
ezolid distributed moderately into cells. The AUC,,_,, and the
Chax for free linezolid in plasma at steady state were signifi-
cantly higher than those after a single dose of linezolid (P <
0.05) and confirmed the assumption of Burkhardt et al. (3) of
a limited accumulation of linezolid after multiple doses.

The clinical efficacy of linezolid is shown to correlate with
the ratio of the AUC,_,, to the MIC (15). On the basis of the
generally accepted breakpoint for efficient dosing at an
AUC,_,,/MIC ratio of 50 to 100 (1), the calculated mean ratio
of the AUC, ,, to the MIC (Table 3) for plasma and soft
tissues suggests that linezolid reaches tissue concentrations at
steady state effective against pathogens with MICs up to 4
mg/liter, which covers bacteria such as methicillin-resistant
Staphylococcus aureus and vancomycin-resistant Enterococcus
faecium (25). However, this is only true for the mean ratios of
the AUC,_,, to the MIC, since huge interindividual differences
in the pharmacokinetics of linezolid were detected, which may
result in the risk that pathogens with MICs higher than 2
mg/liter will be not optimally inhibited in some individuals. In
addition, in recent studies we were able to demonstrate that
the tissue penetration of antimicrobial agents is markedly de-
creased in the presence of local or systemic inflammation (11,
29), and hence, the ability of linezolid to penetrate inflamed
tissues needs to be explored in distinct patient populations.

In conclusion, in the present study we showed that the pen-
etration of linezolid into the interstitial space fluid of subcu-
taneous adipose tissue and skeletal muscle might be sufficient
for the treatment of soft tissue infections. However, additional
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data from studies with patients with local or systemic infections
are required to confirm this conclusion.
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