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The antimicrobial agent linezolid is approved for the treatment of severe infections caused by, e.g., methi-
cillin-resistant Staphylococcus strains. In order to evaluate the penetration of linezolid into the interstitial space
fluid (ISF) of subcutaneous adipose tissue and skeletal muscle of the target population, a microdialysis study
was performed with 12 patients with sepsis or septic shock after multiple intravenous infusions. Unbound
linezolid concentrations were determined for plasma and microdialysates by use of a validated high-perfor-
mance liquid chromatography method. Individual compartmental pharmacokinetic (PK) analysis was per-
formed using WinNonlin. In vivo microdialysis was found to be feasible for the determination of unbound
linezolid concentrations at steady state in the ISF of critically ill patients. On average, linezolid showed good
distribution into ISF but with high interindividual variability. A two-compartment model was fitted to unbound
concentrations in plasma with a geometric mean distribution volume of 62.9 liters and a mean clearance of 9.18
liters/h at steady state. However, disposition characteristics changed intraindividually within the time course.
In addition, an integrated model for simultaneous prediction of concentrations in all matrices was developed
and revealed similar results. Based on the model-predicted unbound concentrations in ISF, a scheme of
more-frequent daily dosing of linezolid for some critically ill patients might be taken into consideration to
avoid subinhibitory unbound concentrations in the infected tissue. The developed integrated model will be a
valuable basis for further PK data analysis to explore refined dosing guidelines that achieve effective antimi-
crobial therapy in all patients by use of the population PK approach.

The oxazolidinone linezolid (Zyvoxid; Pharmacia, Erlangen,
Germany), an antimicrobial drug, was approved for the treat-
ment of severe skin and skin structure infections and commu-
nity-acquired and hospital-acquired pneumonia (39) caused by
multiresistant gram-positive pathogens, e.g., methicillin-resis-
tant Staphylococcus aureus or vancomycin-resistant Enterococ-
cus sp. strains.

For effective treatment of infectious diseases, it is extremely
important to reach pharmacologically active drug concentra-
tions at the site of action (16, 19). It is generally accepted that
the interstitial space fluid (ISF) of tissue represents the site
of action for the vast majority of bacterial infections (45,
46), and since only unbound molecules account for the drug
effect, it would be desirable to directly measure this drug
fraction. These specifications are met by in vivo microdialy-
sis (14, 35, 41).

Currently available pharmacokinetic (PK) data about the
tissue distribution of linezolid were assessed by use of healthy
volunteers (10, 11, 22) and by use of patients (4, 29, 31, 43). In
these studies, various methods to investigate total or unbound
tissue concentrations were used. However, none of them suit-
ably reflected the unbound concentration-time course in the

interstitia of peripheral tissues of critically ill patients. Critically
ill patients are well known to exhibit substantial alterations in
drug pharmacokinetics and pharmacodynamics—especially those
for antibiotics—due to their complex pathophysiological situa-
tions (36).

In the present study, we investigated the pharmacokinetics
of unbound linezolid in plasma of patients with sepsis and
septic shock after multiple dosing as well as the distribution of
linezolid into ISF of subcutaneous (s.c.) adipose tissue and
intramuscular (i.m.) tissue as assessed by microdialysis. The
objective was to characterize the pharmacokinetics of linezolid
in the tissue interstitium of critically ill patients. An integrated
PK model incorporating the concentration-time profiles of all
three matrices simultaneously was developed. In addition,
pharmacodynamic (PD) parameters were used to evaluate the
current dosing guidelines.

MATERIALS AND METHODS

The clinical study was conducted 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 decla-
ration of Helsinki (1964) in the revised version of 2000 (Edinburgh) (54), the
Guidelines of the International Conference on Harmonization (25), the Good
Clinical Practice Guidelines (15), and Austrian drug law.

Subjects. Twelve patients (nine males and three females) were included in the
study. Sepsis was diagnosed according to the following criteria of the American
College of Chest Physicians/Society of Critical Care Medicine Consensus Con-
ference Committee (3): systolic blood pressure of �90 mm Hg; tachycardia of
�90 beats/min; respiratory rate of �20 breaths/min or a partial CO2 pressure of
�32 mm Hg; a temperature of �38.0 or �36.0°C; and a leukocytosis count
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of �12,000/�l or a leukopenia count of �4,000/�l or �10% immature (band)
forms. A patient could be enrolled in the study if at least two of these criteria
were met. Septic shock was defined as sepsis-induced hypotension along with the
presence of organ dysfunction and hypoperfusion abnormalities despite bolus
fluid resuscitation of 500 ml. Patients who received inotropic or vasopressive
agents did not need to be hypotensive at the times that perfusion abnormalities
were measured. The indication for linezolid therapy was made by an independent
physician, and no linezolid therapy within the past 72 h was allowed. Conven-
tional therapies were not changed.

Study protocol. After admittance to the intensive care unit, patients were
treated with linezolid. Blood and microdialysis samples were taken after single
(study visit 1) and multiple (study visit 2) dosing. All patients received 600 mg of
linezolid as a short-term infusion over �30 min every 12 h. Aberrant to this, one
patient received an infusion over 1.25 h at study visit 2. Another patient received
only three doses at intervals of 21 and 24 h.

Study visit 1 was performed according to the schedule described for study visit
2 with minor changes in the microdialysis probe calibration procedure (see
below). For data assessment under steady-state conditions, study visit 2 was
carried out at least 3 days after repeated linezolid application twice a day
according to the following procedure. Two intravenous catheters were applied to
administer linezolid or to draw blood samples at predefined time points. For in
vivo microdialysis investigations, commercially available microdialysis probes
(CMA60; CMA Microdialysis AB, Solna, Sweden) with a molecular mass cutoff
of 20 kDa, an outer diameter of 0.6 mm, and a membrane length of 30 mm were
used. Perfusion fluid was delivered by use of a precision pump (CMA102; CMA
Microdialysis AB, Solna, Sweden). The microdialysis method has been described
in more detail previously (34, 41). Two microdialysis probes were placed in s.c.
and i.m. tissue of the lower extremities. Subsequently, the probes were perfused
with Ringer’s solution at a flow rate of 1.5 �l/min, and a baseline sample was
collected for 30 min prior to drug infusion. Blood and microdialysate samples
were collected every 20 min (0 to 3 h after the start of infusion) and at intervals
of 30 min (3 to 8 h after the start of infusion). In total, the complete sampling
schedule comprised 20 time points per matrix and per patient.

In vivo calibration of the microdialysis probes. Calibration of the microdialysis
probes in vivo was performed by use of the retrodialysis method (48). For study
visit 1, the microdialysis probes were calibrated prior to the linezolid application
by use of Ringer’s solution containing 10 mg/liter of linezolid. The calibration
procedure was followed by a washing step of 30 min to carefully switch the
perfusion fluid to pure Ringer’s solution. After completion of the microdialysis
sampling period on study visit 2, the probes were perfused with Ringer’s solution
containing 150 mg/liter linezolid. Two dialysate fractions were collected at in-
tervals of 15 min. The linezolid concentrations (C) were determined in the
dialysate and in the perfusate. Relative recovery (RR; %) was calculated as (1 �
Cdialysate/Cperfusate) · 100%. For a reliable calibration of microdialysis probes, the
concentration of linezolid in the perfusate should substantially exceed expected
ISF concentrations as described by Tegeder et al. (50). This setup ensured that
drug present in ISF would not significantly affect its diffusion out of the probe
during retrodialysis.

In principle, the mean RR per probe was used for the calculation of unbound
linezolid concentration in the ISF of each patient. If calibration samples of a
probe were missing (4 of 20 probes), the median value of all other probes from
the same tissue of the patients was used for the calculation of RR. Unbound
linezolid concentration in the ISF of s.c. or i.m. tissue was calculated according
to the equation

CISF, unbound � 100 ·
Cdialysate

RR

where CISF, unbound and Cdialysate are expressed in �g/ml and RR is expressed as
a percentage.

Sampling and sample storage. At predefined time points, blood and micro-
dialysate samples were taken and the actual clock time was documented. Blood
was centrifuged for 5 min at 2,550 � g immediately after sampling. The plasma
supernatant was collected. Plasma and microdialysate were stored at approxi-
mately �70°C. Sample transport was carried out using dry ice and adhering to a
cold chain.

Measurement of linezolid in biological matrices. Linezolid was quantified in
plasma, ultrafiltrate, and microdialysate samples by use of a previously described
high-performance liquid chromatography method with an RP-18 stationary
phase and UV detection at 251 nm (8). The method was validated according to
an international FDA guideline (18) with lower limits of quantification of 0.2
mg/liter and 0.8 mg/liter for plasma and ultrafiltrate/microdialysate samples,
respectively. In total, it showed an interday variability of �6.1% coefficient of

variation (CV) and a relative error of ��3.4% across the entire concentration
range.

Determination of unbound linezolid. To evaluate the individual plasma pro-
tein binding to a commercially available ultrafiltration membrane, a Centrifree
ultrafiltration device from Millipore (Eschborn, Germany) with a regenerated
cellulose membrane (molecular mass cutoff, 30 kDa) was used. Two hundred
microliters of a plasma sample was transferred into the ultrafiltration device and
centrifuged for 10 min at 1,064 � g (Megafuge; Heraeus, Hanau, Germany) at
ambient temperature. The ultrafiltrate was then subjected to high-performance
liquid chromatography analysis for quantification of linezolid.

Prior to analysis of the human samples, the adsorption characteristics of
linezolid to the ultrafiltration device were investigated in vitro. It was demon-
strated that linezolid did not adsorb to the ultrafiltration membrane and that the
unbound fraction (fu) was independent of the concentration (11). These findings
are a prerequisite for determining the unbound plasma linezolid concentration in
human samples.

Individual noncompartmental pharmacokinetic analysis. For the determina-
tion of tissue penetration parameters of linezolid in ISF after systemic applica-
tion, a noncompartmental analysis was performed using WinNonlin (version 4.0;
Pharsight Corp., Mountain View, Calif.). The area under the concentration-time
curve (AUC) from the start of infusion at t0 to the last measured value at tz was
calculated by application of the linear trapezoidal rule. For the determination of
the unbound AUC0–12 (fAUC0–12), the concentration-time curve was extrapo-
lated from the last measured unbound concentration (Cz) to the concentration at
12 h (C12) by use of the equation C12 � Cz · e�	z · t, where t denotes the time
interval between tz and 12 h and 	z denotes the slope of the terminal phase of the
concentration-time curve. The fAUC0–12 was doubled to yield fAUC0–24.

To allow the simultaneous fitting of unbound plasma and ISF data, specific
penetration factors (factors of tissue penetration [FT]) were calculated from the
ratio of the AUCt0–tz(from the start of infusion until the last measured value) for
the unbound linezolid concentration in plasma to those for the unbound linezolid
concentration in ISF of s.c. or i.m. tissue (12, 20, 38) according to the following
equation:

FT �
AUCt0–tz(ISF)

AUCt0–tz
plasma�

Compartmental pharmacokinetic data analysis. In order to compare only the
clinically relevant linezolid concentrations, the compartmental data analysis was
based on unbound concentrations for all matrices. For the description of indi-
vidual unbound plasma concentration-time profiles, open one- and two-compart-
ment models were investigated using models from the WinNonlin model library.
The input of the drug was assumed to follow zero-order kinetics, and elimination
from the central compartment occurred with first-order kinetics.

After the incorporation of unbound ISF concentrations into the data set,
user-built pharmacokinetic models had to be developed. In these models, un-
bound plasma concentrations were always assigned to the central compartment.
During model development, open three- and four-compartment models of var-
ious structures were investigated. The models differed in terms of the number
and alignment of the compartments. In addition, clearance was varied by chang-
ing the compartmental location as well as by using different numbers of clearance
processes in different models. The kinetics of invasion and elimination of lin-
ezolid remained unchanged. The data were weighted according to the equation
1/Ci

2, where Ci denotes the predicted concentration. All iterations were con-
ducted using the Gauss-Newton algorithm (40).

Evaluation of the goodness of fit. In addition to the evaluation of the weighted
sum of squares, the evaluation of the goodness of fit and the estimated param-
eters was based on the Akaike information criterion (5), the variability (CV) of
the parameter estimates, the random distribution of weighted residuals between
measured and predicted concentrations with respect to time, and the absence of
a significant correlation between independent model parameters (�0.95) (21).

Calculation of pharmacokinetic parameters. From the estimated pharmaco-
kinetic parameters of the model, other parameters were calculated. The un-
bound plasma concentrations at the end of an intravenous (i.v.) infusion (Cmax)
as well as the minimal concentrations (Cmin) were calculated from the corre-
sponding model equations at the respective time points. The AUC during steady
state within the dosing interval � (AUCss) equaled the AUC0– and characterized
the extent of drug exposition. If a model included more than one compartment
with an elimination process, the single-clearance values were added to calculate
the total clearance (CLtot). The volume of distribution during steady state (Vss)
was obtained by adding the volumes of the different compartments (e.g., Vss � V1

� V2 � V3 � V4).
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Calculation of pharmacodynamic parameters. In order to evaluate current
dosing guidelines, the PD indices fT�MIC, reflecting the cumulative percentage
of time over a period of 24 h that concentration exceeds MIC (33), and fAUC/
MIC, the ratio of the fAUC0–24 and MIC, were examined in all three matrices at
steady state. A MIC of 4 mg/liter was chosen because that concentration is
considered as a breakpoint value for the susceptibility of bacteria against lin-
ezolid (17, 30). For the determination of fT�MIC, the individual model-predicted
concentration-time profiles were evaluated.

Statistics. The statistical analysis was conducted using SPSS for Windows
(version 11.5; SPSS Inc.). Prior to the analysis, the distribution of data (Shapiro-
Wilk test) and the homogeneity of variances (Levene’s test) were evaluated. For
comparison of means, Student’s t test was used for normally distributed data with
homogeneous variances. For data not normally distributed, the Mann-Whitney
test was applied. In cases where paired samples were not normally distributed,
the comparison was performed using the Wilcoxon test. A P value of �0.05 was
considered statistically significant. Where not stated otherwise, data are pre-
sented as mean CV (%).

RESULTS

Subjects. Critically ill patients with a median age of 62 years
(range, 51 to 74 years) were included into the study. The
patients’ body weights ranged from 55 to 133 kg (median, 81
kg). Eleven patients (91.7%) developed septic shock, whereas
1 patient (8.3%) suffered from severe sepsis. All patients were
sedated and mechanically ventilated. Overall, two patients
(16.7%) suffered from serious adverse events. In both cases,
the patients died. For one of the remaining patients, sampling
on study visit 2 had to be discontinued 2 hours after adminis-
tration of the linezolid dose. Therefore, complete data sets for
graphical analysis were obtained from nine patients. However,
PK evaluation for study visits 1 and 2 could be performed for
12 and 10 patients, respectively.

In vivo relative recovery in patients. s.c. ISF probes dis-
played a mean RR of 53.1% (31.0%; n � 8) and i.m. ISF
probes a mean RR of 59.1% (17.0%; n � 8) on study visit 2.

There was no statistically significant difference between the
RR values with regard to the matrix (P � 0.10).

Determination of unbound linezolid. Two plasma samples
per patient and study visit were selected to determine the
individual protein binding (1 � fu). fu was calculated as the
ratio between unbound and total plasma concentrations.
The median of both fu values per study visit and patient was
calculated. The resulting individual unbound fractions
ranged from 73.0 to 95.9% with a mean of 86.6% (CV �
7.9%; n � 22).

Pharmacokinetics of linezolid in critically ill patients. For
each matrix (plasma and s.c. and i.m. ISF), the geometric mean
of the unbound linezolid concentrations versus time of at least
six observed single values is depicted in Fig. 1. For all matrices,
the mean minimal concentrations were below 4 mg/liter prior
to the administration of linezolid at steady state. For plasma,
mean unbound concentrations above 4 mg/liter were observed
until 7 h after the start of the linezolid infusion. A biphasic
concentration decline could be ascertained.

The extent of penetration of unbound linezolid into ISF was
quantified by determining the AUCt0–tz ratios at steady state.
The median penetration of linezolid into tissue interstitium in
intensive care patients was found to be 89.6% and 99.9% in s.c.
and i.m. ISF (n � 10 each), respectively, ranging substantially
from 20.2% to 118% and from 24.1% to 144%. While most of
the patients displayed a drug exposition in ISF of more than
80%, three subjects (25%) exhibited significantly lower ISF s.c.
and/or i.m. AUC ratios. For one patient, AUC ratios were
below 25% in both ISF matrices.

Compartmental pharmacokinetic data analysis in ultrafil-
trated plasma. All unbound plasma data were best described
by a two-compartment model. Nevertheless, it was not possible
to describe the entirely measured concentrations after single

FIG. 1. Geometric means of observed unbound linezolid concentrations in plasma (filled diamonds, solid line), s.c. ISF (open squares, dashed
line), and i.m. ISF (crosses, dotted line) of septic patients (n � 6 to 10) after multiple i.v. dosing. Error bars represent the geometric standard
deviations.
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and multiple dosing by using the same individual PK parame-
ter sets with the underlying assumption of unchanged PK dis-
position characteristics. To demonstrate the change in PK pa-
rameters within each individual patient from single to multiple
dosing, individual concentration-time profiles were simulated
for the entire investigation (generally up to �60 to 84 h) by use
of the parameters estimated by the two-compartment model
after single dosing. The model-predicted time course and the
observed concentrations are illustrated in the semilogarithmic
concentration-time profile of a representative patient (Fig. 2).
If the PK remained unchanged from the first dose to the steady
state, one would expect the model-predicted concentration
curve with the observed concentrations randomly spread
around this curve in the right part. However, the observed
concentrations at steady state were much higher than the ex-
pected concentrations due to intraindividual changes in PK.
Considering all individual profiles, simulated steady-state con-
centrations differed from measured concentrations to different
extents. Shallower slopes were observed for four patients
(44%). For five patients (56%), no changes in slope were
visible.

In order to improve the insufficient joint model fit, unbound
plasma data investigated at steady state were analyzed sepa-
rately. An open two-compartment model with different param-
eter estimates was successfully applied to data for all 10
patients. The geometric mean maximum concentrations pre-
dicted by the model at the end of the infusion were almost
unchanged from the first administration to the steady-state
administration. At the beginning of the linezolid treatment, the

model-predicted Cmax was on average 16.1 mg/liter (25.4%;
n � 12). After multiple dosing, concentrations reached a Cmax

of 16.4 mg/liter on average (30.4%; n � 9). Prior to the lin-
ezolid infusion at steady state, minimal concentrations were
estimated as 1.83 mg/liter (188%; n � 9) with a very broad
range between 0.109 and 9.52 mg/liter. The PK parameters
estimated by this model are summarized in Table 1. Except for
Vss, pronounced variability was observed in the PK parameters
clearance and intercompartmental clearance (CLD2) and in
the derived parameters AUC and half-life.

The comparison of mean, i.e., not individual, PK parameters
of all patients between single and multiple dosing, however,
revealed no significant differences in the volumes of distribu-
tion (P � 0.878), clearances (P � 0.285), or AUCs (P � 0.169).
In Fig. 3, the changes in individual values for the PK param-
eters CL and Vss, which are contrary to the overall results, are
depicted. If the ratio of CL and Vss had remained constant, the
terminal elimination half-life would have been unaffected.
However, in the observed patient population, the two param-

TABLE 1. PK parameters of unbound linezolid in plasma of
critically ill patients after multiple i.v. dosinga

Vss (liter) CL (liter/h) CLD2
(liter/h)

AUC
(mg · h/liter) t1/2 (h)b

62.9 (19.2) 9.18 (57.9) 62.1 (87.9) 65.3 (57.9) 5.0 (45.5)

a Values in parentheses are cv (%) geometric means (n � 10).
b t1/2, terminal elimination half-life.

FIG. 2. Intraindividual changes in PK of unbound linezolid in plasma from single dosing (left) to steady state (right). Model-predicted
concentrations based only on single-dose data are represented by the solid line, observed concentrations by filled diamonds. See text for details.

FIG. 3. Individual changes in clearance and volume of distribution
of unbound linezolid in plasma after multiple i.v. dosing of 600 mg
twice a day (each symbol represents the estimated parameter value for
one patient).

2458 BUERGER ET AL. ANTIMICROB. AGENTS CHEMOTHER.



eters changed to higher and lower values for all patients, but to
different extents. Thus, the terminal elimination half-life
changed in each individual case to a different degree.

Compartmental pharmacokinetic analysis of unbound plasma
and ISF data. The structure of the integrated model incorpo-
rating all unbound plasma and both ISF data sets after i.v.
multiple dosing is depicted in Fig. 4. For reasons of model
stability, no combined analysis of data after single and multiple
dosing was conducted. The specific factors of tissue penetra-
tion served for modeling purposes as a constant proportional-
ity factor. For four patients, the parameter CL3 (elimination
from compartment 3) was included into the individual models.
In these cases, the respective intercompartmental clearances
(CLD3) were incorporated as monodirectional clearances. The
peripheral volumes of distribution V2 and V3 were fixed to 1
liter to increase the model stability.

The mean pharmacokinetic parameters of unbound lin-
ezolid after single and multiple i.v. dosing estimated by the
integrated model are displayed in Table 2. The volume of
distribution after the first i.v. infusion was similar to the dis-
tribution volume calculated by the unbound plasma model
after a single dose and was consistent in terms of variability
characteristics. The mean clearance corresponded to the result
of the unbound plasma model in size and variability. A semi-
logarithmic unbound concentration-time profile in plasma and
ISF after multiple i.v. dosing of a representative patient is
depicted in Fig. 5.

A goodness-of-fit plot is depicted in Fig. 6. It shows the
overall performance of the integrated model to predict the
unbound plasma and s.c. and i.m. ISF data. Since the data of
the model-predicted and observed concentrations of all three
matrices randomly spread around the line of identity, there was
no bias or misspecification in the structural model. All data
were close to the line of identity, indicating a good precision of
the predictions.

Although linezolid showed an ISF penetration with a me-
dian value of at least 89.6%, one cannot conclude that effective
concentrations will be achieved at the target site for a sufficient
time period in all individual patients. Therefore, the PD indi-
ces fT�MIC and fAUC/MIC, based on unbound concentrations,
were calculated, and the results are given in Table 3. At steady

state, three of nine patients (33%) showed fT�MIC values in
plasma of less than 40%. In s.c. and i.m. ISF, fT�MIC remained
below 40% in four of nine and two of nine individuals (44%
and 22%), respectively. fAUC/MICs exceeded the value of 51
only in two cases: for one patient in plasma and for another in
i.m. ISF. Additionally, the large range of the calculated data
was remarkable. While some patients achieved sufficient un-
bound linezolid concentrations in plasma and ISF during the
whole dosing interval, concentrations in ISF of other subjects
remained below the MIC for a large proportion or even the
entirety of the dosing interval.

As described above, the distributions of linezolid into ISF
varied among the patients. In 1/12 patients (8.3%), the extent
of ISF distribution differed considerably from that for the
remaining patient population. The concentration-time profile
of this patient is presented in Fig. 7. Although unbound plasma
concentrations during the time of linezolid therapy were at the
high end compared to those for other patients, ISF concentra-
tions showed a very deviant pattern. After single dosing as well
as after multiple dosing, the MIC was exceeded only for a very
short time period.

DISCUSSION

In the present study, the unbound concentrations of lin-
ezolid in plasma and in s.c. and i.m. ISF of septic patients were
quantified. The microdialysis method was successfully applied
after the administration of multiple intravenous infusions in
this important but also difficult-to-investigate patient popula-
tion. For the first time, the direct measurement of unbound
ISF linezolid concentrations was performed under steady-state
conditions by applying the microdialysis technique to critically
ill patients.

Distribution of linezolid into tissue interstitium was rapid in
most patients. Other investigations considering the ISF distri-
bution of the anti-infective agent in patients are not directly
comparable, since in these investigations, total concentration
(29, 31, 43) or the concentration in epithelial lining fluid (ELF)
(4) was measured. Lovering et al. (31) and Rana et al. (43)
used the biopsy sampling technique and in addition collected
drainage fluid. The first group found linezolid penetrations of
26.5 and 93.0% for adipose and muscle tissue, respectively
(31). In particular, the penetration values for adipose tissue
were smaller than those in our study. One reason might be the
difference in the techniques used. Microdialysis measures un-
bound concentrations in the interstitium of the tissue, while
biopsy sampling does not differentiate between intra- and ex-
tracellular concentrations and includes various types of tissue.
Only the unbound concentration in the interstitium, however,
is considered to contribute to the efficacy of anti-infectives.
When performing a comparison with the results obtained from

TABLE 2. PK parameters of unbound linezolid estimated by the
integrated model after single and multiple linezolid dosinga

i.v. dosing type Vss (liter) CLtot (liter/h)

Single (n � 12) 61.4 (29.0) 9.91 (45.0)
Multiple (n � 9) 79.8 (23.6) 8.44 (60.1)

a For Vss and CLtot, values in parentheses are cv (%) geometric means.

FIG. 4. Structure of the integrated pharmacokinetic models for
simultaneous modeling of unbound plasma and s.c. and i.m. ISF data
after multiple dosing of linezolid (see text for details).
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drainage fluid (31), one should keep in mind that this is a
pathophysiological fluid caused by reactions after surgery and
is not representative of interstitial fluids. The measurement of
linezolid concentrations in the epithelial lining fluid of me-
chanically ventilated patients at two certain time points sug-
gested an adequate distribution into lung tissue (4). Consider-
ing the concentration in ELF, Boselli et al. (4) observed a
maximum concentration twofold higher than that we found in
ISF of skeletal muscle. Obviously, the results gained in the
ELF study do not reflect the situation for other peripheral
tissues, due to the special pathophysiological conditions de-
scribed below. As the study presented here included the con-
tinuous measurement of ISF concentrations, the area under
the concentration-time curve was ascertainable for ISF data.

This allowed a more comprehensive evaluation of drug expo-
sition and penetration in the tissue interstitium and might
therefore explain the differences between these and other pub-
lished results.

The concentration-time curves of unbound linezolid in
plasma and s.c. and i.m. ISF were simultaneously modeled by
a stepwise approach. After the unbound concentrations in
plasma alone were analyzed, an integrated pharmacokinetic
model based on plasma and ISF concentrations was developed.
The use of a two-compartment model for the description of
unbound linezolid pharmacokinetics in plasma is in concor-
dance with the results of other investigations (32, 53). While
never before reported for linezolid, comodeling of unbound
plasma and ISF concentrations with an individual compart-
mental PK analysis approach (12, 20, 38) or by using popula-
tion pharmacokinetic analysis techniques (6, 50, 51) for other
drugs has previously been described, but application is still
rare. Here, an integrated model for linezolid with minor inter-
individual variations in the model structure was developed.

Compared to previously published data for healthy volun-
teers, the average values we found for volume of distribution
and clearance were higher (9, 11, 47, 49). Because the bioavail-
ability of linezolid is reported to be 100% (37), the parameter
values of Vss and CL reported after oral administration can be
directly compared without a correction. Nevertheless, other

FIG. 5. Model-predicted concentration-time profile of a representative patient after multiple linezolid dosing.

FIG. 6. Goodness of fit of the integrated PK model after multiple
i.v. dosing showing the unbound model-predicted data versus observed
data from the three matrices plasma (filled diamonds), s.c. ISF (open
squares), and i.m. ISF (crosses) (n � 9). The solid line represents the
line of identity.

TABLE 3. fAUC/MIC and fT�MIC values for linezolid in
ultrafiltrated plasma and s.c. and i.m. ISF of

critically ill patients after multiple dosinga

Parameter

fAUC/MIC in: f T�MIC (%) in:

UF
ISF

UF
ISF

s.c. i.m. s.c. i.m.

x� 29.9 29.1 33.0 59 54 90
Minimum 12.0 10.1 14.1 16 0 24
Maximum 88.2 48.7 53.0 100 100 100

a MIC � 4 mg/liter. For s.c. and i.m. ISF, n � 9. For ultrafiltrated plasma
(UF), n � 10.
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pharmacokinetic studies with critically ill patients (4, 32)
yielded results similar to ours. In general, the model-predicted
maximum concentrations at the end of the infusion did not
substantially increase from single to multiple dosing. Thus,
persistent accumulation of linezolid during the twice-daily
treatment could not be observed. This can be explained by the
relatively small half-life/dosing interval ratio resulting in high
drug fluctuation. Although the elimination rate changed indi-
vidually in the course of therapy, there was also no accumula-
tion in those patients where the clearance decreased over time.
In these individuals, the increased half-life was still consider-
ably smaller than the dosing interval. In addition, other PK
parameters, e.g., Vss, changed as well. The increase in the
volume of distribution in critically ill patients might be caused
by fluid retention due to an insufficiency of elimination path-
ways and/or high fluid input resulting in significant “third spac-
ing.” In accordance with the results obtained by Meagher et al.,
we did not observe any significant increase in minimum and
maximum concentrations over time in critically ill patients
(32), while Whitehouse et al. (53) described a distinctive lin-
ezolid accumulation in this patient population. Compared to
healthy volunteers, our study patients had a significantly de-
creased drug exposition expressed as AUCss after multiple
dosing (P � 0.017) (data not shown) due to substantially in-
creased clearance values. These results corroborate the find-
ings of Meagher et al. (32). Considering the metabolism of
linezolid as a pathway of nonenzymatic oxidation as previously
suggested (47), the more rapid elimination may be caused by
increased oxidative stress in the septic patients compared to
non-critically ill patients (32). In a recent short notice, Egle et
al. reported decreased linezolid plasma concentrations due to
an interaction with rifampin (13).

The pharmacokinetic changes observed when intraindividu-
ally comparing single and multiple dosing data could not be
statistically proven for the average population values. Closer
examination of the data revealed that individual changes in
parameters occurred heterogeneously due to the high variabil-
ity across the patient population. Meagher et al. also observed
changes of clearance within subjects (32).

For critically ill patients, linezolid showed a generally good

but interindividually variable penetration into the tissue inter-
stitium. The results demonstrated that for the majority, un-
bound concentration kinetics in ISF mostly mimicked the un-
bound concentration kinetics in plasma. However, 1/12
patients (8.3%) showed a dramatically lower distribution into
the ISF. As this pattern was found in both skeletal muscle and
s.c. adipose tissue during the whole study period, i.e., with four
different microdialysis probes, experimental problems can be
excluded. Other investigators also found impaired drug distri-
bution in the critically ill (7, 26–28, 50). Besides the physico-
chemical properties of a compound, distribution into tissue
and the drug concentration achieved at the target site are
mainly the results of tissue perfusion, the existence of diffusion
barriers, and the volume of the interstitial space fluid. For
septic patients, the overwhelming inflammatory state of sepsis
leads to capillary leakage and a distinctive peripheral vasodi-
latation followed by a displacement of fluid, solutes, and pro-
teins into the interstitial space (42). The administration of
large amounts of fluid to achieve hemodynamic stability for
septic patients is a basic therapeutic principle (24) and con-
tributes to the increase of fluid volume in the body. Subse-
quently, the extracellular volume and hence the compartment
of drugs being distributed into it will be enlarged as well. On
the other hand, the sustained compromised microcirculation in
peripheral tissues, e.g., skeletal muscle, may be an additional
reason for impaired drug distribution into the tissue. Even
after complete restoration of the macrohemodynamics, e.g.,
the intravascular volume, a significant proportion of malper-
fused vessels was observed with septic patients (52). The alter-
ation of the composition of the interstitial space fluid due to
the capillary leakage, especially the shift of proteins, may alter
the concentration of unbound drug (42). Due to the relatively
low protein binding of linezolid, this effect may not be respon-
sible for the very low ISF concentrations observed with the
particular patient. Dosing recommendation based solely on
(unbound) plasma concentration for this particular patient
would have led to an overestimation of ISF concentrations,
resulting in turn in a continuation of the twice-daily dosing
scheme, with the consequence of subinhibitory concentrations
in infected tissue interstitium and a possible treatment failure.

FIG. 7. Observed concentration-time plot of a patient with impaired drug distribution into tissue interstitium after single and multiple dosing
of linezolid.
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In general, concentrations measured in microdialysate lead
to the conclusion that linezolid distributed into ISF with a high
maximum but for various durations. The PD indices fT�MIC

and fAUC/MIC were identified as important determinants of
linezolid efficacy in vitro and in vivo (1, 2, 23, 44). In several
animal infection models, an fT�MIC of �40% significantly en-
hanced bacterial killing of pneumococci (1, 23), and fAUC/
MICs between 48 and 147 were necessary for the bacteriostatic
effect of linezolid (2, 23). Taking these fT�MIC values into
account, 7/10 patients had effective unbound linezolid concen-
trations in plasma. For critically ill patients, Rayner et al. found
breakpoint values for fT�MIC of �82% and fAUC/MIC values
of �51 for the probability of bacterial eradication with respect
to the infection site (44). In our study, fT�MIC in plasma and
ISF was �82% only in four patients (40%), and nearly all
patients showed fAUC/MICs in plasma and ISF of less than 51.
Assuming that a bacterial strain with a MIC of 4 mg/liter
caused the infection, a more frequent linezolid dosing scheme,
e.g., 600 mg three times a day, might be considered to avoid
subinhibitory concentrations in the infected tissue interstitium
and thus to circumvent an ineffective antimicrobial therapy and
the development of resistance. Finally, it should be kept in
mind that PD target values were established aiming at un-
bound plasma concentrations (2, 23). To our best knowledge,
it has not yet been demonstrated that these values are also
applicable to concentrations in tissue interstitium.

In conclusion, the study presented here underlines the need
for additional pharmacokinetic investigations with critically ill
patients. Due to their special pathophysiological conditions,
results from studies with healthy volunteers or patients with
mild diseases may not be applied to this patient population.
Microdialysis investigations determining unbound drug con-
centrations in the critically ill are feasible. Further sophisti-
cated PK modeling is needed to systematically evaluate the
described differences in PK parameters. Modeling the data by
using a population pharmacokinetic approach may help to
assess the different types of variability (inter- and intraindi-
vidual; predictive and random components) and to predict ISF
concentrations based on unbound plasma data. Relating the
pharmacokinetic data to results of further pharmacodynamic
investigations using unbound concentrations in tissue intersti-
tium will be a valuable basis for optimizing sampling schedules
for septic patients and possibly for individualizing the antimi-
crobial therapy as well.
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