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Abstract
Purpose Linezolid is an option for the treatment of infections
caused by multiresistant Gram-positive bacteria. The survival
of critically ill patients with acute renal failure (ARF) can be
improved by increasing the dose of renal replacement therapy.
Extended (daily) dialysis (ED) is a new and important

approach to renal replacement therapy in intensive care units.
The aim of the study was to evaluate the pharmacokinetics of
linezolid in septic patients without ED and on ED, respectively.
Methods We studied the pharmacokinetics of linezolid in
adult intensive care patients with sepsis (n=5) and anuric
septic patients with ARF being treated with ED (n=10).
Linezolid 600 mg was administered intravenously twice
daily. The pharmacokinetic parameters, their variability, and
possible covariates were analyzed using NONMEM.
Results The pharmacokinetics of linezolid followed a two-
compartment model with clearance (Cl)=0.159 L h−1 kg−1 ±
51% (population mean ± interindividual variability), central
volume of distribution (V1)=0.273 L/kg ± 21%, intercom-
partmental clearance (Q)=0.369 L h−1 kg−1, and peripheral
volume of distribution (V2)=0.271 L/kg. The clearance in
ED patients while on dialysis was increased by 3.5 L/h, and
patients with liver transplantation/resection had their clear-
ance reduced by 60%. Intra-individual variability was much
smaller than inter-individual variability.
Conclusions Our results suggest that linezolid pharmacoki-
netics in critically ill patients with ARF undergoing ED is not
comparable to that in healthy subjects and patients without
ARF. The best method of managing linezolid dosage in such a
complex group of patients, whose physiology can vary daily,
would be to use therapeutic drug monitoring.

Keywords Intensive care unit . Linezolid .Methicillin-
resistant Staphylococcus aureus . Renal replacement
therapy . Septic shock . Vancomycin-resistant enterococci

Introduction

Adequate antimicrobial therapy is of crucial importance for
the survival of critically ill patients with severe nosocomial
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infections. In intensive care patients suffering from sepsis
and multiple organ failure, extended dialysis is an important
supportive extracorporeal renal replacement therapy. De-
spite the increasing use of extended dialysis in the intensive
care unit (ICU) throughout Europe and the USA [1–7], little
data are available on the effect of this highly efficient renal
replacement therapy on the elimination of frequently used
drugs in critically ill patients.

Antimicrobial agents are among the most commonly
prescribed drugs in this population. The aim of antimicro-
bial chemotherapy is to eliminate an infection as rapidly as
possible. To accomplish this, sufficiently high concentra-
tions of antimicrobial agents must reach the site of infection.
Linezolid has a low molecular weight (337 Da), only 31%
protein binding, and a distribution volume ranging from 0.5
to 0.8 L/kg, which approximates that of total body water. It is
therefore likely that an important fraction of linezolid is
removed during renal replacement therapy, potentially
resulting in plasma concentrations below therapeutic con-
centrations, thereby promoting resistance and limiting
linezolid effectiveness in severe infections caused by multi-
resistant Gram-positive bacteria [8–11].

Recently published scientific data have improved our
understanding of the pharmacokinetic/pharmacodynamic
factors governing optimal bactericidal activity of different
classes of antibiotics and has resulted in a re-evaluation of
dosing and monitoring strategies. Animal models suggest
that linezolid has a time-dependent activity and that a time
above minimum inhibitory concentration (T > MIC) of 39%
of the dosing interval and an area under the plasma
concentration time curve (AUC) to MIC ratio (AUC/MIC)
> 147 are associated with increased survival [12]. In
humans, optimal pharmacokinetic/pharmacodynamic indi-
ces have been described for the antimicrobial efficacy of
linezolid as a T > MIC of >85% and AUC/MIC > 100 [13].

To date, no data are available on linezolid kinetics and
dynamics in critically ill septic patients on extended dialysis
(e.g., for GENIUS batch dialysis system; Fresenius Medical
Care, Bad Homburg, Germany), and drug administration is
thus extrapolated from data obtained in healthy volunteers
or patients differing substantially from ICU patients.
However, large interindividual variability in linezolid
interstitial concentrations in patients with sepsis or septic
shock suggest that a scheme of more frequent daily dosing
would be more appropriate for at least some of the critically
ill patients [14].

Patients with sepsis or septic shock are usually highly
catabolic and often need a larger dose of renal replacement
therapy. Indeed, two recent controlled studies have revealed
that increasing the dose of renal replacement therapy
increases the survival of critically ill patients with renal
failure [1, 2]. Thus, the progress to renal replacement
therapies with higher clearances as well as their wider

application requires a reassessment of dosing regimes and
pharmacokinetic data, particularly of drugs easily removed
by dialysis [15]. We have therefore assessed the pharma-
cokinetics of an important antimicrobial agent against
infections due to multiresistant strains in septic ICU
patients. The aim of our study was to investigate the
pharmacokinetics of linezolid in septic patients and anuric
critically ill patients undergoing extended dialysis (ED).

Patients and methods

Patients and study protocol

This was a 24-h pharmacokinetic study carried out in the
interdisciplinary surgical intensive care unit (SICU) of the
University Hospital of Heidelberg, Germany, which is a
large tertiary care center. The SICU cares for abdominal,
urological, vascular, and trauma surgery patients. The study
protocol was approved by the independent Ethics Commit-
tee of the University of Heidelberg, Germany and the
responsible German authority BfArM (EudraCT-number:
2006-002338-39). It was conducted in accordance with the
Declaration of Helsinki and German federal guidelines.

We enrolled 15 adult intensive care patients with sepsis
treated with linezolid. Of these, ten sepsis patients had
acute anuric renal failure that was being treated with ED
(n=10), and five septic patients had no acute anuric renal
failure and did not receive ED. Sepsis was defined as the
systemic inflammatory response to infection, as stated by
the American College of Chest Physicians/Society of
Critical Care Medicine (ACCP/SCCM) Consensus Confer-
ence Committee [16]. Women had to be at least 2 years
postmenopausal to be included in the study. The choice of
the antibiotic for each patient was made at the attending
physician’s discretion, according to the recommendations of
the German Paul-Ehrlich-Society and the guidelines of the
Infectious Disease Society of America. Patients were
entered into the study after written informed consent had
been obtained from the patient or the patient’s legal
representative. Clinical patient data as well as diagnoses at
SICU admission were recorded. Predicted mortality rates
were calculated according to the Acute Physiology And
Chronic Health Evaluation II (APACHE II) score. To assess
and compare organ dysfunction in the two groups of
patients, we calculated the Sequential Organ Failure
Assessment (SOFA) score for each patient at study entry.

Linezolid (600 mg) was infused twice daily over a
period of 60 min. Extended dialysis was performed in ten
septic patients using the GENIUS batch dialysis system
with a polysulphone high-flux dialyzer (F60S, surface area
1.3 m²; Fresenius Medical Care) as described previously
[17, 18]. The average dialysis time of these ten patients was
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19.5 h (range 12–24 h) with blood flow rates set to 110–
150 mL/min during the study. The technical aspects of the
system, in brief, are: sterile bicarbonate dialysate is filled
into the air-free 90-L tank and then circulated in a closed
loop circuit; during dialysis, fresh dialysate is withdrawn
from the top of the tank while the spent dialysate flows
back to the bottom.

Blood samples (EDTA plasma) were drawn from the
arterial line in all patients at time points t=0, 1, 1.5, 2, 3, 4,
6, 8, 11.9, 13, 13.5, 14, 15, 16, 18, 20, and 23.9 h (on
administration days 2–4). Linezolid infusions were admin-
istered at time points t=0 and 12 h. Using this design, we
obtained three trough concentrations (Cmin) immediately
before linezolid administration (t=0, 11.9, and 23.9 h) and
two peak concentrations (Cmax) right at the end of the
1-h linezolid infusion (t=1 and 13 h) in each patient.
Additional blood samples were drawn from the afferent and
efferent blood lines of the dialyser membrane in order to
calculate dialyser clearance from the arterio-venous con-
centration difference and blood flow.

Linezolid quantification

Linezolid concentrations were determined in plasma sam-
ples using a previously described high-performance liquid
chromatography method with UV absorbance detection
[19]. This method has a lower limit of quantification of
0.1 mg/L and a linear calibration range of 0.5–40 mg/L.
The method showed excellent reproducibility, with an inter-
and intraday assay precision of <5% [percentage relative
standard deviation (SD)], as well as excellent accuracy,
with an inter- and intraday assay accuracy ranging from
100.6 to 103.2%. The stability of standard solutions kept
for up to 6 months in water and plasma under −70°C
freezer conditions was proven. Quantitative recovery was
possible after up to three freeze–thaw cycles.

Data analysis

All pharmacokinetic calculations were performed with
NONMEM ver. VI (University of California, San Francisco,
USA) using the first-order conditional estimation method
with the interaction option. Pharmacokinetic parameters of
linezolid with or without ED were estimated using a two-
compartment model. For the main question addressed, the
effect of ED on the clearance of linezolid, the population
pharmacokinetic method is the best method, as only this
method can distinguish between the different sources of
variability (interindividual, intra-individual, and residual
variability) as well as the effects of liver transplantation/
resection, weight, or other parameters. Non-compartmental
analysis with descriptive statistics cannot precisely distin-
guish between these different confounders.

Observed linezolid plasma concentrations versus fitted
plasma concentrations (Goodness-of-fit plot) were analyzed
by linear regression analysis.

Several models were tested using NONMEM, including
the influence of dialysis therapy and liver transplantation/
resection on linezolid clearance. The best fitting model for
these patients was a two-compartment-model. Individual
clearance (Cl) values were calculated according to Eq. 1:

Cl ¼ Clpop*BW* exp ETAð1Þð Þ þ FDia*Dialysisð Þ� �
* 1� FLS*LSð Þ

ð1Þ
where Clpop = Population average of the clearance, BW =
body weight, ETA(1) = interindividual variable, FDia =
factor of dialysis therapy, Dialysis = 1 with Dialysis, 0
without Dialysis, FLS = factor for liver transplantation/
resection, and LS = 1 for liver transplantation/resection, 0
without liver transplantation/resection.

The volume of distribution in the central compartment
(V1) and the peripheral compartment (V2) and the inter-
compartmental Cl (Q) were also calculated, using Eqs. 2, 3,
and 4.

V1 ¼ V1 pop*BW* exp ETAð2Þð Þð ð2Þ
where V1 pop = population average of the volume of
distribution in the central compartment and ETA(2) =
interindividual variable.

V2 ¼ V2 pop*BWð Þ ð3Þ
where V2 pop = population average of the volume of
distribution in peripheral compartment.

Q ¼ Q pop*BWð Þ ð4Þ
where Q pop = population average of the intercompartmental
clearance. Extracorporal clearance across the dialysis mem-
brane was calculated from concentrations in the afferent (Cin)
and efferent (Cout) blood lines according to Eq. 5:

Cldial ¼ Flin � Cin � Flout � Coutð Þ=Cin ð5Þ
where Flin is the afferent and Flout the efferent blood flow.

Statistical analysis was carried out using Origin Pro
8 SRO (OriginLab Corp, Northhampton, MA) and SPSS
ver. 16.0 (SPSS, Chicago, USA). Demographic and clinical
data were analyzed with the Mann–Whitney test for
continuous variables. Data are reported as mean ± standard
deviation (SD) unless otherwise stated. P values<0.05 were
considered to be significant.

Results

Data from 15 patients with severe sepsis or septic shock treated
with linezolid were analyzed in this 24-h pharmacokinetic

Eur J Clin Pharmacol (2010) 66:291–298 293



study after written informed consent had been obtained from
the patient.

Patient characteristics

Patient demographics and disease severity scores within the
24-h observation period are reported in Table 1. Dialysis
patients were younger, but otherwise the two patient groups
were similar in terms of disease, organ dysfunction severity,
and predictable death risk. Patient diagnoses and surgical
interventions are shown in Table 2. No adverse events
attributable to linezolid were observed during the

24-h pharmacokinetic study. Causative pathogens of infec-
tion in all patients were either methicillin-resistant Staph-
ylococcus aureus (MRSA) or vancomycin-resistant
enterococci (VRE), and all had been tested to be susceptible
to linezolid.

Pharmacokinetic parameters

Model-predicted and observed concentrations (Goodness-
of-fit plot) randomly spread around the line of identity, with
values close to the line of identity. The overall R2 was 0.75,
indicating a good precision of the predictions.

Peak and trough concentrations in the two groups were
similar. In the dialysis group, Cmin values showed a range
of <0.1–8.8 mg/L (median 1.0; SD 2.7 mg/L), and the Cmax

ranged from 7.9 to 22.0 mg/L (median 14.1; SD 4.9 mg/L).
In the non-dialysis group, Cmin values showed a range of
0.1–9.5 mg/L (median 0.5; SD 3.6 mg/L), and the Cmax

ranged from 7.5–24.9 mg/L (median 11.8; SD5.9 mg/L).
Patients with liver transplantation (n=3) or liver resection
(n=3) had significantly higher trough concentrations (p=
0.008) (range 0.5–9.5; median 2.7; SD 3.7 mg/L) and higher
peak concentrations (p=0.016) (range 12.0–24.9; median
18.8; SD 3.9 mg/L,) than patients without liver transplanta-
tion/resection. Figure 1 shows the linezolid concentration–
time profiles of the septic patients divided into the four
experimental groups: with dialysis, without previous liver
transplantation/resection (a); with dialysis, with previous
liver transplantation/resection (b); without dialysis, without
previous liver transplantation/resection (c); without dialysis,
with previous liver transplantation/resection (d).

The population pharmacokinetics is shown in Table 3.
Interindividual variability in Cl was large (51%), even after
the covariates weight, dialysis, and liver transplantation/

Table 1 Demographics and co-morbidity scores of critically ill
patients treated with intravenous linezolid

Patient demographics and
disease severity scores

Septic patients on
extended dialysis

Septic patients
without dialysis

Number of patients 10 5

Gender (female/male) 4 / 6 1 / 4

Age (years) 57.2±11.9* 68.6±4.2*

Body weight (kg) 97.4±19.4 88.8±9.1

BMI (kg/m²) 33.5±6.8 30.3±5.3

APACHE II-Score 30.2±5.6 26.3±5.6

SOFA-Score 13.9±3.4 12.0±2.6

liver transplantation/
resection (n)

5 1

Serum creatinine (mg/dL) 1.03±1.04 ** 0.78±0.35

*p=0.03, indicating significant difference

All values are given as the mean ± standard deviation (SD)

BMI, Body mass index; APACHE-II, Acute Physiology And Chronic
Health Evaluation II; SOFA, Sequential Organ Failure Assessment

**Serum creatinine value under extended dialysis (renal replacement
therapy) because of acute renal failure

Patient no. Diagnosis Surgical intervention

1 Uterus myomatosus Hysterectomy

2 Cryptogenic liver cirrhosis Liver transplantation

3 Aortic aneurysm Aorta prosthesis

4 Ethyltoxic liver cirrhosis Liver transplantation

5 Rectum carcinoma with liver metastasis Hemihepatectomy

6 Perforation of colon Colectomy

7 Ethyltoxic liver cirrhosis Liver transplantation

8 chronic hepatitis C, cholangiocarcinoma Hemihepatectomy

9 Abscess-forming inflammation of kidney transplant Nephrectomy

10 Adenocarcinoma of cardia Esophagus resection

11 Aortic aneurysm Aorta prosthesis

12 Hepatic necrosis with tumour infiltration Hemihepatectomy

13 Cystic carcinoma of head of pancreas Pancreas resection

14 ischemic necrosis of stub Upper limb amputation

15 Peritonitis with acute pancreatitis, colonic fistula Colectomy

Table 2 Diagnosis and surgical
intervention of the critically ill
patients treated with intravenous
linezolid

Patients 1–10 were on extended
dialysis (ED); patients 11–15
were without renal replacement
therapy
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resection were taken into account. Dialysis increased the CI
of linezolid by 3.5 L/h, corresponding to a mean increase of
23%. In patients after liver transplantation/resection, line-
zolid CI was reduced by 60% relative to patients without
prior liver transplantation/resection. The mean initial half-

life t1=2a was 0.23 h and the terminal half-life t1=2b was
4.10 h for all septic patients.

Across the dialysis membrane linezolid plasma concen-
trations decreased on average by 50% (range 30–58%). The
part of the CI created by the dialysis membrane calculated
according to Eq. 5 was 3.7±0.8 L/h, i.e., 38±22.4% of total
linezolid CI. The population model revealed a prognostic
value for CI at the dialysis filter of 3.5 L/h (Table 2).
Clearance data are summarized and compared with the
results reported for renal replacement therapy in the
literature in Table 4.

Pharmacokinetic / pharmacodynamic indices

Table 5 shows time above MIC (T > MIC), AUC24, and the
ratio AUC24 to MIC (AUC24/MIC) of both groups (patients
with or without ED) and for patients with or without
previous liver transplantation/resection. The calculation was
made with a MIC based on the susceptibility breakpoint for
linezolid being 4 mg/L [20]. There was no statistically
significant difference between patients with or without ED
at a T > MIC (p=0.42) and AUC24/MIC (p=0.5) but, in
accordance with the smaller Cl, values were higher in
patients with previous liver transplantation/resection: T >
MIC (p=0.01) and AUC24/MIC (p=0.01).

Discussion

Our pharmacokinetic analysis of septic patients with acute
renal failure and with or without ED revealed that: (1)
linezolid concentration–time profiles are highly variable;
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Fig. 1 Plasma concentration–
time profiles of the 15 septic
patients, divided into different
groups: a With dialysis, without
previous liver transplantation/
resection, b with dialysis, with
previous liver transplantation/
resection, c without dialysis,
without previous liver trans-
plantation/resection, d without
dialysis, with previous liver
transplantation/resection. Broken
line = minimum inhibitory con-
centration=4 mg/L

Table 3 Linezolid population pharmacokinetics in 15 septic patients
with and without extended dialysis

Pharmacokinetic
parameter

Population
mean

Interindividual
variability

Intra-
individual
variability

Cl (L h−1 kg−1) 0.159
(14%)

51% (31%) 10%
(27%)

Effect of dialysis on Cl + 3.5 L/
h (30%)

Effect of liver
transplantation/resection
on Cl

−60%
(22%)

V1 (L/ kg) 0.273
(8.4%)

21% (31%) 20%
(33%)

Q (L h−1 kg−1) 0.369
(11%)

V2 (L/ kg) 0.271
(5.5%)

Terminal half-life (t1/2β) 4.10 h

Residual error

Proportional 4.13%
(23%)

Additive (mg/L) 0.285
(23%)

Standard error (SE) is given in parenthesis

V1, Volume of distribution in the central compartment; V2 , volume of
distribution in the peripheral compartment; Q, intercompartmental
clearance; CI, total clearance
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(2) linezolid trough concentrations are often below the
susceptibility breakpoint and only transiently above the
MIC, suggesting that (3) the best method would be a
therapeutic drug monitoring (TDM) approach to achieve
effective antimicrobial therapy. In light of the emerging
resistance to antimicrobials such as the oxazolidinone line-
zolid, the optimization of antimicrobial use through the
integration of pharmacokinetic and pharmacodynamic data
appears to be important. The results of a large compassionate-
use study revealed that both an AUC/MIC >100 and a T >
MIC of >85% are optimal biomarkers for linezolid clinical
effectiveness [13].

Sepsis is known to influence drug pharmacokinetics
owing to changes in the hemodynamics, capillary perme-
ability, third spacing, acid–base status, serum proteins, and
organ function of the patient. For example, underexposure
may occur because of an increased volume of distribution
(e.g., as a result of edema in sepsis) and/or enhanced renal
clearance (e.g., as a result of hyperdynamic conditions
during sepsis). On the other hand, overexposure may occur
because of a drop in renal clearance caused by renal
impairment [21, 22]. Due to these factors, plasma and tissue
concentrations of antibiotics are often suboptimal when

drugs are administered at dosages suggested for healthy
volunteers [23]. In our patient cohort, large interindividual
variations in plasma concentrations and low Cmin values
were associated with an increase in the Cl and volume of
distribution relative to those found in healthy volunteers
[24]. The increased CI may be a result of renal replacement
therapy, and the increased volume of distribution may be
due to septic conditions, such as edema. The half-life was
also shortened in our study population with sepsis or septic
shock. Our data therefore confirm recent findings in
patients with sepsis or septic shock [14]. In this earlier
study, the large fluctuations in linezolid plasma concen-
trations were also reflected in the considerable fluctuation
of linezolid interstitial concentrations, suggesting that a
regimen with more frequent dosing may be more appropri-
ate and ultimately more effective [14]. Our data confirm
this suggestion for septic patients with or without ED, but
not for patients with liver transplantation/resection. Severe
liver failure may occur in some cases after liver transplan-
tation or resection. However, severe liver failure in the ICU
would be characterized by significantly elevated bilirubin
levels and/or a decreased production of coagulation factors.
Both did not correlate in our study with elevated linezolid

Table 4 Clearance data of linezolid in intensive care patients with acute renal failure undergoing renal replacement therapy. Data of present study
were compared with data reported in the literature

Data sources Number of patients Dialysisa Cltot (L/h) Cldial(L/h) APACHE II score Removed drug fraction (mg)

Present data 10 ED 12.8±6.5 3.7±0.8 15–36 211–266

Meyer [28] 20 CVVH 9.3±3.5 1.9±0.8 7–40 n.d.a.

Fiaccadori [31] 5 IHD 6.0 n. d. a. 23–29 n.d.a.

Mauro [29] 1 CVVHDF 11.3 0.9–1.3 n.d.a. 50

Kraft [30] 1 CVVH 5.1 L/h n.d.a. n.d.a. n.d.a.

Pea [21] 2 CVVH n.d.a. 1.2 / 1.6 n.d.a. n.d.a.

Fiaccadori [32] 8 IHD n.d.a. 4.9 L/h 18–31 194±38

5 ED n.d.a. 2.0 L/h 21–36 205±77

2 CVVH n.d.a. 1.2 L/h 27 75–105

CLdial, Dialysis clearance due to the dialysis system; n.d.a., no data available
a IHD, Intermittent hemodialysis; CVVH, continuous venovenous hemofiltration; CVVHDF, continuous venovenous hemodiafiltration; ED
extended dialysis

Table 5 Time above MIC, AUC24, and AUC24/MIC of linezolid therapy of septic patients with or without extended dialysis

Patient groups T > MIC (%) AUC24 [h mg L−1) AUC24/MIC (h)

With dialysis 50.6±29.7 115.2±70.6 28.8±17.7

Without dialysis 40.4±35.9 123.5±124.4 30.9±31.1

With previous liver transplantation/resection 74.5±30.4 196.6±109.9 49.1±27.5

Without previous liver transplantation/resection 28.9±13.0 75.2±30.4 18.8±7.6

Values are given as the mean ± SD

T > MIC, Time above the minimum inhibitory concentration; area under the plasma concentration time curve at 24 h (AUC24) to MIC ratio. The
MIC based on the susceptibility breakpoint for linezolid being 4 mg/L [20]
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plasma levels. The cause of the decreased linezolid
metabolism in patients following liver transplantation/liver
resection is as yet undetermined. However, alterations in the
activity of liver enzymes after ischemia/reperfusion due to
liver transplantation or resection is likely, although common
clinical markers (bilirubin, coagulation system) may not
have been sensitive enough to detect this in our investigation.

Because changes in the volume of distribution and CI
can occur quite rapidly, it may be possible to avoid
subtherapeutic concentrations by the continuous adminis-
tration of antimicrobials with a time-dependent profile [23,
25]. One problem associated with continuous infusion
without TDM, however, is its potential to promote
resistance development when concentrations of linezolid
are maintained constantly around the MIC [26].

We would like to point out that the population
pharmacokinetic approach applied in our study is preferable
to the non-compartmental method with descriptive statis-
tics. The former method can also be applied in rich data
situations, not only with sparse data. We had only 15
subjects; however, the availability of a lot of data for each
individual resulted in precise estimates for the pharmaco-
kinetic parameters. The reliability of the parameter estimates
can be seen from the low SE of the estimates. In contrast,
non-compartmental analysis with descriptive statistics can
only provide rough estimates of interindividual variability. It
has been shown that the latter method overestimates
interindividual variability [27], while the population phar-
macokinetic approach can distinguish between interindivid-
ual, intra-individual, and residual (i.e., analytical
measurement error) variability, resulting in reliable esti-
mates. For the main question addressed, the effect of ED on
the Cl of linezolid, the population pharmacokinetic method
is the best method, as only this method can distinguish
between the different sources of variability (as described
above) as well as the effects of liver transplantation/
resection, weight, or other parameters. Non-compartmental
analysis with descriptive statistics cannot precisely distin-
guish between these different confounders.

Published data on linezolid plasma concentrations under
continuous venovenous hemofiltration (CVVH) shows that
no dose adjustment is necessary for patients undergoing
continuous venovenous hemofiltration or hemodiafiltration
[21, 28–30]. In contrast, two studies revealed either
significantly reduced serum linezolid concentrations in
critically ill patients on intermittent hemodialysis (IHD)
[31] or serum concentrations of linezolid reduced to
subtherapeutic values following renal replacement therapy
[32]. Fiaccadori studied two patients on ED in which the
ED session lasted 8–9 h, whereas the average time of ED in
our study was 19.5 h. They also found an important fraction
of the administered dose of linezolid was removed,
especially in the case of IHD with ED.

Unless other causes for CI reductions are present, we
expect that higher doses for septic patients are necessary
during ED dialysis with the GENIUS system because of the
higher efficacy of ED compared to CVVH. Extended
dialysis is very important for the survival of critically ill
patients with acute renal failure, but the consequences, such
as on drug clearance, of this highly efficient renal
replacement therapy must be considered, and adequate
dose optimization must be carried out.

Limitations of the study

One major limitation of our study is that it was not
prospectively designed in terms of liver patients and
defined liver failure. The aim of our study was to determine
the pharmacokinetics of linezolid in septic patients with ED
and not on ED. The statistical significance in the pharma-
cokinetic parameters of septic patients with previous liver
transplantation/resection was determined retrospectively.
We have therefore initiated a new study for septic patients
with defined liver failure.

Conclusion

In conclusion, our results provide the first pharmacokinetic
data of intravenous linezolid administered during extended
dialysis with the GENIUS dialysis system. They indicate that
in the course of ED, linezolid plasma concentrations can be
reduced to subtherapeutic values. Septic patients with and
without ED—but not septic patients with liver transplanta-
tion/resection or patients with severe liver failure—may
require higher doses. More data are necessary for the latter
two groups of patients. The best method for achieving
effective antimicrobial therapy in critically ill patients would
be a TDM approach to dosing.

Funding None to declare.

Transparency declarations None to declare.

References

1. Ronco C, Bellomo R, Homel P, Brendolan A, Dan M, Piccinni P,
La GG (2000) Effects of different doses in continuous veno-
venous haemofiltration on outcomes of acute renal failure: a
prospective randomised trial. Lancet 356:26–30

2. Schiffl H, Lang SM, Fischer R (2002) Daily hemodialysis and the
outcome of acute renal failure. N Engl J Med 346:305–310

3. Dhondt AW, Vanholder RC, De Smet RV, Claus SA, Waterloos
MA, Glorieux GL, Delanghe JR, Lameire NH (2003) Studies on
dialysate mixing in the Genius single-pass batch system for
hemodialysis therapy. Kidney Int 63:1540–1547

Eur J Clin Pharmacol (2010) 66:291–298 297



4. Kumar VA, Craig M, Depner TA, Yeun JY (2000) Extended daily
dialysis: A new approach to renal replacement for acute renal
failure in the intensive care unit. Am J Kidney Dis 36:294–300

5. Kumar VA, Yeun JY, Depner TA, Don BR (2004) Extended daily
dialysis vs. continuous hemodialysis for ICU patients with acute
renal failure: a two-year single center report. Int J Artif Organs
27:371–379

6. Marshall MR, Golper TA, Shaver MJ, Alam MG, Chatoth DK
(2001) Sustained low-efficiency dialysis for critically ill patients
requiring renal replacement therapy. Kidney Int 60:777–785

7. Vanholder R, Van BW, Lameire N (2001) What is the renal
replacement method of first choice for intensive care patients? J
Am Soc Nephrol 12[Suppl 17]:S40–S43

8. Swoboda S, Fritz S, Martignoni ME, Feldhues RA, Hoppe-Tichy
T, Buchler MW, Geiss HK (2005) Varying linezolid susceptibility
of vancomycin-resistant Enterococcus faecium isolates during
therapy: a case report. J Antimicrob Chemother 56:787–789

9. Gonzales RD, Schreckenberger PC, Graham MB, Kalkar S,
DenBesten K, Quinn JP (2001) Infections due to vancomycin-
resistant Enterococcus faecium resistant to linezolid. Lancet
357:1179

10. Wilson P, Andrews JA, Charlesworth R, Walesby R, Singer M,
Farrell DJ, Robbins M (2003) Linezolid resistance in clinical
isolates of Staphylococcus aureus. J Antimicrob Chemother
51:186–188

11. Herrero IA, Issa NC, Patel R (2002) Nosocomial spread of
linezolid-resistant, vancomycin-resistant Enterococcus faecium. N
Engl J Med 246:867–869

12. Gentry-Nielsen MJ, Olsen KM, Preheim LC (2002) Pharmacody-
namic activity and efficacy of linezolid in a rat model of
pneumococcal pneumonia. Antimicrob Agents Chemother
46:1345–1351

13. Rayner CR, Forrest A, Meagher AK, Birmingham MC, Schentag
JJ (2003) Clinical pharmacodynamics of linezolid in seriously ill
patients treated in a compassionate use programme. Clin Pharma-
cokinet 42:1411–1423

14. Buerger C, Plock N, Dehghanyar P, Joukhadar C, Kloft C (2006)
Pharmacokinetics of unbound linezolid in plasma and tissue
interstitium of critically ill patients after multiple dosing using
microdialysis. Antimicrob Agents Chemother 50:2455–2463

15. Verbeeck RK, Musuamba FT (2009) Pharmacokinetics and
dosage adjustment in patients with renal dysfunction. Eur J Clin
Pharmacol 65:757–773

16. Levy MM, Fink MP, Marshall JC, Abraham E, Angus D, Cook D,
Cohen J, Opal SM, Vincent JL, Ramsay G (2003) 2001 SCCM/
ESICM/ACCP/ATS/SIS International Sepsis Definitions Confer-
ence. Intensive Care Med 29:530–538

17. Lonnemann G, Floege J, Kliem V, Brunkhorst R, Koch KM
(2000) Extended daily veno-venous high-flux haemodialysis in
patients with acute renal failure and multiple organ dysfunction
syndrome using a single path batch dialysis system. Nephrol Dial
Transplant 15:1189–1193

18. Fassbinder W (1998) Renaissance of the batch method? Nephrol
Dial Transplant 13:3010–3012

19. Swoboda S, Ober M, Anagnostakos K, Geiss HK, Weigand MA,
Hoppe-Tichy T (2007) A simple isocratic HPLC assay to
determine linezolid concentrations in different biomatrices for in
vivo and in vitro studies. Clin Chem Lab Med 45:1019–1022

20. Livermore DM (2003) Linezolid in vitro: mechanism and antibac-
terial spectrum. J Antimicrob Chemother 51[Suppl 2]:ii9–ii16

21. Pea F, Viale P, Furlanut M (2005) Antimicrobial therapy in
critically ill patients: a review of pathophysiological conditions
responsible for altered disposition and pharmacokinetic variability.
Clin Pharmacokinet 44:1009–1034

22. Mehrotra R, De GR, Palazzo M (2004) Antibiotic pharmacoki-
netic and pharmacodynamic considerations in critical illness.
Intensive Care Med 30:2145–2156

23. Joukhadar C, Frossard M, Mayer BX, Brunner M, Klein N,
Siostrzonek P, Eichler HG, Muller M (2001) Impaired target site
penetration of beta-lactams may account for therapeutic failure in
patients with septic shock. Crit Care Med 29:385–391

24. Stalker DJ, Jungbluth GL (2003) Clinical pharmacokinetics of
linezolid, a novel oxazolidinone antibacterial. Clin Pharmacokinet
42:1129–1140

25. Adembri C, Fallani S, Cassetta MI, Arrigucci S, Ottaviano A,
Pecile P, Mazzei T, De GR, Novelli A (2008) Linezolid
pharmacokinetic/pharmacodynamic profile in critically ill septic
patients: intermittent versus continuous infusion. Int J Antimicrob
Agents 31:122–129

26. Boak LM, Li J, Rayner CR, Nation RL (2007) Pharmacokinetic/
pharmacodynamic factors influencing emergence of resistance to
linezolid in an in vitro model. Antimicrob Agents Chemother
51:1287–1292

27. Mandema JW (1995) Population pharmacokinetics and pharma-
codynamics. In: Welling PG, Tse FLS (eds) Pharmacokinetics:
regulatory, industrial, academic perspectives, 2nd edn. Marcel
Dekker, New York, pp 411–450

28. Meyer B, Kornek GV, Nikfardjam M, Karth GD, Heinz G, Locker
GJ, Jaeger W, Thalhammer F (2005) Multiple-dose pharmacoki-
netics of linezolid during continuous venovenous haemofiltration.
J Antimicrob Chemother 56:172–179

29. Mauro LS, Peloquin CA, Schmude K, Assaly R, Malhotra D
(2006) Clearance of linezolid via continuous venovenous hemo-
diafiltration. Am J Kidney Dis 47:e83–e86

30. Kraft MD, Pasko DA, DePestel DD, Ellis JJ, Peloquin CA,
Mueller BA (2003) Linezolid clearance during continuous
venovenous hemodiafiltration: a case report. Pharmacotherapy
23:1071–1075

31. Fiaccadori E, Maggiore U, Rotelli C, Giacosa R, Parenti E, Picetti
E, Manini P, Andreoli R, Cabassi A (2006) Does haemodialysis
significantly affect serum linezolid concentrations in critically ill
patients with renal failure? A pilot investigation. Nephrol Dial
Transplant 21:1402–1406

32. Fiaccadori E, Maggiore U, Rotelli C, Giacosa R, Parenti E, Picetti
E, Sagripanti S, Manini P, Andreoli R, Cabassi A (2004) Removal
of linezolid by conventional intermittent hemodialysis, sustained
low-efficiency dialysis, or continuous venovenous hemofiltration
in patients with acute renal failure. Crit Care Med 32:2437–2442

298 Eur J Clin Pharmacol (2010) 66:291–298


	Pharmacokinetics of linezolid in septic patients with and without extended dialysis
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Patients and methods
	Patients and study protocol
	Linezolid quantification
	Data analysis

	Results
	Patient characteristics
	Pharmacokinetic parameters
	Pharmacokinetic / pharmacodynamic indices

	Discussion
	Limitations of the study
	Conclusion

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


