
Population pharmacokinetics of linezolid in critically ill patients
on renal replacement therapy: comparison of equal doses in

continuous venovenous haemofiltration and continuous
venovenous haemodiafiltration

C. Roger1,2*, L. Muller1,2, S. C. Wallis3, B. Louart1,2, G. Saissi1,2, J. Lipman3,4, J. Y. Lefrant1,2 and J. A. Roberts3–6
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Objectives: Few data are available to guide linezolid dosing during renal replacement therapy. The objective of
this study was to compare the population pharmacokinetics of linezolid during continuous venovenous haemo-
filtration (CVVHF, 30 mL/kg/h) and continuous venovenous haemodiafiltration (CVVHDF, 15 mL/kg/h+15 mL/kg/h).

Methods: Patients requiring linezolid 600 mg iv every 12 h and CVVHF or CVVHDF were eligible for this prospective
study. Seven blood samples were collected over one dosing interval and analysed by a validated chromatographic
method. Population pharmacokinetic analysis was undertaken using Pmetrics. Monte Carlo simulations evaluated
achievement of a pharmacodynamics target of an AUC from 0–24 h to MIC (AUC0-24/MIC) of 80.

Results: Nine CVVHDF and eight CVVHF treatments were performed in 13 patients. Regimens of CVVHDF and CVVHF
were similar. A two-compartment linear model best described the data. CVVHDF was associated with a 20.5% higher
mean linezolid clearance than CVVHF, without statistical significance (P¼0.39). Increasing patient weight and
decreasing SOFA score were associated with increasing linezolid clearance. The mean (SD) parameter estimates
were: clearance (CL), 3.8 (2.2) L/h; volume of the central compartment, 26.5 (10.3) L; intercompartmental clearance
constants from central to peripheral, 8.1 (12.1) L/h; and peripheral to central compartments, 3.6 (4.0) L/h.
Achievement of pharmacodynamic targets was poor for an MIC of 2 mg/L with the studied dose.

Conclusions: During CVVHF and CVVHDF, there is profound pharmacokinetic variability of linezolid. Suboptimal
achievement of therapeutic targets occurs at the EUCAST breakpoint MIC of 2 mg/L using 600 mg iv every 12 h.

Introduction
Linezolid is commonly used for difficult-to-treat Gram-positive
infections. As linezolid has time-dependent activity, the percent-
age of time that plasma concentrations exceed the MIC and
the AUC over 24 h divided by the MIC (AUC0-24/MIC) best describe
its efficacy.1 A higher success rate was reported when plasma
concentrations remain above the MIC for the entire dosing interval
and when AUC0-24/MIC values were 80–120.2 In the ICU, one-
third of patients are admitted for sepsis. Among them, one half
of these patients will develop acute kidney injury (AKI) and one
half of these will require renal replacement therapy (RRT).3 Both

sepsis and RRTcan alter the pharmacokinetics of many antibiotics
due to changes in volume of distribution, increased or decreased
clearance and pathophysiological manifestations such as hypoal-
buminaemia.4 – 6 Previous studies have already reported large var-
iations in peak serum concentrations and AUC0-24 in ICU patients
without RRT treated with linezolid.7,8 During RRT, data about the
pharmacokinetics of linezolid are poorly available and conflicting
results are reported. In intermittent haemodialysis (IHD),
Swoboda et al. reported a high variability in linezolid concentra-
tion–time profiles and subtherapeutic concentrations associated
with an increased clearance (+3.5 L/h) due to haemodialysis.9 In
a study including 20 ICU anuric patients undergoing continuous
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venovenous haemofiltration (CVVHF), Meyer et al. reported that
the pharmacokinetics of linezolid were comparable to those in
healthy subjects without renal impairment.10 The ultrafiltration
rates used in that study (30 mL/kg/h) were similar to those used
in our study. In a similar study (15 ICU patients), the serum con-
centrations of linezolid decreased below the therapeutic range
following IHD, sustained low-efficiency dialysis or CVVHF.11 The
mean amount of the administered dose of linezolid removed
was 32.3% during IHD, 33.9% during sustained low-efficiency dia-
lysis and 12.4%–17.5% during CVVHF. Continuous venovenous
haemodiafiltration (CVVHDF) has only been studied in two case
reports.12,13CVVHFand CVVHDFare the most common types of con-
tinuous RRT used and are commonly used at a recommended dose
of 30 mL/kg/h effluent rate.3,14 No study has compared the impact
of each technique on linezolid pharmacokinetics at a standardized
dose of 30 mL/kg/h.

The aim of this study was to compare the population pharma-
cokinetics of linezolid during equal dosing in CVVHF (30 mL/kg/h)
and CVVHDF (15 mL/kg/h+15 mL/kg/h). We then sought to per-
form Monte Carlo dosing simulations to determine doses that
best achieve pharmacodynamics targets for these patients.

Materials and methods

Setting
The study was performed in a tertiary referral ICU (26 beds). It was ancil-
lary to a trial comparing the impact of CVVHF (30 mL/kg/h) and CVVHDF
(15 mL/kg/h+15 mL/kg/h) on the urea reduction rate after 12 h (clinical-
trials.gov NCT 01403220). The local ethics committee of Nı̂mes (Comité de
Protection des Personnes Sud Mediterranée III 2012.02.05) approved the
present study. Written informed consent was obtained from either the
patient or their nominated substitute decision-maker.

Study population
Patients were included when they required CVVHF (30 mL/kg/h) or CVVHDF
(15 mL/kg/h+15 mL/kg/h) for AKI and treatment with linezolid for a docu-
mented or suspected difficult-to-treat Gram-positive infection. Excluded
patients were those in whom the indication for RRT was cardiogenic pulmon-
ary oedema, metabolic acidosis (pH ,7.15, HCO3

2 ,12 mmol/L) or hyperka-
laemia .6.5 mmol/L and patients with a history of allergy to linezolid.

RRT
All patients were included in the primary study comparing CVVHF
(30 mL/kg/h) and CVVHDF (15 mL/kg/h+15 mL/kg/h). When a patient
was included in the primary study, CVVHF or CVVHDF were alternately
used in the same patient but the first therapy was randomly assigned.
According to KDIGO guidelines (http://kdigo.org/home/guidelines/
acute-kidney-injury/ Chap 4.5 to 5.8 p87–113) CVVHF and CVVHDF were
performed using an Aquarius system (Nikiso, Japan). A polysulfone-type
haemofilter with a surface of 1.2 m2 (Aquamax 12) was always used.
RRT was performed via jugular or femoral 14 French double-lumen cathe-
ters. The fluid (Phoxilium, Gambro Hospal, France) reinfusion rate was
30 mL/kg/h for CVVHF and 15 mL/kg/h+15 mL/kg/h dialysate flow rate
for CVVHDF. Only the post-dilution technique (i.e. the reinfusion of fluid
to compensate ultrafiltrate production is administered after the haemofil-
ter) was applied. According to patient fluid balance assessed by the phys-
ician in charge, the net removal fluid was between 0 and 200 mL/h. The
targeted flow rate was aimed at providing a filtration ratio ,20%.
Finally, all circuits were anticoagulated with heparin (200–1000 IU/h) for
targeted anti-Xa activity .0.20.

Study protocol
Intravenous linezolid (600 mg) was administered as a 60 min infusion
twice a day as part of the patient’s prescribed therapy. Pre-filter blood
samples to determine plasma linezolid concentrations were taken at base-
line (H0), at the end of infusion (H1), 1.5 (H1.5), 2 (H2), 4 (H4), 8 (H8) and
12 h (H12) after the end of infusion just before the subsequent dose.
Post-filter blood samples were taken at 1.5 (H1.5), 2 (H2), 8 (H8) and
12 h (H12) after the end of linezolid infusion. For blood samples, 3 mL
was withdrawn in a lithium heparin tube.

Measured patient parameters
The following parameters were collected for all enrolled patients:

† Demographic characteristics: age, sex, height and weight with calcu-
lated body mass index

† Medical history, initial reason for ICU admission and Simplified Acute
Physiology Score II (SAPS II)15 at ICU admission.

† Clinical parameters: urine output was classically collected every 2 h.
The SOFA16 score was also collected.

† Type of infection and anti-infective therapy: type of infection; anti-
infective agents administered; and microbiological cultures collected.

† Measured renal replacement modalities: For each session of CVVHDF or
CVVHF, the blood flow rate, ultrafiltrate volume and effective time of RRT
were recorded.

Sample handling, storage and measurement
Blood samples were immediately placed on ice and centrifuged within
60 min at 3000 rpm, for 10 min then stored at 2808C. Samples were
transported by a commercial courier company to the Burns, Trauma &
Critical Care Research Centre, The University of Queensland, for analysis.
An HPLC-UV assay was used to measure linezolid concentrations in
plasma. All bioanalysis techniques were validated and conducted in
accordance with criteria of the US FDA guidance for industry on bioanalysis
(available at: www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatory
Information/Guidances/UCM070107.pdf).

Population pharmacokinetic modelling
Two- and three-compartment models were developed with the
Nonparametric Adaptive Grid (NPAG) algorithm within the freely available
software Pmetrics package for R (Los Angeles, CA, USA).17,18 Elimination
from the central compartment and intercompartmental distribution into
the peripheral or other compartments were modelled as first-order pro-
cesses using differential equations. AUC from 0 to 24 h (AUC0-24) was calcu-
lated using Pmetrics. Demographic and clinical characteristics that were
considered biologically plausible for affecting linezolid pharmacokinetics,
were tested for inclusion as covariates. If inclusion of the covariate resulted
in a statistically significant improvement in the log likelihood (P,0.05) and/
or improved the goodness of fit plots, then it was supported for inclusion.

Model diagnostics
The goodness of fit was assessed by visual inspection of the observed–
predicted plot, coefficient of determination of the linear regression of
the observed–predicted values and log-likelihood values from each run.
Predictive performance evaluation was based on mean prediction error
(bias) and the mean bias-adjusted squared prediction error (imprecision)
of the population and individual prediction models.

Probability of target attainment
Monte Carlo simulations (n¼1000) were employed using Pmetrics to
determine the probability of target attainment (PTA) of achieving an
AUC/MIC ≥80 for varying MICs (0.5–4 mg/L) during the first 24 h of

Linezolid pharmacokinetics during two types of RRT

465

JAC
D

ow
nloaded from

 https://academ
ic.oup.com

/jac/article/71/2/464/2363885 by guest on 22 M
ay 2023

http://kdigo.org/home/guidelines/acute-kidney-injury/
http://kdigo.org/home/guidelines/acute-kidney-injury/
http://kdigo.org/home/guidelines/acute-kidney-injury/
http://kdigo.org/home/guidelines/acute-kidney-injury/
http://kdigo.org/home/guidelines/acute-kidney-injury/
http://kdigo.org/home/guidelines/acute-kidney-injury/
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM070107.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM070107.pdf


treatment for a patient with a SOFA score of 13, and a total body weight of
60 kg, 90 kg and 120 kg.

Fractional target attainment calculation
MIC data for Staphylococcus aureus, Enterococcus faecalis, Enterococcus
faecium and CoNS from the EUCAST database (available at www.eucast.
org) were used to determine fractional target attainment. The fractional
target attainment identifies the likely success of treatment by comparing
the pharmacodynamic exposure (PTA) against MIC distribution. The frac-
tional target attainment was calculated using AUC/MIC ≥80. The PTA for
achieving AUC/MIC ≥80 was calculated for the Monte Carlo simulations
(n¼1000) for various doses: 600 mg iv every 24 h, 1200 mg iv every
24 h, 600 mg iv every 12 h and 900 mg iv every 12 h during the first
24 h of therapy. A priori, a dosing regimen was considered successful if
the fractional target attainment was .85%.

Statistical analysis
Continuous data are presented as the mean (SD) or median (IQR).
Categorical data are presented as counts (%). Comparisons used Mann–
Whitney and x2 tests as appropriate. Correlation was assessed by means
of a scatter graph and Pearson correlation coefficient (r). Differences
in linezolid clearance by CVVHF and CVVHDF were analysed using a
Student’s t-test. P,0.05 was considered statistically significant, and all
analyses were performed using IBM SPSS Statistics for Windows, version
21 (IBM Corp., Armonk, NY, USA).

Results

Patients, infections and pathogens

Fifteen included patients provided consent but blood samples
were unable to be taken in two patients. Therefore, data of 13
patients with severe sepsis were available for analysis (Table 1).
Among them, 11 required vasopressor support (10 with noradren-
aline, 1 with noradrenaline and dobutamine). The source of infec-
tion was pulmonary (four), abdominal (six) and blood (three).
Antibiotics including linezolid were always empirically initiated.
No pathogen was isolated in three (23%) patients whereas mul-
tiple pathogens were isolated in eight (61%). Bacteriological sam-
ples showed nine Gram-positive (seven Staphylococcus aureus,
two Enterococcus) and eight Gram-negative (three Escherichia
coli, two Klebsiella pneumoniae, one Enterobacter cloacae, one
Serratia marcescens, one Morganella morganii) pathogens,
respectively. The MIC for Gram-positive pathogens was always
2 mg/L. Among the 13 included patients, 7 (53%) died in ICU.

RRT therapy

Four patients underwent both CVVHDF and CVVHF whereas CVVHF
and CVVHDF were performed solely in four and five patients,
respectively. Therefore, linezolid pharmacokinetics was studied
during nine and eight CVVHDF and CVVHF treatment sessions,
respectively. The comparison between CVVHDF and CVVHF ses-
sions is shown in Table 2. At baseline, the time of initiation of
the sampling from admission and RRT initiation, patient severity,
diuresis in the last 12 h period, mean arterial pressure, serum cre-
atinine and uraemia were similar. These parameters remained
similar after 12 h of CVVHDF or CVVHF.

Pharmacokinetics of linezolid

The observed mean linezolid concentration–time profile is shown
in Figure 1. A two-compartment linear model best described the

data. The model was considered acceptable according to the
goodness of fit evaluations (Figure 2). CVVHDF was associated
with a 20.5% higher mean linezolid clearance than CVVHF,
although the difference was not significant (5.9 versus 4.5 L/h,
P¼0.39). Both increasing patient weight and decreasing SOFA
score were associated with increasing drug clearance and were
supported as covariates in the final model. The mean (SD) param-
eter estimates were clearance (CL) 3.8 (2.2) L/h, volume of the
central compartment (Vcentral) 26.5 (10.3) L, intercompartmental
clearance constants from central to peripheral (kcp) 8.1 (12.1) L/h
and peripheral to central compartments (kpc) 3.6 (4.0) L/h
(Table 3). The mean AUC0-24 was 227.9 (115.0) mg.h/L.

Dosing simulations

Figure 3 presents the dosing simulations for various doses and
their PTA for achieving an AUC/MIC ≥80 for varying MICs (0.5–
4 mg/L) during the first 24 h of treatment for a patient with a
SOFA score of 13, and a total body weight of 60 kg, 90 kg and
120 kg. These data confirm that increasing patient weight and
increasing MIC were associated with a reduced PTA. Using the
studied dose, 94% of patients achieve a therapeutic AUC0-24/MIC
for an MIC of 1 mg/L, 69% for 2 mg/L and 24% for 4 mg/L.

Fractional target attainment

The fractional target attainment for the simulated PTAs for a
range of linezolid doses, dose frequencies and patient weights
against the MIC distribution for four different Gram-positive

Table 1. Demographic, anthropometric and illness severity data on the 13
included patients

Descriptive data n or median (IQR)

Female/male 5/8
Age (years) 72 (61–72)
Weight (kg) 76 (55–92)
Height (cm) 165 (153–178)
BMI (kg/m2) 24 (23–34)

Comorbidities
hypertension 7
coronary artery disease 1
COPD 4
cirrhosis 2
non-dialysis chronic renal disease 2
SAPS II at admission 52 (49–62)
SOFA at admission 12 (10–13)
time between admission and RRT initiation (days) 1 (0–2)
SOFA at RRT initiation 13 (11–17)
time (h) between RRT initiation and studied RRT 0 (0–1)
serum creatinine at studied RRT initiation (mM) 221 (142–249)
uraemia at studied RRT initiation (mM) 20 (8–24)
protein at studied RRT initiation (g/L) 41 (39–47)
anti-Xa activity at studied RRT initiation (IU) 0.10 (0.00–0.13)

COPD, chronic obstructive pulmonary disease; SAPS II, simplified acute
physiology score.
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pathogens is shown in Table 4. These data show that doses
.600 mg every 12 h are mostly required for all patient weights
with larger decreases in fractional target attainment seen with
increasing patient weight.

Discussion
The present study compared the pharmacokinetics of 600 mg iv line-
zolid every 12 h given during CVVHDF (15 mL/kg/h+15 mL/kg/h) or
CVVHF (30 mL/kg/h) in ICU patients with severe sepsis and AKI.
Between CVVHDF and CVVHF, there was no statistically significant
difference in linezolid clearance. However, the present data high-
light the profound pharmacokinetic variability of linezolid during
CVVHF and CVVHDF with patient weight and sickness severity
most prominently influencing drug disposition. The importance
of weight is likely manifest in the weight-based RRT dose.
Suboptimal achievement of therapeutic targets occurs at the
EUCAST breakpoint MIC of 2 mg/L using conventional 600 mg iv
every 12 h.

When AKI occurs requiring RRT, these pathophysiological and
treatment changes can lead to difficult-to-predict linezolid
pharmacokinetics due to the different RRT modalities and the

different settings used with each technique.3,19,20 In 2004,
Fiaccadori et al. reported subtherapeutic concentrations of linezo-
lid following conventional IHD, sustained low-efficiency dialysis or
CVVHF in 15 critically ill patients with AKI.11 In contrast, Meyer

Table 2. Characteristics of RRT sessiona

Parameters CVVHDF (n¼9) CVVHF (n¼8) P value

Baseline
time between admission to RRT session (days) 1 (0–2) 4 (1–13) 0.1
number of RRT sessions per patient 1 (1–2) 2 (1–4) 0.2
SOFA at initiation of RRT session 13 (6–17) 12 (10–16) 0.98
diuresis over previous 12 h period (mL) 210 (90–467) 102 (30–652) 0.7
mean arterial pressure (mmHg) 77 (75–82) 89 (63–98) 0.5
serum creatinine (mM) 234 (200–290) 180 (97–294) 0.3
uraemia (mmol/L) 20 (12–32) 12 (7–23) 0.2
protein (g/L) 41 (38–47) 44 (36–55) 0.7
anti-Xa activity 0.06 (0–0.18) 0.06 (0.01–0.13) 0.95

After 12 h of RRT
diuresis (mL/kg/h) 0.1 (0.0–0.25) 0.05 (0.0–0.55) 0.6
mean arterial pressure (mmHg) 80 (77–86) 80 (63–87) 0.5
serum creatinine (mM) 154 (126–195) 144 (98–188) 0.5
uraemia (mM) 13 (8–18) 11 (6–14) 0.4
protein (g/L) 44 (39–51) 43 (40–60) 0.6

RRT session parameters
arterial pressure (mmHg) 230 (257 to 26) 237 (270–27) 0.9
trans-membrane pressure (mmHg) 39 (29–58) 63 (19–88) 0.5
venous return pressure (mmHg) 89 (76–105) 101 (81–115) 0.4
blood flow rate (mL/min) 200 (165–200) 200 (185–245) 0.5
fluid removal (mL) 1100 (360–1630) 3620 (190–4270) 0.48
reinfusion flow rate (mL/kg/h) 16 (13–17) 22 (22–23) NA
dialysis flow rate (mL/kg/h) 15 (15–17) NA NA
filtration fraction (%) 12 (9–15) 17 (12–18) 0.07
actual time of RRT (min) 745 (645–733) 715 (697–751) 0.6
effective time of RRT (% total RRT time) 100 (95–100) 97 (94–98) 0.16

NA, not applicable.
aData are expressed as median [IQR].
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Figure 1. The mean concentration–time profiles for the dosing interval of
linezolid sampling in critically ill patients receiving CVVHF or CVVHDF. Error
bars represent standard deviations.
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et al. did not report any difference in the pharmacokinetics of line-
zolid in 20 patients requiring CVVHF.10 In these previous studies,
RRT settings used were not standardized leading to potentially
erroneous conclusions. In the present study, two techniques of
RRT were compared with similar RRT settings used throughout
the study period. As expected, only reinfusion flow rate, dialysis
flow rate and filtration fraction were different between CVVHDF
and CVVHF. When comparing these two techniques, no statistical
difference in pharmacokinetics was observed even though the
mean linezolid clearance was 20.5% higher with CVVHDF.
However, due to the small number of patients included in this
study, we cannot confirm that these two techniques provide similar
linezolid clearance. In clinical practice, the present study shows that
pharmacokinetics of 600 mg iv every 12 h linezolid is similar in
CVVHDF (15 mL/kg/h+15 mL/kg/h) or CVVHF (30 mL/kg/h). The
calculated Vcentral in the present study (26.5 L) is consistent with
Vcentral reported in healthy volunteers.21 Great variability of vol-
ume of distribution (Vd) has been reported in patients undergoing
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Figure 2. Diagnostic plots for the final covariate model. Observed versus population predicted concentrations (left panel) and individual predicted
concentrations (right panel) in plasma. Data are presented in mg/L.

Table 3. Parameter estimates for linezolid from the final covariate
two-compartment population pharmacokinetic model

Parameter Mean
Standard
deviation

Coefficient
of variation Median

CL (L/h) 3.8 2.3 61.3 3.1
Vcentral (L) 26.5 10.7 40.5 30.8
kcp (h21) 8.1 12.5 153.6 0.6
kpc (h21) 3.6 4.2 117.1 0.6

CL, clearance; kcp, rate constant for drug distribution from the central to
peripheral compartment; kpc, rate constant for drug distribution from the
peripheral to central compartment; Vcentral, volume of distribution of the
central compartment.
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(c) 120 kg.
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CVVHF. Meyer et al. showed Vd varying from 29.9 L to 70.7 L.10

Moreover, Swoboda et al. reported in critically ill patients low
Vcentral (0.27 L/kg).9

Previous studies focused on the pharmacokinetics of linezolid
in ICU patients reported a great variability in peak serum concen-
trations and AUC.22 – 24 The variability could be explained by
changes in Vd, protein binding and clearance in ICU patients.6

Consistent with these previous studies, we observed a great vari-
ability in the present study regardless of the type of RRT used
(Figure 2). These findings led to a low achievement of pharmaco-
dynamics targets for an MIC of 2 mg/L with 600 mg iv every 12 h.
Therefore, subtherapeutic serum concentrations could be sus-
pected with this dosing particularly when the patient weight is
.90 kg and/or when MIC is high (4 mg/L), which could increase
the likelihood of clinical failure or emergence of microbial resistance.
Further, increased dosing in such patients could expose patients to
side effects associated with linezolid. Thrombocytopenia has been
reported particularly in patients with renal dysfunction.25

Therefore, the present study supports use of linezolid serum concen-
tration monitoring in ICU patients with severe sepsis requiring RRT.
All these findings demonstrate that the characteristics of patients
with severe sepsis and the MIC of the pathogen are more important
determinants of achievement of therapeutic serum concentrations
of linezolid than modalities of RRT.

The present study has several limitations. The study was
underpowered to conclude definitively that these regimens of
CVVHF and CVVHDF are not associated with statistical difference
in pharmacokinetics in 600 mg iv 12-hourly linezolid. This study
is a substudy of an on-going cross-over randomized controlled
clinical outcome trial of CVVHF and CVVHDF. Despite this, only
four patients achieved cross-over (i.e. received both CVVHF and

CVVHDF). The nine remaining patients received either CVVHF
(four patients) or CVVHDF (five patients). We could not assess
mechanistically if the subtherapeutic concentrations observed
were caused by RRT or non-RRT clearance because the disposition
of linezolid into RRT effluent was not determined. We did not
standardize the linezolid pharmacokinetic analysis regarding the
number of received doses and the beginning of RRT. The filter
life was standardized to a 72 h life except clotting that could
reduce the filter life, although the age of the filter was not stan-
dardized with respect to commencement of linezolid or sampling.

Finally, the present study was not designed to measure any dif-
ference in patient outcome such as clinical infection cure or
survival.

Conclusions

The present data indicate profound pharmacokinetic variability of
linezolid during CVVHF and CVVHDF. Suboptimal achievement of
therapeutic targets occurs at the EUCAST breakpoint MIC of
2 mg/L using 600 mg iv every 12 h.
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