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Purpose: The objective of this study was to perform pharmacokinetics/pharmacodynamics (PK/PD) analysis of linezolid in patients
with intracerebral hemorrhage and to provide suggestions regarding dosing and treatment regimens.
Patients and Methods: Ten patients with cerebral hemorrhage and pulmonary infection were enrolled in this study. Plasma and
sputum samples were obtained at specific time points after the seventh infusion. Linezolid concentration was measured using HPLC,
and PK parameters were calculated using the non-compartmental model. The probability of target attainment (PTA) and the
cumulative fraction of response (CFR) in response to different dosing regimens (1200 mg/900 mg/600 mg/300 mg, q12h) were
calculated based on the ratio of area under the curve to minimum inhibitory concentration (AUC/MIC).
Results: The Cmax and AUC of linezolid were 12.89 μg/mL and 70.42 h·μg/mL for plasma, and 16.48 μg/mL and 92.95 h·μg/mL for sputum.
The average penetration rate of linezolid in sputum, as represented by the ratio of AUC, was 131.99%. In response to the conventional dosing
regimen (600mg, q12h), the PTA in the plasma or sputum was >90% only when MIC was ≤1 mg/L. Linezolid had the highest CFR against
Streptococcus pneumoniae, followed by Enterococcus faecalis and Enterococcus faecium, with the lowest value for MRSA.
Conclusion: This was the first study to evaluate PK/PD of linezolid in plasma and in the lungs of patients with cerebral hemorrhage
and may assist in selecting appropriate dosing regimens for linezolid in these patients.
Keywords: linezolid, pharmacokinetics, dosage regimen, gram-positive cocci, cerebral hemorrhage

Introduction
The incidence of cerebral hemorrhage has increased in recent years, and patients with cerebral hemorrhage are often in
critical condition and exhibit varying degrees of disturbance in consciousness.1,2 Pulmonary infection is a common and
serious complication in patients with cerebral hemorrhage, and it is also a primary cause of multiple organ failure and
death.1,2 Previous studies have shown that the efficacy and safety of the antibiotic linezolid, a cost-effective option, were
superior to those of vancomycin,3–7 These results suggested that linezolid should be the first-line antibiotic for treatment
of methicillin-resistant Staphylococcus aureus (MRSA).
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Linezolid can be used to treat infections caused by gram-positive bacteria, such as Staphylococcus aureus (sensitive and
resistant to methicillin), Streptococcus pneumoniae, and vancomycin-resistant Enterococcus.8–10 In addition, linezolid also
has been shown to exert antibacterial activity againstMycobacterium tuberculosis.10 Linezolid prevents formation of the 70S
ribosomal complex by binding to the 23S site of the 50S subunit, thereby blocking the initial stage of protein synthesis. This
unique mechanism of action results in limited cross-resistance with other antibacterial drugs that inhibit protein synthesis.11

Furthermore, linezolid distributes well throughout bodily tissues and fluids, which makes it ideal for clinical use.12,13

However, linezolid should be used sparingly to prevent induction of bacterial drug resistance.14

Pharmacokinetics/pharmacodynamics (PK/PD) research combines PK and PD characteristics to elucidate the time of
action and effective concentration of a drug dose and can help to characterize the relationships among drugs, human body
systems, and pathogens.15 Pharmacokinetic/pharmacodynamic modeling for antibacterial drugs has become a research
hotspot for the treatment of infections and has led to increased drug efficacy, reduced occurrence of adverse reactions, and
reduced development of bacterial resistance.16–18 In 2016, the guidelines jointly issued by the American Infectious Disease
Society and American Thoracic Society (IDSA/ATS) emphasized for the first time that medical professionals should not use
drugs based only on the package insert, but should consider the PK/PD properties of antimicrobial agents for selection of
antibiotics and doses. This guidance highlights the importance of PK/PD properties in guiding clinical treatment.4

Linezolid is a time-dependent antibiotic with a strong post-antibiotic treatment effect. The PK/PD evaluation index is
the ratio of the 24 hours area under the concentration–time curve to the minimum inhibitory concentration (AUC0-24h
/MIC).19,20 Several studies on PK/PD modeling have been performed in patients who are critically ill, obese, burns, and
undergoing continuous renal replacement therapy.21–24 However, no PK/PD studies have focused on linezolid in the lung
tissues of patients with cerebral hemorrhage. The present study evaluated the PK of linezolid in patients with cerebral
hemorrhage and pulmonary infection, then simulated treatment of several common gram-positive bacteria with different
dosing regimens based on PK/PD modeling to determine the optimal treatment scheme. This study will help to improve
the efficacy of linezolid in the treatment of infection in patients with cerebral hemorrhage.

Materials and Methods
Chemicals and Reagents
Linezolid and chloramphenicol standards were obtained from the National Institutes for Food and Drug Control (Beijing,
China). Linezolid for injection (Zyvox) was purchased from the Fresenius Kabi Norge drugstore (Oslo, Norway).
Acetonitrile of high-performance liquid chromatography (HPLC) grade was purchased from Fisher Scientific
(Waltham, MA, USA).

Study Subjects
This study was conducted in the Affiliated Hospital of the Shandong University of Traditional Chinese Medicine. Ten
patients with cerebral hemorrhage and pulmonary infection were enrolled in the study from August 2017 to
September 2021. The patients who met the following criteria were included in this study: (I) age of >18 years; (II)
patients who had a cerebral hemorrhage and pulmonary infection; (III) patients suitable for treatment with linezolid.

Study Design and Sample Collection
Linezolid was infused for 1 h (600 mg) every 12. Before the seventh infusion and 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, and 12.0
after the seventh infusion, blood and sputum samples were collected. The blood samples were centrifuged (3000 rpm, 5
min) to isolate plasma, and 0.2 mL plasma samples were stored at −20°C until analysis. Because the sputum was
relatively viscous, it was diluted 2:1 with acetonitrile (w:v) prior to centrifugation, then processed in the same manner as
the blood samples to separate the supernatant.
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Sample Preparation
Twenty microliters of internal standard (chloramphenicol, 1 mg/mL) and 0.4 mL of acetonitrile were added to the plasma
or sputum (0.2 mL) samples in 1.5 mL Eppendorf tubes, and the samples were vortexed and centrifuged at 14,000 rpm
for 5 min. Then, 10 μL of the organic layer was injected onto the HPLC system for analysis.

Linezolid Assay
Linezolid concentrations in the plasma and sputum samples were determined using a validated HPLC-UV method.25 The
samples were separated on a Hypersil BDS C18 column (2.1 × 100 mm, 3.5 μM) maintained 30°C. The mobile phase was
water-acetonitrile (80:20, v:v) delivered at 0.6 mL/min. The detection wavelength was 254 nm. The limit of quantifica-
tion was 0.20 μg/mL, and linearity was validated from 0.20 μg/mL to 20.0 μg/mL for both plasma and sputum. At high,
medium, and low concentrations (10.0 μg/mL, 2.0 μg/mL, and 0.20 μg/mL), the intra-day and inter-day precision of
plasma and sputum were lower than 11.4%, 13.5% and 12.1%, 11.6%, respectively. The accuracies in plasma and sputum
were 88.2–112.0% and 91.2%–108.5%, respectively. The average recoveries from plasma and sputum were 82.1% and
80.3%, respectively.

Non-Compartmental Pharmacokinetics Analysis
Pharmacokinetic characteristics were calculated using pharmacokinetic software (WinNonlin 6.1) based on each patient’s
drug concentration versus time parameter, and a non-compartmental model was used for the evaluation.

Dosage Regimen Optimization
The AUC/MIC value is commonly used as the PK/PD index. An AUC0-24h/MIC greater than 80 generally represents
satisfactory anti-infection performance.19,23,26

We used Crystal Ball software to perform Monte Carlo simulations on the plasma and sputum samples with different
dosing regimens. The probabilities of target attainment (PTAs) of AUC0-24h/MIC corresponding to the typical MIC
values were obtained. The MIC distributions of linezolid against the major gram-positive cocci (MRSA, Enterococcus
faecium, Enterococcus faecalis, and Streptococcus pneumonia) were obtained from the website of the European
Committee on Antimicrobial Susceptibility Testing (EUCAST), and the cumulative fraction of response (CFR) was
calculated as follows:

CFR ¼ ∑
n

i¼1
PTAðMICiÞ:pðMICiÞ

For the PTA or CFR, an expected value greater than 90% was considered the optimal dosage regimen.27,28

Results
Patient Demographics
Ten patients were enrolled, including 5 males and 5 females with a mean age of 68.50 ± 11.97 years (range: 48–87 years).
The characteristics of all patients are summarized in Table 1.

Pharmacokinetic Parameters
The observed plasma concentration versus time profiles for linezolid are shown in Figure 1. The plasma pharmacokinetic
parameters of linezolid are shown in Table 2. The maximum plasma concentration (Cmax) was 12.89 ± 1.48 μg/mL and
the concentration reached at 1 h after the intravenous infusion, and the area under the plasma concentration curve from
zero to the last sampling time (AUC0−12h) was 70.42 ± 14.19 h·μg/mL.

The observed sputum concentrations versus time for linezolid are shown in Figure 2, and the pharmacokinetic
parameters for linezolid in sputum are shown in Table 3. The Cmax was 16.48 ± 2.72 μg/mL at 1.90 ± 0.32 h after
intravenous infusion, and the AUC0−12h was 92.95 ± 9.61 h·μg/mL. The average penetration rate of linezolid in the
sputum as represented by the ratio of the AUC0−12h was 131.99%.
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Pharmacokinetics/Pharmacodynamics Target Attainment
The PTAs of different dosing regimens in plasma and sputum at different MIC values are shown in Table 4. When using
the conventional dosing regimen (600 mg, q12h), the PTA in plasma was greater than 90% only when the MIC was
≤1 mg/L, and the PTA was greater than 90% when the MIC was 2 mg/L in sputum.

Table 5 shows the MIC values and the distribution frequencies of linezolid against MRSA, Enterococcus faecium,
Enterococcus faecalis, and Streptococcus pneumoniae. The CFR values for different dosing regimens based on the
AUC0-24h/MIC (Table 5) against each bacterium are displayed in Table 6. For each bacterium, the CFR values increased
with increased doses. Linezolid had the highest CFR against Streptococcus pneumoniae, followed by Enterococcus
faecalis and Enterococcus faecium, with the lowest value for MRSA.

Table 1 The Baseline Characteristics of the Study Subjects

Patient
No.

Sex Age
(Years)

WBC
(×109/L)

NEU
(%)

CrCl (mL/
min)

Albumin
(g/L)

APACHE II
Score

PSI Risk
Class

Pathogen

1 Male 67 13.39 87.5 81.72 27.8 18 IV MRSA

2 Female 83 13.89 82.5 60.53 26.9 16 IV /

3 Female 70 15.65 88.1 95.67 31.6 24 III MDR-SP

4 Female 87 16.12 89.2 49.87 29.4 26 IV /

5 Male 63 15.34 93.5 84.29 39.3 17 III MRSA

6 Male 53 14.06 85.1 74.42 26.0 21 III MRSA

7 Male 48 21.22 92.7 159.60 37.5 18 III MRSA

8 Female 73 12.52 90.5 99.59 53.0 22 III MDR-SP

9 Male 73 18.80 90 159.21 27.7 21 IV /

10 Female 68 11.02 81 78.27 33.5 19 III MRSA

Notes: “/”Indicates that the pathogen is not clear. In order to control the infection as soon as possible, linezolid was given empirically.
Abbreviations: WBC, white blood cell count; NEU, percentage of neutrophils; CrCl, creatinine clearance rate. PSI, Pneumonia Severity Index; MRSA, methicillin-resistant
Staphylococcus aureus; MDR-SP, multi-drug resistant Streptococcus pneumoniae.

Figure 1 Plasma concentration–time curves of linezolid in patients (n=10).
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Discussion
In previous pharmacokinetic studies, samples containing linezolid were primarily obtained from the venous blood of
healthy volunteers. Therefore, changes in drug concentration in the blood did not truly reflect changes in concentrations
at the infection site. In addition, the pathophysiological characteristics of critically ill patients can result in changes in the
pharmacokinetic parameters of drugs, which can alter the exposure to drugs at the infection site, resulting in altered
efficacy. Recent studies have focused on pharmacokinetics in special populations, such as patients who are critically ill,
patients who suffered burns, patients with tuberculosis, and children21–24 have provided a theoretical basis for clinical use
of linezolid. However, the intrapulmonary pharmacokinetics of linezolid in patients with cerebral hemorrhage and
pulmonary infection have not been characterized. In this study, we elucidated the pharmacokinetics of linezolid in the
plasma and the lung, and used Monte Carlo simulation to optimize dosing.

Table 2 The Pharmacokinetic Parameters of Linezolid in Plasma

Patient No. T1/2 (h) Tmax (h) Cmax (μg/mL) AUC0-12h (h·μg/mL) CL (L/h) Vd (L)

1 5.68 1.00 13.29 61.29 8.41 68.84

2 6.47 1.00 9.86 46.91 10.13 94.63

3 4.62 1.00 11.51 47.78 11.46 76.37

4 12.27 1.00 13.14 83.91 4.46 79.00

5 8.39 1.00 12.71 82.18 5.82 70.36

6 7.29 1.00 15.41 74.73 6.73 70.79

7 6.23 1.00 13.40 68.90 7.52 67.62

8 5.53 1.00 14.05 75.74 7.26 57.96

9 12.47 1.00 12.32 86.54 5.05 90.90

10 6.29 1.00 13.22 76.25 6.94 62.98

Mean±SD 7.52±2.75 1.00±0.00 12.89±1.48 70.42±14.19 7.38±2.17 73.94±11.60

Abbreviations: T1/2, terminal elimination half-life; Cmax, maximal plasma concentration; Tmax, time to Cmax; AUC0−12h, area under
the concentration versus time curve from 0 to 12 h; CL, total body clearance; Vd, volume of distribution.

Figure 2 Sputum concentration–time curves of linezolid in patients (n=10).
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The volume of distribution (73.94 L) was higher in healthy volunteers than that in patients who were critically ill or
had liver dysfunction (58.3 L to 36.5 L) (Table 2).26,29–31 These differences may be related to disease status in cerebral
hemorrhage acute renal failure and the differences of combined drugs,32 which highlighted the need to characterize
pharmacokinetics in this population.

The penetration rate of drugs in the lung determines the concentration of drugs in the lung and is the key factor that
determines the efficacy of drugs against lung infections. In a previous study, the steady-state epithelial lining fluid (ELF)
concentrations in critically ill patients with ventilator-assisted pneumonia showed a mean linezolid penetration percen-
tage of approximately 100%.33 In critically ill patients with obesity,34 the pulmonary penetration in response to

Table 3 The Pharmacokinetic Parameters of Linezolid in the Sputum

Patient No. T1/2 (h) Tmax (h) Cmax (μg/mL) AUC0-12h (h·μg/mL) CL (L/h) Vd (L)

1 9.53 2.00 14.65 85.23 5.34 73.40

2 7.35 2.00 19.06 103.97 4.83 51.26

3 7.67 2.00 20.44 108.70 4.46 49.31

4 6.71 1.00 14.26 88.32 5.65 54.73

5 10.29 2.00 19.11 86.72 4.60 68.23

6 12.7 2.00 15.38 81.66 4.70 86.05

7 12.98 2.00 17.62 104.33 3.39 63.48

8 8.47 2.00 12.18 89.13 5.20 63.54

9 11.63 2.00 17.98 96.22 4.04 67.78

10 10.89 2.00 14.10 85.18 4.84 76.04

Mean±SD 9.82±2.24 1.90±0.32 16.48±2.72 92.95±9.61 4.71±0.65 65.38±11.53

Abbreviations: T1/2, terminal elimination half-life; Cmax, maximal plasma concentration; Tmax, time to Cmax; AUC0−12h, area under the
concentration versus time curve from 0 to 12 h; CL, total body clearance; Vd, volume of distribution.

Table 4 The PTAs of Linezolid in Plasma and Sputum Samples for Different Minimum Inhibitory Concentrations

Dosage
Regimens

MIC Values (mg/L)

0.25 0.5 1 2 4 8 16

Plasma

1200 mg/q12h 100.00 100.00 100.00 99.68 22.43 0.00 0.00

900 mg/q12h 100.00 100.00 100.00 90.37 1.45 0.00 0.00

600 mg/q12h 100.00 100.00 99.65 22.97 0.00 0.00 0.00

300 mg/q12h 100.00 99.66 22.70 0.00 0.00 0.00 0.00

Sputum

1200 mg/q12h 100.00 100.00 100.00 100.00 91.80 0.00 0.00

900 mg/q12h 100.00 100.00 100.00 100.00 7.96 0.00 0.00

600 mg/q12h 100.00 100.00 100.00 91.92 0.00 0.00 0.00

300 mg/q12h 100.00 100.00 92.13 0.00 0.00 0.00 0.00

Note: Green shading indicates a value greater than 90%.
Abbreviations: PTA, probability of target attainment; MIC, minimum inhibitory concentration.
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Table 5 Minimum Inhibitory Concentration Values and Distribution Frequency of Linezolid Against Gram Positive Cocci (Data
Obtained from the European Committee on Antimicrobial Susceptibility Testing, EUCAST)

MIC (μg/mL) MRSA Enterococcus faecalis Enterococcus faecium Streptococcus
pneumoniae

Nos % Nos % Nos % Nos %

0.06 0 0.00 0 0.00 0 0.00 10 0.02

0.125 0 0.00 15 0.05 9 0.06 35 0.06

0.25 0 0.00 36 0.11 27 0.19 593 0.98

0.5 0 0.00 606 1.93 403 2.80 4665 7.75

1 36 1.45 13,977 44.49 4630 32.14 39,282 65.24

2 1304 52.50 16,245 51.71 8936 62.04 15,577 25.87

4 1142 45.97 490 1.56 377 2.62 18 0.03

8 1 0.04 8 0.03 9 0.06 0 0.00

16 1 0.04 7 0.02 1 0.01 0 0.00

32 0 0.00 5 0.02 0 0.00 0 0.00

64 0 0.00 0 0.00 0 0.00 0 0.00

Total 2484 100 31,415 99.92 14,404 99.92 60,207 99.96

Abbreviations: MIC, minimum inhibitory concentration; MRSA, methicillin-resistant Staphylococcus aureus.

Table 6 The CFR Values for Different Dosing Regimens Against MRSA, Enterococcus faecium,
Enterococcus faecalis, and Streptococcus pneumoniae in Plasma and Sputum

Dosage
Regimens

CFR Values Against Different Bacteria

MRSA Enterococcus
faecalis

Enterococcus
faecium

Streptococcus
pneumoniae

Plasma

1200 mg/q12h 64.09 98.48 97.62 99.85

900 mg/q12h 49.56 93.34 91.29 97.43

600 mg/q12h 13.50 58.31 49.33 79.77

300 mg/q12h 0.33 12.18 10.33 23.59

Sputum

1200 mg/q12h 96.15 99.73 99.63 99.95

900 mg/q12h 57.60 98.42 97.44 99.93

600 mg/q12h 49.70 94.12 92.22 97.83

300 mg/q12h 1.34 43.08 32.66 68.92

Note: Green shading indicates a value greater than 90%.
Abbreviations: CFR, cumulative fraction of the response; MRSA, methicillin-resistant Staphylococcus aureus.
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intermittent or continuous administration was 98.8% or 87.1%, respectively. Our study showed that the penetration rate
of linezolid in the sputum, as represented by the AUC0−12h, was 131.99% (Tables 2 and3). These results showed that
linezolid had a good penetration rate in the lung, even higher than the concentration in the blood.

The pulmonary drug concentration does not match the blood concentration; therefore, administration schemes should
be designed according to the pulmonary concentration. When the MIC value was 4 mg/L as the dose was increased to
1200 mg, q12h, the PTA in the sputum was greater than 90%. In contrast, the PTA in the plasma was not equivalent
(Table 4). If clinical conditions limit collection of sputum, the concentration in plasma could be used, but it should be
considered that the concentration in the lung may be higher than that in the plasma.

Table 6 shows that linezolid had the highest CFR against Streptococcus pneumoniae, which agreed with previous
reports.33,35 According to the results of this study and other studies,36,37 the typical dosing regimen (600mg, q12h) only
achieved a PTA greater than 90% for MRSA when the MIC was ≤1 mg/L, but the MIC for MRSA in response to
linezolid was typically greater than or equal to 2 mg/L. This finding indicates that MRSA may require an increased dose
or a combined drug regimen, depending on clinical symptoms. However, current clinical guidelines recommend use of
linezolid for the treatment of MRSA, and linezolid has been reported to be effective against MRSA.36–38 The differences
between our findings and those of other studies may be as follows. First, the patient groups included in different studies
may respond differently to treatment, and there may be a lower subconcentration of linezolid in the cerebral hemorrhage
group. Second, the target value of AUC0-24h/MIC >80 may be set too high, and the difference between theoretical
research and clinical practice should be considered. Future studies should address these differences. In addition, drug
toxicity must be considered.39

This study was subject to the following limitations. First, the sample size was small (10 patients), subsequent
population pharmacokinetic study with more patients are warranted to identify the key covariates affecting pharmaco-
kinetics. Second, the PK/PD target of AUC0-24h/MIC greater than 80 in previous studies was mostly based on plasma,
and the applicability of this value to intrapulmonary studies requires further evaluation.

In conclusion, this study provided an empirical basis for treatment options when the MIC is ≤2 mg/L and the routine
administration regimen for linezolid (600mg, q12h) may be effective for the treatment of pulmonary infection. In
addition, due to individual differences in pharmacokinetics caused by different pathophysiological characteristics and
administration of combined medications, a population pharmacokinetics study and evaluation of clinical efficacy needs to
be performed to further optimize dosing and administration strategy.
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