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Linezolid is an oxazolidinone antibacterial drug, and its therapeutic drug

monitoring and individualized treatment have been challenged since its

approval. With the in-depth clinical research of linezolid, we have changed

our attitude toward its therapeutic drug monitoring and our view of

individualized treatment. On the basis of summarizing the existing clinical

studies, and based on the practical experience of each expert in their

respective professional fields, we have formed this expert consensus. Our

teamof specialists is amultidisciplinary team that includes pharmacotherapists,

clinical pharmacology specialists, critical care medicine specialists, respiratory

specialists, infectious disease specialists, emergency medicine specialists and

more. We are committed to the safe and e�ective use of linezolid in patients

in need, and the promotion of its therapeutic drug monitoring.

KEYWORDS

linezolid, therapeutic drug monitoring, individualization, expert consensus,

pharmacotherapy

Introduction

Linezolid is a synthetic antibacterial drug of the

oxazolidinone class. It was approved by the U.S. Food and

Drug Administration (FDA) in 2000 and entered the Chinese

market in 2007 for clinical use (1, 2). Linezolid inhibits protein

synthesis by binding at the P site of the ribosomal 50S subunit.

In terms of pharmacokinetics (PK), it has good penetration, and

its accumulation in tissue—including bone, lung, vegetation,

hematoma, and cerebrospinal fluid (CSF)—allows for its use

in treating surgical infection (3–7). However, differences in

linezolid exposure between individuals are related to differences

in efficacy and adverse reactions (8–12).

Currently there is no guideline or consensus for linezolid

therapeutic drug monitoring (TDM) and individualized

treatment. Therefore, the Division of Therapeutic Drug

Monitoring of Zhejiang Pharmacological Society and the

Infectious Diseases Pharmacist Group of the Society of

Hospital Pharmacy of Zhejiang Pharmaceutical Association

recruited experts in related fields to discuss issues related to

linezolid TDM and individualized treatment. The expert group

considered 18 clinical practice issues and conducted three

rounds of consultation with external experts; the end result is

this consensus statement.

Methods

The expert consensus was drawn up by 36 pharmacotherapy

experts from the Division of Therapeutic Drug Monitoring

of Zhejiang Pharmacological Society and the Infectious

Diseases Pharmacist Group of the Society of Hospital

Pharmacy of Zhejiang Pharmaceutical Association. The

group’s agenda was predefined. The expert group first

defined the clinical questions to be addressed and then

designated experts to each question. The recommendations

for the clinical practice questions are in a question-

and-answer format and reasons are provided. Three

rounds of expert meetings were conducted to provide

trustworthy recommendations.

Eighteen external clinicians and experts in clinical

pharmacotherapeutics were invited to vote on the issues.

Scoring was based on theoretical basis, scientificity,

innovation, feasibility, and expert weighting of the

consensus items. According to the modified Delphi

method (13), the voting results of experts are summarized,

and the average score is calculated to propose the

corresponding recommendation strength. The final

score was on a scale from 1 to 10: 1–4 is not

recommended, 5–7 is weakly recommended, and 8–10

is recommended.

Expert panel recommendations

Question 1: Does linezolid require TDM?
What is the target range for linezolid
TDM?

Expert panel recommendations

(1) We recommend TDM for linezolid. (Score: 8.90) (2) We

recommendmaintaining a linezolid trough concentration of 2–8

mg/L. (Score: 8.60)

Reason

A decade-long retrospective study by Pea et al. included

1,049 patients treated with linezolid 600mg q12h and collected

2,484 trough concentration points. They set the trough

concentration range to 2–7 mg/L. Only 50.8% of patients
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were in this range, and the incidence of overexposure

(33%) was significantly higher than that of underexposure

(16.2%). Overexposure to linezolid is significantly correlated

with an estimated Creatinine clearance (CrCL) was estimated

by means of the Cockcroft and Gault formula (CrCLC−G)

≤40 mL/min, and underexposure is significantly correlated

with an estimated CrCLC−G > 100 mL/min. This suggests

that TDM could be used to optimize linezolid exposure in

most patients (14). A monocentric, prospective, open-label,

interventional study found that proactive TDM of linezolid

may be beneficial for preventing or recovering from dose-

dependent thrombocytopenia (15). A prospective observational

study enrolled 84 patients who received the standard linezolid

regimen (600mg q12h) and collected 153 trough concentration

points. Only 57.52% of patients had trough concentrations

within the effective range (2–8 mg/L), 31.37% had underexposed

trough levels, and 11.11% had overexposed trough levels (16).

A retrospective, single-center, observational trial from 2008 to

2013 included 70 patients treated with linezolid 600mg q12h.

A linezolid trough concentration of 2–6.3 mg/L achieved the

best therapeutic effect while minimizing adverse reactions (17).

Another retrospective study included 108 patients treated with

linezolid 600mg q12h. Multivariate analyses showed that the

clinical failure rate of the TDM group was significantly lower

than that of the non-TDM group. In addition, 90.5% of patients

with renal impairment in the TDM group needed a dose

adjustment to achieve the target trough concentration (18). A

prospective study by Cattaneo et al. (19) suggested a causal

relationship between the blood concentration of linezolid and

the risk for drug-related hematological toxicity. In addition, case

reports of two critically ill patients with normal renal function

suggested that overexposure to linezolid in plasma causes

toxicity and that subtherapeutic exposure leads to treatment

failure. TDM would allow early detection and correction of bias

to achieve the target linezolid concentration (20).

In short, both prospective and retrospective trials and case

reports suggest that TDM of linezolid is necessary. Although

this is contrary to the description in the package insert of

linezolid, it is a confirmed, evidence-based recommendation.

We recommend that in patients treated with linezolid, in

particular critically ill patients, TDM is required to achieve

optimal PK.

Question 2: What detection method is
recommended for TDM of linezolid?

Expert panel recommendations

We recommended quantification of linezolid in

human plasma or serum by high performance liquid

chromatography-Ultraviolet detector (HPLC-UV) or liquid

chromatography-tandem mass spectrometry (LC-MS/MS)

methods. (Score: 8.80)

Reason

HPLC-based methods coupled with UV or MS are the

major analytical techniques for determining linezolid in human

plasma or serum, and MS is more suitable for clinical

application because of its high selectivity and sensitivity (21).

LC-MS/MS methods that enable simultaneous quantification

of plasma concentrations of linezolid and other antibiotics

are available (22–27) and may improve detection efficiency

for TDM. Other methods for determining linezolid in human

plasma are immunoassay (28), direct analysis in real time mass

spectrometry (DART-MS) (29), and square wave voltammetry

(30), but these lack comparative verification with HPLC for

large-scale clinical sample detection.

In summary, based on the stability of the quantitative

method and the availability of TDM equipment, we

recommend HPLC-UV or LC-MS/MS methods for quantitative

determination of linezolid in plasma.

Question 3: How should laboratories
conducting quantitative determination of
linezolid perform quality control?

Expert panel recommendations

Quality control procedures should be implemented using

drug in vivo analysis techniques, quality control standards, and

clinical intervention programs. (Score: 9.15)

Reason

The quality control of linezolid by in vivo drug analysis

techniques should include investigations of specificity,

sensitivity, accuracy, reproducibility, and stability (22–27).

Quality control standards should include indicators for

quantitative determination methods within and between

laboratories, qualifications and certification of testing personnel,

Standard Operating Procedure (SOPs) for testing procedures,

clinical pathways and independent external quality assessments

(EQAs) (31). The laboratory should have a dedicated quality

control manager. The laboratory should participate in

the quality evaluation activities of the TDM professional

organization or government-authorized quality management

agency and have sufficient capacity. For quantitative detection

of linezolid, relevant technical guidance documents, quality

control plans, and clinical intervention plans should be

formulated in advance. These quality control documents should

be released after review by the appropriate authorities before

quantitative testing of linezolid (31).

Frontiers in PublicHealth 03 frontiersin.org

https://doi.org/10.3389/fpubh.2022.967311
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Lin et al. 10.3389/fpubh.2022.967311

Question 4: How should linezolid TDM
results be reported?

Expert panel recommendations

We recommend that the TDM report provide test results,

explanations thereof, and treatment suggestions. The report

should be individualized for the patient in question. (Score: 9.15)

Reason

There is no best practice for TDM reports, but we base

these recommendations on Antimicrobial Therapeutic Drug

Monitoring in Critically Ill Adult Patients: A Position Paper,

The Expert Consensus on the Standards of Therapeutic Drug

Monitoring (2019 Edition), and clinical practice experience.

A complete linezolid TDM report should include basic

information, test results, and treatment suggestions and

explanations (31–33). Basic information includes information

on the applicant, patient, and sample. Patient information

should include the type of patient, identification, sex, age,

weight, serum creatinine level, and estimated creatinine

clearance rate (CLCr) on the day of sampling or the past 3

days. The minimum inhibitory concentration (MIC) value of

pathogens is crucial, and should include confirmed or suspected

pathogens and local drug resistance information for subsequent

pharmacokinetic/pharmacodynamic (PK/PD) calculations. The

PK of linezolid is affected by, for example, age, sex, weight, renal

function, and rifampin contamination. Therefore, these factors

should be included in the TDM report. Sample information

should include the type of sample, collection time, and linezolid

regimen (dose and time of administration of the last two

doses). Only the qualified samples make the interpretation of

significance. Any errors in the timing of specimen collection,

collection of blood in arteries or veins or central venous

catheter (CVCs), blood collection tubes, etc., can mislead

the results.

Test results should include the concentration, quantitative

unit, therapeutic range, and over/under limit mark. The

interpretation of the test results should include the purpose

of monitoring, an analysis of the results, and a conclusion.

The conclusion should integrate the regimen, renal function,

contaminant medication, and clinical response. Treatment

suggestions should be based on the test results, purpose

of monitoring, and patient information. If the linezolid

dosage needs to be adjusted, we recommend pharmacometrics-

based dose calculation. Pharmacometrics enables individualized

administration of linezolid (8, 10). In addition, individualized

monitoring and follow-up are needed based on characteristics

of the patient and disease.

The TDM report should be issued within 24 h to provide

time to adjust treatments. The report should contain the

signatures of the test operator and the reviewer of the report.

Question 5: For which patients should
linezolid TDM be considered?

Expert panel recommendations

We recommend TDM for critically ill patients, children,

patients with renal insufficiency/augment or liver cirrhosis,

elderly, obese and patients taking co-medications known to

interact with linezolid. (Score: 9.50).

Reason

Increased endothelial permeability, renal dysfunction,

and hypoalbuminemia are common in critically ill patients.

Endothelial dysfunction may increase the distribution volume

of hydrophilic antimicrobials. Hypoalbuminemia may increase

the free (or unbound) fraction of antimicrobials, potentially

resulting in CL and increasing the drug distribution (34, 35).

ARC (CrCL > 130 mL/min) is increasingly noted in critically

ill subpopulations (incidence: 14–80%). It could enhance renal

elimination of antimicrobials and is associated with suboptimal

plasma concentrations (36–38). Many critically ill patients

have renal impairment or acute kidney injury. All these factors

will significantly influence antimicrobial PK in critically ill

patients. Therefore, TDM should be routinely performed when

linezolid is used to treat critically ill patients. Maintaining a

linezolid Cmin of 2–7 mg/L is recommended to optimize efficacy

and minimize hematological toxicity (33). A retrospective,

monocenter, observational study by Dong et al. included 70

critically ill patients treated with linezolid 600mg q12h. Patients

were divided into two groups according to whether they

developed thrombocytopenia after treatment with linezolid.

Logistic analyses showed that Cmin was significantly related to

linezolid-associated thrombocytopenia (17). Two other studies

(39, 40) showed that linezolid overexposure in patients with

renal insufficiency is related to thrombocytopenia and that

linezolid blood concentration monitoring can avoid platelet

toxicity caused by overexposure. A retrospective case-control

1:1 study by Luque et al. included 52 patients with and without

cirrhosis who received linezolid 600mg intravenously every

12 h. Patients with liver cirrhosis had higher median linezolid

trough plasma concentrations than those without cirrhosis (20.6

mg/L vs. 2.7 mg/L, P < 0.001) and a significantly increased

incidence of overexposure (76.9% vs. 26.9%, P < 0.001).

Therefore, liver cirrhosis may influence linezolid PK. TDM of

linezolid would be valuable in these patients (41).

A single-center retrospective study by Cojutti et al. included

112 overweight and obese patients on linezolid with a median

body mass index (BMI) of 35.4 kg/m2 and a median weight of

105.8 kg. A total of 52.9% patients who received the standard

dosage of 600mg q12h did not achieve the target steady-state

trough linezolid concentration (2–7 mg/L). Indeed, the trough

linezolid concentration was <2 mg/L and >7 mg/L in 35.6%

and 17.3% of patients, respectively (42). Therefore, the standard
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dose of linezolid may not be applicable to obese and overweight

patients. TDM is needed in such patients to optimize treatment.

Simon et al. (43) suggested that as body weight increases

the linezolid concentration in plasma and subcutaneous tissue

decreases. The current dosing regimen does not achieve a

sufficient concentration to kill bacteria with MIC ≥ 2 mg/L,

in particular as an empirical antibacterial for severely obese

patients. Blackman et al. showed that for 140 kg non-cirrhotic

patients, bacteria had MICs of 0.5, 1, 2, and 4 mg/L, and the

standard linezolid dose of probability of target attainment (PTA)

was 100, 98.8, 34.1, and 0%. For non-cirrhotic patients of body

weight≥ 140 kg and MIC≥ 2 mg/L, the standard linezolid dose

did not reach the target of ≥90%. The standard linezolid dose

may not be suitable for all patients (44).

A retrospective study of 23 patients was conducted by

Cojutti et al. Standard dosages were suboptimal in 50.0 and

44.4% of patients in group 1 and group 2, respectively. Among

those who underwent multiple instances of TDM, the dosage

was increased in 33.3% of cases in both groups and decreased in

6.6 and 9.5% of cases in group 1 and group 2, respectively. Monte

Carlo simulations showed PTA ≥ 90% with the current dosing

regimens in both groups for pathogens with MIC ≤ 1 mg/L.

Therefore, the standard dose of linezolid may not be applicable

to pediatric patients. Such patients require TDM to optimize

treatment (9). Rao et al. suggested that an AUC:MIC ratio of 80–

100 is an appropriate efficacy threshold for children, who tend

to clear linezolid significantly faster than adults. However, the

threshold for toxicity is less well defined in pediatric patients

than in adults (45).

Linezolid is a potential substrate of P-glycoprotein, which

interacts with numerous drugs. The putative mechanism

underlying such interactions is modulation of P-glycoprotein

activity. Clarithromycin, proton pump inhibitors (such as

omeprazole and pantoprazole), amiodarone, amlodipine,

and calcium channel blockers inhibit P-glycoprotein and

therefore increase linezolid concentrations. Rifampin,

phenobarbital, and levothyroxine are inducers of P-glycoprotein

that increase clearance of linezolid and decrease linezolid

plasma concentrations (9, 45–47). Therefore, TDM is required

when linezolid is combined with the aforementioned drugs.

Question 6: How should the linezolid
dosage be adjusted for patients with
renal insu�ciency?

Expert panel recommendations

(1) For patients with renal insufficiency not on hemodialysis

(HD), we suggest that linezolid can be reduced to a

regimen of 300mg q12h. (Score: 7.90) (2) Insufficient linezolid

doses in patients with renal insufficiency on dialysis must

be considered, and the dose should be increased based

on TDM if necessary. (Score: 8.70) (3) Irrespective of

whether patients with renal insufficiency are on dialysis, we

recommend adjusting the dose of linezolid based on TDM.

(Score: 8.15)

Reason

Pea et al. (14) suggested that overexposure to linezolid

is significantly associated with renal insufficiency (Ccr ≤

40 mL/min). A prospective observational study by Fang

et al. (16) showed that renal insufficiency (Ccr ≤ 40

mL/min) was significantly associated with a linezolid trough

concentration > 8 mg/L. A Spanish retrospective study

showed that the risk of overexposure for estimated glomerular

filtration rate (eGFR) < 40 mL/min is 4.27-fold that of

eGFR > 80 mL/min (48). Souza et al. (40) reported that

the median linezolid concentration in patients with renal

insufficiency was 1.46-fold that of patients with normal

function. In summary, renal insufficiency is closely related to

linezolid overexposure.

Crass et al. constructed a population pharmacokinetic

(PPK) model based on 603 patients on linezolid. For patients

with eGFR < 60 mL/min, the risk of overexposure (Cmin

> 8 mg/L) to linezolid at the conventional dosage of

600mg q12h was >50%. Linezolid 300mg q12h can balance

safety and effectiveness and seems to be feasible (39). The

PPK/pharmacodynamic model of Sasaki et al. revealed that

for Ccr ≤ 30 mL/min, 300mg q12h linezolid is >90% likely

to achieve the pharmacodynamic target (AUC/MIC > 100).

For patients with Ccr ≤ 30 mL/min, the author recommends

300mg q12h (49). A study in Japan showed that among patients

with renal insufficiency, the clinical failure rate was significantly

lower among linezolid-treated patients in the TDM group

than in the non-TDM group. In addition, up to 90.5% of

patients in the TDM group required dose adjustment. Patients

with renal insufficiency can reach the goal of Cmin ≥ 2.0

mg/L with a 300mg q12h regimen (18). Kawasuji et al. (50)

reported that the initial dose should be reduced to reduce the

risk for linezolid-induced thrombocytopenia (LIT) in patients

on HD.

In addition, the recommendation in the linezolid

instructions that “dose does not need to be adjusted for

patients with renal insufficiency” is mainly based on an early

PK study. The study included only healthy volunteers (n =

6), individuals with moderately impaired renal function (n =

6), individuals with severely impaired renal function (n = 6),

and patients on HD (n = 6). The subjects were given a single

oral dose of linezolid 600mg, and there were no significant

differences in linezolid PK parameters (51). We have reason

to believe that the recommendations in the instructions do

not reflect the clinical situation. In a meta-analysis of the
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relationship between renal function and LIT, renal function

was closely related to LIT, and poor renal function was related

to a higher risk for LIT. Subgroup analyses showed that in

patients on the conventional linezolid regimen (600mg q12h),

the risk for LIT was higher in patients with renal insufficiency

than in those with normal renal function (unadjusted OR: 2.59,

95% CI: 1.64–4.10, I2 = 60.8% vs. adjusted OR: 2.69, 95% CI:

1.83–3.95, I2 = 0%). Therefore, the dosage recommended in the

instructions is unsuitable (52).

A prospective, single-dose pharmacokinetic study

included 15 critically ill patients with oliguria and acute

renal insufficiency, eight of whom received intermittent

HD lasting 3 to 4 h and five of whom received sustained

low-efficiency dialysis (SLED) for 8 h. The patients received

linezolid 600mg intravenously within 60min before dialysis.

The average clearance rates of HD and SLED were 32.3 and

33.9%, respectively. After HD and SLED, the serum linezolid

concentration in three patients was <4 mg/L (lower than the

target MIC). To maintain efficacy, it is recommended that

linezolid be used at the end of dialysis (53). A prospective,

multi-dose pharmacokinetic study included five critically ill

patients with renal failure on intermittent hemodialysis (IHD)

who received standard doses of linezolid intravenously. IHD not

only reduced the serum linezolid concentration but also delayed

a steady-state linezolid concentration. It is recommended that

overweight patients and early dialysis patients on linezolid be

given one third the full dose or a loading dose of 1,200mg after

the end of dialysis (54). In critically ill patients with continuous

veno-venous hemodialysis (CVVHD) and continuous veno-

venous hemodiafiltration (CVVHDF) on renal replacement

therapy, the standard linezolid dosage (600mg q12h) is given

intravenously, the therapeutic concentration is insufficient,

and the target cannot be achieved for pathogens with MIC

≥ 2 mg/L (55, 56). A prospective, single-center observational

study in China included 40 patients with sepsis who received

continuous renal replacement therapy (CRRT). The standard

intravenous dose for patients on renal replacement therapy

yielded a steady-state concentration effective against pathogens

with an MIC of 2 mg/L. The dose group reached the PK/PD

target, whereas the high-volume hemofiltration (HVHF) group

did not. For MIC > 2 mg/L, neither group achieved the PK/PD

target. It is recommended that patients with sepsis receive

different doses of CRRT, which should be adjusted according

to the TDM results (57). In patients with severe sepsis who

receive CRRT, underexposure to linezolid is common; for MIC

> 4 mg/L in particular, the conventional dose does not result in

optimal exposure and so must be increased (58, 59).

We recommend that patients with renal insufficiency on

RRT be monitored for insufficient linezolid exposure. The

typical dosage (600mg q12h) may not be efficacious. Therefore,

we recommendmonitoring the serum concentration of linezolid

in such patients.

Question 7: Does the linezolid dose need
to be adjusted for patients with hepatic
insu�ciency?

Expert panel recommendations

We do not recommend adjusting the linezolid dose for

patients with mild to moderate hepatic insufficiency (Child-

Pugh grade A or B). (Score: 8.65)

Question 8: How should the linezolid
dose be adjusted for patients with
hepatic insu�ciency?

Expert panel recommendations

We recommend reducing the dose of linezolid in Child-

Pugh grade C patients with severe hepatic insufficiency.

(Score: 8.40)

Reason

The updated instructions for linezolid tablets (released June

22, 2020) and the updated drug instructions for linezolid glucose

injection (September 1, 2020) indicate that there is no need

to adjust the dose for patients with mild to moderate hepatic

insufficiency. A single-center, retrospective, observational case-

control 1:1 study by Luque et al. (41) included 52 patients

receiving linezolid 600mg q12h, of whom 26 were patients with

liver cirrhosis (1, 13, and 12 cases of Child-Pugh grade A, B,

and C, respectively). The median linezolid trough concentration

(Cmin,ss) of patients with liver cirrhosis was 20.6 (17.4) mg/L,

which was higher than the control group (2.7 [11.3] mg/L, P <

0.001). The median peak concentration (Cmax,ss) was 34.1 (22.7)

mg/L, which was higher than the control group [16.5 (11.6)

mg/L, P = 0.001]. The steady-state Cmin values of linezolid

are similar in patients with different degrees of liver cirrhosis

[for Child-Pugh grades A, B, and C: 25.9, 16.2 (15.5), and 22.7

(25.5) mg/L, respectively, P = 0.547]. A prospective, open-

label, uncontrolled study by Sasaki et al. examined the PK of

linezolid in Japanese patients, including four with severe liver

cirrhosis (Child-Pugh grade C). The clearance rate at a dosage

of 600mg q12h decreased significantly (∼50% decrease) and

showed higher Cmin,ss values of 32.5, 36.4, 40.8, and 45.4 mg/L,

respectively, which suggests changes in liver cirrhosis. Therefore,

the PK of linezolid is different in patients with liver cirrhosis with

different grade (49).

Hepatic insufficiency reduces linezolid clearance in critically

ill patients (60). The effects of severe liver dysfunction (Child-

Pugh grade C) on the PK of linezolid are unclear. A prospective

study by Zhang et al. included 163 concentration samples from

45 patients with liver insufficiency. Their PPK model showed
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that PTA and CLcr were positively correlated with the linezolid

clearance rate (CL), which confirms that liver insufficiency is an

important factor in linezolid PK and dose optimization. Monte

Carlo simulation was used to optimize the linezolid dose for

patients with liver insufficiency (61). Simulation based on the

finalmodel showed that when theMICwas 2µg/mL, for patients

with a PTA of 20–40% or CLcr < 10 mL/min, the 300mg q12h

dosage was safe and effective based on probabilities of AUC0−24:

MIC ratio ≥ 80 of 92.9% and 96.9% and probabilities of a

Cmin,ss of 2–8µg/mL of 99.3% and 99.4%. When the MIC was

2µg/mL, for patients with PTA ≤ 20% a 400mg q24h dosage

was sufficient to achieve the therapeutic target (the probability

of AUC0−24:MIC ratio ≥ 80 was 97.9%). When the MIC was

4µg/mL, for patients with PTA≤ 20%, at a 300mg q12h dosage

the probability of AUC0−24:MIC ratio ≥ 80 was 91.9%, that of

Cmin,ss > 8µg/mL was 0.2%, and that of a Cmin,ss of 2–8µg/mL

was 99.8%. A prospective, open-label, uncontrolled study by

Sasaki et al. included four patients with severe liver cirrhosis

(Child-Pugh grade C). Based on a model simulation, for patients

with insufficient renal function (CLcr ≤ 30 mL/min) or severe

liver cirrhosis (Child-Pugh grade C), it is recommended that the

dosage be reduced to 600 mg/day (49). Wicha et al. used the

maximal liver function capacity (LiMAx test) tool for linezolid

dose adjustment in patients with hepatic insufficiency. They

suggested that TDM should be performed for LiMAx < 100

µg/kg/h to reduce the risk of excessively high target plasma

concentrations (62, 63).

Question 9: Does the linezolid dose need
to be adjusted for patients on
extracorporeal membrane oxygenation
(ECMO)?

Expert panel recommendations

We recommend optimization of the linezolid dosage for

patients on ECMO. (Score: 8.75)

Question 10: How should linezolid
administration be optimized for patients
on ECMO?

Expert panel recommendations

We recommend that for patients on ECMO the following

dosing schedule be used:

• MIC ≤ 1 mg/L: 600mg q12h.

• MIC= 2 mg/L: 600mg q8h.

• MIC > 2 mg/L: might require more than 4-fold the

conventional dosage to achieve the PK/PD target. The

safety of this regime is unknown, so we recommend a

switch to other sensitive antibiotics.

Whichever dosage is used, it should be adjusted based on the

results of TDM. (Score: 8.40).

Reason

To date, two PK studies of linezolid in patients on ECMO

have been published. The case series reported by De Rosa

et al. (64) in 2013 comprised three patients on 600mg q12h

linezolid, who had AUC0−24h values of 212.58, 165.65, and

100.59 mg·h/L, respectively. For pathogens with an MIC of

1, the AUC/MIC target was reached; for pathogens with an

MIC of 2 mg/L, one patient failed to achieve the target; and

for pathogens with an MIC of 4 mg/L, the AUC/MIC target

was not reached. Therefore, individualized regimens should

be used for patients on ECMO. The PK of a patient infected

after right lung transplantation reported by Nikolos et al.

(65) differed significantly from that reported by De Rosa et

al. After reaching steady state, the peak and trough linezolid

concentrations were 1.7 and 0.4 mg/L, and the AUC0−24h was

estimated at 21.6 mg/L. This is lower than reported by De

Rosa et al. (64). Kühn et al. (66) evaluated 112 and 186 blood

samples from patients with and without ECMO, respectively;

34.8% of patients on ECMO were underexposed to linezolid.

In addition, the multivariate linear GEE method was used to

evaluate the influence of clinical factors on blood antibiotic

concentrations. The results showed that linezolid overexposure

may have been related to ECMO duration (P < 0.05). Therefore,

patients on ECMO receiving linezolid should be monitored for

underexposure during early use and for overexposure during

long-term use.

The four patients differed significantly, so TDM is needed

for patients on ECMO. We believe that for bacteria with

MIC ≤ 1 mg/L, the optimal PK/PD index can be achieved

using the doses on the drug label. For bacteria with an MIC

of 2 mg/L, 600mg q8h linezolid is appropriate. In the case

of MIC > 2 mg/L, achieving the PK/PD target is difficult,

so we recommend switching to another sensitive antibiotic.

The MIC90 of linezolid for Staphylococcus aureus in China

(67) is 2 mg/L, so the empirical linezolid regimen is 600

mg q8h.

Few studies have evaluated linezolid in ECMO

patients, and those that have are small samples or

case reports. Therefore, it is necessary to adjust

the linezolid dose in patients on ECMO and

perform TDM.
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TABLE 1 Algorithm for determining the optimal linezolid dosage for overweight and obese patients.

CrCL(CKD−EPI) Coagulase-Negative S. aureus Enterococcus spp.

(mL/min/1.73m2) Staphylococci (CoNS) (MRSA or MSSA) (VSE or VRE)

0–29 450mg q12h 600mg q12h 600mg q12h

30–59 450mg q12h 600mg q12h 600mg q12h

60–129 450mg q12h 600mg q12h 450mg q8h

130–200 600mg q12h 450mg q8h 450mg q8h

Question 11: Do pediatric patients
require linezolid dose optimization?

Expert panel recommendations

We recommend optimizing the linezolid dose for pediatric

patients. (Score:9.60)

Question 12: How should the dose of
linezolid be adjusted for pediatric
patients?

Expert panel recommendations

We recommend linezolid dose adjustment for pediatric

patients based on TDM. (Score: 9.25)

Reason

Li et al. (68) conducted a prospective PK study on 112

pediatric patients ages 0–12 years and established a PPK model.

If bacterial MIC ≥ 2 mg/L, the conventional dosage of 10

mg/kg q8h will lead to a high risk of underdosing in children,

and the dosage should be increased to 15 or 20 mg/kg q8h. A

single-center, prospective, open-label PPK study on critically ill

children in China by Yang et al. showed that for MIC ≤ 1 mg/L,

a dosage of 10 mg/kg q8h yields PTA > 96%. For MIC > 1

mg/L, the PTA was <70%. For an MIC of 2 mg/L and a dosage

of 15 mg/kg q6h, the PTA increased from 63.6 to 94.6% (10).

A retrospective study by Wang et al. (69) found that the rate

of linezolid treatment for thrombocytopenia in pediatric ICU

patients was 25.0% and was related to linezolid overexposure.

Linezolid has a better effect in children with tuberculosis, but

some children are overexposed to linezolid and the treatment

is discontinued because of adverse events. This suggests the

importance of linezolid dose optimization for children with

tuberculosis (70–72). Cojutti et al. (9) reported that children

need a higher linezolid dose for pathogens with MIC > 1

mg/L and that TDM should be encouraged to optimize linezolid

exposure. Linezolid TDM is useful for pediatric patients with

sparse clinical data or PK changes. Adaptive feedback control

and model-informed precision dosing use Bayesian algorithms

and PK models to predict linezolid exposure. Linezolid TDM

should be included in the dosage optimization workflow (45).

In summary, we support dose optimization in pediatric

patients based on TDM.

Question 13: Do obese patients need
linezolid dose optimization?

Expert panel recommendations

Standard linezolid doses are not adequate for obese patients,

and so dose adjustment is recommended. (Score: 9.30)

Question 14: How should a dose
optimization strategy be implemented
for obese patients?

Expert panel recommendations

Adjustments to the linezolid dosage should be based on

CrCL (CKD-EPI) estimates, and escalation to 600mg q8h is

not recommended because of an unacceptably high risk for

thrombocytopenia (Table 1). (Score: 8.95)

Reason

In a controlled clinical study, concentrations of linezolid

in plasma and subcutaneous tissue decreased with increasing

body weight, and the recommended dosage did not yield

concentrations sufficient to kill bacteria with MIC ≥ 2 mg/L in

obese patients (43). A phase I comparative clinical trial evaluated

the PK and PD of a single intravenous fixed dose of linezolid

compared to a weight-adjusted dose. A weight-adjusted dose

of linezolid 10 mg/kg might be more appropriate than a fixed

dose for obese patients (73). Body weight has a marked effect

on linezolid clearance, and the PTA decreases with increasing

weight. Moreover, standard linezolid dosing in obese patients

with pneumonia caused by MRSA (MICs 1–4 mg/L) leads to

an unacceptably low (near zero to 60%) PTA for patients <65

years old (74). Furthermore, a prospective study showed that

standard linezolid doses might not be adequate for critically ill

obese patients with severe skin and soft tissue infection (44).
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A retrospective study assessed the PPK and PD of linezolid

in overweight and obese hospitalized patients (42). Totals of

352 trough (minimum) and 293 peak (maximum) linezolid

concentrations from 112 patients were analyzed. Patients were

on linezolid because of sepsis, nosocomial pneumonia, bone and

joint infection, skin and soft tissue infection, and central nervous

system (CNS) infection. Only the estimated creatinine clearance

(using the Chronic Kidney Diseases Epidemiology formula,

CrCL [CKD-EPI]) covariate improved the model fit. Dosage

reduction to 450mg q12h might be optimal for patients with

coagulase-negative staphylococcal infection and CrCL (CKD-

EPI) < 30 mL/min/1.73 m2. Dosage escalation to 450mg q8h

may be optimal for patients with CrCL (CKD-EPI) ≥ 60

mL/min/1.73 m2. However, dosage escalation to 600mg q8h

is not recommended because of an unacceptably high risk

for thrombocytopenia.

Question 15: How should the linezolid
dose be individualized for patients with
tuberculosis?

Expert panel recommendations

We recommend 1-month treatment with linezolid 600mg

twice daily. For long-term treatment (if tolerated until the end

of treatment), a maximum dosage of 600mg once daily is

recommended. Irrespective of the dosage, we recommend TDM

of the AUC and determination of the MIC of Mycobacterium

tuberculosis strains. The recommended target is AUC/MIC >

100. (Score: 9.05)

Reason

Although linezolid was recommended in the revised

version of World Health Organization Recommendations on

the Treatment of Drug-Resistant Tuberculosis, 2020 Update, the

optimal dosage for tuberculosis needs to be determined (75). In

the Nix-TB open-label clinical study, most participants required

a reduction in dose or interruption of linezolid. Thirty-seven

(34%) participants completed 26 weeks of linezolid without

interruption, although they may have had a dose reduction,

and 16 (15%) completed 26 weeks at a 1,200mg total daily

dose of linezolid with no interruptions or dose reductions

(76). Although one study recommended a linezolid dosage for

tuberculosis of 1,200 mg/day (75), others suggest that <600

mg/day is effective and has a treatment success rate similar to

that of >600 mg/day (77). Indeed, 300 mg/day may have greater

clinical efficacy with fewer adverse reactions. The optimal dosage

is unclear (78–80). According to clinical studies, linezolid is

appropriate for M. tuberculosis infection and can maintain a

PK/PD target of AUC/MIC > 100 (81–86). Provision by the

tuberculosis laboratory of the MIC of M. tuberculosis allows

calculation of the AUC/MIC, potentially benefitting treatment.

If the tuberculosis laboratory cannot provide the MIC of M.

tuberculosis, it should estimate the AUC/MIC based on the local

drug resistance profile ofM. tuberculosis (87–91).

The problems with using linezolid for M. tuberculosis

infection deserve further study. We suggest that the

dosage be limited to 600 mg/day. Because of the lack of

randomized controlled trials, we are unable to provide specific

recommendations. However, we can reach a consensus on the

TDM of linezolid for tuberculosis patients, and the target can

also be determined at AUC/MIC > 100.

Question 16: How should the linezolid
dose be adjusted in patients with central
nervous system (CNS) infection?

Expert panel recommendations

For CNS infection, we recommend the linezolid dosage as

reported in the package insert (i.e., a linezolid dosage of 600mg

q12h in adults and children >12 years with normal renal and

hepatic function). The recommended linezolid dosage is 10

mg/kg q8h in children up to 11 years of age and 10 mg/kg q12h

in preterm (gestational age: 34 weeks) and 7-day-old infants.

(Score: 8.65)

Reason

Beer et al. studied the PK profile of linezolid in CSF in

five adult patients with staphylococcal ventriculitis. The patients

received linezolid 600mg q12h. The mean area under the

concentration-time curve in CFS was 63 ± 18.9 mg·h/L with a

CSF:plasma ratio of 0.8± 0.3. The proportion of time above the

MIC in CSF was 99.8% and 57.2% for pathogens with MICs of 2

and 4 mg/L, respectively (92).

Yogev et al. (93) performed two studies in hydrocephalic

children and adolescents to assess linezolid penetration of CSF.

Patients 12 months to 24 years of age in study 1 and neonates

< 12 years of age in study 2 were administered intravenous

linezolid 10 mg/kg q12h for 3 days (study 1) or q8h for 2

days (study 2). PK indices were determined for plasma and

ventricular fluid (VF) after the first and last doses. In study 1,

after the last dose, the mean Cmax and Cmin values for VF were

7.54µg/mL (range: 2.26–12.6µg/mL) and 1.26µg/mL (range:

0.19–2.58µg/mL), respectively. The VF:plasma ratio based on

the last dose AUC0−12 was 0.98 µg·h/mL (range: 0.64–1.22

µg·h/mL). In study 2, after the last dose, the mean VF Cmax

and Cmin values were 5.84µg/mL (range: 1.82–9.34µg/mL)

and 1.94µg/mL (range: 0.34–4.62µg/mL), respectively. The

VF:plasma ratio based on last dose AUC0−8 was 0.95 µg·h/mL

(range: 0.62–1.31 µg·h/mL). Therefore, systemic clearance of

linezolid decreases with age up to 12 years. However, some

case reports suggest that the standard dose of linezolid has a
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better drug distribution in the brain and is more effective against

common CNS pathogens (94–100).

In short, use of linezolid for intracranial infection is beyond

the approved indications in the drug insert, and there are no

RCTs on linezolid for CNS infection. Further PK/PD studies of

linezolid in the CNS are needed.

Question 17: How should adverse
reactions to linezolid be monitored?

Expert panel recommendations

(1) We recommend that during linezolid treatment,

platelets be monitored to detect hematological toxicity. (Score:

9.35) (2) We recommend pharmaceutical care for patients

who are elderly, have renal insufficiency, have baseline

thrombocytopenia, and have low body weight in whom long-

term continuous (>1 month) use of linezolid achieves a trough

concentration > 8 mg/L. (Score: 9.40)

Question 18: How should
linezolid-associated hyperlactacidemia
be prevented and treated?

Expert panel recommendations

(1) We recommend monitoring blood linezolid and lactic

acid levels while using linezolid. (2) Linezolid should not

be used in combination with drugs that affect mitochondrial

function. (3) Patients with liver or renal dysfunction, or those

treated with linezolid for >1 month, should be monitored

for hyperlactacidemia. (4) If hyperlacticacidosis occurs, we

recommend stopping linezolid and correcting the acidosis as

soon as possible. (Score: 9.35)

Reason

A retrospective study by Guo et al. included 5,336

patients on linezolid, of whom 266 (4.99%) had drug-

induced thrombocytopenia. The incidence of thrombocytopenia

increased significantly with age. Age was a significant risk factor

for linezolid-related thrombocytopenia (OR: 4.887, 95% CI:

3.958–6.035, P = 0.000). Thrombocytopenia occurred within 7

days of medication in 45.26% of patients, and the decrease was

greater than in other groups (101). Takahashi et al. performed

regression tree analyses of 74 patients; the cutoff value for

intervention was a reduction in platelet count to <2.3% that

at baseline or a trough linezolid concentration ≥ 13.5 mg/L

96 h after initial administration. These cutoff values will appear

before the onset of thrombocytopenia, and proactive monitoring

can avoid LIT (102). A retrospective study by Morata et al.

included 104 patients treated with linezolid; 34.6% had Cmin > 8

mg/L, andmore patients had GFR< 40mL/L byModification of

Diet in Renal Disease (MDRD). The only factor independently

related to Cmin > 8 mg/L was renal function. The Cmin of

patients with eGFR < 40 mL/min was significantly higher than

that of patients with eGFR > 80 mL/min (OR: 4.273), whereas

the Cmin of patients with an eGFR of 40–80mL/min tended to be

higher (OR: 2.109) (48). The hematological toxicity of linezolid

in elderly patients with renal insufficiency may be related to drug

overexposure (14, 16, 39, 40, 48–50).

An observational study by Niwa et al. (12) showed that

a body weight < 55 kg (OR: 33.2, 95% CI: 2.16–510.1, P =

0.012) and a baseline platelet count < 200 × 103/mm3 (OR:

24.9, 95% CI: 1.53–404.7, P = 0.024) are risk factors for LIT.

In subsequent intervention studies, the daily dosage of linezolid

was set to 1,200 mg/kg for patients with one or no risk factors.

The incidence of thrombocytopenia in the intervention study

group was significantly prolonged without a reduction in clinical

efficacy (103).

Lactic acidosis is a rare but serious side effect of linezolid.

From August 2011 to August 2016, 63 cases (27 deaths) and

243 cases (37 deaths) of linezolid-related lactic acidosis were

reported by the U.S. FDA and the European Drug Reaction

Report system, respectively (104–106). Based on these data,

approximately 50 cases of linezolid-related lactic acidosis occur

annually, with a mortality rate of 15% (37/243) to 43% (27/63)

(104). Three retrospective studies reported an incidence of

linezolid-associated hyperlactacidemia of 2–3% (107–109). A

prospective study found that the incidence of lactic acidosis

was 33% (5/15) after linezolid treatment for >1 month (110).

Therefore, the incidence of linezolid-associated lactic acidosis

may increase with treatment for >1 month. Case reports

suggest that lactic acidosis occurs 1–16 weeks after linezolid

administration (median: 5.5 weeks) (111).

The mechanism of linezolid-associated hyperlactacidemia is

unclear, but linezolid has an antibacterial effect by binding to the

bacterial ribosome subunit. Bacterial ribosomes have a structure

similar to that of mitochondria. Linezolid interacts with

mitochondrial ribosomes and affects mitochondrial translation

activity, leading to hyperlactacidemia (104, 105, 107, 109,

111). The linezolid concentration required for binding to

human mitochondrial ribosomes exceeds that required for

therapeutic efficacy (111). Genetic polymorphisms of human

mitochondrial 16S rRNA (such as A2706G and G3010A) may

increase the risk of toxicity (104). During linezolid therapy,

the risk for hyperlactacidemia is elevated by the use of other

drugs that interfere with mitochondrial function (e.g., propofol,

antiretrovirals, omeprazole, amiodarone, and amlodipine) (104).

Linezolid is metabolized mainly in the liver. Clearance of

linezolid is reduced in patients with severe cirrhosis (Child-Pugh

grade C) (48, 112). More than 60% of lactic acid is converted

into pyruvate in the liver for gluconeogenesis (104). The serum

linezolid concentration in patients with liver dysfunction is 4-

to 6-fold that of patients with normal liver function (113).

Frontiers in PublicHealth 10 frontiersin.org

https://doi.org/10.3389/fpubh.2022.967311
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Lin et al. 10.3389/fpubh.2022.967311

TABLE 2 Overview of expert consensus and summary of recommendations.

Numbers Questions Recommendations

1 Does linezolid require TDM?What is the target range

for linezolid TDM?

(1) We recommend TDM for linezolid. (Score: 8.90)

(2) We recommend maintaining a linezolid trough concentration of 2–8 mg/L. (Score: 8.60)

2 What detection method is recommended for TDM of

linezolid?

We recommended quantification of linezolid in human plasma or serum by HPLC-UV or

LC-MS/MS methods. (Score: 8.80)

3 How should laboratories conducting quantitative

determination of linezolid perform quality control?

Quality control procedures should be implemented using drug in vivo analysis techniques,

quality control standards, and clinical intervention programs. (Score: 9.15)

4 How should linezolid TDM results be reported? We recommend that the TDM report provide test results, explanations thereof, and treatment

suggestions. The report should be individualized for the patient in question. (Score: 9.15)

5 For which patients should linezolid TDM be considered? We recommend TDM for critically ill patients, children, patients with renal

insufficiency/augment or liver cirrhosis, elderly, obese and patients taking co-medications

known to interact with linezolid. (Score: 9.50)

6 How should the linezolid dosage be adjusted for patients

with renal insufficiency?

(1) For patients with renal insufficiency not on hemodialysis (HD), we suggest that linezolid can

be reduced to a regimen of 300mg q12h. (Score: 7.90)

(2) Insufficient linezolid doses in patients with renal insufficiency on dialysis must be considered,

and the dose should be increased based on TDM if necessary. (Score: 8.70)

(3) Irrespective of whether patients with renal insufficiency are on dialysis, we recommend

adjusting the dose of linezolid based on TDM. (Score: 8.15)

7 Does the linezolid dose need to be adjusted for patients

with hepatic insufficiency?

We do not recommend adjusting the linezolid dose for patients with mild to moderate hepatic

insufficiency (Child-Pugh grade A or B). (Score: 8.65)

8 How should the linezolid dose be adjusted for patients

with hepatic insufficiency?

We recommend reducing the dose of linezolid in Child-Pugh grade C patients with severe

hepatic insufficiency. (Score: 8.40)

9 Does the linezolid dose need to be adjusted for patients

on ECMO?

We recommend optimization of the linezolid dosage for patients on ECMO. (Score: 8.75)

10 How should linezolid administration be optimized for

patients on ECMO?

(1) We recommend that for patients on ECMO the following dosing schedule be used:

(2) MIC ≤ 1 mg/L: 600mg q12h

(3) MIC= 2 mg/L: 600mg q8h

(4) MIC > 2 mg/L: might require more than 4-fold the conventional dosage to achieve the

PK/PD target. The safety of this regime is unknown, so we recommend a switch to other

sensitive antibiotics.

(5) Whichever dosage is used, it should be adjusted based on the results of TDM. (Score: 8.40)

11 Do pediatric patients require linezolid dose

optimization?

We recommend optimizing the linezolid dose for pediatric patients. (Score:9.60)

12 How should the dose of linezolid be adjusted for

pediatric patients?

We recommend linezolid dose adjustment for pediatric patients based on TDM. (Score: 9.25)

13 Do obese patients need linezolid dose optimization? Standard linezolid doses are not adequate for obese patients, and so dose adjustment is

recommended. (Score: 9.30)

14 How should a dose optimization strategy be

implemented for obese patients?

Adjustments to the linezolid dosage should be based on CrCL (CKD-EPI) estimates, and

escalation to 600mg q8h is not recommended because of an unacceptably high risk for

thrombocytopenia (Table 1). (Score: 8.95)

15 How should the linezolid dose be individualized for

patients with tuberculosis?

We recommend 1-month treatment with linezolid 600mg twice daily. For long-term treatment

(if tolerated until the end of treatment), a maximum dosage of 600mg once daily is

recommended. Irrespective of the dosage, we recommend TDM of the AUC and determination

of the MIC of Mycobacterium tuberculosis strains. The recommended target is AUC/MIC >

100. (Score: 9.05)

16 How should the linezolid dose be adjusted in patients

with CNS infection?

For CNS infection, we recommend the linezolid dosage in the instructions (i.e., a linezolid

dosage of 600mg q12h in adults and children > 12 years with normal renal and hepatic

function). The recommended linezolid dosage is 10 mg/kg q8h in children up to 11 years of age

and 10 mg/kg q12h in preterm (gestational age: 34 weeks) and 7-day-old infants. (Score: 8.65)

(Continued)
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TABLE 2 Continued

Numbers Questions Recommendations

17 How should adverse reactions to linezolid be monitored? (1) We recommend that during linezolid treatment, platelets be monitored to detect

hematological toxicity. (Score: 9.35)

(2) We recommend pharmaceutical care for patients who are elderly, have renal insufficiency,

have baseline thrombocytopenia, and have low body weight in whom long-term continuous

(>1 month) use of linezolid achieves a trough concentration > 8 mg/L. (Score: 9.40)

18 How should linezolid-associated hyperlactacidemia be

prevented and treated?

We recommend monitoring blood linezolid and lactic acid levels while using linezolid. Linezolid

should not be used in combination with drugs that affect mitochondrial function. Patients with

liver or renal dysfunction, or those treated with linezolid for >1 month, should be monitored for

hyperlactacidemia. If hyperlacticacidosis occurs, we recommend stopping linezolid and

correcting the acidosis as soon as possible. (Score: 9.35)

The incidence of lactic acidosis is higher in patients with

liver function because of the excessive blood concentration of

linezolid and lactic acid accumulation (104, 114).

Approximately 30% of linezolid is eliminated by the kidneys,

but PK studies have shown that linezolid accumulation is not

common in patients with renal dysfunction. Therefore, renal

failure is not a major risk factor for linezolid-induced acidosis

(51, 109). The kidneys metabolize about 30% of total lactic

acid. Although severe renal dysfunction is unrelated to the

incidence of linezolid acidosis, it does increase its severity and

mortality (109). Discontinuation of linezolid is themost effective

treatment for linezolid-associated hyperlactacidemia, and most

patients recover in 1–15 days (104, 109, 115). There are no large,

randomized cohort studies of RRT for linezolid acidosis. Clinical

experience confirms that RRT is beneficial for patients with lactic

acid excretion and can be used to correct acidosis (104, 109).

When the enzyme formed by vitamin B1 and pyrophosphate

is deficient, oxidative metabolism of sugars is blocked, and

pyruvate and lactic acid accumulate (114, 116). Vitamin B1

should be supplied to patients with vitamin B1 deficiency on

linezolid therapy (117).

Summary

Overview of expert consensus and summary of

recommendations in Table 2. There is doubt about the

clinical use of linezolid. We hope that this expert consensus will

promote individualized, safe, and rational use of linezolid in

clinical practice. Because knowledge always lags evidence, this

expert consensus has limitations, which we aim to overcome in

subsequent editions.

Author contributions

BL, HD, and SJ initiated and organized the writing of expert

consensus. BL organization was coordinated and revised the

manuscript. HD and SJ reviewed and revised the manuscript.

All authors contributed to different sections andmanuscript was

submitted after the approval.

Funding

This work was supported by the Huzhou Medical Key

Discipline Construction Project (Clinical Pharmacy) and the

Key Laboratory of Intelligent Pharmacy and Individualized

Therapy of Huzhou.

Acknowledgments

Jason A. Roberts (University of Queensland and Royal

Brisbane and Women’s Hospital), Pea Federico (Alma Mater

Studiorum, University of Bologna), Xiaoyang Lu (First Affiliated

Hospital of Zhejiang University School of Medicine), Nengming

Lin (Affiliated Hangzhou First People’s Hospital, Zhejiang

University School of Medicine), Yaling Dong (The First

Affiliated Hospital, Xian Jiaotong University), Miao Yan (The

Second Xiangya Hospital, Central South University), Zheng Jiao

(Shanghai Chest Hospital, School of Medicine, Shanghai Jiao

Tong University), Zhuo Wang (Changhai Hospital affiliated

to Naval Medical University), Xianglin Zhang (China-Japan

Friendship Hospital), Jiao Xie (The Second Affiliated Hospital,

Xian Jiaotong University), Jie Fang (Ruijin Hospital, Shanghai

Jiao Tong University School of Medicine), and Lian Tang

(Suzhou Municipal Hospital), as a pharmacotherapy expert,

voted on the expert consensus opinion. Baiyi Chen (The First

Hospital of China Medical University), Man Huang (Second

Affiliated Hospital of Zhejiang University School of Medicine),

Lingling Tang (State Key Laboratory for Diagnosis and

Treatment of Infectious Diseases, National Clinical Research

Center for Infectious Diseases, Shulan (Hangzhou) Hospital

Affiliated to Zhejiang Shuren University, Shulan International

Medical College), Hongying Pan (Zhejiang Provincial People’s

Frontiers in PublicHealth 12 frontiersin.org

https://doi.org/10.3389/fpubh.2022.967311
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Lin et al. 10.3389/fpubh.2022.967311

Hospital), Min Zhou (Ruijin Hospital, Shanghai Jiao Tong

University School of Medicine), Changsheng Xu (Zhongda

Hospital, School of Medicine, Southeast University), Yong Li

(Suzhou Municipal Hospital), and Chuan Shen (Third Affiliated

Hospital of Hebei Medical University), as a physician expert,

voted on the expert consensus opinion.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Author disclaimer

This expert consensus recommendation is based on a

review of a series of clinical studies on linezolid. However,

the recommendations may have certain limitations, and

clinicians should carry out clinical practice in combination

with local resources and laws and regulations on the

extended application of drugs. The recommendations

made in this expert consensus cannot completely replace

the judgment of physicians, and this recommendation

needs to be adopted in combination with specific

clinical practice.

References

1. Bozdogan B, Appelbaum PC. Oxazolidinones: activity, mode of action,
and mechanism of resistance. Int J Antimicrob Agents. (2004) 23:113–
9. doi: 10.1016/j.ijantimicag.2003.11.003

2. Livermore DM. Linezolid in vitro: mechanism and antibacterial spectrum. J
Antimicrob Chemother. (2003) 51:ii9–16. doi: 10.1093/jac/dkg249

3. Wen S, Zhang T, Yu X, Dong W, Lan T, Fan J, et al. Bone penetration of
linezolid in osteoarticular tuberculosis patients of China. Int J Infect Dis. (2021)
103:364–9. doi: 10.1016/j.ijid.2020.11.203

4. Li Y, HuangH, DongW, Lan T, Fan J,Wen S, et al. Penetration of linezolid into
bone tissue 24 h after administration in patients with multidrug-resistant spinal
tuberculosis. PLoS ONE. (2019) 14:e0223391. doi: 10.1371/journal.pone.0223391

5. Li Y, Dong W, Lan T, Fan J, Qin S, Guo A. Distribution of linezolid
in tuberculosis lesions in patients with spinal multidrug-resistant tuberculosis.
Antimicrob Agents Chemother. (2020) 64:e00450–20. doi: 10.1128/AAC.00450-20

6. Roger C, Roberts JA, Muller L. Clinical pharmacokinetics and
pharmacodynamics of oxazolidinones. Clin Pharmacokinet. (2018)
57:559–75. doi: 10.1007/s40262-017-0601-x

7. Wu X, Tang Y, Zhang X, Wu C, Kong L. Pharmacokinetics and
pharmacodynamics of linezolid in plasma/cerebrospinal fluid in patients with
cerebral hemorrhage after lateral ventricular drainage by Monte Carlo simulation.
Drug Des Devel Ther. (2018) 12:1679–84. doi: 10.2147/DDDT.S168757

8. Luque S, Hope W, Sorli L, Muñoz-Bermudez R, Campillo N, Barceló-Vidal
J, et al. Dosage individualization of linezolid: Precision dosing of linezolid to
optimize efficacy and minimize toxicity. Antimicrob Agents Chemother. (2021)
65:e02490–20. doi: 10.1128/AAC.02490-20

9. Cojutti P, Maximova N, Crichiutti G, Isola M, Pea F.
Pharmacokinetic/pharmacodynamic evaluation of linezolid in hospitalized
paediatric patients: a step toward dose optimization by means of therapeutic
drug monitoring and monte carlo simulation. J Antimicrob Chemother. (2015)
70:198–206. doi: 10.1093/jac/dku337

10. Yang M, Zhao L, Wang X, Sun C, Gao H, Wang X, et al.
Population pharmacokinetics and dosage optimization of linezolid in
critically ill pediatric patients. Antimicrob Agents Chemother. (2021)
65:e02504–20. doi: 10.1128/AAC.02504-20

11. Kishor K, Dhasmana N, Kamble SS, Sahu RK. Linezolid-
induced adverse drug reactions—an update. Curr Drug Metab. (2015)
16:553–9. doi: 10.2174/1389200216666151001121004

12. Niwa T, Suzuki A, Sakakibara S, Kasahara S, Yasuda M, Fukao A, et al.
Retrospective cohort chart review study of factors associated with the development

of thrombocytopenia in adult Japanese patients who received intravenous linezolid
therapy. Clin Ther. (2009) 31:2126–33. doi: 10.1016/j.clinthera.2009.10.017

13. Wang XT, Liu DW, Zhang HM, Long Y, Guan XD, Qiu HB,
et al. Critical Hemodynamic Theraphy Collaboration Group (CHTC
Group). [Experts consensus on the management of the right heart
function in critically ill patients]. Zhonghua Nei Ke Za Zhi. (2017)
56:962–73. doi: 10.3760/cma.j.issn.0578-1426.2017.12.017

14. Pea F, Cojutti PG, Baraldo M. A 10-year experience of therapeutic
drug monitoring of linezolid in a hospital-wide population of patients
receiving conventional dosing: Is there enough evidence for suggesting TDM
in the majority of patients? Basic Clin Pharmacol Toxicol. (2017) 121:303–
8. doi: 10.1111/bcpt.12797

15. Cojutti PG, Merelli M, Bassetti M, Pea F. Proactive therapeutic drug
monitoring may be helpful in managing long-term treatment with linezolid safely:
findings from a monocentric, prospective, open-label, interventional study. J
Antimicrob Chemother. (2019) 74:3588–95. doi: 10.1093/jac/dkz374

16. Fang J, Chen C, Wu Y, Zhang M, Zhang Y, Shi G, et al. Does
the conventional dosage of linezolid necessitate therapeutic drug monitoring?
experience from a prospective observational study. Ann Transl Med. (2020)
8:493. doi: 10.21037/atm.2020.03.207

17. Dong HY, Xie J, Chen LH, Wang TT, Zhao YR, Dong YL. Therapeutic drug
monitoring and receiver operating characteristic curve prediction may reduce the
development of linezolid-associated thrombocytopenia in critically ill patients. Eur
J Clin Microbiol Infect Dis. (2014) 33:1029–35. doi: 10.1007/s10096-013-2041-3

18. Kawasuji H, Tsuji Y, Ogami C, Kimoto K, Ueno A, Miyajima Y, et al. Proposal
of initial and maintenance dosing regimens with linezolid for renal impairment
patients. BMC Pharmacol Toxicol. (2021) 22:13. doi: 10.1186/s40360-021-
00479-w

19. Cattaneo D, Orlando G, Cozzi V, Cordier L, Baldelli S, Merli S, et al.
Linezolid plasma concentrations and occurrence of drug-related haematological
toxicity in patients with gram-positive infections. Int J Antimicrob Agents. (2013)
41:586–9. doi: 10.1016/j.ijantimicag.2013.02.020

20. Alghamdi WA, Al-Shaer MH, Klinker KP, Peloquin CA. Variable linezolid
exposure and response and the role of therapeutic drug monitoring: case series.
Clin Case Rep. (2020) 8:1126–9. doi: 10.1002/ccr3.2835

21. Fernandes GFDS, Salgado HRN, Santos JLD, A. critical review of HPLC-
based analytical methods for quantification of linezolid. Crit Rev Anal Chem.
(2020) 50:196–211. doi: 10.1080/10408347.2019.1605876

22. Woksepp H, Karlsson L, Ärlemalm A, Hällgren A, Schön T, Carlsson B.
Simultaneous measurement of 11 antibiotics for use in the intensive care unit by

Frontiers in PublicHealth 13 frontiersin.org

https://doi.org/10.3389/fpubh.2022.967311
https://doi.org/10.1016/j.ijantimicag.2003.11.003
https://doi.org/10.1093/jac/dkg249
https://doi.org/10.1016/j.ijid.2020.11.203
https://doi.org/10.1371/journal.pone.0223391
https://doi.org/10.1128/AAC.00450-20
https://doi.org/10.1007/s40262-017-0601-x
https://doi.org/10.2147/DDDT.S168757
https://doi.org/10.1128/AAC.02490-20
https://doi.org/10.1093/jac/dku337
https://doi.org/10.1128/AAC.02504-20
https://doi.org/10.2174/1389200216666151001121004
https://doi.org/10.1016/j.clinthera.2009.10.017
https://doi.org/10.3760/cma.j.issn.0578-1426.2017.12.017
https://doi.org/10.1111/bcpt.12797
https://doi.org/10.1093/jac/dkz374
https://doi.org/10.21037/atm.2020.03.207
https://doi.org/10.1007/s10096-013-2041-3
https://doi.org/10.1186/s40360-021-00479-w
https://doi.org/10.1016/j.ijantimicag.2013.02.020
https://doi.org/10.1002/ccr3.2835
https://doi.org/10.1080/10408347.2019.1605876
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Lin et al. 10.3389/fpubh.2022.967311

ultra-performance liquid chromatography-tandem mass spectrometry. Ther Drug
Monit. (2021) 44:308–18. doi: 10.1097/FTD.0000000000000911

23. Van Vooren S, Verstraete AG. A sensitive and high-throughput
quantitative liquid chromatography high-resolution mass spectrometry method
for therapeutic drug monitoring of 10 β-lactam antibiotics, linezolid and
two β-lactamase inhibitors in human plasma. Biomed Chromatogr. (2021)
35:e5092. doi: 10.1002/bmc.5092

24. Paal M, Zoller M, Schuster C, Vogeser M, Schütze G. Simultaneous
quantification of cefepime, meropenem, ciprofloxacin, moxifloxacin, linezolid and
piperacillin in human serum using an isotope-dilution HPLC-MS/MS method. J
Pharm Biomed Anal. (2018) 152:102–10. doi: 10.1016/j.jpba.2018.01.031

25. Kai M, Tanaka R, Suzuki Y, Goto K, Ohchi Y, Yasuda N, et al. Simultaneous
quantification of plasma levels of 12 antimicrobial agents including carbapenem,
anti-methicillin-resistant Staphylococcus aureus agent, quinolone and azole used
in intensive care unit using UHPLC-MS/MS method. Clin Biochem. (2021) 90:40–
9. doi: 10.1016/j.clinbiochem.2021.01.012

26. Barco S, Mesini A, Barbagallo L, Maffia A, Tripodi G, Pea F, et al. A liquid
chromatography-tandem mass spectrometry platform for the routine therapeutic
drug monitoring of 14 antibiotics: application to critically ill pediatric patients. J
Pharm Biomed Anal. (2020) 186:113273. doi: 10.1016/j.jpba.2020.113273

27. Wang Y, Ye X, Lan Q, Ke X, Hu L, Hu L. UPLC-MS/MS Determination of
linezolid and heme in plasma of infected patients and correlation analysis. Biomed
Res Int. (2021) 2021:6679076. doi: 10.1155/2021/6679076

28. Castoldi S, Cozzi V, Baldelli S, Fucile S, Clementi E, Cattaneo D. Comparison
of the ARK immunoassay with high-performance liquid chromatography with
ultraviolet detection for therapeutic drug monitoring of linezolid. Ther Drug
Monit. (2018) 40:140–3. doi: 10.1097/FTD.0000000000000473

29. Yin L, Feng Y, Tong J, Guo Z, Zhang Y, Zhang Q, et al. Ultrahigh-
throughput absolute quantitative analysis of linezolid in human plasma by direct
analysis in real time mass spectrometry without chromatographic separation and
its application to a pharmacokinetic study. Anal Bioanal Chem. (2019) 411:5139–
48. doi: 10.1007/s00216-019-01891-2

30. Attia AK, Al-Ghobashy MA, El-Sayed GM, Kamal SM. Voltammetric
monitoring of linezolid, meropenem and theophylline in plasma. Anal Biochem.
(2018) 545:54–64. doi: 10.1016/j.ab.2018.01.009

31. Division of Therapeutic Drug Monitoring, Chinese Pharmacological Society.
The expert consensus on the standards of therapeutic drug monitoring (2019
edition). Evaluate Analysis Drug Use Hospital China. (2019) 19:897–8.

32. Cooney L, Loke YK, Golder S, Kirkham J, JorgensenA, Sinha I, et al. Overview
of systematic reviews of therapeutic ranges: methodologies and recommendations
for practice. BMCMed ResMethodol. (2017) 17:84. doi: 10.1186/s12874-017-0363-z

33. Abdul-Aziz MH, Alffenaar JC, Bassetti M, Bracht H, Dimopoulos G,
Marriott D, et al. Antimicrobial therapeutic drug monitoring in critically
ill adult patients: a position paper. Intensive Care Med. (2020) 46:1127–
53. doi: 10.1007/s00134-020-06050-1

34. Udy AA, Roberts JA, Lipman J. Clinical implications of antibiotic
pharmacokinetic principles in the critically ill. Intensive CareMed. (2013) 39:2070–
82. doi: 10.1007/s00134-013-3088-4

35. Roberts JA, Abdul-Aziz MH, Lipman J, Mouton JW, Vinks AA, Felton
TW, et al. Individualised antibiotic dosing for patients who are critically
ill: Challenges and potential solutions. Lancet Infect Dis. (2014) 14:498–
509. doi: 10.1016/S1473-3099(14)70036-2

36. Chen IH, Nicolau DP. Augmented renal clearance and how to augment
antibiotic dosing. Antibiotics. (2020) 9:393. doi: 10.3390/antibiotics9070393

37. Hobbs AL, Shea KM, Roberts KM, Daley MJ. Implications of augmented
renal clearance on drug dosing in critically ill patients: a focus on antibiotics.
Pharmacotherapy. (2015) 35:1063–75. doi: 10.1002/phar.1653

38. Udy AA, Roberts JA, Boots RJ, Paterson DL, Lipman J. Augmented
renal clearance: Implications for antibacterial dosing in the critically ill. Clin
Pharmacokinet. (2010) 49:1–16. doi: 10.2165/11318140-000000000-00000

39. Crass RL, Cojutti PG, Pai MP, Pea F. Reappraisal of linezolid dosing in renal
impairment to improve safety. Antimicrob Agents Chemother. (2019) 63:e00605–
19. doi: 10.1128/AAC.00605-19

40. Souza E, Crass RL, Felton J, Hanaya K, Pai MP. Accumulation of major
linezolid metabolites in patients with renal impairment. Antimicrob Agents
Chemother. (2020) 64:e00027–20. doi: 10.1128/AAC.00027-20

41. Luque S, Muñoz-Bermudez R, Echeverría-Esnal D, Sorli L, Campillo
N, Martínez-Casanova J, et al. Linezolid dosing in patients with liver
cirrhosis: standard dosing risk toxicity. Ther Drug Monit. (2019) 41:732–
9. doi: 10.1097/FTD.0000000000000665

42. Cojutti P, Pai MP, Pea F. Population pharmacokinetics and dosing
considerations for the use of linezolid in overweight and obese adult patients. Clin
Pharmacokinet. (2018) 57:989–1000. doi: 10.1007/s40262-017-0606-5

43. Simon P, Busse D, Petroff D, Dorn C, Ehmann L, Hochstädt S, et
al. Linezolid concentrations in plasma and subcutaneous tissue are reduced
in obese patients, resulting in a higher risk of underdosing in critically
ill patients: a controlled clinical pharmacokinetic study. J Clin Med. (2020)
9:1067. doi: 10.3390/jcm9041067

44. Blackman AL, Jarugula P, Nicolau DP, Chui SH, Joshi M, Heil EL, et al.
Evaluation of linezolid pharmacokinetics in critically ill obese patients with severe
skin and soft tissue infections. Antimicrob Agents Chemother. (2021) 65:e01619–
20. doi: 10.1128/AAC.01619-20

45. Rao GG, Konicki R, Cattaneo D, Alffenaar JW, Marriott DJE, Neely M, et
al. Therapeutic drug monitoring can improve linezolid dosing regimens in current
clinical practice: a review of linezolid pharmacokinetics and pharmacodynamics.
Ther Drug Monit. (2020) 42:83–92. doi: 10.1097/FTD.0000000000000710

46. Bolhuis MS, van Altena R, van Soolingen D, de Lange WC, Uges
DR, van der Werf TS, et al. Clarithromycin increases linezolid exposure
in multidrug-resistant tuberculosis patients. Eur Respir J. (2013) 42:1614–
21. doi: 10.1183/09031936.00001913

47. Pea F, Furlanut M, Cojutti P, Cristini F, Zamparini E, Franceschi L, et al.
Therapeutic drug monitoring of linezolid: a retrospective monocentric analysis.
Antimicrob Agents Chemother. (2010) 54:4605–10. doi: 10.1128/AAC.00177-10

48. Morata L. De la Calle C, Gómez-Cerquera JM, Manzanedo L,
Casals G, Brunet M, et al. Risk factors associated with high linezolid
trough plasma concentrations. Expert Opin Pharmacother. (2016)
17:1183–7. doi: 10.1080/14656566.2016.1182154

49. Sasaki T, TakaneH, Ogawa K, Isagawa S, Hirota T, Higuchi S, et al. Population
pharmacokinetic and pharmacodynamic analysis of linezolid and a hematologic
side effect, thrombocytopenia, in Japanese patients. Antimicrob Agents Chemother.
(2011) 55:1867–73. doi: 10.1128/AAC.01185-10

50. Kawasuji H, Tsuji Y, Ogami C, Kaneda M, Murai Y, Kimoto K, et al. Initially
reduced linezolid dosing regimen to prevent thrombocytopenia in hemodialysis
patients. Antibiotics. (2021) 10:496. doi: 10.3390/antibiotics10050496

51. Brier ME, Stalker DJ, Aronoff GR, Batts DH, Ryan KK, O’Grady M, et
al. Pharmacokinetics of linezolid in subjects with renal dysfunction. Antimicrob
Agents Chemother. (2003) 47:2775–80. doi: 10.1128/AAC.47.9.2775-2780.2003

52. Shi C, Xia J, Ye J, Xie Y, Jin W, Zhang W, et al. Effect of renal
function on the risk of thrombocytopenia in patients receiving linezolid therapy:
a systematic review and meta-analysis. Br J Clin Pharmacol. (2021) 88:464–
75. doi: 10.1111/bcp.14965

53. Fiaccadori E, Maggiore U, Rotelli C, Giacosa R, Parenti E,
Picetti E, et al. Removal of linezolid by conventional intermittent
hemodialysis, sustained low-efficiency dialysis, or continuous venovenous
hemofiltration in patients with acute renal failure. Crit Care Med. (2004)
32:2437–42. doi: 10.1097/01.CCM.0000147687.06808.92

54. Fiaccadori E, Maggiore U, Rotelli C, Giacosa R, Parenti E, Picetti E, et al.
Does haemodialysis significantly affect serum linezolid concentrations in critically
ill patients with renal failure? a pilot investigation. Nephrol Dial Transplant. (2006)
21:1402–6. doi: 10.1093/ndt/gfl048

55. Roger C, Muller L, Wallis SC, Louart B, Saissi G, Lipman J, et al. Population
pharmacokinetics of linezolid in critically ill patients on renal replacement
therapy: Comparison of equal doses in continuous venovenous haemofiltration
and continuous venovenous haemodiafiltration. J Antimicrob Chemother. (2016)
71:464–70. doi: 10.1093/jac/dkv349

56. Soraluce A, Barrasa H, Asín-Prieto E, Sánchez-Izquierdo JÁ, Maynar J, Isla
A, et al. Novel population pharmacokinetic model for linezolid in critically ill
patients and evaluation of the adequacy of the current dosing recommendation.
Pharmaceutics. (2020) 12:54. doi: 10.3390/pharmaceutics12010054

57. Yuexing T, Fang H, Aiping W, Yin N. Effects of different doses of continuous
renal replacement therapy on elimination of linezolid in patients with sepsis.
Zhejiang Med. (2017) 39:1988–90.

58. Villa G, Di Maggio P, De Gaudio AR, Novelli A, Antoniotti R,
Fiaccadori E, et al. Effects of continuous renal replacement therapy on linezolid
pharmacokinetic/pharmacodynamics: a systematic review. Crit Care. (2016)
20:374. doi: 10.1186/s13054-016-1551-7

59. Ide T, Takesue Y, Ikawa K, Morikawa N, Ueda T, Takahashi Y, et
al. Population pharmacokinetics/pharmacodynamics of linezolid in sepsis
patients with and without continuous renal replacement therapy. Int
J Antimicrob Agents. (2018) 51:745–51. doi: 10.1016/j.ijantimicag.2018.
01.021

Frontiers in PublicHealth 14 frontiersin.org

https://doi.org/10.3389/fpubh.2022.967311
https://doi.org/10.1097/FTD.0000000000000911
https://doi.org/10.1002/bmc.5092
https://doi.org/10.1016/j.jpba.2018.01.031
https://doi.org/10.1016/j.clinbiochem.2021.01.012
https://doi.org/10.1016/j.jpba.2020.113273
https://doi.org/10.1155/2021/6679076
https://doi.org/10.1097/FTD.0000000000000473
https://doi.org/10.1007/s00216-019-01891-2
https://doi.org/10.1016/j.ab.2018.01.009
https://doi.org/10.1186/s12874-017-0363-z
https://doi.org/10.1007/s00134-020-06050-1
https://doi.org/10.1007/s00134-013-3088-4
https://doi.org/10.1016/S1473-3099(14)70036-2
https://doi.org/10.3390/antibiotics9070393
https://doi.org/10.1002/phar.1653
https://doi.org/10.2165/11318140-000000000-00000
https://doi.org/10.1128/AAC.00605-19
https://doi.org/10.1128/AAC.00027-20
https://doi.org/10.1097/FTD.0000000000000665
https://doi.org/10.1007/s40262-017-0606-5
https://doi.org/10.3390/jcm9041067
https://doi.org/10.1128/AAC.01619-20
https://doi.org/10.1097/FTD.0000000000000710
https://doi.org/10.1183/09031936.00001913
https://doi.org/10.1128/AAC.00177-10
https://doi.org/10.1080/14656566.2016.1182154
https://doi.org/10.1128/AAC.01185-10
https://doi.org/10.3390/antibiotics10050496
https://doi.org/10.1128/AAC.47.9.2775-2780.2003
https://doi.org/10.1111/bcp.14965
https://doi.org/10.1097/01.CCM.0000147687.06808.92
https://doi.org/10.1093/ndt/gfl048
https://doi.org/10.1093/jac/dkv349
https://doi.org/10.3390/pharmaceutics12010054
https://doi.org/10.1186/s13054-016-1551-7
https://doi.org/10.1016/j.ijantimicag.2018.01.021
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Lin et al. 10.3389/fpubh.2022.967311

60. Sazdanovic P, Jankovic SM, Kostic M, Dimitrijevic A, Stefanovic S.
Pharmacokinetics of linezolid in critically ill patients. Expert Opin Drug Metab
Toxicol. (2016) 12:595–600. doi: 10.1517/17425255.2016.1170807

61. Zhang SH, Zhu ZY, Chen Z, Li Y, Zou Y, Yan M, et al.
Population pharmacokinetics and dosage optimization of linezolid in
patients with liver dysfunction. Antimicrob Agents Chemother. (2020)
64:E00133–20. doi: 10.1128/AAC.00133-20

62. Wicha SG, Frey OR, Roehr AC, Pratschke J, Stockmann M, Alraish R, et al.
Linezolid in liver failure: exploring the value of the maximal liver function capacity
(LiMAx) test in a pharmacokinetic pilot study. Int J Antimicrob Agents. (2017)
50:557–63. doi: 10.1016/j.ijantimicag.2017.06.023

63. Alraish R, Wicha SG, Frey OR, Roehr AC, Pratschke J, Stockmann M, et
al. Liver function, quantified by the LiMAx test, as a predictor for the clinical
outcome of critically ill patients treated with linezolid. Technol Health Care. (2022)
30:309–21. doi: 10.3233/THC-191847

64. De Rosa FG, Corcione S, Baietto L, Ariaudo A, Di Perri G, Ranieri VM, et al.
Pharmacokinetics of linezolid during extracorporeal membrane oxygenation. Int J
Antimicrob Agents. (2013) 41:590–1. doi: 10.1016/j.ijantimicag.2013.01.016

65. Nikolos P, Osorio J, Mohrien K, Rose C. Pharmacokinetics of linezolid
for methicillin-resistant Staphylococcus aureus pneumonia in an adult receiving
extracorporeal membrane oxygenation. Am J Health Syst Pharm. (2020) 77:877–
81. doi: 10.1093/ajhp/zxaa066

66. Kühn D, Metz C, Seiler F, Wehrfritz H, Roth S, Alqudrah M, et al.
Antibiotic therapeutic drug monitoring in intensive care patients treated with
different modalities of extracorporeal membrane oxygenation (ECMO) and renal
replacement therapy: a prospective, observational single-center study. Crit Care.
(2020) 24:664. doi: 10.1186/s13054-020-03397-1

67. Liang Y, Qiu L, Zheng X, Liu J. Trend in antimicrobial resistance of
Staphylococcus aureus: results from the China antimicrobial surveillance network
(CHINET) in the last 15-year-period reports (2005–2019). Infect Drug Resist.
(2021) 14:2179–81. doi: 10.2147/IDR.S318005

68. Li SC, Ye Q, Xu H, Zhang L, Wang Y. Population pharmacokinetics
and dosing optimization of linezolid in pediatric patients. Antimicrob Agents
Chemother. (2019) 63:e02387–18. doi: 10.1128/AAC.02387-18

69. Wang Y, Wang X, Qian S, Yang M. A Retrospective Analysis of linezolid-
Associated Thrombocytopenia in Children With Severe Infection. Chinese J
Pharmacovigilance. Available online at: http://kns.cnki.net/kcms/detail/11.5219.R.
20210202.1137.040.html

70. Swaminathan A, du Cros P, Seddon JA, Mirgayosieva S, Asladdin R,
Dusmatova Z. Peripheral neuropathy in a diabetic child treated with linezolid for
multidrug-resistant tuberculosis: a case report and review of the literature. BMC
Infect Dis. (2017) 17:417. doi: 10.1186/s12879-017-2499-1

71. Garcia-Prats AJ, Rose PC, Hesseling AC, Schaaf HS. Linezolid for
the treatment of drug-resistant tuberculosis in children: a review and
recommendations. Tuberculosis. (2014) 94:93–104. doi: 10.1016/j.tube.2013.10.003

72. Yuen CM, Millones AK, Galea JT, Puma D, Jimenez J, Lecca L,
et al. Toward patient-centered tuberculosis preventive treatment: preferences
for regimens and formulations in Lima, Peru. BMC Public Health. (2021)
21:121. doi: 10.1186/s12889-020-10098-5

73. Cai Y, Chai D, Falagas ME, Karageorgopoulos DE, Wang R, Bai N,
et al. Weight-adjusted versus fixed dose of linezolid for Chinese healthy
volunteers of higher and lower body weight: a phase I pharmacokinetic
and pharmacodynamic study. Expert Opin Investig Drugs. (2013) 22:309–
15. doi: 10.1517/13543784.2013.766716

74. Xie F, Mantzarlis K, Malliotakis P, Koulouras V, Degroote S, Koulenti
D, et al. Pharmacokinetic evaluation of linezolid administered intravenously
in obese patients with pneumonia. J Antimicrob Chemother. (2019) 74:667–
74. doi: 10.1093/jac/dky500

75. Mirzayev F, Viney K, Linh NN, Gonzalez-Angulo L, Gegia M,
Jaramillo E, et al. World health organization recommendations on the
treatment of drug-resistant tuberculosis, 2020 update. Eur Respir J. (2021)
57:2003300. doi: 10.1183/13993003.03300-2020

76. Conradie F, Diacon AH, Ngubane N, Howell P, Everitt D, Crook AM, et al.
Treatment of highly drug-resistant pulmonary tuberculosis. N Engl J Med. (2020)
382:893–902. doi: 10.1056/NEJMoa1901814

77. Agyeman AA, Ofori-Asenso R. Efficacy and safety profile of linezolid
in the treatment of multidrug-resistant (MDR) and extensively drug-resistant
(XDR) tuberculosis: a systematic review and meta-analysis. Ann Clin Microbiol
Antimicrob. (2016) 15:41. doi: 10.1186/s12941-016-0156-y

78. von der Lippe B, Sandven P, Brubakk O. Efficacy and safety of linezolid in
multidrug resistant tuberculosis (MDR-TB)—a report of 10 cases. J Infect. (2006)
52:92–6. doi: 10.1016/j.jinf.2005.04.007

79. Park IN, Hong SB, Oh YM, Kim MN, Lim CM, Lee SD, et al.
Efficacy and tolerability of daily-half dose linezolid in patients with intractable
multidrug-resistant tuberculosis. J Antimicrob Chemother. (2006) 58:701–
4. doi: 10.1093/jac/dkl298

80. Tang S, Yao L, Hao X, Zhang X, Liu G, Liu X, et al. Efficacy,
safety and tolerability of linezolid for the treatment of XDR-TB: a study
in China. Eur Respir J. (2015) 45:161–70. doi: 10.1183/09031936.000
35114

81. Bolhuis MS, Akkerman OW, Sturkenboom MGG, Ghimire S, Srivastava
S, Gumbo T, et al. Linezolid-based regimens for multidrug-resistant tuberculosis
(TB): a systematic review to establish or revise the current recommended dose for
TB treatment. Clin Infect Dis. (2018) 67:S327–35. doi: 10.1093/cid/ciy625

82. Lee M, Lee J, Carroll MW, Choi H, Min S, Song T, et al. Linezolid for
treatment of chronic extensively drug-resistant tuberculosis. N Engl J Med. (2012)
367:1508–18. doi: 10.1056/NEJMoa1201964

83. Alffenaar JW, van Altena R, Harmelink IM, Filguera P, Molenaar E, Wessels
AM, et al. Comparison of the pharmacokinetics of two dosage regimens of linezolid
in multidrug-resistant and extensively drug-resistant tuberculosis patients. Clin
Pharmacokinet. (2010) 49:559–65. doi: 10.2165/11532080-000000000-00000

84. McGee B, Dietze R, Hadad DJ, Molino LP, Maciel EL, Boom WH, et al.
Population pharmacokinetics of linezolid in adults with pulmonary tuberculosis.
Antimicrob Agents Chemother. (2009) 53:3981–4. doi: 10.1128/AAC.01378-08

85. Vu DH, Bolhuis MS, Koster RA, Greijdanus B, de Lange WC, van Altena
R, et al. Dried blood spot analysis for therapeutic drug monitoring of linezolid
in patients with multidrug-resistant tuberculosis. Antimicrob Agents Chemother.
(2012) 56:5758–63. doi: 10.1128/AAC.01054-12

86. Bolhuis MS, Tiberi S, Sotgiu G, De Lorenzo S, Kosterink JG, van der Werf
TS, et al. Linezolid tolerability in multidrug-resistant tuberculosis: a retrospective
study. Eur Respir J. (2015) 46:1205–7. doi: 10.1183/13993003.00606-2015

87. Khosravi AD, Tabandeh MR, Shahi F, Salmanzadeh S. Linezolid resistance
among multidrug-resistant Mycobacterium tuberculosis clinical isolates in Iran.
Acta Microbiol Immunol Hung. (2021) 68:203–07. doi: 10.1556/030.2021.
01490

88. Alghamdi WA, Al-Shaer MH, An G, Alsultan A, Kipiani M, Barbakadze
K, et al. Population pharmacokinetics of linezolid in tuberculosis patients: dosing
regimen simulation and target attainment analysis. Antimicrob Agents Chemother.
(2020) 64:e01174–20. doi: 10.1128/AAC.01174-20

89. Diacon AH, De Jager VR, Dawson R, Narunsky K, Vanker N, Burger DA, et
al. Fourteen-day bactericidal activity, safety, and pharmacokinetics of linezolid in
adults with drug-sensitive pulmonary tuberculosis. Antimicrob Agents Chemother.
(2020) 64:e02012–19. doi: 10.1128/AAC.02012-19

90. Santos NCS, Scodro RBL, Leal DC, do Prado SM, Micheletti DF, Sampiron
EG, et al. Determination of minimum bactericidal concentration, in single or
combination drugs, against Mycobacterium tuberculosis. Future Microbiol. (2020)
15:107–14. doi: 10.2217/fmb-2019-0050

91. Heinrichs MT, Drusano GL, Brown DL, Maynard MS, Sy SKB, Rand KH,
et al. Dose optimization of moxifloxacin and linezolid against tuberculosis using
mathematical modeling and simulation. Int J Antimicrob Agents. (2019) 53:275–
83. doi: 10.1016/j.ijantimicag.2018.10.012

92. Beer R, Engelhardt KW, Pfausler B, Broessner G, Helbok R, Lackner
P, et al. Pharmacokinetics of intravenous linezolid in cerebrospinal fluid and
plasma in neurointensive care patients with staphylococcal ventriculitis associated
with external ventricular drains. Antimicrob Agents Chemother. (2007) 51:379–
82. doi: 10.1128/AAC.00515-06

93. Yogev R, Damle B, Levy G, Nachman S. Pharmacokinetics and distribution
of linezolid in cerebrospinal fluid in children and adolescents. Pediatr Infect Dis J.
(2010) 29:827–30. doi: 10.1097/INF.0b013e3181df4b9a

94. Boak LM, Li J, Spelman D, du Cros P, Nation RL, Rayner CR. Successful
treatment and cerebrospinal fluid penetration of oral linezolid in a patient
with coagulase-negative Staphylococcus ventriculitis. Ann Pharmacother. (2006)
40:1451–5. doi: 10.1345/aph.1H029

95. Amod F, Moodley I, Peer AK, Sunderland J, Lovering A, Wootton
M, et al. Ventriculitis due to a hetero strain of vancomycin-intermediate
Staphylococcus aureus (hVISA): Successful treatment with linezolid
in combination with intraventricular vancomycin. J Infect. (2005)
50:252–7. doi: 10.1016/j.jinf.2004.04.002

96. Dinleyici EC, Yarar C, Dinleyici M, Yakut A. Successful treatment with
linezolid of meningitis complicated with subdural empyema in a 6-month-old boy.
J Trop Pediatr. (2007) 53:431–3. doi: 10.1093/tropej/fmm058

97. Ntziora F, Falagas ME. Linezolid for the treatment of patients
with central nervous system infection. Ann Pharmacother. (2007)
41:296–308. doi: 10.1345/aph.1H307

Frontiers in PublicHealth 15 frontiersin.org

https://doi.org/10.3389/fpubh.2022.967311
https://doi.org/10.1517/17425255.2016.1170807
https://doi.org/10.1128/AAC.00133-20
https://doi.org/10.1016/j.ijantimicag.2017.06.023
https://doi.org/10.3233/THC-191847
https://doi.org/10.1016/j.ijantimicag.2013.01.016
https://doi.org/10.1093/ajhp/zxaa066
https://doi.org/10.1186/s13054-020-03397-1
https://doi.org/10.2147/IDR.S318005
https://doi.org/10.1128/AAC.02387-18
http://kns.cnki.net/kcms/detail/11.5219.R.20210202.1137.040.html
http://kns.cnki.net/kcms/detail/11.5219.R.20210202.1137.040.html
https://doi.org/10.1186/s12879-017-2499-1
https://doi.org/10.1016/j.tube.2013.10.003
https://doi.org/10.1186/s12889-020-10098-5
https://doi.org/10.1517/13543784.2013.766716
https://doi.org/10.1093/jac/dky500
https://doi.org/10.1183/13993003.03300-2020
https://doi.org/10.1056/NEJMoa1901814
https://doi.org/10.1186/s12941-016-0156-y
https://doi.org/10.1016/j.jinf.2005.04.007
https://doi.org/10.1093/jac/dkl298
https://doi.org/10.1183/09031936.00035114
https://doi.org/10.1093/cid/ciy625
https://doi.org/10.1056/NEJMoa1201964
https://doi.org/10.2165/11532080-000000000-00000
https://doi.org/10.1128/AAC.01378-08
https://doi.org/10.1128/AAC.01054-12
https://doi.org/10.1183/13993003.00606-2015
https://doi.org/10.1556/030.2021.01490
https://doi.org/10.1128/AAC.01174-20
https://doi.org/10.1128/AAC.02012-19
https://doi.org/10.2217/fmb-2019-0050
https://doi.org/10.1016/j.ijantimicag.2018.10.012
https://doi.org/10.1128/AAC.00515-06
https://doi.org/10.1097/INF.0b013e3181df4b9a
https://doi.org/10.1345/aph.1H029
https://doi.org/10.1016/j.jinf.2004.04.002
https://doi.org/10.1093/tropej/fmm058
https://doi.org/10.1345/aph.1H307
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Lin et al. 10.3389/fpubh.2022.967311

98. Myrianthefs P, Markantonis SL, Vlachos K, Anagnostaki
M, Boutzouka E, Panidis D, et al. Serum and cerebrospinal fluid
concentrations of linezolid in neurosurgical patients. Antimicrob
Agents Chemother. (2006) 50:3971–6. doi: 10.1128/AAC.00
051-06

99. Luque S, Grau S, Alvarez-Lerma F, Ferrández O, Campillo N, Horcajada JP,
et al. Plasma and cerebrospinal fluid concentrations of linezolid in neurosurgical
critically ill patients with proven or suspected central nervous system infections.
Int J Antimicrob Agents. (2014) 44:409–15. doi: 10.1016/j.ijantimicag.2014.
07.001

100. Zhao W, Kong L, Wu C, Wu X. Prolonged infusion of linezolid is
associated with improved pharmacokinetic/pharmacodynamic (PK/PD) profiles
in patients with external ventricular drains. Eur J Clin Pharmacol. (2021) 77:79–
86. doi: 10.1007/s00228-020-02978-x

101. Guo D, Hu P, Zhu M, Jia W, Wang X. Automatic monitoring research and
evaluation of linezolid induced thrombocytopenia in 5336 patients. Chinese J New
Drugs. (2018) 15:197–200. doi: 10.3969/j.issn.1672-8157.2018.04.001

102. Takahashi S, Tsuji Y, Kasai H, Ogami C, Kawasuji H, Yamamoto
Y, et al. Classification tree analysis based on machine learning for
predicting linezolid-induced thrombocytopenia. J Pharm Sci. (2021)
110:2295–300. doi: 10.1016/j.xphs.2021.02.014

103. Niwa T, Watanabe T, Suzuki A, Ohmori T, Tsuchiya M, Suzuki T, et al.
Reduction of linezolid-associated thrombocytopenia by the dose adjustment based
on the risk factors such as basal platelet count and body weight. Diagn Microbiol
Infect Dis. (2014) 79:93–7. doi: 10.1016/j.diagmicrobio.2014.01.012

104. Santini A, Ronchi D, Garbellini M, Piga D, Protti A. Linezolid-induced lactic
acidosis: the thin line between bacterial and mitochondrial ribosomes. Expert Opin
Drug Saf. (2017) 16:833–43. doi: 10.1080/14740338.2017.1335305

105. FDA. Adverse Event Reporting System (FAERS). Freedom of Information Act
(FOIA). Detailed report: Linezolid.

106. Adrreports.eu. London: European Medicines Agency. Available online at:
http://adrreports.eu (accessed February 7, 2017).

107. Bishop E, Melvani S, Howden BP, Charles PG, Grayson ML. Good
clinical outcomes but high rates of adverse reactions during linezolid

therapy for serious infections: a proposed protocol for monitoring
therapy in complex patients. Antimicrob Agents Chemother. (2006)
50:1599–602. doi: 10.1128/AAC.50.4.1599-1602.2006

108. Pea F, Viale P, Cojutti P, Del Pin B, Zamparini E, Furlanut M.
Therapeutic drug monitoring may improve safety outcomes of long-term
treatment with linezolid in adult patients. J Antimicrob Chemother. (2012)
67:2034–42. doi: 10.1093/jac/dks153

109. Im JH, Baek JH, Kwon HY, Lee JS. Incidence and risk
factors of linezolid-induced lactic acidosis. Int J Infect Dis. (2015)
31:47–52. doi: 10.1016/j.ijid.2014.12.009

110. Garrabou G, Soriano A, López S, Guallar JP, Giralt M, Villarroya
F, et al. Reversible inhibition of mitochondrial protein synthesis during
linezolid-related hyperlactatemia. Antimicrob Agents Chemother. (2007) 51:962–
7. doi: 10.1128/AAC.01190-06

111. Narita M, Tsuji BT Yu VL. Linezolid-associated peripheral and optic
neuropathy, lactic acidosis, and serotonin syndrome. Pharmacotherapy. (2007)
27:1189–97. doi: 10.1592/phco.27.8.1189

112. Cheng CN, Lin SW, Wu CC. Early linezolid-associated lactic acidosis in
a patient with child class C liver cirrhosis and end-stage renal disease. J Infect
Chemother. (2018) 24:841–4. doi: 10.1016/j.jiac.2018.02.002

113. Palenzuela L, Hahn NM, Nelson RPJr, Arno JN, Schobert C, Bethel R, et al.
Does linezolid cause lactic acidosis by inhibiting mitochondrial protein synthesis?
Clin Infect Dis. (2005) 40:e113–6. doi: 10.1086/430441

114. Lu M. Linezolid-induced lactic acidosis: prevention and treatment. Adverse
Drug React Bull. (2010) 12:269–74. doi: 10.3969/j.issn.1008-5734.2010.04.010

115. Zhang Y, Zhu W, Zhang J, Chen B. Linezolid-induced lactic acidosis and
pancytopenia: One case report and literature review of 50 cases. Chinese J Infect
Chemother. (2017) 17:365–370. doi: 10.16718/j.1009-7708.2017.04.004

116. Wiener M, Guo Y, Patel G, Fries BC. Lactic acidosis after treatment with
linezolid. Infection. (2007) 35:278–81. doi: 10.1007/s15010-007-6302-x

117. Wang N, Xing Y, Zhen J. Linezolid-induced lactic acidosis:
review of 21 medical literatures. Chinese J Hosp Pharm. (2015)
35:1580–3. doi: 10.13286/j.cnki.chinhosppharmacyj.2015.17.13

Frontiers in PublicHealth 16 frontiersin.org

https://doi.org/10.3389/fpubh.2022.967311
https://doi.org/10.1128/AAC.00051-06
https://doi.org/10.1016/j.ijantimicag.2014.07.001
https://doi.org/10.1007/s00228-020-02978-x
https://doi.org/10.3969/j.issn.1672-8157.2018.04.001
https://doi.org/10.1016/j.xphs.2021.02.014
https://doi.org/10.1016/j.diagmicrobio.2014.01.012
https://doi.org/10.1080/14740338.2017.1335305
http://adrreports.eu
https://doi.org/10.1128/AAC.50.4.1599-1602.2006
https://doi.org/10.1093/jac/dks153
https://doi.org/10.1016/j.ijid.2014.12.009
https://doi.org/10.1128/AAC.01190-06
https://doi.org/10.1592/phco.27.8.1189
https://doi.org/10.1016/j.jiac.2018.02.002
https://doi.org/10.1086/430441
https://doi.org/10.3969/j.issn.1008-5734.2010.04.010
https://doi.org/10.16718/j.1009-7708.2017.04.004
https://doi.org/10.1007/s15010-007-6302-x
https://doi.org/10.13286/j.cnki.chinhosppharmacyj.2015.17.13
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

	Expert consensus statement on therapeutic drug monitoring and individualization of linezolid
	Introduction
	Methods
	Expert panel recommendations
	Question 1: Does linezolid require TDM? What is the target range for linezolid TDM?
	Expert panel recommendations
	Reason

	Question 2: What detection method is recommended for TDM of linezolid?
	Expert panel recommendations
	Reason

	Question 3: How should laboratories conducting quantitative determination of linezolid perform quality control?
	Expert panel recommendations
	Reason

	Question 4: How should linezolid TDM results be reported?
	Expert panel recommendations
	Reason

	Question 5: For which patients should linezolid TDM be considered?
	Expert panel recommendations
	Reason

	Question 6: How should the linezolid dosage be adjusted for patients with renal insufficiency?
	Expert panel recommendations
	Reason

	Question 7: Does the linezolid dose need to be adjusted for patients with hepatic insufficiency?
	Expert panel recommendations

	Question 8: How should the linezolid dose be adjusted for patients with hepatic insufficiency?
	Expert panel recommendations
	Reason

	Question 9: Does the linezolid dose need to be adjusted for patients on extracorporeal membrane oxygenation (ECMO)?
	Expert panel recommendations

	Question 10: How should linezolid administration be optimized for patients on ECMO?
	Expert panel recommendations
	Reason

	Question 11: Do pediatric patients require linezolid dose optimization?
	Expert panel recommendations

	Question 12: How should the dose of linezolid be adjusted for pediatric patients?
	Expert panel recommendations
	Reason

	Question 13: Do obese patients need linezolid dose optimization?
	Expert panel recommendations

	Question 14: How should a dose optimization strategy be implemented for obese patients?
	Expert panel recommendations
	Reason

	Question 15: How should the linezolid dose be individualized for patients with tuberculosis?
	Expert panel recommendations
	Reason

	Question 16: How should the linezolid dose be adjusted in patients with central nervous system (CNS) infection?
	Expert panel recommendations
	Reason

	Question 17: How should adverse reactions to linezolid be monitored?
	Expert panel recommendations

	Question 18: How should linezolid-associated hyperlactacidemia be prevented and treated?
	Expert panel recommendations
	Reason


	Summary
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Author disclaimer
	References


