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Abstract
Linezolid, the first available compound in the group of oxazolidinones, provides an effective alternative for the treatment of multi-drug resistant (MDR) grampositive bacteria. Linezolid's i.v. and oral availability expands its usage to the outpatient setting. In vitro, animal and clinical studies have defined an appropriate PK/PD index for linezolid, its correlation with the dosage regimen and clinical outcome. Due to linezolid's wide interpatient variability, some patients may have increased risk of inadequate drug exposure. As these patients are not readily identified, therapeutic drug monitoring may be necessary for critically ill patient populations as well as in long term treatment. As alternative antibiotics are scarce, resistance development requires special attention. The selection of linezolid resistant mutants, especially with enterococci, and the emergence of mobile resistance determinants that affect a wide range of other ribosome-targeting antibiotics, will most likely spur the emergence and spread of linezolid resistance. Increasing drug exposure in an attempt to reduce selection pressure may not be feasible due to concentration dependent toxicity. On the other hand, combination therapy may positively impact exposure/resistance relationship but our knowledge in this area remains incomplete. Employing PK/PD models to define dosing strategies and using antibiotic combinations to reduce selection pressure on linezolid resistant mutants are major tasks yet to be undertaken. 

1. Introduction

Ribosomes serve as the site of mRNA translation and protein synthesis. The bacterial ribosome has a long history as a key target for antimicrobial compounds and presents multiple sites for antibiotic binding. Several classes of antibiotics function by binding to the bacterial ribosome and thus inhibiting bacterial protein synthesis, including the macrolides, ketolides, lincosamides, streptogramins, tetracyclines, chloramphenicol, aminoglycosides, pleuromutilins, as well as the synthetic oxazolidinones. Most of these drugs bind to only one subunit of the ribosome. In most instances the binding involves specific sequences in the 16S or 23S rRNAs or additionally ribosomal proteins. The complex structure of the ribosome has been addressed by recent progress in structural, biochemical, and computational approaches which has facilitated further exploitation of the ribosome as a drug target. As a result, potential interaction sites where new antibiotics can interfere with an essential ribosomal function have been illuminated[1]. Thus, designing and modifying drugs targeted at the highly validated bacterial ribosome has become a primary research goal for R&D companies in the anti-infective space.

After a pronounced gap in new antibacterial approvals, Linezolid, the first member of the new class of oxazolidinones, was introduced to the medical community in 2000 becoming the first antibacterial drug in more than 20 years to utilize a new mode of action. Though linezolid is the only currently available agent in this class, at least two other oxazolidinones, tedizolid and radezolid are in phase II/III clinical trials. Development activities of these and other new analogs have spurred renewed interest in various aspects of PK/PD as a tool to predict the best dosage regimen; one that is effective while minimizing toxicity and reducing the risk of resistance development. 

Linezolid's mode of action provides a treatment option against multi-drug resistant pathogens without manifesting apparent cross-resistance to most other commonly used drug groups. Oxazolidinones target the ribosomal P site at a common antibiotic binding site on the ribosome, the ribosomal peptidyl transferase center (PTC) residing in the 50S ribosomal subunit.  Oxazolidinones act by interfering with the formation of the complex that associates the mRNA and the initiator f-met-tRNA. The result is inhibition of the initiation step of bacterial translation [2-7]. However, the complexity of cross-resistance patterns between PTC binding antibiotics is likely due to the unique set of interactions that each bound antibiotic makes with the PTC cavity[2]. Regarding the high degree of homology in the PTCs, it is not surprising that antibiotics that inhibit bacterial protein synthesis also inhibit mitochondrial protein synthesis[8]. In other words, with the structural similarity of the functionally critical regions of the mitochondrial and bacterial rRNA some antibiotics also bind to the large subunit of mammalian mitochondrial ribosomes and thus inhibit mitochondrial translation[9]. This inhibition of mitochondrial protein synthesis is the likely cause of oxazolidinone's adverse effect of myelosuppression[10-12]. Indeed, oxazolidinones that are highly potent as antibiotics are also uniformly potent in inhibiting mitochondrial protein synthesis. Therefore, when developing new oxazolidinones it will be crucial to evaluate potential mitochondrial toxicity.[13]Linezolid has been targeted to several infections caused by gram-positive bacteria. The approved indications include vancomycin-resistant Enterococcus (VRE) faecium infections, nosocomial pneumonia caused by Staphylococcus aureus (methicillin-susceptible and -resistant strains - MSSA, MRSA), or Streptococcus pneumoniae (including multi-drug resistant strains), complicated skin and skin structure infections, including diabetic foot infections, without concomitant osteomyelitis, caused by Staphylococcus aureus (MSSA and MRSA), Streptococcus pyogenes, or Streptococcus agalactiae, uncomplicated skin and skin structure infections caused by Staphylococcus aureus (MSSA only) or Streptococcus pyogenes, and community-acquired pneumonia (CAP) caused by Streptococcus pneumoniae (including multi-drug resistant strains, including cases with concurrent bacteremia, or Staphylococcus aureus (MSSA only).

Pharmacokinetic/pharmacodynamic (PK/PD) concepts link exposure patterns with effects [14, 15]. The derived PK/PD index is correlated with a measure of clinical or microbiological outcome to obtain a cut-off target value that predicts outcome. This value is then used to optimize dosage regimes. All PK/PD indices have a component of drug concentration (peak concentration, AUC) and a PD component (MIC). In the clinical situation, the PD component (MIC) is an observed reality while the PK component may be manipulated and individually adapted. The goals of an optimized dosing regimen should include maximizing antimicrobial activity, minimizing the probability of a toxic effect and reducing the selection pressure on resistant subpopulations.

2. Pharmacokinetics of linezolid

This book chapter focuses on PK/PD of oxazolidinones. Therefore mainly PK parameters that are directly relevant for PK/PD issues will be discussed in the following paragraphs.

Linezolid’s pharmacokinetic profile has been studied in healthy volunteers as well as in various patient groups. Due to its almost 100% bioavailability, iv and oral exposure data can be exchanged with no need to be considered separately. Linezolid has a relatively low protein binding of about 10-30%[16-18]. Though low, protein binding should not be overlooked, especially when relating total (bound+free) concentrations to routine MICs measured in protein-free media.  In general, only free concentrations should be used in PK/PD studies. However, in most published studies linezolid concentrations are given as total concentrations and, in these cases the available active drug concentrations may be slightly overestimated.
PK/PD parameters such as AUC/MIC, Cmax/MIC, or T>MIC have been related to clinical and bacteriological efficacy and to emergence of resistance as well as to toxicity. The pharmacokinetic parameters AUC, Cmax, Cmin, and concentrations at various infection sites, are primary factors in determining PK/PD relationships. These factors will be the main focus in the next paragraphs as they discuss selected PK characteristics of linezolid. Most of these studies have used a dosage of linezolid 600mg q12h as this exact dosage is approved in all countries.

Mean AUC0-24 values in patients at steady state at a standard dosage of 600mg q12h ranges from 150-260mg·h/L[19], [20, 21] with high interpatient variability (60-870mg·h/L) (Figure 1)[19]. The mean Cmax is approximately 14 µg/ml[22], and Cmin approximately 1-6 µg/ml[21, 22]. Table 1 shows pharmacokinetic parameters after single or multiple dosing in volunteers and patients. Multiple-dose studies show a limited but significant dose-dependent accumulation (Figure 2) [23]. Accordingly, for PK/PD analysis, PK parameters at steady state should be used.

Figure 1. Distribution of AUC0-24 values (mg·h/L) in patients under the linezolid compassionate-use program[19]
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In healthy adult persons, the reported mean elimination half-life has ranges from 4 to 7 hours in both single-dose and steady-state conditions[24]. Clearance occurs by both renal and nonrenal (65%) mechanisms[25]. About 30-40% of the dose is recovered in urine as parent compound within the first 12 -120 hours[23], [26]. With both oral and i.v. administration there is a wide variability in clearance that can be accounted for primarily by variability in non-renal clearance[27] Though theIndeed, non-renal clearance may be saturated by reduced renal clearance [19] which potentially explains the discrepancy in the contribution of renal function to linezolid clearance in many studies. A recent study with a limited number of patients showed this relationship of renal function to linezolid clearance, with subsequent accumulation, and thus, toxic events [28]. Additionally, it has been suggested that linezolid reduces its own metabolism via inhibition of the mitochondrial respiratory chain enzyme activity with resulting non-linearity [29]. Another recent study observed a remarkable decrease in linezolid clearance (approximately 50% decrease) in patients with severe liver cirrhosis (Child Pugh grade C), suggesting that cirrhosis changes the pharmacokinetics of linezolid [30]. 

Linezolid is metabolized by an oxidative reaction to two inactive metabolites, a hydroxyethyl glycine metabolite (40% of the dose in urine) and an aminoethoxyacetic acid metabolite (10% of the dose in urine)[25, 31], [32]. These two major metabolites have been found to accumulate in patients with renal failure [25] but their toxicity profile has not been well described.  Thus, linezolid is not a typical renal excretion-type drug and linezolid is not metabolized by the P-450 enzyme system[33]. Pharmacokinetic data for linezolid are summarized in Table 1.
Table 1. Mean pharmacokinetic parameters of linezolid (total drug)
	Dosage
	Population (n)
	AUC0-24
(mg·h/L)
	Cmax (µg/ml)
	Cmin (µg/ml)
	Vd
	Total Clearance
	Elimin. half life (h)
	Reference

	600mg iv, SD (normalized from 625mg)
	Adults volunteers
	AUC0-: 80.20+33.3
	12.9 (SD1.6)
	
	
	138 +39 ml/min
	4.4 +2.4
	[34]

	600mg iv, MD (normalized from 625mg)
	Adult volunteers
	AUC0-: 89.7+31
	15.1+2.5
	
	
	123+40 ml/min
	4.8+1.7
	[34]

	375mg iv, SD
	Adult volunteers (n=12)
	
	10.3±1.9 mg/L
	
	42.3 ± 6.7 L
	7.3 ± 2.0 L/h
	4.4
	[35]

	600mg oral, SD
	Adult volunteers (n=6)
	AUC0-: 110±22
	12.7±2.6
	
	
	94.6± 21.8 ml/min
	6.4 ± 2.2


	[25]

	625mg oral, MD
	Adult volunteers
(n= 24, oral, n=18, i.v.)
	AUC0–12: 147 +58 oral, 93.4+32.3 iv 
	18.8±6.2 oral, 15.7±2.6 iv
	8.02 (3.6) oral, 3.8 (2.5) iv
	36.1 (10.5) oral, 45.5 (4.9) iv
	78.2 +23.3 mL/min oral, 123+40.3 iv
	5.4+0.9 oral, 4.8+1.7 i.v.
	[27]

	600mg iv, MD
	Critically ill patients (n=28)
	
	14.0+4.5 
	12h: 1.4 + 1.1; 
24 h: 2.8 + 2.7; 
48 h: 3.9 + 4.4;
72 h: 4.5 + 6.2 
	41.2 L/65 kg
	0.049 ±0.016 L/h/kg

20 - 179mL/min without, 31-91 mL/min with renal support
	
	[22]

	600mg iv/oral, MD
	Patients (n=318), MD
	228 (CV 50.3%, range 57-871)
	
	
	1 l/kg (CV 23%)
	0.1 L/h/kg (CV 50%)
	
	[19]

	600mg iv, MD
	Neutropenic patients (n=56)
	212 (CV 49%)
	
	
	0.95 l/kg
	0.13 L/h/kg
	
	[20]

	600mg iv, MD
	ICU patients (n=9)
	154.2±59.6
	13.1[image: image2.png]
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	[21]

	600 mg iv, SD
	Patients with sepsis or septic shock (n=24)
	fAUC0–24: 70. 8 ± 28.1 (septic shock), 50.9 ± 23.1 (severe sepsis)
	fCmax: 14.2 ± 3.5 (septic shock), 14.2 ± 4.1 (severe sepsis)
	
	60.4 ± 13.9 L (septic shock), 57.2 ± 17.8 L (severe sepsis)
	9.8 ± 4.3  L/h (septic shock), 14.8 ± 7.5 L/h (severe sepsis)
	4.9 ± 2.1 (septic shock), 3.1 ± 1.5 (severe sepsis)
	[18]

	600mg iv,  SD 
	CF adult patients (n=12)
	AUC0-: 112.2±46.4
	
	
	0.87 (±0.2) L/kg
	0.12 ±0.06 L/h/kg
	4.4±2.4 (range 1.8 - 8.4)
	[24]

	10mg/kg, SD
	Infants (>28 days to <3 months, n=12)
	AUC0-: 33 (CV 26%)
	11 (CV 27%)
	
	0.8 (CV 26%) L/kg
	
	5.4 (CV 32%)
	[34]

	10mg/kg, SD
	Children (3 months to 11 years, n=59)
	AUC0-: 58 (CV 54%)
	15.1 (CV 30%)
	
	0.7 (CV 28%) L/kg
	0.34 ± 0.15 liter/h/kg
	3.8  (CV 53%)
	[34]

	10 mg/kg iv q 8h, MD
	CF pediatric patients (n=10)
	
	Range 8.4-20.5
	Range 0.1-11.5
	
	
	
	[36]


SD: single dose, MD: multiple doses

Figure 2 . Mean (S.D.) total serum concentrations of linezolid in healthy volunteers on day 1 and day 7.[23]
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Comparing serum concentrations adjusted to 70 kg body weight, the distribution volume is significantly lower and concentrations higher in females than in males[23]. This effect is not only observed in healthy adults but also in patients.

In clinical practice the substantial interpatient variability is remarkable (Figure 3) and might be responsible not only for a reduced exposure and risk for both suboptimal activity and for resistance development but also for increaing the risk of toxicities. The wide range of reported half-lives and clearance values in healthy adults and patients also, at least partly, is caused by nonlinear elimination, which is probably a result of the saturability of one of the two major metabolic pathways for the drug[24], [29]. This pronounced variability may have implications for proper dosing and thus adequate drug exposure in individual patients. Additionally, the drug exposure may change in an individual patient at different time points of drug therapy (Figure 4). A recent retrospective observational study assessed the interindividual pharmacokinetic variability in daily clinical practice in medical, surgical, or intensive care units. In this limited study 30-40% of patients were either under- or overdosed and therapeutic drug monitoring was suggested[37].

Figure 3 . Pharmacokinetic parameters of individual patients with CF[24]
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 (µg · h/ml), area under the concentration in plasma versus the time curve from time 0 to infinity; VSS (l/kg), steady-state volume of distribution; ClT (l/h/kg), total body clearance.
Figure 4. Individual changes in clearance and volume of distribution of unbound linezolid in plasma after multiple i.v. dosing of 600 mg twice a day (each symbol represents the estimated parameter value for one patient)‏ [38]
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2.1 Linezolid concentration at the site of infection

In most PK/PD analyses, the pharmacokinetics generally used are those in the blood (plasma or serum) because these are easily accessible and available. However, this approach is incongruent with the reality that most infections occur, not in the plasma, but, rather, in tissue sites [39]. It is well accepted that the ability of antibiotics to reach target sites is a key determinant of clinical outcome. With few exceptions, such as infections caused by intracellular bacteria, the interstitial fluid (IF) of tissue and other body fluids represent the actual target space for the preponderance of bacterial infections. If the site of infection is the IF or other body fluid without significant barriers and without influx or efflux mechanisms, rapid equilibrium between the tissue fluid and plasma can be expected. Depending on the surface area to volume ratio, the free plasma concentration would be equal to the IF and could serve as a surrogate marker for IF concentrations[40, 41]
. 

Linezolid belongs to the group of drugs with a volume of distribution that approximates the total body water content (40 to 50 liters), i.e. linezolid concentrations in interstitial fluid are very close to those of plasma[27]. Additionally, to a certain extent linezolid penetrates into human cells according to its volume of distribution. In accordance with the results of linezolid’s pharmacokinetics in blood, variability in tissue penetration across studies in healthy volunteers and patients is seen[42].

Regardless of Linezolid's low protein binding of about 30%, it is still preferable to determine free concentrations, not only in plasma but also in other compartments, especially if these values are used as PK input for PK/PD analysis.  Linezolid's protein binding is not concentration dependent, but is quite variable between and within patients [43]. Therefore, in vivo microdialysis methods that measure only free concentrations in body fluids over time provide valuable data. In healthy volunteers, the unbound plasma fraction of linezolid equilibrates completely with the IF concentrations in adipose tissue and skeletal muscle (Figure 5)[16].

Figure 5. Time-concentration curves (means ± SDs) of linezolid in plasma (total and free) and IF of subcutaneous adipose tissue and skeletal muscle after administration of multiple doses of oral linezolid intake (600 mg twice a day; n = 9)[16]
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Linezolid is approved for treatment of lung infections. Epithelial lining fluid (ELF) is widely accepted to be representative of the environment in which extracellular pulmonary pathogens are most often located. Although determination of concentrations in the ELF is challenging due to various technical issues and potential sources of error, ELF concentration data may be useful as PK input in PK/PD analysis.  Boselli et al determined the steady-state plasma pharmacokinetic variables and ELF concentrations of standard dosage of linezolid administered to critically ill patients with ventilator-associated pneumonia. The mean ELF peak and trough concentrations of 14.4 + 5.6 µg/ml and 2.6 + 1.7 µg/ml[44], respectively, shows a mean linezolid percentage penetration in ELF of approximately 100%. This penetration ratio has been confirmed in a study with continuous infusion [45]. is These results are indicative of passive diffusion of the unbound drug across membranes40. Other results from studies that found higher linezolid concentrations in ELF,  may have been caused by technical errors in the process of bronchoalveolar lavage[46]. As expected from linezolid’s distribution in the total body water, the concentrations in alveolar macrophages are rather low [47, 48]. 

Other body fluids and their linezolid concentrations have been investigated. Mean concentrations of linezolid in the haematoma fluid drained from around the surgical site were 8.2 µg/ml at 6–8 h and 5.6 µg/ml at 10–12 h after the infusion, and 7.0 µg/ml at 2–4 h following a second 600 mg infusion given 12 h post-operatively. This indicates therapeutic concentrations at the operation site of >16 hours.[49]  Stein et al. determined the pharmacokinetics of patients with peripheral vascular disease and severe diabetic foot infections requiring surgical intervention. Their results showed lower than expected IF concentrations in tissues that was explained by  impaired blood flow in this small study population.[50]
Linezolid concentrations have been studied in ventricular fluid of hydrocephalic children and adolescents with linezolid administration of 10 mg/kg every 12 hours with Cmax values of 7.5 µg/mL (range 2.3-12.6 µg/mL) and Cmin values of 1.3 µg/mL (range 0.2-2.6 µg/mL). The study confirmed the high interpatient variability found in other investigations[51]. In adults, linezolid penetrated into the  cerebrospinal fluid with Cmax and Cmin concentrations during a standard dosage regimen of 10.8 ± 5.7 µg/ml and 6.1 ± 4.2 µg/ml, respectively[52].

2.2. Pharmacokinetic interactions

Linezolid is not an inducer of the cytochrome P450 system in rats and does not inhibit the activities of clinically significant human CYP isoforms (e.g., 1A2, 2C9, 2C19, 2D6, 2E1, 3A4) [53], however the mechanism of interaction via hepatic enzymes is not well understood. The clinically relevant interactions that have been reported to the U.S. Food and Drug Administration (FDA) Adverse Event Reporting System [54] most commonly involved warfarin, statins, serotonin antagonists, clarithromycin, varenicicline. As linezolid is a reversible, nonselective inhibitor of monoamine oxidase, it has the potential for interaction with adrenergic and serotonergic agents as noted in the FDA reporting system [54, 55]. The FDA has also received reports of serious central nervous system reactions when linezolid is administered to patients taking serotonergic psychiatric medications [56]. Accordingly linezolid should generally not be given to patients taking serotonergic drugs (FDA Drug Safety Communication 2011). Additionally, due to potential interactions with adrenergic agents, patients taking linezolid should avoid consuming large amounts of foods or beverages that have high tyramine content. 

Even though not an inducer of the cytochrome P450 system,  linezolid is affected by P-glycoprotein inducers such as rifampicin [57]. Rifampicin induces a P-glycoprotein that enhances the non-renal clearance of linezolid, thus reducing linezolid exposure [58]. This effect may explain the preventive effect of rifampicin on bone marrow toxicity in patients receiving linezolid/rifampicin combination therapy. However this beneficial effect of rifampicin combination therapy, could theoretically lead to therapeutic failure in some patients and could favor the spread of resistant strains [59]. Therapeutic drug monitoring is recommended to treat such patients effectively. Additionally other P-glycoprotein substrates and inhibitors such as proton pump inhibitors may cause clinically significant interactions with linezolid [59]. 

2.3. Pharmacokinetics in special patient groups

2.3.1. Pediatric patients

Children younger than 12 years of age have a smaller AUC, a faster clearance and a shorter elimination half-life than adults after administration of linezolid. Although clearance rates in newborn infants are similar to those in adults, clearance increases rapidly during the first week of life, becoming 2- to 3- fold higher than in adults by the seventh day of life. The clearance of linezolid decreases gradually among young children, becoming similar to adult values by adolescence. In children age 12 years and older, the pharmacokinetics of linezolid is not significantly different from that of adults. Because of the higher clearance and lower AUC, a shorter dosing interval for linezolid is required for children younger than 12 years of age in order to produce adequate drug exposure[60-62]. 

2.3.2. Patients with impaired renal or hepatic function

The renal clearance of linezolid is low (average 40 mL/min). Therefore, renal insufficiency is generally regarded as not altering the pharmacokinetics of the parent drug linezolid, whereas its metabolites do accumulate[63]. According to recent study results, renal insufficiency influences the clearance of linezolid and, so, therapeutic drug monitoring is recommended for selected severely ill patients (s. page ). As linezolid is partly removed by haemodialysis (in 3 hours approximately 30%), serum linezolid levels in critically ill patients with acute renal failure and renal replacement therapy can be significantly reduced. [25, 64, 65]. The best method of managing linezolid dosage in these complex patient groups, whose physiology can vary daily, would be to use therapeutic drug monitoring [66]. Similar to the high variability in non-renal clearance[27], patients with liver transplantation or resection have a substantially reduced linezolid clearance with high inter-individual variability[66]. The pattern of drug exposure in patients with insufficient renal function (CLcr ≤ 30 ml/min) or severe liver cirrhosis (Child-Pugh grade C) is mirrored by a remarkably increased risk for thrombocytopenia [30, 67]. Indeed, in patients with severe renal insufficiency (CLcr ≤ 10 ml/min) or severe liver cirrhosis, high incidences of thrombocytopenia were estimated even at 600 mg/day due to elevated exposure levels and low baseline platelet counts. Hence, careful monitoring of platelet counts is strongly advised for these patients [30].

2.3.3. Obese patients

Two studies have shown increased clearance of linezolid and reduced serum concentration compared to population pharmacokinetic parameters, with trough levels below MIC90 [68, 69]. Linezolid undergoes slow non-enzymatic oxidation in vivo that may be increased in obese patients, and this may account for the greater clearance [68]. 

2.3.4. Critically ill patients 

In critically ill patients various pathophysiological changes often impact pharmacokinetics of antimicrobials. In this patient population, linezolid clinical studies have observed considerable differences in mean PK parameters, such as Vd and clearance which may influence outcome. Increased Vd (as a result of oedema in sepsis and trauma, pleural effusion, ascites, mediastinitis, fluid therapy or indwelling post-surgical drainage) and/or enhanced renal clearance (as a result of burns, drug abuse, hyperdynamic conditions during sepsis, acute leukaemia or use of haemodynamically active drugs) may cause underexposure. On the other hand, overexposure may occur because of a drop in renal clearance caused by renal impairment [70].

Pharmacokinetics of linezolid has been evaluated in a wide range of critically ill patients. In a study with patients with major thermal injuries an AUC reduced by half, compared with volunteers, has been described. This is primarily attributed to increased non-renal clearance. For patients with very extensive or complicated burns, where inter-patient variability is large, insufficient drug exposure may occur[71]. Other clinical studies with critically ill patients confirm the increased volume of distribution and clearance[19, 38, 44].  The higher volume of distribution in these patients might be caused by fluid retention and/or high fluid input resulting in significant changes in surface area to volume ratio of infection sites. Increased oxidative stress in septic patients, compared to non-critically ill patients, may cause the more rapid elimination as linezolid is metabolized by nonenzymatic oxidation[19]. The changed PK parameters may result in lower AUC values with an extremely broad range of more than 10 times difference and with the resulting potential for inadequate drug exposure in individual patients[19]. 

Buerger  et al studied free linezolid concentrations in plasma and IF of subcutaneous adipose tissue and skeletal muscle of critically ill patients[38]. Though median plasma concentrations were satisfactory, the concentrations in IF of some patients remained below the MIC for a large proportion of or, even, the entire dosing interval [38]. This variability again underlines the possibility of decreased activity or promotion of resistance development in patients with low linezolid concentrations. The high interindividual differences that were seen even with healthy volunteers are consistently mirrored in all studies with patients (Table 2)[16, 38].

As pharmacokinetic data from neutropenic patients are not yet reported in the literature, it may be interesting to note that results from the neutropenic mouse model showed a marked reduction in drug exposure compared to immunocompetent mice. The reasons for this discrepancy are not evident[72].

Table 2. Mean pharmacokinetic parameters for targeted patient populations([19])

	Parameter
	Value



	
	ICU patients (n = 94)
	Obese patientsb (n = 95)
	Oral linezolid therapyc (n = 87)
	Elderly patients (n = 74)d
	All patients (n = 318)

	Vc (liters/65 kg)
	39.8 (25)
	43.9 (18)
	39.3 (19)
	38.2 (21)
	39.6 (23)

	Vss (liters/65 kg)
	67.7 (24)
	69.7 (18)
	65.1 (25)
	64.2 (22)
	65.8 (23)

	CLratio
	0.288 (32)
	0.298 (28)
	0.247 (32)
	0.269 (32)
	0.269 (34)

	Km (µg/ml)
	1.38 (42)
	1.53 (62)
	1.45 (64)
	1.53 (56)
	1.46 (68)

	CLi (liters/65 kg)
	46.8 (59)
	43.8 (45)
	40.7 (41)
	40.7 (37)
	43.5 (53)

	Vmax (mg/h/65 kg)
	55.8 (28)
	57.4 (26)
	49.2 (20)
	53.8 (25)
	53.3 (26)

	AUC (µg/ml · 24 h)
	206 (60)
	210 (56)
	258 (56)
	269 (54)
	228 (58)

	CLtavg (liters/h/65 kg)
	7.65 (50)
	7.27 (49)
	5.86 (46)
	5.68 (52)
	6.85 (50)


a Patients may be represented in more than one category. The CV (percent) is shown in parentheses.
b Patients were categorized as obese if total body weight was >30% above the calculated IBW.
c Patients were either started on oral linezolid or switched to oral therapy following initiation of i.v. linezolid.
d Patients >70 years of age were considered to be elderly.
3. Pharmacodynamics

3.1. Antimicrobial activity

Pharmacodynamics defines the exposure-response relationship. It is routinely measured as MIC, a measurement at a fixed concentration at a single point in time. To obtain information about bacterial growth and kill over time, static or dynamic time-kill curves are used.

Linezolid is active against many grampositive organisms but is not able to reach its intracellular site of action in gramnegative bacteria due to effective RND-type efflux pumps[73]. Common gram-positive bacteria resistant to other antibiotics, including MRSA, penicillin-resistant S. pneumoniae, and VRE are susceptible to linezolid. 

The in vitro activity against S. aureus is very uniform and the wild-type distribution narrow. About 90% of clinical strains in Europe (n=>62,000) have a MIC of 1 µg/mL (32%) or 2 µg/mL (59%) according to the EUCAST strain collection. MRSA and MSSA are equally inhibited by linezolid. The majority of S. epidermidis MICs are shifted one dilution step to the left but with the same MIC90 value of 2 µg/mL (EUCAST wild-type distribution) (Figure 6). A global surveillance program found that MIC values have not changed over the years since the introduction of linezolid[74]. Enterococci show MIC50 and MIC90 values at 1 and 2 μg/mL, respectively[74].  Enterococci are inhibited independent of their resistance to vancomycin. As the MIC distribution curve extends to an MIC of 4 in grampositive cocci, the epidemiological cut-off value has been set at an MIC of 4 µg/mL for enterococci and S. aureus, according to the EUCAST rational document. 

Figure 6. Wildtype MIC distribution of gram-positive bacteria to linezolid (EUCAST strain collection)
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The action of linezolid is considered to be bacteriostatic against staphylococci and enterococci (Figure 7)[75]. In vivo experiments show that, according to this activity pattern, the bacterial load decreases only gradually after administration of linezolid as the phagocytes eliminate the bacteria[76]. Increasing doses produces minimal concentration-dependent killing[77]. As linezolid does not decrease bacterial density effectively, it may not be successful in patients with complicated sequestered infections such as infective endocarditis. Indeed, in vitro and animal studies as well as clinical studies have been shown inferior activity and treatment failures in endocarditis[78, 79].

Figure 7 . Time-kill experiments performed at four times the MIC against MRSA R499* (A) and VRE R588* (E. faecalis) (C). [75].
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Results are means ± standard deviations. GC, growth control; D, daptomycin; V, vancomycin; L, linezolid; Q-D, quinupristin-dalfopristin 
*MICs of D, V, L, and Q-D: for MRSA 0.125, 0.5, 2.0, and 0.25; for VRE 1.0, 128.0, 4.0, and 2.0.

As some infections such as pneumonia or endocarditis can yield a high number of bacteria at the site of infection, the impact of a high inoculum has been evaluated. In contrast to vancomycin, linezolid is not affected by an inoculum up to 9.5 log10 CFU/g throughout a 72-hour in vitro experiment[80].

As Staphylococcus aureus is able to survive in phagocytes, the intracellular activity of linezolid was studied. In vitro, linezolid showed an Emax of [image: image17.png]


1 log10 cfu reduction compared with initial inoculum both intra- and extracellularly. In vivo, the efficacy of linezolid was impaired and failed to reduce the cfu to less than the initial load intracellularly [81, 82]. Linezolid exerts only a weak intracellular activity against the strains of S. aureus tested.

Linezolid is predominantly bacteriostatic with some persistent antibiotic effects. Though controversy remains, an in vivo post-antibiotic effect (PAE) may influence the effectiveness of dosage regimes. Linezolid exhibits moderate concentration-dependent in vitro PAE against S. aureus, S. epidermidis, E. faecalis, E. faecium and S. pneumoniae[83] with ranges from 0.8-3 hours in vitro and 3-4 hours in vivo[84, 85]. No in vivo PAE was found with S. pneumonia[77].

S. aureus is known to survive in phagocytes. Here linezolid shows a modest intracellular penetration with a comparable extracellular and intracellular antimicrobial activity. However, despite having bacteriostatic intracellular activity, linezolid remains considerably less active than other bactericidal antistaphylococcal drugs[81].

3.2. Resistance 
Resistance is a major concern in treating severely ill patients with infectious diseases. In general, resistance rates to linezolid remain very low as is to be expected due to its short period of availability of only 10 years. Nevertheless, oxazolidinone-resistant strains have appeared worldwide particularly among enterococci and coagulase-negative staphylococci[86, 87]. In a concerning trend, increasing linezolid utilization rates and clonal spread have led to outbreaks of both linezolid resistant enterococci and linezolid resistant MRSA[88], [89].
In general, target site mutations are one of the most common resistance mechanisms. In the case of linezolid, resistance is usually associated with a point mutation at the drug target site at position 2576 of 23S rRNA. However, other mutations have been found in clinical isolates71 or selected for in serial passage experiments[90] Most bacteria have several copies of rRNA genes and significant resistance requires mutations in more than one copy of the 23S rRNA gen. MICs increase in proportion to the number of copies of mutant 23S rRNA genes[91]. Therefore, the number of available alleles (M. tuberculosis > enterococci > S. aureus) determines the emergence of resistance as has been shown with treatment failures due to the emergence of linezolid-resistant mutants with enterococci [92, 93] but only rarely with staphylococci[94]. Serial passage experiments readily resulted in selection of linezolid-resistant mutants of E. faecalis (Figure 8). These experiments predict the rapid emergence and spread of resistant E. faecalis strains within medical facilities[95]. Also, the threat of multiclonal outbreaks of enterococci in intensive care units is well-known[96, 97]. Alarmingly, clinical isolates of linezolid‐resistant S. aureus with all 5 copies of the 23S rRNA gene containing the G2576U mutation have been found[98]. Additionally, a variety of mutations in ribosomal protein L3 and L4 have also been identified that confer reduced susceptibility to oxazolidinones and may co-occur with other resistance mechanisms[99]. Other mechanisms of resistance to linezolid include a decrease in the antimicrobial uptake and more mechanisms may be discovered in the future[100]. Although the ribosomal proteins L3 and L4 are located farther away from those binding drug, mutations in specific regions of these proteins are increasingly being associated with linezolid resistance[2].

The recently described natural, mobile, and ribosomal-based resistance mechanism (cfr= chloramphenicol‐florfenicol resistance) has emerged in S. aureus and S. epidermidis, especially in MRSA, and has now been documented in several continents and in outbreak settings[74], [101-103]. These findings show that linezolid, as a synthetic compound, is not protected from natural resistances as has been postulated before. The product of the natural cfr gene is a methyltransferase that catalyzes methylation of A2503 in the 23S rRNA gene of the large ribosomal subunit. The generally low fitness cost of cfr acquisition explains the apparent spread of the cfr gene among pathogens[104] and underscores the modification of 23S rRNA as a highly effective and transferable form of linezolid resistance[2]. Cfr confers cross-resistance to chloramphenicol/florfenicol,  clindamycin, pleuromutilins and streptogramin B as these drugs bind to overlapping positions at the ribosomal peptidyl transferase center[105], [106].This resistance mechanism draws attention to linezolid’s potential cross-resistance with related compounds despite proclamation on its behalf of a new mode of action. Cfr can be linked to ermB, a gene responsible for dimethylation of A2058 in 23S rRNA. Co-expression of these two resistance determinants confers resistance to all the clinically relevant antibiotics that target the large ribosomal subunit[107]. The association with transposon and plasmid genetic elements indicates its mobile nature[107-109]. Thus, it is anticipated that the cfr gen together with additional resistance genes will be transmitted to other animal and human pathogens and that multidrug-resistant strains will disseminate and increase in incidence in the near future[110].  The report of MRSA with intermediate resistance to glycopeptides, resistance to linezolid, as well as multiple resistances to other second-line antibiotics provides a first glimpse of the challenges yet to be faced[111]. This is all the more reason to carefully evaluate the linezolid exposure-resistance relationship! 
In vitro, the emergence of linezolid-resistant mutants is influenced by the mutational capabilities of the species and the strain. The more frequent occurrence of linezolid failures with enterococci, compared to staphylococci, may also be related to a higher prevalence of the mutator phenotype. In a recent study the prevalence, of the mutator phenotype in E. faecalis, reached 1.7%, i.e., about 20 times more than in S. aureus[94].
Figure 8 . In vitro selection of linezolid-resistant enterococci[95]
F217, F118, F177 are vancomycin resistant clinical strains 
4. Pharmacokinetics/ Pharmacodynamics

The selection of an appropriate dose and dosing regimen is a fundamental step for optimizing clinical outcome while reducing selection pressure and minimizing toxicity. Linking drug exposure derived from a dosing scheme (pharmacokinetics) and the exposure-response relationship (pharmacodynamics) in a quantitative way will help to identify the best dosing regimen and thus, clinical outcome[14]. Many in vitro, animal and clinical studies have described three main MIC-based PK/PD indices that are based on free plasma or serum concentrations[112]: the cumulative percentage of the dosing interval that the free drug concentration exceeds the MIC under steady-state conditions (t>MIC); the area under the free concentration-time curve at steady state divided by the MIC (AUC/MIC); and the free peak level divided by the MIC (Cmax/MIC)[113].

4.1. PK/PD in in vitro and in vivo systems

Linezolid has been studied in in vitro systems as well as animal studies to define the PK/PD index that best correlates with outcome.

Andes et al. performed a dose fractionation study using the neutropenic murine thigh infection model and found that the AUC0-24/MIC ratio required to produce a static effect against S. aureus was 80 for linezolid[77]. Similarly, Sandberg et al determined a value of AUC0-24/MIC ratio of 100 together with a fT>MIC value close to 100% for maximal effect [81]. 

The PK/PD indices of two dosage regimen of linezolid (25 or 50 mg/kg of body weight twice a day) were compared to those of ceftriaxone in an immunocompetent rat model of pneumococcal pneumonia[114]. The cumulative mortality rates were 100% for the control group, 58.3% for the low-dose linezolid group, 8.3% for the high-dose linezolid group, and 0% for the ceftriaxone group. There also were significantly fewer organisms in the BALF of rats treated with ceftriaxone than in the BALF of rats treated with either dose of linezolid. The PK/PD indices predictive of a favorable outcome that is comparable to ceftriaxone were ft>MIC >40% and fAUC 0-24h/MIC >150.[114] It should be noted that the values for PK/PD indices might differ in various bacterial species and may be lower for pneumococci than for staphylococci. 

In a gerbil model of acute otitis media induced by S. pneumoniae a t>MIC of [image: image18.png]


42%, a Cmax/MIC of [image: image19.png]


3.1, and a AUC0-24/MIC of [image: image20.png]


30 was necessary to eradicate S. pneumoniae[115].

4.2. PK/PD in humans

Most studies have used the approved standard oral or i.v. dosage regimen of linezolid 600 mg every 12 hours. However, variability in drug pharmacokinetics may lower the t>MIC and the AUC/MIC ratio, thus impairing both antibacterial activity and prevention of mutants or inducing drug toxicity[116]. Despite numerous studies showing insufficient drug exposure in severely ill patient groups, therapeutic drug monitoring and individualized dosing in the daily clinical routine[116, 117] is not well defined.

In a clinical study of critically ill patients with bacteraemia who were enrolled in the compassionate use program, both t>MIC and AUC/MIC were highly correlated with outcome. Higher success rates for linezolid may occur at AUC0-24/MIC values of 80-120 for bacteraemia, LRTI and SSSI. Chance of success (probability of eradication and clinical cure) in bacteraemia, LRTI and SSSI also appear to be higher when concentrations remain above the MIC for the entire dosing interval.[118] Based on this study, both an AUC/MIC of >100 and a t>MIC of >85% have been described as optimal PK/PD targets for clinical efficacy[118].

A serum PK study in critically ill patients (600 mg q12h) determined a t>MIC 4 µg/mL of about 11 hours (90% of the dosing interval) and AUC/MIC of 92 (95% CI 57–128) [22]. Monte Carlo simulations indicated a target attainment rate for an AUC/MIC value of 100 of 76% of patients for S. aureus, 95.8% for CoNS, and 75.4% for Enterococcus spp.[22].

Inadequate linezolid exposure after standard dosage in septic ICU patients was confirmed by C. Adembri et al., who found suboptimal PK/PD values in 40% of their patients with sepsis and 60% of their patients with septic shock. The relevant PK/PD values were AUC/ MIC (2 µg/mL) ≥80 and ft[image: image21.png]
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µg/mL) ≥85%, respectively[21]. The study was too small to assess the correlation with clinical outcome. To avoid wide fluctuations in serum levels and low trough concentrations a theoretical advantage of continuous infusion over intermittent infusion in the treatment of infection in critically ill septic patients has been discussed[21]. However, there is not enough information about the clinical efficacy of such a dosage regimen that might favor resistant subpopulations if the concentrations are close to the MIC[119].

Monte Carlo simulations and target attainment rates for linezolid 600mg q12h indicate an acceptable rate of target attainment with a MIC of 2.0µg/mL (Table 3). Higher MICs increase the rate of patients with potential failure to about half[120, 121]. These data support a susceptible breakpoint of S <1 or 2 mg⁄L according to EUCAST[120].

Table 3. Monte Carlo simulations of target attainment rate for linezolid 600 mg twice-daily[120]
	MIC (mg/L)
	% Target attainment at AUC/MIC target of

	
	50
	75
	100

	<0.5
	100
	100
	100

	1.0
	100
	100
	100

	2.0
	100
	87
	83

	4.0
	75
	49
	42

	8.0
	0
	0
	0


Various PK/PD aspects at the site of infection have been investigated in healthy volunteers and patients. In healthy volunteers the AUC0-24/MIC for free linezolid in the IF of subcutaneous adipose and skeletal muscle tissue was found to range between 50 and 100 for pathogens with MICs between 2 and 4 mg/L[16]. However, as has been shown in other studies, large inter-individual differences in the pharmacokinetics of linezolid exist[16]. Case in point, a similar study in patients confirmed the uncertainty of effective concentrations being achieved in the IF for a sufficient time period in certain individual patients[38]. In this study a third of patients showed f t>MIC values in plasma of less than 40% and most patients had a fAUC/MICs < 50 with a concordant increased risk of inadequate drug exposure[38]. Concentrations in ELF and alveolar macrophages have been determined. For a MIC of 4 µg/mL, the AUC0-12/MIC ratio was 35 in plasma and 120 in ELF, and the t>MIC for the 12-h dosing interval was 100% in plasma and ELF[47]. Unfortunately no correlations of PK/PD with clinical outcome in patients with pneumonia exist.

In the absence of new drug candidates in late stage clinical development for tuberculosis existing drugs are tested for their usefulness in multidrug-resistant tuberculosis. Linezolid is one of these drugs and has been evaluated in several studies. Despite adequate linezolid exposure in TB patients after 600mg q12h[122], the clinical effectiveness of linezlid has not been established.  Linezolid had modest early bactericidal activity and little extended bactericidal activity[123]. No correlation was found between activity and fAUC/MIC or t>MIC[123]. 

4.3. PK/PD and resistance

PK/PD parameters that predict efficacy have been well described for all groups of antimicrobials whereas knowledge concerning PK/PD parameters that might additionally correlate with selection of resistance is still in its infancy. In the body, gradients of fluctuating antibiotic concentrations are formed at several sites and diverse antibiotic selective pressures are created that affect not only the infective pathogens but also the commensal flora. The relationship between drug dosage and resistance development, determined on the basis of PK/PD properties that prevent emergence of preexisting or newly formed mutants, is increasingly under investigation[124].

Dynamic in vitro models that simulate in vivo concentration profiles are helpful for determining the PK/PD index that may be most predictive for suppressing resistance. Several studies have shown the influence of the PK/PD index AUC/MIC on the emergence of linezolid resistance. Using high inoculum, longer duration of the experiment, and using a variety of different strains (including hypermutators) mimics certain basic clinical situations such as infections with high bacterial load (e.g. pneumonia, endocarditis), infections with long duration of therapy (endocarditis, osteomyelitis), or infections with a higher likelihood of hypermutator strains (e.g. enterococci). Simulating dosing regimens that mimic constant concentrations in the vicinity of the MIC of the bacteria (e.g. continuous infusion) produces increases in MICs and substantial changes in the population analysis profiles (PAPs)[119]. The PAP method detects changes in susceptibility within subpopulations through the use of multiple sub- and supra-MICs of the chosen antibiotic. 

The longer duration of the experiments mimics more closely the clinical situation. A model that simulated a twice-daily linezolid regimen for 5 consecutive days with a broad range of simulated AUC0-24/MIC ratios found a bacterial re-growth that followed a pronounced reduction of the starting inoculum at each simulated AUC0-24/MIC ratio. The times to re-growth tended to be shorter at lower AUC0-24/MIC values (Figure 9)[125]. With a linezolid dosage regimen of 600mg twice daily mean AUC0-24/MIC values of 100-130 would be achieved assuming a S. aureus MIC of 2µg/ml. Lacking the factor immunsystem, in this in vitro model all simulated regimes failed to prevent regrowth. Other PK/PD indices have been implicated in predicting resistance development. For Bacillus anthracis, resistance prevention was linked to the(Cmax/MIC ratio[126]. Zinner et al. suggested an AUC0-24/MIC ratio >200  to protect against the selection of linezolid-resistance in enterococci[127].

Figure 9. Kinetics of killing and re-growth of Staphylococcus aureus 479 (MRSA) exposed to linezolid (modified[125]). 
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The simulated 24-h area under the concentration–time curve to minimum inhibitory concentration ratio (AUC24/MIC) in hours is indicated by the number at each curve. The arrows reflect antibiotic doses. CFU, colony-forming units.

As mentioned above, strain specific characteristics play an important role in the risk of developing resistance. Bacterial mutator phenotypes are readily selected in in vitro systems. E. faecalis is known for its higher prevalence of the mutator phenotype[94]. The emergence of highly resistant mutants could not be prevented in an in vitro system simulating either the standard 600-mg  or a 800mg linezolid dosage against a clinical E. faecalis mutator phenotyp strain[94].

Results of in vitro studies have been confirmed in the clinical situation. Patients in the compassionate-use study who developed decreased susceptibility to linezolid (fourfold or greater increases in the MIC) during treatment also exhibited AUC/MIC and %t>MIC values <100[118]. As shown in Cystic Fibrosis patients, extended periods of linezolid exposure increase the risk of emergence in S. aureus[128].

For quinolones, a concept of the mutant selection window (MSW) (Figure 10) has been proposed that describes a concentration range in which selective amplification of single‐step, drug‐resistant mutants occurs (review[129]). The MSW is defined by the antibacterial concentration curve and the concentration range between MIC and mutant prevention concentration (MPC -  concentration that prevents the amplification of resistant mutants). This concept has been also applied to linezolid, with the assumption that concentrations exceeding the MPC and below the MIC should rarely select for resistant subpopulations. The clinical relevance and the cut-off values for the resistance related PK/PD indices such as Cmax/MPC, AUC/MPC or %tMSW (% of each dosage interval that concentrations fall within the MSW), %t[image: image25.png]
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MPC (% of the dosage interval that concentrations exceed the MPC) are ill defined.
In E. faecium, selection of linezolid-resistant mutants was observed when the %tMSW was either 100% or 70%, but not when %tMSW was 0%. On the other hand, a linezolid AUC/MIC of 230 protected against linezolid resistance[127]. In this study, the simulated concentration range was not large enough to find the cut-off value for the parameter %tMSW. The same study found that co-administration of doxycycline protected against the development of linezolid resistance[127]. In an in vitro model simulating a 600mg q12h linezolid regime against E. faecium and E. faecalis (MIC 2µg/mL, MPC 4-8µg/mL), AUC/MPC values of about 8 (%tMSW[image: image27.png]


=[image: image28.png]


80%) and 15 (%tMSW[image: image29.png]


=[image: image30.png]


40%), respectively, had been achieved which allowed linezolid-resistant subpopulations to be selected[130]. These data confirm that linezolid resistance is readily selected upon exposure to linezolid concentrations within the MSW. The current dosage regime of linezolid as monotherapy will not protect against resistance selection in enterococci and emergence and dissemination of linezolid resistance is anticipated.

Further studies evaluating a range of linezolid exposures are necessary to adequately describe the pharmacodynamics of linezolid resistance. 

Figure 10. Schematic representation of the selection window[129]
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The risk of resistance development is lower in S. aureus compared to enterococci. G.P. Allen et al. used concentrations according to the approved dosage regimen and calculated several resistance PK/PD indices in 5 community and hospital acquired MRSA strains. The MPC/MIC ratio was 4–8, the AUC/MPC 6-12, %tMSW 70-100%, %t[image: image32.png]
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MPC 0-25%[131]. The values of these indices that best predict the suppression of resistant mutants of S. aureus is not yet known.

Off-label and low dose usage of linezolid in multi-drug regimens against multi-drug resistant tuberculosis [132] might spur resistance development in the commensal flora with unknown consequences for the future resistance situation of oxazolidinones in general [133]. Due to long-term treatment requirements and associated potential of increased toxicity, there is a trend to reduced dosage regimens. Without therapeutic drug monitoring and, thus observing actual drug exposure in individual patients while also considering the MIC of the bacterial isolate, reducing linezolid dosage carries a high risk of development of resistance.

Due to the huge variety in drug exposure in patients, an optimal resistance‐preventing dosage regimen may be limited by the PK and toxicity of the drug. However, this may be circumvented using combination therapy[124]. Preliminary in vitro studies show that the emergence of resistant mutants can be delayed when combined with other antibiotics of several groups even at sub-MIC concentrations[134]. A number of questions remain regarding how to identify best regimen for suppression of resistant mutants while minimizing toxicity. Combination regimens have yet to be evaluated in carefully designed clinical studies.

4.4. PK/PD and toxicity

In Phase 3 clinical trials only minor adverse effects were seen in linezolid treated patients[135]. However, numerous more serious adverse effects were reported after commercial release, including thrombocytopenia, lactic acidosis, peripheral and optic neuropathy, and serotonin syndrome[136, 137]. A general feature of the oxazolidinone class of antibiotics is the inhibition of mammalian mitochondrial protein synthesis effected by binding to mitochondrial ribosomes in all tissues[138]. As mentioned earlier, this effect is not surprising considering the similarities between bacterial ribosomes and mammalian mitochondrial ribosomes [139]. Typical therapeutic doses of linezolid yield blood and tissue levels that are at or in some cases above the IC50 values for inhibiting mitochondrial protein synthesis (Figure 11). Indeed, a dose- and time-dependent decrease of mitochondrial respiratory chain enzyme activity at therapeutic concentrations has been observed in patients[140]. Consistent with these results, dose-dependent and reversible bone marrow suppression has been noted as a side effect of treatment with linezolid (also seen with chloramphenicol)[13, 28]. In patients, a major mitochondrial toxicity is concentration-dependent thrombocytopenia. The effects of linezolid exposure on thrombocytopenia, as well as the relationship between renal function, liver cirrhosis and drug exposure, was recently investigated[30, 31, 141]. Compared to non-thrombocytopenic patients with normal renal function, the linezolid exposure was about twice as high in patients with thrombocytopenia and renal dysfunction (trough concentrations ≥14.4
µg/mL and AUC0-24[image: image34.png]
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h/L)[31]. Clinical studies have shown that increased AUC, as well as duration of therapy, correlated with decreased platelet count and hemoglobin levels [67, 141]. Tsuji et al. suggest using hemoglobin levels as an index of the development of linezolid associated thrombocytopenia [141] while keeping in mind the substantial variability in individual sensitivity to linezolid. Similarly, Hiraki et al. demonstrated that trough concentrations correlated with platelet counts. Specifically, a significant decrease in platelet count was observed in patients with trough linezolid concentrations higher than 22.1 μg/ml [142]. Similarly, linezolid’s effect on mitochondria is involved in small fiber neuropathie caused by reduced mitochondrial respiratory chain enzyme activity [143].

Off-label long-term treatment of multi-drug resistant tuberculosis is associated with significant adverse events, with almost 40% of patients discontinuing linezolid due to adverse events[144], and, thus, confirming the cumulative concentration effect of the drug. 

Figure 11. Dose-response effect of linezolid on mitochondrial protein synthesis. Isolated heart mitochondria were incubated with various concentrations of linezolid. Each symbol represents a separate experiment (modified[13]). 
[image: image37.jpg]Rate (% of Control)

100

80

60

40

20

Linezolid

IC;, =128
+28uM

A

0 25 50 75 100
[uM]




Extended length of therapy is a risk factor for potentially severe clinical consequences caused by inhibition of the mitochondrial protein synthesis as has been observed in other studies[137, 145]. Creatinine clearance <50 mL/min has been identified as a major risk factor for thrombocytopenia with a significantly shorter time to the onset of thrombocytopenia than incompared to patients with creatinine clearance ≥50 mL/min [146]. In renal insufficiency, the accumulation of the two metabolites with no antimicrobial activity but unknown toxicity has been connected with mitochondrial toxicity. Additionally, linezolid’s self-inhibition of its metabolism due to its mitochondrial effects has been implicated in the increased plasma concentrations[116]. On the other hand reversible immediate hematological toxicity after a single dose of linezolid washas been observed in volunteers[147]. More studies are needed to elucidate the mechanism of toxicity in relation to drug exposure.

Figure 12. Correlations of linezolid AUC0–24 with platelet count and hemoglobin level [141].
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4.5. Therapeutic drug monitoring (TDM)

As described in the pharmacokinetics chapter, substantial inter-patient and intra-patient variability in critically ill patients makes it impossible to accurately predict the pharmacokinetic disposition of linezolid in all patients following the standard dosing regimen of [image: image39.png]


600 mg twice daily. Instead, individual pathophysiological conditions determine the exposure of linezolid. Therefore, TDM in vulnerable patients might be especially valuable in increasing efficacy when faced with MIC values of >0.5 µl/mL thus lowering the risk of exposure-dependent toxicity.

Dong et al highlighted the importance of individual monitoring of linezolid exposure and MICs to target the dosages to individual patient's specific properties,while showing that the standard fixed dosage of 600[image: image40.png]


mg twice daily may result in adequate exposure to linezolid in only 60–70% of critically ill patients [148]. Another study confirms these results while emphasizing that the risk of potential linezolid overexposure and associated toxicity [37] could be minimized with TDM.

With linezolid, the clear linear relationship between Cmin and estimated AUC0-24 suggests that Cmin may represent a useful predictor of total body exposure in daily clinical practice [59]. Considering a PK/PD target of Cmin higher than MIC90 and an AUC/MIC90 ratio of >100 (page ), an approximate toxicity threshold of Cmin 15µg/mL (page ), and an achievable AUC24 (in the presence of Cmin of >2 mg/liter) of >160 mg·h/liter, a TDM threshold of Cmin between 2 and 7 mg/L and/or of AUC24 between 160 and 300 mg/L · h may improve safety outcomes while retaining appropriate efficacy. This is especially the case in patients receiving prolonged linezolid treatment [59].

TDM-guided dosage adjustments are especially necessary in critically ill patients with unpredictable drug exposure, in patients with peculiar pathophysiological conditions, in patients with infections that require prolonged treatment, and in patients co-treated with identified P-gp modulators (omeprazole, amiodarone, clarithromycin and rifampicin) [37, 59, 70, 149].

Fig 13. Linezolid Cmin and logistic regression model for thrombocytopenia [59]. 
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The symbols refer to the Cmin observed over time in each patient with (top) or without (bottom) thrombocytopenia. The continuous line represents the result of the logistic regression model. The vertical broken line identifies the Cmin value predicting 50% probability of thrombocytopenia.
4.6. Dosing implications

During the drug development process for linezolid, dose finding and dose confirming studies focused primarily on regulatory and business requirements. However, following approval a wealth of additional studies have included additional perspectives and a wide range of patient populations. As a result, aspects other than noninferiority clinical endpoints compared to older antibiotics in homogenous patient populations have garnered attention. Specifically, new knowledge has supported moving from a one-size-fits-all dosing approach to individualized dosing based on TDM thus providing a higher probability of clinical success and improved toxicity controls. Additionally, consideration of interactions with P-glycoprotein sensitive drugs, with the resulting adaption of dosages in case of insufficient renal function or severe liver cirrhosis has been introduced into clinical daily life.

While new dosing concepts are currently being investigated, more studies and data are needed. One new concept is the use of a few continuous infusion to reduce the pharmacokinetic variability in selected severely ill patients [150]. Despite some pharmacokinetic studies [21, 45] and in vitro modes [119], the clinical benefit of continuous infusion still needs to be determined as clinical data are not conclusive. Indeed, there is some evidence that continuous infusion of linezolid may promote the selection of resistant subpopulations as shown in in vitro models [119].

Another innovative dosing concept utilizes a ‘front-loading’ regimen with the administration of high doses early in therapy for a short duration [151]. In this protocol, the in vitro model showed that front-loading may provide additional killing for some, but not all, strains and may delay, but not prevent, the emergence of resistance. The potential for toxicity due to increasing the cumulative exposure could not be determined in this model and clinical information is not existing. 

4.7. PK/PD and new oxazolidinones
The group of oxazolidinones provides an attractive target for modification of the molecule and improvement of important characteristics such as broadening the antibacterial spectrum to cover Haemophilus influenzae, reestablishing sensitivity to linezolid-resistant strains and lowering the toxicity potential. Though considerable challenges in discovery of new oxazolidinones remain, several linezolid-analogs have been described that are in preclinical or clinical development[152]. The most advanced of these compounds are tedizolid and radezolid. Each of these oxazolidinones has completed phase 2 clinical trials and limited PD and PK data is now available[153]. Tedizolid has advanced to the second of Phase 3 clinical studies testing with the drug being tested in acute bacterial skin and skin structure infections. 
4.7.1. Tedizolid (formally torezolid)

As expected, tedizolid displays pharmacological properties comparable to linezolid. The main improvement over linezolid is tedizolid’s higher intrinsic activity as denoted by an approximately four times lower MIC in wildtype strains when compared to linezolid and a longer half time allowing QD dosing[91, 154-157]. It should be noted that the MIC determinations were carried out in protein free media. Due to a plasma protein binding rate of about 90%, the MIC values increase 4 fold when tested in 80% complement-inactivated human sera [158, 159]. The suggested lower breakpoint of 0.5 µg/ml compared to linezolid [160] mirrors the effect of the protein binding. Similar to linezolid, the fAUC/MIC ratio is the pharmacodynamic index that best correlates with treatment effect. A fAUC/MIC ratio of about 70-75 is required to achieve 1 log CFU/g reduction [158]. 

A major improvement target in the oxazolidinone class is the coverage of linezolid resistant strains. As expected, there is a positive correlation between the number of mutated copies of the 23S rRNA gen and the MICs of both linezolid and tedizolid[91]. Due to its improved activity compared to linezolid[154], tedizolid’s MIC increase may still stay in the susceptible range in S. aureus strains with limited mutated gene copies. While no official breakpoints are available yet, it is anticipated that this benefit may not apply to enterococci with > 2 mutated gene copies[91].

In the immunocompetent murine thigh model, human simulated exposures of tedizolid and linezolid after 200mg QD and 600mg BD, respectively resulted in similar efficacy against both methicillin-susceptible and resistant S. aureus[160]. While both agents are recognized as having bacteriostatic activity at 24 hours, their activity is enhanced over time[160]. Utilizing a neutropenic mouse thigh model of staphylococcal infection, tedizolid demonstrated a markedly lower effect (about 20-fold) in the absence of granulocytes in reducing the bacterial load.  This mouse thigh model showed that the antistaphylococcal activity of tedizolid based on human exposures depends on the presence of granulocytes[161]. The mechanism behind this granulocyte-mediated enhancement of tedizolid remains unclear. 

In vitro studies reveal that tedizolid’sintracellular penetration into PMNs and epithelial cells is rapid and reaches concentrations of ∼10- to 15-fold the extracellular concentration but is highly influenced by pH and temperature[82]. The higher accumulation of torezolid is quantitatively offset by a commensurate decrease in its activity in the intracellular milieu[82]. In terms of relative efficacy (equivalent multiples of the MIC) the intracellular activity of tedizolid is similar to linezolid [82] and, so, does not explain the marked effects in the animal model. Similar to studies with staphylococcal infections, immunocompetent pneumococcal thigh and lung infection model showed improved survival based on equivalent doses[162]. As the planned and tested human doses of tedizolid are lower compared to linezolid (200mg QD vs 600mg BD) with a high protein binding the lower free drug exposure of tedizolid may not materialize in humans. 
In drug development, determining the optimal therapeutic dose for Phase 3 trials is a crucial step. In contrast to former protocols, when the dose finding was based on trial and error, modern drug development utilizes PK/PD modeling, Phase 1 and 2 safety and PK, and efficacy results from Phase 2 dose-ranging trials as key criteria for selecting the appropriate dose. Tedizolid has provided a good example of a rational dose finding approach to optimize efficacy based on population PK/PD modeling and simulation using data from mice and the population PK data from healthy volunteers[163]. Though optimized for microbiological and clinical efficacy the appropriate dose regimen for minimizing emergence of resistant mutants is not known and not considered. 

PK data from Phase 1 studies in healthy volunteers indicated concentrations above the MIC 0.25 µg/mL with a single dose over 24 hours and no accumulation[164]. However, a wide interpatient variety in PK data was also seen in these studies. The mean (SD) plasma parameters in healthy volunteers after 7 days of tedizolid iv 200mg QD administration is 3 µg/mL (0.66) for Cmax, 12 hours (1.3) for t1/2, 29µg·hr/mL (6.2) for AUC0-24, 5.9 L/h (1.4) for CL, and 80L (21) for Vss[165]. Similar to linezolid, the absolute bioavailability of the oral form allows the interchangeability of oral and iv. forms[165]. These pharmacokinetic values represent total concentrations including the bound and free fraction of the drug and don’t consider a protein binding of about 90%. A microdialysis study confirmed the free concentrations in the interstitial fluid of muscle and adipose tissue to be comparable to the free concentrations in plasma with a mean totalAUC0-24 of 57.1µg·hr/mL and a mean fAUC0-24 of 7.3µg·hr/mL[166]. The penetration into the into both the ELF and AM compartments of the lung in healthy volunteers with AUC0-24/MIC90 exposures similar to linezolid[159].

The safety profile indicated limited dose-dependent effects on platelet counts over the 21-day study. This reduction of platelet counts was not seen in the first week of treatment. Population analysis complemented the in vitro, in vivo, and phase 2 clinical trial results and resulted in a PK/PD analysis that confirmed the planned Phase 3 dosing regimen of 200mg QD for 6 days in complicated SSTI. The exploration of the exposure/resistance relationship as well as dosing in patients with impaired immune systems should be a focus of future studies.

4.7.2. Radezolid 

This new linezolid analog, radezolid,  binds more tightly to ribosomes than linezolid and has lower MIC values[167]. It is not known yet to what extent the high protein binding (about 97%) will offset this improved activity as, according to available publications, the in vitro activity has been measured only in protein free media. Additionally, it is not known whether the higher intracellular penetration measured in vitro [168] and in vivo[169],[170] might translate to better in vivo activity. The MIC values of radezolid In staphylococci are usually similar to tedizolid within 1 or 2 dilution steps. According to in vitro tests with genetically defined strains, the activity of radezolid seems to be marginally better than tedizolid in 23S rRNA mutants with the opposite observation in cfr producers[171]. Again, all of these MIC tests were carried out in protein free media and the reduced activity in blood might shift MICs of 1-43µg/mL in linezolid resistant strains to values that are beyond concentrations achievable in humans. Radezolid has been tested in community-acquired pneumonia and in uncomplicated skin and soft tissue infections in two Phase 2 studies. No advancement to phase 3 clinical trials has been reported.

5. Outlook

Linezolid has been clinically available for more than ten years and we can reference a substantial volume of PK/PD data that aim at optimizing its dosing. Nevertheless three primary areas require additional investigation before we can tap the full potential of the oxazolidinone class of antibacterial drugs.

· Wide interpatient variability remains a serious obstacle to the treatment of critically ill patients with linezolid. Treatment optimization and individualized dosing based on therapeutic drug monitoring should be considered a requirement and implemented to support the more effective and tolerable use of linezolid, particularly in these vulnerable patient populations.

· Considering the ever increasing gap between the growth of resistance and the lack of new antibiotics without cross-resistance[172], all strategies targeted at preventing an increase of resistance against the valuable group of oxazolidinones must  be intensely pursued. An important step in this regard would be the diligent definition of exposure/ resistance relationships aimed at optimizing dosing to minimize likelihood of resistance emergence.

· Especially important for patients who need long term treatment, a better understanding of the mitochondrial toxicity of oxazolidinones correlated with cumulative exposure will likely improve the safe usage of the drug. 
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