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Abstract

In recent years, many studies on population pharmacokinetics of linezolid have been conducted. This comprehensive review
aimed to summarize population pharmacokinetic models of linezolid, by focusing on dosage optimization to maximize
the probability of attaining a certain pharmacokinetic-pharmacodynamic parameter in special populations. We searched
the PubMed and EMBASE databases for population pharmacokinetic analyses of linezolid using a parametric non-linear
mixed-effect approach, including both observational and prospective trials. Of the 32 studies, 26 were performed in adults,
four in children, and one in both adults and children. High between-subject variability was determined in the majority of the
models, which was in line with the variability of linezolid concentrations previously detected in observational studies. Some
studies found that patients with renal impairment, hepatic failure, advanced age, or low body weight had higher exposure and
adverse reactions rates. In contrast, lower concentrations and therapeutic failure were associated with obese patients, young
patients, and patients who had undergone renal replacement techniques. In critically ill patients, the inter-individual and
intra-individual variability was even greater, suggesting that this population is at an even higher risk of underexposure and
overexposure. Therapeutic drug monitoring may be warranted in a large proportion of patients given that the Monte Carlo
simulations demonstrated that the one-size-fits-all labeled dosing of 600 mg every 12 h could lead to toxicity or therapeutic
failure for high values of the minimum inhibitory concentration of the target pathogen. Further research on covariates, includ-
ing renal function, hepatic function, and drug—drug interactions related to P-glycoprotein could help to explain variability
and improve linezolid dosing regimens.

1 Introduction the 50S portion of the ribosome. Linezolid can be admin-
istered either intravenously or orally owing to its absolute

Linezolid is an oxazolidinone antibiotic used for treating ~ bioavailability of close to 100% [4].

serious resistant Gram-positive bacterial infections, such The labeled dosage of linezolid (600 mg every 12 h is
as methicillin-resistant Staphylococcus aureus, penicillin-  based on several dose-finding trials that were conducted pre-
resistant Streptococcus, and vancomycin-resistant Enteroc- dominantly on healthy volunteers. Minimum trough concen-

cocus [1-3], which blocks protein synthesis by binding to trations (C,,;,) and mean steady-state concentrations were

considered effective against Gram-positive pathogens, when

taking into account their minimum inhibitory concentration

Enrique Bandin-Vilar, Laura Garcia-Quintanilla and Ana Castro- (MIC). No correlation was observed between adverse effects

Balado contributed equally to the article. and linezolid concentrations [5—7], nevertheless, some dif-

ferences in the pharmacokinetic (PK) parameters were iden-

tified when comparing special populations, such as patients

with renal impairment [8], patients with hepatic impairment
[8], and elderly patients [9] to healthy subjects.

Adverse reactions related to mitochondrial toxicity, such

as optic neuropathy, lactic acidosis, and in particular, hema-

tological toxicity are the main concern. Reported rates of
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High variability of linezolid exposure has been observed,
which could result in therapeutic failure and toxicity
with standard dosing.

Linezolid population pharmacokinetic models conducted
in special populations are very useful for improving
linezolid dosing regimens because they consider both
population and pathogen characteristics.

Some covariates have been found to influence linezolid
pharmacokinetics but unexplained variability still
remains high, so further research is required to improve
the predictive performance of these models.

hematological adverse reactions in clinical trials were sig-
nificantly lower than those observed in subsequent obser-
vational studies, especially for thrombocytopenia [10, 11].
Some factors associated with higher linezolid concentrations
and thrombocytopenia occurrence included renal insuffi-
ciency [12-16], hepatic impairment [13], longer treatment
duration [13], low baseline platelet count [17-19], higher
daily dosage [20], and high total bilirubin [19] (Table S1 of
the Electronic Supplementary Material [ESM]).

Large interindividual variability has been associated with
linezolid exposure, which could increase the incidence of
safety issues and compromise treatment efficacy. Several
authors proposed the need for linezolid concentrations to
be monitored [21-23] given that some studies reported that
the concentrations in almost half of patients treated with
standard doses were outside the desired range [23, 24].

This percentage could be higher in special populations,
which would lead to an unacceptable risk of both under-
exposure and overexposure. Physiological factors such as
renal impairment, hepatic failure, advanced age and low
body weight (WT) have been correlated with higher con-
centrations and adverse reaction rates. On the contrary, renal
replacement techniques, younger age, excess WT, and obe-
sity have been associated with low concentrations and ther-
apeutic failure. There was an even higher inter-individual
and intra-individual variability among critically ill patients,
suggesting that this population is at an even higher risk of
underexposure and overexposure [21].

In this scenario, population PK (popPK) models are a
very useful tool for improving linezolid dosing regimens
in special populations, maximizing the probability of target
attainment (PTA) of the proposed PK/pharmacodynamic
(PD) indexes. This review aims to compile all published
popPK models of linezolid, focusing on dosing simulations
and the influence of covariates to optimize treatment.
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2 Methods
2.1 Search Strategy

The EMBASE and PubMed databases were searched from
inception to February 2022 using the following terms: ‘lin-
ezolid’” AND (‘population pharmacokinetics’ OR ‘phar-
macometrics’ OR ‘pharmacokinetic model” OR ‘popPK’
OR ‘nonlinear mixed effect model’ OR ‘NONMEM’). The
reference lists from the relevant studies were analyzed for
additional literature.

2.2 Inclusion/Exclusion Criteria

All popPK models of linezolid that met the following inclu-
sion criteria were included in the review: (1) studied popu-
lation: pediatric and adult patients; (2) treatment: linezolid
administered either orally or intravenously; and (3) PK
analysis: a non-linear, mixed-effect PK modeling approach
was used. The following studies were excluded: (1) reviews
and in vitro and animal studies; (2) papers not written in
English; and (3) studies in which non-compartmental or
non-parametric approaches were employed (Fig. 1).

2.3 Data Extraction

Three authors performed data extraction using a data collec-
tion form to collect the following variables: first author, year
of publication, number of patients, participant characteristics
(patients/healthy subjects, race/country, age, sex, WT, adult/
pediatric, pathology), route of administration, number of
observations, observations per patient, modeling software,
structural and statistical model, tested and retained covari-
ates, and model evaluation method. The model evaluation
methods were divided into three types based on the increas-
ing order of quality: basic internal, advanced internal, and
external model evaluation [25].

3 Therapeutic Drug Monitoring

Linezolid peak plasma concentration is usually achieved
within 1-2 h following oral administration [26]. The volume
of distribution (Vd) is close to total body water, approxi-
mately 50-60 L [27], and its protein binding to albumin is
relatively low, with a range from 10.5 to 31% [5, 28-35].
It shows good tissue distribution (Fig. 2) [Table S2 of the
ESM].

Linezolid metabolism is complex as two major metabo-
lites are formed by oxidation pathways that are not medi-
ated by cytochrome P450 but by reactive oxygen species
[36-38]. Nevertheless, interactions related to cytochrome
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P450 3A4/3AS5 and, above all, P-glycoprotein have been
proposed [10, 22, 39-47] (Table S3 of the ESM) (Fig. 2).
There was a linear relationship between the C;, and the
area under the curve in 24 h (AUC,,_,,;); therefore, trough
concentrations could be used as a predictor of drug expo-
sure. The correlation between the observed and predicted
AUC was high. The predicted AUC ranged from 0.7-fold

to 1.3-fold and from 0.76-fold to 1.5-fold of the real AUC

==
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Fig.2 Tissues in which linezolid shows good distribution properties.
Created with BioRender.com [7-15]

values, respectively [48, 49]. Post-2-hour, post-5-hour, or
post-6-hour sampling has also been proposed in oral admin-
istration to assess peak plasma concentration and character-
ize delayed absorption [24, 50].

Furthermore, it is essential to read into this value the
infectious context, considering the MIC of this antibiotic
against the isolated microorganism. Different PK/PD targets
have been proposed as a ratio of AUC,,_,,,/MIC = 50-100
[51], 80—120 [52], and a percentage of time above the MIC
of greater than 85% during the entire dosing interval in order
to maximize efficacy and prevent the development of anti-
biotic resistance [2, 51, 52]. However, a C,, of higher than
7.5-22.1 mg/L was significantly correlated with the occur-
rence of adverse effects [53—55], especially hematological
toxicity, peripheral neuropathy, mitochondrial toxicity, and
optic neuropathy [56]. Therefore, a target therapeutic range
of C,,;, between 2 and 7 mg/L for steady-state linezolid has
been proposed for treating Gram-positive bacterial infections
[57]. In the case of tuberculosis (TB) infections, a C,;, target
of < 2 mg/L has also been proposed because of its lower
MIC, usually < 1 mg/L, even in extensively drug-resistant
TB [58].

The strong correlation between exposure and efficacy and
in particular toxicity supports the use of linezolid therapeu-
tic drug monitoring with the following proposed PK/PD
indexes: AUC,,_,,,/MIC = 80-120, percentage of time above
the MIC >85%, and C,;, between 2 and 7 mg/L [2, 24, 51,

52, 59-61]. A recent position paper by several scientific
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Fig.3 Special populations in which linezolid therapeutic drug moni-
toring (TDM) may be warranted. Created with BioRender.com

societies (ESICM, ESCMID, IATDMCT and ISAC) pointed
out that therapeutic drug monitoring is clearly recommended
for linezolid in critically ill patients [57] (Fig. 3).

4 Characteristics of popPK Models

The initial database search yielded 1179 publications, of
which a total of 32 studies involving 2572 participants met
the inclusion criteria. The population characteristics are
summarized in Tables 1 and 2, respectively. Studies were
published between 2005 and 2021, and the number of sub-
jects ranged from 5 to 603, with a median of 44.5. Of the 32
publications, 27 were conducted in adult patients [19, 34,
37, 53, 58, 62-80], four in pediatric patients [§1-84] and
one in both populations [33]. Intravenous administration was
the only route in 16 of the publications [34, 37, 62, 65, 66,
69-72, 74,75, 79-82, 84], while both intravenous and oral
formulations were included in 11 studies [18, 19, 33, 53, 63,
64, 67, 68,77, 78, 85]. In five studies, only oral formulations
were allowed [58, 73, 76, 83, 86].

The model characteristics of the included studies are
summarized in Table 3. The number of observations ranged
from 44 to 2539 (median 242), and the median observa-
tions per patient was 3.9. The majority of the studies used
the NONMEM software to develop the popPK model, with
the exception of five studies: two used Phoenix NLME [70,
84], one used WinNonMix [65], one used Monolix [73], one
used S-ADAPT [86], and one used Pumas [80]. The basic
internal validation method of goodness of fit was performed
in all of the included models, while bootstrapping was used
in 17 of the studies [33, 53, 64, 67, 70, 71, 73-75, 77-79,
81, 82, 84-86]. The vast majority also included advanced
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internal validation methods, such as visual predictive check
or prediction-corrected visual predictive check [18, 19, 33,
34,37, 53, 58, 63, 68-74, 76, 77, 79, 81-86], normalized
prediction distribution errors [18, 34, 72, 81], or case-dele-
tion diagnostics [67]. In two studies, an external validation
was also performed [71, 72].

Simulations were performed in 24 out of 32 studies to
determine the optimal dosing regimens. Most of the studies
used the ratio between AUC,,_,,, and MIC and/or the per-
centage of time over the MIC in a dosing interval (percent-
age of time above the MIC) as the PK/PD target. Several
studies also used C,;, as a surrogate marker of AUC, ,4;,
[19, 37,53, 70, 72, 73].

The final structural model, PK parameters, model vari-
ability, and tested and retained covariates are summarized in
Table 4. In the studies that included the oral route of admin-
istration, absorption was described as a first-order process.
The median value of the absorption rate constant was 1.22
(0.192-1.91)/h. In two studies, a fixed value of the absorp-
tion rate constant from the literature was set to 0.583/h [53,
67], and an absorption lag time parameter was included in
two models [63, 73]. Oral bioavailability was > 90% regard-
less of the formulation, with the exception of one model
developed in patients with cystic fibrosis, perhaps owing to
the characteristic malabsorption, in which the bioavailability
was 85.1% [68].

In adults, the population pharmacokinetics of linezolid
was described by a one-compartment model in 15 studies
[18, 19, 37, 53, 58, 64, 67, 69, 70, 72, 73, 75, 76, 80, 85]
and by a two-compartment model in 13 [33, 34, 62, 63, 65,
66, 68,71, 74, 77-79, 84, 86] studies. Population PK models
with sparse data (mainly peak and trough sampling schema)
tended to fit to a one-compartment model because of the
lack of sampling points, while rich data models best fitted
to a two-compartment model. The median (range) estimated
value of the Vd was 45.1 L (20.2-284.4 L). Elimination
was mainly described as a linear process with the excep-
tion of three studies [77, 79, 86]. Furthermore, two studies
included an inhibition of clearance (CL) over time [63, 68].
The median (range) value for CL was 6.2 L/h (2.5-11.2 L/h).
Typical values were reported for a patient with a total WT of
70 kg and a creatinine CL (CLg) of 80 mL/min.

In the pediatric population, three models fitted to a
one-compartment with linear elimination [81-83], while
one model fitted to a two-compartment model [84]. The
median (range) estimated value of CL was 0.119 L/h/
kg (0.0676-0.12 L/h/kg) and the V,; was 0.782 L/kg
(0.385-0.836 L/kg).

Between-subject variability (BSV) was described by an
exponential model in all cases, and it was relatively high.
In adults, the median (range) values of BSV in CL and
Vd (or central volumen of distribution [Vc]) were 41.7%
(12.7-108.2%) and 34.9% (8.89-142.1%), respectively.
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Population Pharmacokinetics of Linezolid 797
Table 2 Population characteristics of the pediatric subjects included in the review
Study N (male/female) Participants Race/country — Age® Body weight Subject charac-  Type of infec- Route
(kg teristics tion
Thibaut et al. 26 (15/11) Patients France PNA 24 days 1.42 Premature criti- Mainly CoNS v
[82] (8-88) (0.81-3.25) cally ill infants ~ bloodstream
infections
Lietal. [81] 112 (65/47) Patients China 1.6 years 11.0 Pediatric Confirmed or v
[0.03-11.9] [2.1-46.0] patients aged suspected MR
from O to 12 Gram-positive
years bacterial infec-
tion
Garcia-Prats 48 (24/24) Patients South Africa 4.6 years NA HIV infected MDR-TB PO
et al. [83] Black (52.1%) [0.6-15.3] and uninfected
Mixed (47.9%) children
Yang et al. [84] 63 (43/20) Patients China 3.85 years 15 Critically ill Staphylococcal IV
[0.1-15.3] [4.2-70] pediatric infection
patients

CoNS coagulase-negative staphylococci, CRRT continuous renal replacement therapies, H/V human immunodeficiency virus, IV intravenous,
MDR multidrug-resistant, NA not available, PNA post-natal age, PO oral, TB tuberculosis

*Values are expressed as mean + standard deviation, mean (range) or median [range]

In three studies, an inter-occasion variability in CL was
included with median (range) values of 33.3% (16.1-64.7%)
[34, 69, 86]. In the pediatric population, BSV values were
similar among the different models with median (range) val-
ues of 38.7% (37-52.5%) and 32% (28.1-55.8%) for CL and
Vd, respectively.

With regard to residual variability, a proportional error
model was used in 14 studies [34, 53, 64, 68, 70, 73-75,
77,79, 80, 84-86] with median (range) values of 16.1%
(4.76-53.9%), an additive error model was used in two [67,
82] with median (range) values of 1.28 mg/L (1.13-1.43
mg/L), and a combined error model was used in 16 studies
[18, 19, 33, 37, 58, 62, 63, 66, 69-72, 76, 78, 81, 83] with
median (range) values of 16.5% (4.13-56.4%) and 0.255
mg/L (0.005-1.43 mg/L) for the proportional and additive
error model, respectively.

Many factors were tested as possible covariates of the
PK parameters. The most commonly identified significant
covariates on linezolid CL were WT, renal function (CLy),
or estimated glomerular filtration rate (¢GFR), renal replace-
ment techniques and hepatic function (presence of cirrho-
sis, liver transplantation/resection, prothrombin activity, and
LiMAXx [maximal liver function capacity] value) while WT,
lean body WT, body surface area, and peritonitis were iden-
tified as covariates of V. In the pediatric population, WT
and CL R were identified as covariates of CL. Furthermore,
post-natal age (PNA) was also a significant covariate on the
CL in a popPK study in premature infants [82] and aspartate
transaminase in critically ill pediatric patients [84].

5 Special Populations
5.1 Altered Renal Function

Initial studies of linezolid pharmacokinetics in patients
with renal dysfunction or end-stage renal disease requiring
hemodialysis suggested that dose adjustment was not neces-
sary because of the similar concentration profiles observed
compared to those of healthy subjects [8]. However, several
subsequent studies correlated impaired renal function with
increased concentrations of linezolid and its metabolites, as
well as the occurrence of adverse reactions [13-16, 19, 55,
59, 87, 88].

In 2003, Meagher et al. published the first popPK model
that identified renal function as a significant covariate of
total linezolid CL (not included in results). They found that
CLy and ideal body WT explained 16% of linezolid total
average CL [89].

Despite reported renal CL of linezolid of about 30%,
the impact of renal function could be more than expected
a priori. According to Matsumoto et al.’s model, predicted
CL ranged between 2.2 L/h up to 6.5 L/h, almost a three-
fold difference, from the lowest to the highest CLy value
(6.3-173.1 mL/min) [53]. A target C,;, range of 3.6-8.2
mg/L was also proposed. The lower limit was based on the
trough concentration required to attain an AUC/MIC tar-
get >100 for the highest MIC observed in their hospital (2
mg/L). The higher limit was estimated based on the C,;,
associated with a 50% probability of developing thrombo-
cytopenia, which was time dependent. Accordingly, in the
model performed by Tsuji et al. [75] in low WT patients
with renal dysfunction, the CL ranged from 1.8 to 3.8 L/h,
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an approximately two-fold difference. Furthermore, Ide
et al. [74] studied patients with sepsis with and without
renal impairment and observed great differences between
the typical CL values between those populations (2.06 vs
6.36 L/h), and these were very close to those predicted by
Matsumoto et al. An even higher influence of renal function
was reported in Sasaki et al.’s model, in which the predicted
CL ranged between 1 and 8.1 L/h; however, some of the
patients also had liver cirrhosis [67]. Nevertheless, other
factors such as the lower WT of the Japanese population
must be considered, as non-renal CL values could be lower
than expected, increasing the influence of renal function in
total CL.

Other authors that assessed the influence of renal function
were Boak et al., who developed a PK-toxicodynamic model,
in which CLy was a significant covariate on total linezolid
CL. Based on the average AUC,_,,,, of their population,
90%, 50%, and 7% of the patients would have achieved the
target of AUC/MIC >100 for MIC values of 1, 2, and 4
mg/L, respectively [18].

Tsuji et al. further developed a PK-toxicodynamic model,
measuring both total and unbound linezolid concentrations.
Renal function, age, and total body WT were significant
covariates of linezolid CL. The authors concluded that renal
function significantly affected linezolid renal CL and age
slightly affected nonrenal CL. Inhibition of platelet forma-
tion was proposed as the main thrombocytopenia mecha-
nism. Mean values of renal and non-renal CL were 1.44
L/h and 1.86 L/h; therefore, endorsing the possibility of the
higher influence of renal function in total linezolid CL in
Japanese patients [33]. Alternatively, Crass et al. developed
a popPK analysis to identify an alternate dosing strategy
in renal impairment. With standard dosing, only 33% of
patients with eGFR < 60 mL/min would achieve therapeu-
tic trough concentrations (2-8 mg/L), mainly owing to the
increased probability of supratherapeutic concentrations.
Therefore, the authors suggested reducing the dose in this
group of patients to 300 mg every 12 h to increase the PTA
up to 65%. Furthermore, they also suggested increasing the
dose to 450—-600 mg every 8 h in patients with an eGFR > 90
mL/min to ensure a > 90% PTA [19]. It is important to note
that the differences between the mean values of non-renal
and renal linezolid CL were higher (3.43 L/h/1.89m? vs 1.77
L/h/1.89m?, respectively) compared with the aforementioned
studies.

In the same vein, Wang et al., also developed a model pro-
posing dose adjustments based on their CLy. The exponent
of CLy on the total CL was 0.36, indicating the consider-
able influence of renal function, the same value as reported
by Zhang et al. [70]. They proposed the need for higher
doses of linezolid in normal renal function and continuous
infusion of 2400 mg every 24 h in the case of augmented

rhosis, CL creatinine clearance, CL;,, intrinsic Michaelis—Menten clearance, CR serum creatinine, CRP C-reactive protein, CRRT continuous renal replacement therapies, CYS-C serum cystatine
C, DBIL direct bilirubin, eGFR estimated glomerular filtration rate, F bioavailability, FM fat mass, GA gestational age, GGT gamma-glutamyl transpeptidase, GLDH glutamate dehydrogenase,

GLU glucose, HB hemoglobin, HCT hematocrit, HD hemodialysis, HIV human immunodeficiency virus, HT height, ICs, inhibition compartment concentration yielding 50% of maximum
ent flow, RBC red blood cells, RCLF maximum fraction of clearance that cannot be inhibited after infinite doses, RRT renal replacement therapy, Sc sieving coefficient, SOFA Sequential Organ

Failure Assessment score, Tabs1/2 absorption half-life, TBA total bile acid, TBIL total bilirubin, Tlag lag time in absorption, 7P total protein, UA uric acid, Vc central volume of distribution, V,,,.

tube, PA prothrombin activity, PCHE pseudocholinesterase, PK pharmacokinetic, PLT platelet count, PMA post-menstrual age, PNA post-natal age, Q intercompartmental clearance, Qef efflu-
maximum elimination rate, Vp peripheral volume of distribution, WBC white blood cells, WT weight

ALB albumin, ALP alkaline phosphatase, ALT alanine aminotransferase, APACHE II Acute Physiology and Chronic Health disease Classification System II, ARDS acute respiratory distress
syndrome, AST aspartate aminotransferase, BMI body mass index, BSA body surface area, BSD body size descriptors, BSV between-subject variability, BUN blood urea nitrogen, CIR liver cir-
clearance inhibition, /CU intensive care unit, /NR international normalized ratio, /OV inter-occasion variability, K, absorption rate constant, K, rate constant intro inhibition compartment, K,,
Michaelis—Menten constant, LBW lean body weight, LiMAx maximum liver function capacity test, MAP mean arterial blood pressure, MTT mean transit time, NA not available, NG nasogastric

Table 4 (continued)
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renal CL. None of the regimens was found to be optimal for
MIC =4 mg/L [72].

Another important point to note is that the majority of the
popPK models tested renal function as a potential covariate,
as creatinine level, CLg, or eGFR, nonetheless, less than
half (12 out of 29) ended up including it as a significant
covariate in the model. Most were performed in Japanese
patients or in populations with other significant comorbidi-
ties, such as hepatic impairment.

In conclusion, renal function appears to be a relevant fac-
tor influencing linezolid exposure, as CL-r and eGFR have
been identified as covariates of linezolid CL in several pub-
lished popPK models. In patients with diminished renal CL,
higher concentrations of linezolid would be expected, result-
ing in overexposure. To the contrary, lower concentrations
of linezolid would be expected in patients with augmented
renal CL, resulting in underexposure. The physiological
characteristics of the population could also significantly
impact the relative impact of renal CL on total linezolid CL.
Dose reductions may be necessary in patients with impaired
renal function. However, higher doses may be necessary in
patients with eGFR of greater than 90 mL/min.

5.2 Renal Replacement Therapies

Because of its low molecular WT, low protein binding, and
relatively low V, linezolid is likely to be removed by inter-
mittent hemodialysis (IHD) and continuous renal replace-
ment therapies (CRRT). The impact of IHD on linezolid
PK parameters was assessed by Brier et al. (not included in
results), who described an apparent increase in oral CL from
4.59 L/h on off-dialysis days to 7.8 L/h on on-dialysis days.
Despite 30% of the dose being removed in a dialysis ses-
sion, no dosing recommendations were deemed necessary,
but a supplemental dose was recommended during the first
hemodyalisis session [8].

Fiaccadori et al. reported substantial linezolid removal
during THD (32.3%) and sustained low-efficiency dialysis
(33.9%), while continuous venous-venous hemodialysis
removed 17.5% of the dose. Subtherapeutic concentrations
of linezolid were noticed, especially with CRRT and sus-
tained low-efficiency dialysis.

The impact of the different CRRT was also assessed.
Meyer et al. (not included in results) conducted a multi-dose
study in anuric critically ill patients undergoing continuous
venovenous hemofiltration (CVVH) with highly permeable
polysulfone membranes. The PK parameters were compa-
rable to healthy subjects and patients without renal impair-
ment, supporting the standard dosage of 600 mg twice daily
in these patients [90].

Swoboda et al., analyzed the differences in the popPK
parameters in patients with sepsis with normal renal function
compared to anuric patients with sepsis undergoing extended

dialysis (ED). They concluded that linezolid plasma con-
centrations can be reduced to subtherapeutic values during
ED. Patients with sepsis with and without ED may require
higher doses. Body WT, history of liver transplantation or
resection, and dialysis were significant covariates [66].

Roger et al., analyzed the differences between CVVH
and continuous venovenous hemodiafiltration (CVVHDF)
[not included in the results]. No statistical differences were
found in terms of CL; however, the mean CLyyppp Was
20.5% higher than CLcyyy (5.9 vs 4.5 L/h). Increasing WT
and decreasing sequential organ failure assessment were
associated with higher linezolid CL. The sequential organ
failure assessment score reflects the level of organ dysfunc-
tion of different systems by measuring several physiologi-
cal parameters. Those related to the cardiovascular system
(mean arterial pressure and need of vasoactive agents) and
hepatic function (bilirubin level) probably contribute the
most to impaired linezolid CL, owing to decreased cardiac
output and subsequent renal excretion, and decreased lin-
ezolid metabolism. The authors concluded that patients who
undergo CVVH and CVVHDF have a low PTA at standard
doses, especially with a body WT of > 90 kg and an MIC
> 2 mg/L [91].

On the contrary, Ide et al.’s study also considered the dif-
ferences between patients with sepsis who underwent CRRT
(eight with CVVHDF and two with continuous venous-
venous hemodialysis). The differences between linezolid CL
in patients with renal dysfunction and those who underwent
CRRT were not as large as in the previous studies (2.06 L/h
vs 2.74 L/h). The authors suggested that the low CRRT dose
could have had an impact on the lower CL values observed
[74].

In summary, renal replacement therapies including IHD,
CVVH, CVVHDF, and sustained low-efficiency dialysis
seem to remove significant amounts of linezolid, around
30% of the dose. The parameters and duration of the renal
replacement therapy could also play an important role in
total linezolid CL and should be considered. Subtherapeutic
concentrations of linezolid were observed more frequently
than supratherapeutic concentrations in this subgroup of
patients, particularly in those with higher body WT and
MICs, in which higher doses might be required.

5.3 Hepatic Impairment

According to the summary of product characteristics, the
recommended linezolid dose for mild-to-moderate hepatic
impairment is 600 mg twice daily. However, this recommen-
dation was based on a single study with only seven patients
with mild-to-moderate hepatic impairment. Although no sta-
tistical differences were found in terms of the concentrations
and PK parameters, it may not be reliable to state that dose
adjustments were not warranted for this population given the
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limitations of the very small sample size [92]. No dose rec-
ommendations for severe hepatic impairment were included.

As was the case in renal impairment, post-commerciali-
zation studies observed increased concentrations of linezolid
and a higher incidence of adverse reactions in patients with
hepatic impairment. Ikuta et al. [93] reported an incidence
of 48.8% for thrombocytopenia, with chronic liver disease
being the only significant risk factor. Zhang et al. [94]
found a 57.1% incidence of thrombocytopenia in patients
with acute-on-chronic liver failure. In a case-control study
conducted by Luque et al., 76.9% of the subjects had supra-
therapeutic trough concentrations; however, the upper limit
of the target therapeutic range (10 mg/L) was higher than the
currently recommended limit (7 mg/L) [24, 57]. The median
steady-state C,;, was 20.6 mg/L and this was similar among
different degrees of hepatic impairment. Liver cirrhosis was
the only risk factor associated with supratherapeutic levels
(odds ratio 11.4). Around half of the patients experienced
hematological toxicity (53.8%). Clinically relevant throm-
bocytopenia (< 100 x 10* platelets/uL) was significantly
associated with high trough concentrations (23.6 vs 4 mg/L)
and hyperlactatemia (19.9 vs 3.4 mg/L) [95].

As previously mentioned, Sasaki et al. [67] found that
the presence of liver cirrhosis leads to a 45.2% reduction in
total linezolid CL. Nevertheless, only four patients with liver
cirrhosis (Child-Pugh class C) were included in this study.
Swoboda et al. [66] also found that liver transplantation or
resection was a significant factor affecting linezolid CL, with
it dropping by 60%.

Two popPK models were specifically developed in
patients with hepatic impairment. Wicha et al., used the
maximal liver function capacity (LiMAX) test, which aims to
determine liver function by assessing cytochrome P450 1A2
activity measuring the ratio of exhaled '*C and '*C follow-
ing an intravenous injection of '*C-labeled methacetin [96,
97]. They first separately assessed CL,,,; and CL, ., renars
in which CL; and LiMAX were significant covariates,
respectively. However, when analyzing total linezolid CL,
the LiMAX value was the only significant covariate. Patients
with LIMAX values < 100 pg/kg/h were at a high risk of
linezolid overexposure [69].

Recently, Zhang et al., developed a popPK model to
improve dosing in this population. The majority of patients
in this study were diagnosed with liver failure or cirrhosis,
Child-Pugh class C (66.7%). Creatinine CL and prothrombin
activity were significant covariates on CL. In patients with
prothrombin activity < 20%, the estimated probability of
supratherapeutic trough concentrations was 64.4%. Authors
suggested that 300 mg every 12 h would achieve a PK/PD
target of AUC/MIC > 80 in 91.9% of patients, even for high
MIC values of 4 mg/L [70].

Although the metabolism of linezolid is mediated by non-
enzymatic pathways, the liver appears to play a key role in
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linezolid CL. Observational studies found higher linezolid
concentrations and hematological toxicity rates in patients
with liver failure. When developing popPK models in this
population, one of the main limitations is finding reliable
liver function markers. Published models considered the
presence of cirrhosis, the prothrombin activity, and the
novel LiMax approach as covariates. Decreased linezolid
CL values and high rates of overexposure were observed in
this population. Dose reductions were proposed to attain the
PK/PD target even for high MIC values.

5.4 Elderly Patients

Pivotal studies concluded that age did not alter the PK
parameters and that dosage adjustments would not be neces-
sary in this group of patients [9]. Nevertheless, some obser-
vational studies observed a significant effect on linezolid
PK parameters. In a retrospective observational study by
Cattaneo et al., a correlation between age and serum creati-
nine with C,;, was observed. Elderly patients, particularly
those aged > 80 years, were at a higher risk of overexposure
[21]. The authors subsequently reported increasing trough
concentrations correlated with age, with a 30% increase per
decade from 50 years on. This study had an important limi-
tation that could lead to an overestimation of age effect on
linezolid concentrations, which was the absence of informa-
tion on renal CL [98].

Abe et al. performed a popPK analysis to determine the
influence of age and body WT. Clearance diminished as age
increased from about 60 years. A 3.5-fold difference in expo-
sure was observed between a patient aged > 80 years with a
body WT < 50 kg and another aged <60 years and weighing
> 50 kg [64]. Xie et al., also identified an inverse correlation
between age and linezolid CL [34] and Tinelli et al., car-
ried out a study specifically on this population. In the first
C..;, measurement, all of them had supratherapeutic trough
concentrations. After reducing the dose to 300 mg every 12
h, 85% of subsequent C,;, was within the therapeutic range
[99]. Recently, Cheng et al. also found higher concentra-
tions in elderly patients, correlating this with hematological
toxicity [100].

Despite there being no specific dosing recommendations
for the elderly population, age appears to be a significant
factor that affects linezolid exposure. This might be related
to some age-related factors that affect linezolid exposure.
Changes in the body composition of elderly patients can
decrease the V. Furthermore, renal and hepatic functions
worsen, decreasing CL. It is important to mention that age
was tested as a potential covariate in most of the models;
however, it was only significant in a few models. This might
be explained by the fact that other covariates such as body
WT or renal function could explain the decreasing CL values
better than the patient’s age.
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In summary, increased age, particularly over 60 years,
was correlated with higher linezolid concentrations and tox-
icity. Dose reductions might be needed, especially in patients
with a lower body WT and other comorbidities.

5.5 Overweight and Obese Patients

The relationship between linezolid CL and body WT has
been documented in several studies, some of them focusing
on overweight and obese patients. Cojutti et al. developed
a popPK model in which greater CL values and lower AUC
were noticed in obese grade III vs overweight patients (not
included in results). Estimated glomerular filtration rate was
the only significant covariate on CL, while WT was a covari-
ate on both central and peripheral V. The authors proposed
450 mg every 8 h when eGFR was > 60 mL/min/1.73m?>.
However, when MIC was > 2 mg/L, the majority of the
tested regimens would lead to low PTA, except 600 mg
every 8 h, which gave an unacceptable high risk of overex-
posure (> 65%) [47].

In Xie et al.’s popPK model, the simulations concluded
that giving standard doses to obese patients would lead to
a low PTA, especially in patients aged < 60 years, and this
was in line with Cojutti et al.’s findings [34]. In addition,
Ehmann et al. performed a study comparing the PTA of
non-obese and obese patients eligible for surgical interven-
tion. Lower linezolid exposure was associated with obese
patients. Interestingly, the body size descriptor that better
related to distribution was the lean body WT, and the mean
arterial pressure was found to be correlated with linezolid
CL. The authors proposed a dose increase, shorter dosage
intervals, and/or prolonging administrations by up to 4 h to
maximize the PTA, especially when MIC = 2 mg/L. None of
the tested regimens achieved an adequate PTA when MIC =
4 mg/L [79]. In contrast to Ehmann et al.’s results, total body
WT was the descriptor that most influenced PK parameters,
especially the V; in Blackman et al.’s model. However, the
results of simulations provided similar conclusions, as a low
PTA was estimated for MIC > 2 mg/L. In fact, 600 mg every
8 h could achieve an optimal PTA for MIC = 2 mg/L, but not
in the case of 4 mg/L [80].

In summary, overweight and obese patients experienced
lower exposure to linezolid and seemed to be at a higher
risk of treatment failure. Both V and linezolid CL could
increase in overweight and obese patients. Volume of dis-
tribution was allometrically scaled to WT in all models;
however, both ideal body WT and total body WT were used
as body size descriptors. Higher doses might be required in
this population, and the risk of therapeutic failure is greater
with decreasing age and when MIC values are > 2 mg/L.
The doses needed to attain PK/PD targets could lead to a
high risk of overexposure for the higher MIC values.

5.6 Cystic Fibrosis

Keel et al. studied linezolid pharmacokinetics in eight
patients diagnosed with cystic fibrosis based on a previously
published popPK model that included a theoretical inhibi-
tion compartment to explain non-linear CL of linezolid over
time [63]. Only lean body WT was a significant covariate for
CL in this study. Clearance after the first dose and a 9-day
treatment period was calculated, with a mean 38.9% reduc-
tion, from 9.7 to 6.1 L/h. The mean parameter values were
similar to those recorded in healthy subjects, despite bio-
availability (85% vs 100%), possibly owing to characteristic
malabsorption of this group of patients [68].

5.7 Critically Ill Patients

Critically ill patients are known to have several clinically
relevant PK and physiological alterations that may alter drug
concentrations, compromising therapeutic success. Further-
more, the high prevalence of severe infections with high
mortality rates still represents a challenge, with linezolid
playing a crucial role, given that up to 50% of bloodstream
infections in critical care units are caused by Gram-positive
bacteria [101, 102]. Therefore, it is a key element to opti-
mize linezolid exposure in this group of patients.

A few studies observed large BSV to linezolid exposure
in critically ill patients. Dong et al. remarked that highly
variable linezolid PK/PD properties were observed in this
group [103]. In the same vein, Zoller et al. reported 100-
fold differences in trough concentrations (from < 0.13 to
14.49 mg/L) and AUC,_,, (50.1-453.9 mg-h/L). High intra-
subject variability was also noted, as only 17% of patients
attained trough concentrations within the desired range for
the entire study period. Importantly, a large proportion of the
patients had linezolid trough concentrations and AUC_,,
below the target [104]. To the contrary, most of the patients
with out-of-range concentrations fell above the upper limit in
the 10-year therapeutic drug monitoring program experience
reported by Pea et al. [23]. This could be explained by the
differences in the C,;, target, 2-7 mg/L compared with 2-10
mg/L in the Zoller et al. study. Decreased protein binding in
patients with hypoalbuminemia was also observed [35, 105]
and non-linearity of CL over time [30].

Topper et al., developed a popPK model in surgical criti-
cally ill patients. Despite no simulations being performed,
a high BSV was noted (108.2% in CL and 53.7% in Vd),
and the majority of patients experienced underexposure or
overexposure to linezolid. The authors proposed the pos-
sible role of drug—drug interactions to partially explain the
high variability, especially with proton pump inhibitors and
levothyroxine [37].

Recently, Soraluce et al. developed a popPK model in
critically ill patients, including those subjected to CRRT.
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Creatinine CL was the only significant covariate on CL.
The extracorporeal CL was calculated by multiplying the
effluent flow by the sieving coefficient. The mean sieving
coefficient was 0.8 and this did not vary depending on the
technique or membrane employed. The PK/PD target was
not achieved in many patients, especially for MICs of 2
and 4 mg/L. Authors proposed a continuous infusion of 50
mg/h, given that 85% of patients would achieve the target
of Css > MIC for values of 2 mg/L. Nevertheless, for MIC
values of 4 mg/L, only 50% of patients achieved the target
even with continuous infusion administration [71]. Taubert
et al., found interesting significant covariates on linezolid
CL, which may reflect the disease and pathophysiological
status of critically ill patients: acute respiratory distress syn-
drome (ARDS), fibrinogen, and lactate. On the one hand,
lactate may inversely reflect the organ perfusion and hemo-
dynamic stability, and on the other hand, fibrinogen may
indirectly reflect hepatic function. Nonetheless, the most
relevant covariate was ARDS, the presence of which would
increase linezolid CL by 82%. The authors proposed that
the large amount of reactive oxygen species in the lungs of
patients with ARDS was a potential underlying mechanism
[78]. Wang et al. developed a popPK model to perform dose
adjustments according to CLy values. Mean values of CL
and V,; were very similar to those reported by Soraluce et al.
Based on simulations, they proposed doses of 600 mg every
12 h for CLR ~ 40 mL/min, 600-900 mg every 12 h for
CLR ~ 80 mL/min, and a continuous infusion of 2400 mg/
day in patients with augmented renal CL.

In summary, critically ill patients appear to be at a high
risk of both underexposure and overexposure because of the
physiopathological changes experienced by this population,
in which the attainment of the PK/PD target is particularly
relevant given the high prevalence of severe infections with
high mortality rates. Covariates related to the physiopatho-
logical status of these patients have been found to be corre-
lated with linezolid CL, such as ARDS diagnosis or lactate
and fibrinogen levels; however, further research is needed.
Higher-than-standard linezolid doses may be required in
patients with augmented renal CL, renal replacement ther-
apy, or when treating high MIC infections. Continuous infu-
sion has also been proposed in order to maximize the PTA
when MIC is > 2 mg/L.

5.8 Patients with TB

In addition to Gram-positive infections, linezolid is also
widely used for treating TB infections, especially for resist-
ant strains. Lower doses are used but for longer periods of
time.

Three popPK models were performed in patients with
TB [58, 73, 76], which mainly differed in terms of the PK/
PD targets and the PTA results of simulations because of

A\ Adis

differences in MIC. Large variability in the linezolid CL
values was noted. In Abdelwahab et al.’s [58] popPK model
developed in South African patients, CL was 3.57 L/h,
which was considerably lower than the 6.06 L/h reported
by Alghamdi et al. [73] and the 7.69 L/h reported by Tietjen
et al. [76]. As the rest of the baseline characteristics were
similar, the ethnicity could have a significant influence, as
most of the patients in the Abdelwahab model were black
or mixed race.

Accordingly, Abdelwahab et al. suggested that a 600-mg
daily regimen would be enough to attain the PK/PD target in
the South African population, while Tietjen et al., proposed
a 600-mg twice-daily regimen. In the same vein, Alghamdi
et al., predicted that daily doses of 900-1200 mg would
ensure efficacy but potentially with more toxicity.

5.9 Pediatric Patients

A phase I single-dose study including 58 children aged from
3 months to 16 years found significant differences in drug
disposition. The mean values of CL and V,; were greater than
in adults. As a result, exposure to linezolid measured by
dose-normalized AUC was 35% of the mean value in adults
(3.72 mg-h/L vs 10.51 mg-h/L per mg/kg of linezolid). A
non-linear correlation between CL and age was observed,
and children aged < 40 months had the highest values of
CL. On the basis of these data, authors suggested 10 mg/kg
every 8—12 h in this population [106].

Subsequently, other trials were conducted in different
pediatric subpopulations. A study in neonates and young
infants, PNA < 3 months, found that linezolid pharmacoki-
netics varies substantially in the first week of life depend-
ing on PNA. Preterm infants aged < 7 days had similar CL
values to adults, while infants aged > 7 days had values that
were approximately three-fold greater [107]. Pooled data
from another three trials that included children also found
age-dependent linezolid CL. While adolescents had similar
values to adults, young children had higher CL, up to three-
fold, and subsequently, a smaller AUC, and shorter half-
lives. Finally, a popPK analysis of data from a phase III trial
reported that doses of 10 mg/kg every 8 h in children aged
under 12 years resulted in similar linezolid exposure to the
exposure in adults who received 600 mg every 12 h [108].

A popPK model by Li et al. conducted in pediatric
patients aged from O to 12 years identified body WT and
eGFR as significant covariates on linezolid CL. They also
observed risk of underexposure in children treated with 10
mg/kg every 8 h for MIC > 2 mg/L. The authors suggested
increasing doses up to 15-20 mg/kg every 8 h in this popu-
lation [81].

A PK/PD evaluation performed by Cojutti et al., (not
included in results) revealed suboptimal values of C,;, and
AUC_,4, with the recommended dosage of 10 mg/kg every
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8 h in almost half of the patients. Moreover, a PTA > 90% of
AUC/MIC > 100 would only be achieved for MIC < 1 mg/L.
Doses of up to 15 mg/kg every 8 h would be necessary for
MIC = 2 mg/L, while neither of the dosage regimens tested
ensured an acceptable PTA for MIC = 4 mg/L. With regard
to significant covariates, none of the demographic character-
istics or renal function correlated with C,;, values, while co-
medications (phenobarbital, dexamethasone, proton pump
inhibitors, and amiodarone) accounted for two-thirds of the
variability [109].

Garcia-Prats et al. developed a popPK analysis to deter-
mine optimal dosing for treating multi-drug-resistant TB in
children. Weight significantly correlated with linezolid CL.
They proposed WT-banded once-daily linezolid dosing, with
arange from 80 mg for children weighing 5-7 kg up to 600
mg for those weighing > 44kg. The exposure target was an
AUC 541 = 110 mg-h/L based on adult data [83].

A popPK model in preterm infants was also developed.
Thibault et al. found that PNA and WT correlated signifi-
cantly with linezolid CL. Doses of up to 12 mg/kg every 8 h
would be necessary in order to achieve PTA >90% for MIC
= 2 mg/L. None of the regimens tested attained sufficient
PTA for MIC =4 mg/L [82].

Finally, Yang et al. performed a model in critically ill
children in which WT and aspartate transaminase were sig-
nificant covariates of CL. Higher doses of up to 15 mg/kg
every 6 h were estimated to treat pathogens with MIC = 2
mg/L [84].

In summary, linezolid CL seems to vary substantially
in the pediatric population. In premature infants, PNA was
found to be the main covariate influencing CL, the values
of which ranged from those recorded in adults when aged
< 7 days to three-fold in premature infants aged > 7 days,
possibly owing to organ maturation, mainly the liver. This
higher CL appears to be maintained in younger children,
but it then seems to decrease in adolescents, reaching values
similar to adults. Higher-than-standard doses were suggested
in younger children and when treating pathogens with high
MIC values.

This comprehensive review had some limitations. First,
only parametric non-linear mixed-effect models were
included in the results, despite the fact that some non-par-
ametric models have also been published [4, 47, 91, 110,
111] owing to the difficulties in performing a direct com-
parison. Nonetheless, some information from these studies
was included in the discussion when considered necessary.

Apart from that, there were some limitations in the PK/
PD targets and MIC values as they only consider the plasma
concentration of linezolid. An ideal PK/PD target should
include concentrations in the site of infection. Finally,
regarding the covariate analysis in each population, we
mainly focused on the those in which that covariate was
significant and included in the model.

6 Conclusions

This review summarized the most relevant information on
population pharmacokinetics of linezolid, highlighting spe-
cial populations that might be at a higher risk of overex-
posure and underexposure, leading to toxicity or treatment
failure. A dosing simulation analysis also helps to optimize
linezolid treatment, as it considers relevant covariates that
influence linezolid exposure, such as body WT, renal and
hepatic function, and age, as well as the MIC of the target
pathogens. Therapeutic drug monitoring may be warranted
in a large proportion of patients to maximize the probabil-
ity of attaining the desired PK/PD target. Further studies
focusing on potential covariates, such as renal and hepatic
function, drug—drug interactions involving P-glycoprotein,
and the influence of gestational age in premature infants, are
warranted given that unexplained variability remains high.
In addition, the predictive performance of models needs to
be assessed in the specific population in which the models
are to be used.
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