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Population pharmacokinetic analysis of linezolid in patients
with different types of shock: Effect of platelet count
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Abstract. Linezolid was approved by the Food and Drug
Administration for the treatment of serious infections.
However, patients with serious frequently develop shock, and
it is currently elusive whether shock affects the pharmacoki-
netics of linezolid. The aim of the present study was to explore
whether the pharmacokinetics of linezolid are different among
patients with various types of shock or patients without shock
and whether potential confounders are involved in their
outcomes. A population pharmacokinetic analysis using a
non-linear mixed-effects model was performed to examine the
pharmacokinetics of patients with different types of shock or
patients without shock. The pharmacokinetics of linezolid in
patients with different types of shock or patients without shock
was described by a one-compartment model. In our results, the
patients with different types of shock or patients without shock
demonstrated no differences in pharmacokinetics, whereas the
platelet count was identified as a significant influencing factor.
The results demonstrated that the pharmacokinetics of line-
zolid exhibited no significant differences among patients with
different types of shock or patients without shock, whereas
the platelet count significantly affected the clearance rate of
linezolid.

Introduction
Linezolid is a unique synthetic antimicrobial agent of the

oxazolidinone class of antibiotics with activity against all
gram-positive microorganisms, including certain mycobacteria
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and various gram-negative anaerobes (1-4). This drug was
approved by the Food and Drug Administration in April 2000
for the treatment of serious infections caused by gram-positive
microorganisms, including those with known multidrug resis-
tance, namely methicillin-resistant Staphylococcus aureus
and vancomycin-resistant Enterococcus faecium (4). In addi-
tion, linezolid has been used as a second-line agent for treating
tuberculosis (5-7) and exhibited no cross-resistance with other
anti-tuberculosis drugs (8-10).

Pharmacokinetic studies of linezolid have been previ-
ously performed (11-13). It has been indicated that linezolid
is used to treat patients with serious infections and in patients
that develop frequent shock (14-17). To date, it has remained
elusive whether the different types of shock affect the phar-
macokinetic parameters of linezolid. In the present study, a
population pharmacokinetic (PPK) analysis was performed
to explore whether the pharmacokinetics of linezolid differ
among patients with different types of shock or patients
without shock and to explore the potential influencing factors.

Methods

Patients and data collection. The data used in the present
study were obtained from clinical routine diagnostic exami-
nations and treatments of shock patients treated between
January 2016 and August 2018 at the Zhongda Hospital affili-
ated to Southeast University (Nanjing, China). The clinical
information available from the database was retrospectively
reviewed. The retrospective inclusion criteria were as follows:
Subjects (patients without shock, septic shock, hemorrhagic
shock, neurogenic shock and cardiogenic shock) treated
with linezolid (600 mg linezolid every 12 h, intravenously).
Regarding the different types of shock, the patients were
treated with different therapeutic regimens. In order to avoid
the influence of drug interactions from different therapeutic
schemes on linezolid pharmacokinetics, the following exclu-
sion criteria were set: Combined use of drugs, which may
have affected the pharmacokinetics of linezolid. Blood
concentrations were obtained from the records of therapeutic
drug monitoring. The associated clinical data were from
medical log information. Prior to the present study, the data
(blood parameters and medical log information) were already
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available, no organized collection or biological detection was
required, and the information was retrospectively collated
and analyzed. Using the already recorded and available blood
concentrations and medical log information, the PPK model
was built. The present study was approved by the Research
Ethics Committee of the Zhongda Hospital affiliated to the
Southeast University (Nanjing, China). The present study is a
retrospective study and the analysis was approved by the affili-
ated ethics committee without any requirement for written
informed consent.

The medical information included the following parameters:
Sex, age, albumin (ALB), globulin (GLB), ALB/GLB (A/G),
alanine transaminase (ALT), aspartate transaminase (AST),
serum creatinine (SCR), urea, total protein (TP), total bile acid
(TBA), total bilibrubin (TBIL), hematocrit (HCT), hemoglobin
(HGB), mean corpuscular hemoglobin (MCH) and mean
corpuscular hemoglobin concentration (MCHC). In addition,
the platelet count (PLT) was measured. Furthermore, the patient
status (patients without shock, septic shock, hemorrhagic shock,
neurogenic shock and cardiogenic shock) was also recorded.

PPK modeling. The data were analysed using the non-linear
mixed-effects model (NONMEM) computer program
(version VII; ICON Development Solutions). A one-compart-
ment model with clearance (CL) and volumes of distribution (V)
was used to describe the pharmacokinetic parameters of line-
zolid in the population of the present study.

Random-effects model. The inter-individual variabilities were
evaluated by the exponential error model, according to the
following equation:

P=T(P) x exp (;,) (a), where P; is the individual parameter
value, T(P) is the typical individual parameter value and n);
is the symmetrical distribution, which includes zero-mean
chance variables with a variance.

The variabilities of the residual error variability were esti-
mated as follows:

OB=IP x (I+¢,) (b), where OB is the observation and IP repre-
sents the individual predicted concentration. g, represents the
symmetrical distribution, which includes zero-mean chance
variables with a variance.

Covariate model. The following two equations describe the
correlation of the parameters between continuous and categor-
ical covariates, respectively.

P=T(P) x (Cov;/COV,yngan)’ ©) P=T(P) x (1 + 6 x Cov,) (d), where
P, is the individual parameter value and T(P) is the typical indi-
vidual parameter value. 0 is the estimated parameter and Cov; is
the covariate of the i-th individual. Cov,,,. Was fixed at a value
similar to the population median of the covariate.

The potential covariates were sex, age, ALB, GLB, A/G,
ALT, AST, SCR, UREA, TP, TBA, TBIL, PLT, HCT, HGB,
MCH and MCHC levels, as well as the different types of shock.
The stepwise-way set-up covariate model and likelihood ratio
were used to compare the hierarchical models. The alterations
in the objective function values (OFV) were produced by
covariate inclusions and a decrease of OFV to >3.84 (P<0.05)
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was deemed as the inclusion standard of the covariates into
the basic model (18,19). Following the establishment of a full
regression model, the assessment was performed by deleting
covariates from each parameter one by one in order to obtain
the final model. An increase in OFV to >6.64 (P<0.01) was
considered as a standard for significant associations in the
final model (18,19).

Model validation. The final model was evaluated using boot-
strap, an internal validation method, which was generated
by repeated random sampling with replacement from the
raw database. The process was performed by the software
Wings for NONMEM, which performed 1,000 repetitions
with different random sampling. The medians and percen-
tiles (2.5-97.5) from bootstrap consequences were used for
comparison of these values with those derived from the final
model. Visual inspection of routine diagnostic plots included
observations vs. individual predictions and absolute value of
weighted residuals G(WRES) vs. individual predictions. The
prediction-corrected visual predictive check (VPC) plots were
used to assess the predictive performance of the final model.

Results

Data collection. The data of 37 Chinese patients treated with
linezolid were analyzed, and their demographic and laboratory
data are provided in Table I. The pharmacokinetic profiles of
linezolid in patients with different types of shock are provided
in Fig. 1A-E. The results revealed that the concentration-time
relation from patients with different types of shock or patients
without shock demonstrated certain differences. However,
whether the differences were a result of patient status or other
potential influencing factors requires further study in future
research. The population included 18 patients without shock,
11 septic shock patients, 1 hemorrhagic shock patient, 4 neuro-
genic shock patients and 3 cardiogenic shock patients (Fig. 1F).

Modeling. All potential covariates were analysed in the present
study, and only the PLT on CL covariate exhibited statistical
significance. The changes in the OFV are presented in Table II
and the final model was constructed as follows:

CL=0, x (PLT/200)A0, 1 x 00, (€) V=0y x oy (f), where
CL, V, O¢ 0y, Opp 0 and wy are the clearance, volume of
distribution, typical value of CL, typical value of V, the coef-
ficient of the platelet, inter-individual variability of CL and
inter-individual variability of V, respectively. The platelet
count was included in the covariates and the clearance rate
of linezolid was increased in parallel with an increase in the
platelet count.

Validation. The routine diagnostic plots that were visually
inspected are provided in Fig. 2. They included the following
comparison of the variables: Observations vs. individual
predictions and iWRES vs. individual predictions. The param-
eter estimates in the final model and internal validation are
provided in Table III. From 1,000 bootstrap runs, 992 runs
were minimised with a successful covariance step and were
included in the bootstrap analysis. The bootstrap median
values were approximate to the estimate values in the final
model, and the absolute value of all bias was <6%, indicating
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Table I. Demographic and laboratory data of the patients (n=37).

Characteristic Mean+SD Median (range)
Sex (male/female) 27/10 /

Age (years) 59.49+16.25 62.00 (29.00-89.00)
Albumin (g/1) 32.57+3.40 32.40 (25.40-43.80)
Globulin (g/1) 30.50+5.87 30.10 (15.40-40.40)
Albumin/globulin 1.12+0.34 1.01 (0.67-2.30)
Alanine transaminase (IU/1) 69.43+85.99 48.00 (3.00-525.00)
Aspartate transaminase (IU/1) 57.89+41.92 41.00 (11.00-181.00)
Serum creatinine (xmol/l) 126.03+113.64 85.00 (16.00-499.00)
Urea (mmol/l) 12.03+6.30 11.10 (2.40-29.90)
Total protein (g/1) 62.76+7.00 62.80 (45.90-75.10)
Total bile acid (zmol/1) 7.20+13.06 3.80 (1.00-81.50)
Total bilibrubin (zmol/1) 25.04+65.96 11.10 (2.00-414.70)
Platelets (10°%/1) 246.54+187.20 213.00 (11.00-895.00)
Hematocrit (%) 27.14+£5.32 26.50 (19.00-44.80)
Hemoglobin (g/1) 89.84+17.68 87.00 (63.00-140.00)
Mean corpuscular hemoglobin (pg) 29.78+1.93 29.90 (25.30-35.00)
Mean corpuscular hemoglobin concentration (g/1) 321.84+16.45 321.00 (277.00-355.00)

SD, standard deviation.
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Figure 1. (A-E) Plasma Linezolid concentration in different types of shock patient following the last administration. (A) Patients without shock, (B) patients
with septic shock, (C) patients with hemorrhagic shock, (D) patients with neurogenic shock and (E) patients with cardiogenic shock. (F) Constituent ratio of
different types of shock patient.
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Table II. Change of objective function value of covariate analysis.

Model description OFV AOFV P-value
Inclusion step 1
Basic model 1080.738 / /
Influence of sex on CL 1075.476 -5.262 <0.05
Influence of age on CL 1079.979 -0.759 >0.05
Influence of absence of shock on CL 1080.620 -0.118 >0.05
Influence of septic shock on CL 1078.700 -2.038 >0.05
Influence of hemorrhagic shock on CL 1079.133 -1.605 >0.05
Influence of neurogenic shock on CL 1080.613 -0.125 >0.05
Influence of cardiogenic shock on CL 1080.393 -0.345 >0.05
Influence of ALB on CL 1078.277 -2.461 >0.05
Influence of GLB on CL 1080.727 -0.011 >0.05
Influence of A/G on CL 1080.354 -0.384 >0.05
Influence of ALT on CL 1080.723 -0015 >0.05
Influence of AST on CL 1080.719 -0.019 >0.05
Influence of SCR on CL 1080.727 -0.011 >0.05
Influence of urea on CL 1080.508 -0.230 >0.05
Influence of TP on CL 1080.678 -0.060 >0.05
Influence of TBA on CL 1077.249 -3.489 >0.05
Influence of TBIL on CL 1077.598 -3.140 >0.05
Influence of PLT on CL 1069.637 -11.101 <0.05
Influence of HCT on CL 1079.774 -0.964 >0.05
Influence of HGB on CL 1080.241 -0.497 >0.05
Influence of MCH on CL 1077.168 -3.570 >0.05
Influence of MCHC on CL 1080.212 -0.526 >0.05
Inclusion step 2
Influence of PLT on CL 1069.637 / /
Influence of PLT and sex on CL 1067.456 -2.181 >0.05
Elimination
Full model 1069.637 / /
Elimination of PLT on CL 1080.738 11.101 <0.01

OFV, objective function values; CL, clearance; ALB, albumin; GLB, globulin; A/G, ALB/GLB; ALT, alanine transaminase; AST, aspar-
tate transaminase; SCR, serum creatinine; TP, total protein; TBA, total bile acid; TBIL, total bilibrubin; PLT, platelets; HCT, hematocrit;
HGB, hemoglobin; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration.

that the final model was dependent on specific parameters.
The VPC plots for the final model are presented in Fig. 3,
revealing that the most frequently observed concentration data
were included in the 95% prediction intervals produced by
the simulation data. Overall, the data suggested that the final
model was able to predict drug concentrations with optimal
efficiency.

Discussion

Linezolid is currently used for the treatment of severe infec-
tions caused by gram-positive microorganisms, including
vancomycin-resistant Enterococcus, vancomycin-sensitive
Enterococcus and Staphylococcus infections (20-22). Since
linezolid has a time-dependent activity, the percentage of
time during which plasma concentrations exceed the minimal
inhibitory concentration (MIC) represents its efficacy.

Furthermore, the area under the concentration-time curve
(AUC) over 24 h may be divided by the MIC (AUC,,,/MIC)
and used for evaluating the pharmacokinetics of linezolid (23).
A higher success rate was reported when plasma concentra-
tions remained above the MIC for the entire dosing interval
and when the AUC,,,/MIC values were between 80 and
120 (24,25). This showcases the importance of studying the
pharmacokinetics of linezolid for evaluating its efficacy.
However, severe infections are frequently accompanied by
shock (14-17), and whether different types of shock affect the
pharmacokinetics of linezolid has remained elusive.

The application of PPK may provide useful information
from limited data of patients. Furthermore, PPK analysis
differentiates between inter-individual and intra-individual
variabilities. Therefore, PPK is more reliable for confirming
the effects of various factors with regard to pharmaco-
kinetic parameters compared with the traditional use of
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Table III. Parameter estimates of final model and bootstrap validation.

Bootstrap (n=992)

Parameter Estimate SE Median 95% CI Bias (%)
CL(1/h) 11.8 0.23 11.2 [3.110, 16.625] -5.085
\AQ) 209 0.20 197 [53.850, 308.000] -5.742
OpLr 0.261 0.33 0.254 [0.052,0.425] -2.682
Oy, 0.299 2.15 0.287 [0.212,0.359] -4.013
Wy 0.299 2.15 0.287 [0.211,0.356] -4.013
o 1.020 0.08 1.015 [0.864,1.179] -0.490

95% Cl is displayed as the 2.5th, 97.5th percentile of bootstrap estimates. CL, clearance; V, volume of distribution; 0,1, was the coefficient
of the platelet; w,, inter-individual variability of CL; wy, inter-individual variability of V; o/, residual variability (proportional error); bias,

prediction error [Bias=(Median-Estimate)/Estimate x100%].
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Figure 2. Visual inspection of routine diagnostic plots of the final population model. (A) Observations vs. individual predictions. (B) Absolute value of

iWRES vs. individual predictions. iWRES, weighted residuals.

pharmacokinetics (18,19,26-33). In the present study, it was
investigated whether the pharmacokinetics of linezolid are
different in patients with different types of shock or patients
without shock and the effects of several potential confounders
on its metabolic profile were assessed. Among these groups,
the population characteristics and biological features were
screened as covariates.

In the present study, the pharmacokinetics of linezolid
in patients with different types of shock or patients without
shock was described by a one-compartment model with the
parameters CL and V. The typical values of CL and V in the
final PPK model were 11.8 1/h and 2009 liters, respectively.
Plock et al (34) reported on the population pharmacokinetics
of linezolid of 10 healthy volunteers and 24 septic patients
and the typical value of CL was estimated to be 11.1 l/h,
which was similar to the results obtained in the present
study. Of note, the present study determined that patients
with different types of shock or patients without shock
exhibited no differences in pharmacokinetics, suggesting
that patient status (patients without shock, septic shock,
hemorrhagic shock, neurogenic shock and cardiogenic
shock) was not an influencing factor. However, when the
platelet count was included in the covariates, the clearance
rate of linezolid increased with the increase of the platelet
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Figure 3. Prediction-corrected visual predictive check for the final model.
The middle solid line represents the median of the prediction-corrected
concentrations. The lower and upper dashed lines represent the 2.5 and 97.5th
percentiles of the prediction-corrected concentrations, respectively.

count. Therefore, the data suggested that adjustment of
a patient's linezolid regimen is possible, provided that the
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platelet count is measured and the linezolid concentration
values are adjusted accordingly.

The present study has a limitation: The analysis and patient
inclusion were performed at a single center. Therefore, further
multicenter and prospective studies with a larger number of
patients are required.

In conclusion, the pharmacokinetics of linezolid were not
different among patients without shock, as well as patients
with septic shock, hemorrhagic shock, neurogenic shock and
cardiogenic shock. However, the platelet count significantly
influenced the clearance rate of linezolid.
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