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Background: The pharmacokinetic/pharmacodynamics (PK/PD) target derived
from the hollow-fiber system model for linezolid for treatment of the
multidrug-resistant  tuberculosis (MDR-TB) requires clinical validation.
Therefore, this study aimed to develop a population PK model for linezolid
when administered as part of a standardized treatment regimen, to identify the
PK/PD threshold associated with successful treatment outcomes and to
evaluate currently recommended linezolid doses.

Method: This prospective multi-center cohort study of participants with
laboratory-confirmed MDR-TB was conducted in five TB designated
hospitals. The population PK model for linezolid was built using nonlinear
mixed-effects modeling using data from 168 participants. Boosted
classification and regression tree analyses (CART) were used to identify the
ratio of 0- to 24-h area under the concentration-time curve (AUCq_»4n) to the
minimal inhibitory concentration (MIC) threshold using the BACTEC MGIT
960 method associated with successful treatment outcome and validated in
multivariate analysis using data from a different and prospective cohort of
159 participants with MDR-TB. Furthermore, based on the identified thresholds,
the recommended doses were evaluated by the probability of target attainment
(PTA) analysis.

Result: Linezolid plasma concentrations (1008 samples) from 168 subjects
treated with linezolid, were best described by a 2-compartment model with
first-order absorption and elimination. An AUCq_»4n/MIC > 125 was identified as
a threshold for successful treatment outcome. Median time to sputum culture
conversion between the group with AUCq_24,/MIC above and below 125 was
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2 versus 24 months; adjusted hazard ratio (aHR), 21.7; 95% confidence interval
(Cl), (6.4, 72.8). The boosted CART-derived threshold and its relevance to the
final treatment outcome was comparable to the previously suggested target of
AUCq_24n/MIC (119) using MGIT MICs in a hollow fiber infection model. Based
on the threshold from the present study, at a standard linezolid dose of 600 mg
daily, PTA was simulated to achieve 100% at MGIT MICs of < .25 mg which
included the majority (81.1%) of isolates in the study.

Conclusion: We validated an AUCq_24,/MIC threshold which may serve as a
target for dose adjustment to improve efficacy of linezolid in a bedaquiline-
containing treatment. Linezolid exposures with the WHO-recommended dose
(600 mg daily) was sufficient for all the M. tb isolates with MIC < .25 mg/L.

KEYWORDS

linezolid, pharmacokinetics,

pharmacodynamics

1 Introduction

With the update of World Health Organization (WHO)
(MDR-TB)
guidelines in 2019, linezolid is included as one of the
important Group A agent (World Health, 2020). It is expected
that this will improve the 6-month sputum culture conversion

multidrug-resistant  tuberculosis treatment

rate as well as treatment outcome of MDR-TB treatment (Lee
et al., 2017; Ahmad et al.,, 2018; Singh et al., 2019; Padayatchi
et al., 2020).

Linezolid is a drug with a narrow therapeutic window which
requires close monitoring of participants to prevent toxicity
(Wasserman et al, 2016). In the MDR-TB treatment
recommendations issued in 2020 (World Health, 2020), the
WHO highlighted the urgent need to investigate linezolid
dose optimization and treatment duration in order to
minimize its toxicity. As linezolid drug concentrations are
highly variable (Wasserman et al, 2019), therapeutic drug
monitoring (TDM) is recommended to monitor the drug
exposure to facilitate dose individualization. Previous studies
have consistently shown that higher drug exposure of linezolid in
relation to in vitro susceptibility of the Mpycobacterium
(M. th) 2019) s
associated with improved TB treatment outcome (Pasipanodya
et al.,, 2013; Swaminathan et al,, 2016; Zheng et al.,, 2021).

The ratio of 0- to 24-h area under the concentration-time

tuberculosis isolate (Heinrichs et al,

curve (AUC »45) to the minimal inhibitory concentration (MIC)
is generally used as the thresholds in TDM of TB treatment
(Sturkenboom et al., 2021). A study in a hollow fiber infection
model of tuberculosis found that optimal microbial kill for
linezolid was achieved at an AUC( ,4,/MIC ratio of 119
(Srivastava et al., 2017). However, this target was identified
in vitro, using linezolid in monotherapy and only a single M.
th strain H37Rv (ATCC 27294) with MIC identified using the
mycobacterial growth indicator tube (MGIT) assay (Becton
Dickinson, Franklin Lakes, NJ) (Srivastava et al., 2017). Thus,
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it is necessary to validate the clinical relevance of previously
reported target and to evaluate the sufficiency of the
recommended and commonly used doses of linezolid.
Therefore, the present study aimed to model the population
pharmacokinetics (PK) of linezolid when administered as part of
a standardized MDR-TB regimen, identify
pharmacokinetic/pharmacodynamics (PK/PD) threshold
associated with treatment outcome and to evaluate the current

treatment

dose of linezolid.

2 Method
2.1 Study design

Participants from two cohorts were included for this analysis.
The development cohort derived from a previously reported
study (Zheng et al, 2021), targeting the participants with
of MDR-TB from designated
hospitals in Jiangsu, Guizhou and Sichuan Province in China

bacteriological ~diagnosis
between January 2015 and December 2017. The validation cohort
enrolled participants from Sichuan, Jiangsu and Henan Province
based on the same inclusion criteria. Briefly, eligible participants
were > 18 years old and < 70 years old and diagnosed as MDR-
TB by GeneXpert MTB/RIF (Cepheid, Sunnyvale, CA) and M. tb
drug susceptible test. Participants were excluded if critically ill,
pregnant, infected with HIV, HBV or HCV, having received
treatment for MDR-TB for more than 1day, or refused to
participate.

The development cohort received linezolid-containing
regimen including bedaquiline, moxifloxacin or levofloxacin,
linezolid as well as the background regimen to complete a
full-oral The
standardized oral regimen of fluoroquinolones, bedaquiline,

regimen. validation ~ cohort received a
linezolid, clofazimine and cycloserine for 6 months, followed

by fluoroquinolones, linezolid, clofazimine and cycloserine for
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18 months (World Health, 2020). All participants were given
600 mg linezolid once daily, as recommended by the WHO
(World Health, 2020). The study was approved by the ethics
committee of the School of Public Health, Fudan University
(IRB#2015-08-0565) and written informed consent was obtained
from all subjects.

In both two study cohorts, the participant received the
inpatient treatment for the first 2 weeks after treatment
initiation, then followed by outpatient treatment. All study
participants were routinely examined monthly during the
intensive phase (the first 6 months) and once every 2 months
during the consolidation phase (the next 18 months). A
questionnaire was used to collect demographic data, while
medical and laboratory data were extracted from hospital
records.

2.2 Blood drug concentration
determination

In the development cohort, blood samples for drug
concentration analysis were collected prior to dose intake and
at 1, 2, 4, 6 and 8 h after dose intake after 2 weeks’ inpatient
treatment. According to the previously reported study (Kamp
etal, 2017), the limited sampling strategy (predose and 2 h after
dose intake) proven to have an accurate predication, comparable
to intensive sampling (root mean squared error of 6.07%, R* of
.98). Thus, in the validation cohort, limited sampling strategy
were applied at predose, 2 and 6 h after dose intake after 2 weeks’
TB treatment. Plasma concentrations were determined using a
validated high performance liquid chromatography tandem mass
spectrometry (HPLC-MS/MS) method. Linezolid concentrations
were measured using linezolid-d3 as the internal standard with
m/z of 338.01—296.04. The analytical range for linezolid was
.05-30 mg/L, with good linearity of R* > 99.53%. The inaccuracy
was within the range of 87.3%-108% for all concentrations and
the imprecision values were less than 11.5% over the entire range
of calibration standards.

2.3 Population pharmacokinetic modeling

To build the population PK model, data of 168 study
participants from a previously published study were included
(Zheng et al., 2021). The population PK model for linezolid was
built using the nonlinear mixed-effects method (Phoenix NLME,
version 8.0; Certara Inc., Princetoln, United States). One- and
two-compartment models with first-order eliminations were
used to fit the data. The residual-error models included
additive, proportional, and combined error models were
tested. After building the structural model, covariates were
added in a stepwise regression with forward inclusion
(AOFV>3.84, p <.05) and backward elimination (AOFV>6.64,
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p <.01). The final model was evaluated and validated using visual
predictive check (VPC) by simulating linezolid concentrations
for 1,000 participants from the original data set and the final
model. The population PK parameters in the validation cohort
were calculated by Bayes Estimation based on the established
population PK model.

2.4 Drug susceptibility testing

Sputum samples were collected at each visit and were sent to
the prefectural TB reference laboratory for the microbiological
The BACTEC MGIT 960 system
Dickinson, Franklin Lakes, NJ, United States) was used for
bacterial culture of the M. tb isolates, phenotypic drug
susceptibility testing and MIC determination for linezolid

examination. (Becton

(Springer et al., 2009). All suspension from the growth in the
plain MGIT medium were used within 3 days after found positive
in MGIT incubator. The growth control tube containing 1:
100 diluted bacterial suspension, was inoculated in the MGIT
960 instrument as well. The range of concentrations for MIC
testing was .06-1 mg/L for linezolid. The MIC was defined as the
lowest concentration of a drug that inhibited the bacterial
growth. M. tb H37Rv (ATCC 27294) was used as the
reference strain for the quality control.

2.5 Treatment outcome

The routine follow-up examinations and laboratory tests
were performed monthly during the intensive phase, and
every second month during the continuation phase of
standardized MDR-TB treatment. defined as
completed treatment and at least three consecutive, negative

Cure was

sputum cultures of M. tb, with at least 30 days in between
sampling. A successful treatment outcome was defined as
treatment completion or cure. An unsuccessful treatment
outcome included treatment failure, all-cause mortality, and
default during treatment or transfer out (World Health, 2013).

2.6 ldentification and validation of PK/PD
threshold of MDR-TB treatment outcome

The threshold was identified by relating the PK parameters to
the treatment outcomes using boosted classification and
regression tree analyses (CART). Boosted CART analysis was
performed using Salford Predictive Miner System software (San
Diego, CA, United States). Boosted CART analysis searched the
PK parameters including peak serum concentration (Cyax)s
trough concentration (Cin), AUCq_24n, AUC 24n/MIC, Cppax/
AUC) 245 and the possible cutoff values to identify the best
predictor for classifying between participants with and without
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the studied outcome (i.e., time to sputum culture conversion and
successful treatment outcome) using Salford Predictive Miner
System software (San Diego, CA, United States). The association
between the boosted CART-derived threshold and treatment
outcomes was validated by Poisson regression model with
robust variance. COX proportional hazard regression model
was used for evaluating the relationship between the boosted
CART-derived threshold and time to sputum culture conversion.
The clinical significance of the identified threshold was also
validated by comparing to the previously reported threshold
(119) derived from a hollow fiber infection model using the
MGIT assay (Becton Dickinson, Franklin Lakes, NJ) (Srivastava
et al., 2017).

2.7 Dose regimen evaluation

The Monte Carlo simulation was performed using Phoenix
NLME (version 8.0; Certara Inc., Princeton, United States) as well.
The characteristic data of a specifically simulated population (n =
1000) needed in the model were duplicated from original
validation cohort to ensure its representativeness of the study
population. The WHO-recommended dose (600 mg daily) (World
Health, 2020), and the other previously proposed doses (300 mg,
900 mg, and 1200 mg daily) were evaluated by an analysis of the
probability of target attainment (PTA) in the simulated population
(Bolhuis et al., 2018). The PTA was derived by calculating the
fraction of subjects who attained the PK/PD target or threshold at
different MICs in BACTEC MGIT 960 system. The studied MICs
included .06, .12, .25, .5, and 1 mg/L, where 1 mg/L of linezolid was
referred to as the critical concentration in MGIT system in the
Technical Report on critical concentrations for drug susceptibility
testing (World Health, 2018). The dose was defined as sufficient at
PTA values of > 90%.

2.8 Statistical analysis

Baseline characteristics were summarized using descriptive
statistics expressed as medians with interquartile ranges (IQR)
for continuous variables and proportions for categorical
variables. Chi-squared test analysis was performed for
categorical variables, while one-way analysis of variance or
Mann-Whitney U test were used for continuous variables. The
main microbiological outcome was time to sputum culture
conversion, defined as the time from treatment initiation to
sustained sputum culture conversion. The time to sputum
conversion was illustrated using the Kaplan-Meier method
and difference between comparison groups were assessed
using the log-rank test. Poisson regression model with robust
variance was used to assess the correlation between the
pharmacokinetic parameters and treatment outcomes. The

multivariate COX proportional hazard regression model was
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used to verify the correlation between the CART-derived
threshold and time to sputum culture conversion. The start
time for the survival analysis was the first date of treatment.
The endpoint of the observation was defined as the end of
treatment in the survival analysis. As treatment outcome is
influenced by multiple factors, we explored weight, BMI,
tobacco use, alcohol use, diabetes mellitus type 2 status,
albumin, cavity, baseline time to culture positivity and other
factors that may be potential confounders based on the previous
study (Madzgharashvili et al., 2021; Meregildo-Rodriguez et al.,
2022). The association between linezolid drug exposure and
treatment outcome were adjusted by the identified covariates
based on the univariate analysis. A p-value of <.05 was
considered statistically significant. IBM SPSS 20.0 (IBM Corp.,
Armonk, NY) was used to perform statistical description and
COX proportional hazard regression model analysis.

3 Result
3.1 Population characteristics

The study included a total of 327 study participants. Data of
168 participants was used for the development cohort and data of
159 participants for the validation cohort. There was no
significant difference between the two cohorts regarding the
baseline characteristics (Table 1).

3.2 Drug susceptibility

The median MIGT MICs of the clinical isolates were .25
(range .12-.5) mg/L for linezolid, with MIC < .25 mg/L for the
majority (81.1%) of the isolates. The H37Rv (ATCC 27294) as
reference had a MIC of .5 mg/L, comparable to that in WHO
report (World Health, 2018) (Figure 1). All strains were
susceptible to linezolid before initiating the treatment.

3.3 Population pharmacokinetic modeling
and parameter calculation

The linezolid concentrations in 1008 plasma samples from
168 subjects were best described by a 2-compartment model with
first-order absorption and elimination. An additive error model
was used to describe the unexplained residual variability for
linezolid. Apart from weight, diabetes type 2 independently
influenced linezolid CL and V4 and the inclusion of diabetes
type 2 resulted in a reduction of 38.49 points (p <.001) in OFV
and explained 3.6% between-subject variability in CL and .6%
between-subject variability in V4 (Table 2). The predicted
linezolid concentrations reached an acceptable agreement with
the observed concentrations, as shown in the goodness of fit and
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TABLE 1 Baseline demographic and clinical characteristics of participants in two studied cohorts.

Linezolid Development cohort (n = 168) Validation cohort (n = 159)
Median (IQR) or no. (%) Median (IQR) or no. (%)

Age, year 41 (33-45) 40 (29-54) 47
Bodyweight, kg 53 (47-66) 59 (53-64) 10
BMI 20 (18-23) 21 (18-22) 95
Male 125 (74.4) 103 (64.8) 08
Smoking 43 (25.6) 31 (19.5) 24
Alcohol consumption 40 (23.8) 28 (17.6) 12
Diabetes type 2 32 (19.0) 27 (17.0) 49

Abbreviations: IQR, inter quartile range.
A Chi-square test were used to identify the differences between groups for categorical variables, while one-way analysis of variance or Mann-Whitney U test were used for continuous
variables. The body mass index (BMI, kg/m*) was calculated through weight (kg) divided by square of height (m).

visual predictive check plots (Figure 2). The VPC for the entire
data set demonstrated a good prediction of the model (Figure 3).

Applying the population PK modeling, using the linezolid
120 115 (72.3%) concentration measured in the samples from the validation
cohort, the C,,, was 2.0 (1.5-2.3) mg/L and the C,,x was
16.2 (14.8-18.8) mg/L. The AUC)_,4, was 108.3 (82.6-119.1)
mg h/L after an oral dose of 600 mg daily. The AUCg_»4,/MIC
values (median and IQR) were 428.3 (301.2-489.8). The C,,.x/

MIC values (median and IQR) were 64.0 (45.8-77.1) (Table 3).

100

80

3.4 Treatment management in validation

60 cohort

Percentage(%)

During the treatment, 27 of the study participants
experienced linezolid-induced toxicity presenting as cytopenia
(14, 8.8%), peripheral neuropathy (11, 6.9%) and optic neuritis
(9, 5.7%). Among 18 participants with the linezolid dose

40

20 reduction or temporary interruption due to severe adverse
events, all recovered and 17 participants were back to the
standard dosage and one participant continued with a reduced
dose of 300 mg daily until end of treatment.

At end of treatment, 149 (93.7%) succeeded in the treatment and

median time of sputum conversion was 3 (1, 5) months. Except for sex

0

0.06 0.12 0.25 0.5 1

Minimum inhibitory concentration(mg/L) and CXR-severity, there is no significant difference between the
participants with and without successful treatment in terms of

FIGURE 1

The distribution of minimum inhibitory concentration of
linezolid for Mycobacterium tuberculosis isolates. Note: The
BACTEC MGIT 960 system (Becton Dickinson, Franklin Lakes, NJ,
United States of America) was used for bacterial culture, o . . . ..
phenotype drug susceptibility testing and MIC values. The H37Rv 35 Identlﬁcatlon and Valldatlon Of Cllnlcal'
(ATCC 27294) was used for reference to be inoculated with four signiﬁca nt thresholds

batches of studied isolates as denoted. The MIC was defined as the
lowest concentration of a drug that inhibited the bacterial growth.
Abbreviations: MIC, minimum inhibitory concentration. PK parameters including Cyax, Cinine AUCq 241, AUCq 241/

sociodemographic characteristic and baseline disease status (Table 4).

MIC and C,ax/AUC 54, were significantly different between
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TABLE 2 Pharmacokinetic parameters of linezolid population pharmacokinetic model in development cohort.

Linezolid

Typical value of Population parameters

Ka (/h) 2.0 11.1
CL (L/h) 5.6 1.6
Va(L) 35.8 2.0
Q (L/h) 9 13.7
Vp(L) 58.6 132
Tlag(h) 6 8.4

Variation of parameters between individuals

CL (L/h) 21.6 14.6
Vd (%CV) 24.4 11.1
Tlag(%CV) — —
Covariate
6 (Bodyweight)-CL .75 —
6 (Bodyweight)-Vd 1.0 —
0 (Diabetes)-CL 1 10.5
6 (Diabetes)-Vd 5.0 11.1
6 (Age)-CL _ _
Additional residual (mg/L) 5 4.2

Proportion of residual (mg/L) — _

Abbreviations: CL, clearance; CV, coefficient of variation; Ka, absorption rate constant; V¢, volume of central compartment distribution; Q, Inter-compartment clearance; Vp, volume of
peripheral compartment; Tlag, lag time; V/F, apparent volume of distribution; RSD%, relative standard deviation.
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FIGURE 2
Goodness-of-fit plot for the final model. (A) Population predicted versus population observed concentrations; (B) Individual predicted versus
individual observed concentrations.

groups of successful and unsuccessful treatment (Table 3). By AUC) p/MIC  (125) was identified (Figure 4). The
relating PK/PD parameters to treatment outcome and time to proportion of study participants above the CART-derived
sputum culture conversion, the CART-derived threshold of threshold was 91.8% (146/159). The association between the
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Linezolid Concentration (mg/L)

Time after dose (h)

FIGURE 3

Visual predictive check plots of the final model for linezolid in

the development cohort. Note: The top, middle, and bottom solid
lines were the 95th,50th and 5th percentiles of the observed data,
respectively. The shaded areas from top to bottom were the

95% confidence interval for the 95th, 50th, and 5th percentile of
the simulated data. The dots were the observed concentrations.

CART-derived threshold and final treatment outcome was
validated by Poisson regression model with robust variance
(100% vs. 23.1%; adjusted RR, 4.3; 95%CI, 1.6-11.7). Also, the
CART-derived threshold was significantly associated with time
to sputum conversion (median time to sputum culture
conversion between the group with AUC, ,4,/MIC above and
below 125: 2 vs. 24 months; adjusted HR, 21.7; 95%ClI, 6.4-72.8)
(Table 5). The association between the CART-derived threshold
and final treatment outcome/time to sputum culture conversion
was well comparable to the previously reported target of 119
(Srivastava et al., 2017) (Figure 5).

10.3389/fphar.2022.1032674

3.6 Dose regimen evaluation

Based on the CART-derived threshold, at a standard linezolid
dose of 600 mg daily, PTA was simulated to achieve 100% at
MGIT MICs of < .25 mg/L, while at 300 mg daily, commonly
used when adverse events happen, PTA attain above 90% at
MICs < .125mg/L and was 74.2% at MIC of .25mg/L.
Comparably, a dose of 900 mg daily had PTA exceeding 90%
(100%) at an MIC of .5 mg/L covering all isolates in our study. At
the critical concentration of 1 mg/L in MGIT which was not
found for any isolate in our study, 1200 mg daily failed to achieve
a PTA of > 90% (68.6%) at the AUCy ,4;,/MIC ratio of 125. Only
dose up to 1400 mg had PTA exceeded 90% (93.1%) at MIC of
1 mg/L (Figure 6).

4 Discussion

Our results provide valuable insight into population PK and
its association with time to sputum culture conversion and
treatment outcome as well as the probability of target
attainment with current WHO recommended regimen in
participants with MDR-TB in China. A linezolid PK/PD
threshold of AUC/MIC > 125, using MGIT MICs, was
associated with successful treatment outcome and may be
used for TDM.

We found that two-compartment model with an additive
error model best fitted the pharmacokinetic profiles of linezolid.
Previous studies reported a one-compartment model (Sotgiu
et al., 2012; Kamp et al, 2017; Lopez et al, 2019; Alghamdi
et al, 2020) to be adequate to describe the pharmacokinetic
profile of linezolid while our study found that a two-
compartment described data better compared to a one-
compartment model as demonstrated by an OFV decrease of
18. This can be explained by smaller sample sizes or collection of
fewer blood samples in the elimination phase of the drug.
Diabetes type 2 was found to be a major covariate explaining

TABLE 3 Pharmacokinetic parameters between groups with different treatment outcomes in validation cohort.

Pharmacokinetic parameters Total Successful treatment Unsuccessful treatment P-value®
Median (IQR) Median (IQR) Median (IQR)

Cinax (mg/L) 16.2 (14.8-18.8) 16.4 (15.2-18.9) 13.4 (12.4-15.0) <01

Cnin(mg/L) 2.0 (1.5-2.3) 2.0 (1.6-2.3) 12 (8, 1.3) <.001

AUC, 41, (mg h/L) 108.3 (82.6-119.1) 108.8 (87.1-120.6) 50.1 (48.0-56.4) <.001

AUC, 24n/MIC 428.3 (301.2-489.8) 434.6 (326.1-491.8) 100.1 (96.0-112.8) <.001

Cinax/MIC 64.0 (45.8-77.1) 64.7 (49.4-77.5) 26.8 (24.9-30.0) <.001

Abbreviations: IQR, inter quartile range; 95% CI, 95% confidence interval; peak serum concentration (C,ax); trough concentration (Cppiy); 0- to 24-h area under the concentration-time

curve (AUCy 24p); minimum inhibitory concentrations (MIC).

*Comparisons of Cpaxs Cinins AUCq_24n, AUC(_240/MIC, Cppax/ AUC 24, between successful treatment outcome group and unsuccessful treatment outcome groups were evaluated using

one-way analysis of variance or Mann-Whitney U test.
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TABLE 4 Socio-demographic features and baseline disease status between groups with different treatment outcomes in validation cohort.

Variables Successful treatment (n = 149) median Unsuccessful treatment (n = 10) median
(IQR) or no. (%) (IQR) or no. (%)
Socio-demographic characteristics
Age, year 40 (29.0, 53.5) 39 (30.3, 57.0) 80
Height, m 1.70 (1.65, 1.77) 1.65 (1.62, 1.78) 44
Bodyweight, kg 59 (53, 64) 59.5 (55.5, 69.0) 24
BMI 20.1 +2.99 21.7 + 329 58
Sex, male 100 (67.1%) 3 (30%) <.05
Baseline disease status
Diabetes type 2 26 (17.4) 1 (10.0) 1.00
Albumin, g/L 42 (40.8, 52.0) 42 (40.8, 52.0) 14
Clinical severity® 37 (24.8) 4 (40.0) 28
CXR severity 22 (14.8) 4 (40.0) <.05
Cavity 29 (19.5) 4 (40.0) 22
Baseline time to culture 13 (12.5, 15.0) 12 (10.0, 13.0) 15
positivity, day

*Comparisons of continuous variables between successful treatment outcome group and unsuccessful treatment outcome groups were evaluated using one-way analysis of variance or
Mann-Whitney U test. Categorical variables was performed using the Chi-square or Fisher’s exact test.

“Clinical severity was defined as the TB score >8 (Rudolf et al., 2013).

Study sample=159 patients
treatment outcome
Unsuccessful 10 (6.3%)
Successful 149 (93.7%)

Linezolid AUCo-24n/MIC<125
n=13
Unsuccessful 10 (77.0%)
Successful 3 (23.0%)

FIGURE 4

Identification of linezolid exposure/susceptibility threshold to differentiate the treatment outcome among 159 study participants in validation
cohort. Note: AUCq_»4n/MIC of linezolid were examined in the boosted classification and regression tree analyses. Abbreviations: MIC, minimum
inhibitory concentration; AUC0-24 h, 0- to 24-h area under drug concentration-time curve.

inter-individual residual variability of clearance and distribution
volume for linezolid. Participants with diabetes type 2 commonly
take the risk of developing diabetic gastroparesis, thus may affect
the absorption of drugs. In previous studies (Singla et al., 2006),
TB participants with diabetes type 2 were found to have higher
probability of suboptimal drug exposure, which was explained by
malabsorption due to diabetic enteropathy or by increased BMI
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Linezolid AUCO_24h/MIC>125
n=146
Unsuccessful 0 (0%)
Successful 146 (100.0%)

(Chang et al, 2011; Mtabho et al, 2019). The VPC results
indicated that the developed model was precise and could be
used for simulation purposes. Thus, we established a population
PK modeling suitable for TDM of linezolid during the MDR-TB
treatment.

We identified an association between linezolid exposure and

clinical treatment outcome of MDR-TB. Linezolid is a
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TABLE 5 Validation of CART-derived threshold in relation to the final treatment outcome and time to sputum culture conversion in the validation cohort.

Thresholds of AUC,.

Treatment outcome

Time to sputum culture conversion

24n/MIC
Successful RR aRR Median (IQR) time to culture HR Adjusted HR
(%) conversion (month) (95%Cl) (95%Cl)°

<125 3(23.1) 1 1 24 (24, 24) 1 1

>125 146 (100) 43 43 2(1,4) 204 21.7 (6.4, 72.8)
(1.6,11.7) (1.6, 11.7) (6.3, 66.6)

<119 0 (0) 1 1 24 (24, 24) 1 1

>119° 149 (100) 9.9 9.9 2(1,4) 43.5 (6.0, 39.8 (5.4, 292.5)
(1.6, 63.8) (1.6, 63.8) 316.6)

Abbreviations: AUCy_,4p: the 0- to 24-h area under drug concentration-time curve; MIC: minimum inhibitory concentration in BACTEC 960 MGIT; RR, relative risk; HR, hazard ratio.

CART: classification and regression tree analyses.

“The previously reported target of AUCy_4,/MIC 119 (Srivastava et al., 2017) was identified using the MGIT assay (Becton Dickinson, Franklin Lakes, NJ) to identify MIC in hollow fiber

infection model as the reference for comparison.

"The association between the boosted classification and regression tree analyses (CART)-derived threshold and treatment outcome was validated by Poisson regression model with robust
variance. COX proportional hazard regression model was used for evaluating the relationship between the boosted CART-derived threshold and time to sputum culture conversion.

Adjusted HR was calculated according to current area, age, sex; CXR severity.

00 == == e s e e ey
b - -
b e s
Lmmmy
~ 801 |
s
Pt
Z 404 P<0.001 === AUCo- 24n/MIC<=119
g HR=39.8 | —— AUC, - 2an/MIC>119
£ P<0.001 === AUCq-24n/MIC<=125
5 401 HR=21.7 —— AUCo - 24n/MIC>125
=
E
20 A
0 5 10 15 20 25
Time to sputum culture conversion (month)
FIGURE 5

Time to culture conversion among the studied participants in
validation cohort with multidrug-resistant tuberculosis grouped by
the threshold in this study and previously reported target. Note:
AUCq_24n/MIC of 125 was derive from boosted classification

and regression tree analyses in the study. The previously reported
target of AUCq_24n/MIC 119 (Srivastava et al., 2017)was identified
using the MGIT assay (Becton Dickinson, Franklin Lakes, NJ) to
identify MIC in hollow fiber infection model as the reference for
comparison. Abbreviations: AUC0-24 h: 0- to 24-h area under the
concentration-time curve; MIC: minimum inhibitory
concentrations.

concentration-dependent drug and high drug exposure
contributes to treatment efficacy, albeit limited by adverse
events (Deshpande et al., 2016). As an oxazolidinone with
potent activity against M. tb, linezolid suppresses oxidative-
phosphorylation protein complexes 1, 3, 4, and 5 and ATP
production levels in a clearly exposure-dependent manner for
the once-daily (q24h) regimens (Brown et al, 2015). This
present study observed 27 of participants had linezolid-
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induced toxicity, some of which are thought to be associated
with mitochondrial disturbance. However, after dose reduction
or interruption, all recovered. Meanwhile, we did not find the
impact of mitochondrial toxicity on the treatment outcome,
probably due to the healthier participant included in the
present study compared to the previously published studies
(Brown et al.,, 2015; Song et al, 2015). In the present study,
AUC/MIC was identified to be related to the treatment outcome,
which is also demonstrated by previous studies (Alffenaar et al.,
2011; Sotgiu et al., 2015).

An AUC( 4,/MIC > 125, applying MGIT MICs was
identified by boosted CART as primary node to define the
successful treatment outcome of longer regimen in MDR-TB
participants among our study population. This threshold was
also observed to be strongly associated with the treatment
outcome and time to sputum culture conversion, which is
supported by the previously reported target for optimal
bactericidal activity of an AUC, ,4,/MIC >119 (Srivastava
et al, 2017). By confirming the clinical significance, this
threshold may be applied for dose adjustments in a
randomized controlled trial investigating TDM-derived doses
of linezolid vs. standard dose of linezolid for MDR-TB treatment
before applying it in the routine medical practice.

In the present study, currently recommended dose of
linezolid was observed to be effective at MIC < .25mg/L
which covered the majority of the isolates (81.1%). Based on
the identified threshold, 600 mg would have a PTA exceeding
90% at MIC < .25 mg/L in MGIT. The clinical efficacy of 600 mg
(MIC < 25mg/L) in
Middlebrook 7H10 agar plates is also reported in previous
studies (Heinrichs et al,, 2019; Alghamdi et al., 2020). In our
exploratory analysis, we found PTAs below 90% for 600 mg of
linezolid at MICs of .5 and in particular 1 mg/L. Of note, we
found no isolate at a MIC of 1 mg/L in our study. Furthermore, it

linezolid for susceptible isolates
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The probability of target attainment among the simulating population against varying MGIT minimal inhibitory concentration values for linezolid
respectively based on the AUCq_24,/MIC of 125 in this study (A) and the 119 previously reported (B). Note: The previously reported target of
AUCq_24n/MIC 119 (Srivastava et al.,, 2017) was identified using the MGIT assay (Becton Dickinson, Franklin Lakes, NJ) to identify MIC in hollow fiber
infection model as the reference for comparison. Abbreviations: PTA, probability of target attainment; AUCq_24n: 0- to 24-h area under the

concentration-time curve; MIC, minimum inhibitory concentration.

should be noted that if individual TDM is considered at the
suggested targets, the technical MIC variability of + one MIC
dilution must be considered since this variability may affect the
individual PK/PD value significantly. When considering higher
dosing than 600 mg of linezolid daily, it should be noted that the
administration of 1200 mg daily in the Nix-TB study was
reported to achieve as high as 90% favorable outcome,
although with alarming high rates of severe adverse events in
the study participants (81% peripheral neuropathy and 48%
myelosuppression) (Conradie et al., 2020). Therefore, clinically
validated PK/PD thresholds and individual-based dose-guidance
by TDM are important tools for dose optimization to avoid
adverse events while ensuring treatment efficacy.

The strength of our study is that we developed population PK
models for linezolid based on a relatively large number of MDR-
TB participants with a standardized MDR-TB treatment regimen
in China, where similar studies have not been reported.
Additionally, the PK/PD threshold in this study was identified
by treatment outcome of a large clinical cohort population, which
can provide valuable and clinically-relevant support for the dose
adjustment of linezolid using TDM. Another strength is that this
study evaluated the validation of current WHO-recommended
dose for linezolid using simulations and demonstrated a high
target attainment (> 90%). Furthermore, the study provided the
important example to suggest that, to use the limited sampling
for monitoring in daily practice with population
pharmacokinetic model, would support AUC guided dosing.
Regarding linezolid monitoring in a clinical setting, current
recommendations include a trough concentration <2.5mg/L
(Wasserman et al, 2022) or < 2mg/L (Song et al, 2015)
relevant to linezolid-relevant adverse events as well as drug
thresholds of favorable

exposure/susceptibility predictive
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treatment outcome (e.g., 125 in present study). Their clinical
significances for the dosing adjustment will require the validation
from the randomized clinical trials.

This study is subject to some limitations. Firstly, as the study
participants required to be healthy enough to receive the whole
course of treatment, none die or experienced unmanageable
adverse events, which may restrict the representativeness of
the study findings to some degree. As repeated DST testing of
consecutive M. tb cultures was not performed, we were unable to
monitor the potential development of linezolid resistance during
treatment. However, since a high proportion of participants had
sputum cultured converted at 6 months’ treatment (77.4%), and
that resistance emergence against linezolid is extremely rarely
reported in the literature (Lee et al, 2017; Wasserman et al.,
2019), we regard the risk for undetected acquired drug resistance
to linezolid very low. Meanwhile, during the treatment, we
retrieved the data of treatment prognostics from the medical
records and we are unable to find the possible impact of
treatment-related factors (e.g., acquired resistance to linezolid)
on the treatment outcome. Additionally, the treatment outcome
may be influenced by baseline disease status, the association
between linezolid and treatment outcome has been adjusted for
age, sex, area, and CXR severity. The treatment outcome of
MDR-TB is the result of the complete treatment regimen. Hence,
the observed threshold concentrations associated with successful
treatment outcome need to be viewed in context of the provided
treatment and setting. Given the comparable results in the
development and the validation cohort, we feel confident that
results can likely be extrapolated to other settings in China.
However, the PK/PD threshold should be used with caution in
settings outside China. Additionally, the MIC distribution has
substantial influence on the PK/PD analyses and MIC
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determinations show technical variability within and between
different methods and laboratories. Thus, some our target may
need further validation before generalized to other populations
and MIC methods.

5 Conclusion

We reported an AUCy ,4,/MIC threshold of 125 associated
with clinical outcomes in the MDR-TB participant in China,
which may serve as a target for dose adjustment of linezolid to
improve treatment outcome. Linezolid exposures associated with
the WHO-recommended dose (600 mg daily) was sufficient in
our setting for the majority of MDR-TB isolates and sufficient for
all isolates with MGIT MIC<.25 mg/L.
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