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Background:Meropenem is being investigated for repurposing as an anti-tuberculosis drug.
This study aimed to develop a meropenem population pharmacokinetics model in patients
with pulmonary tuberculosis and identify covariates explaining inter-individual variability.

Methods: Patients were randomized to one of four treatment groups: meropenem 2 g
three times daily plus oral rifampicin 20mg/kg once daily, meropenem 2 g three times daily,
meropenem 1 g three times daily, and meropenem 3 g once daily. Meropenem was
administered by intravenous infusion over 0.5–1 h. All patients also received oral
amoxicillin/clavulanate together with each meropenem dose, and treatments continued
daily for 14 days. Intensive plasma pharmacokinetics sampling over 8 h was conducted on
the 14th day of the study. Nonlinear mixed-effects modeling was used for data analysis.
The best model was chosen based on likelihood metrics, goodness-of-fit plots, and
parsimony. Covariates were tested stepwise.

Results: A total of 404 concentration measurements from 49 patients were included in the
analysis. A two-compartment model parameterized with clearance (CL), inter-
compartmental clearance (Q), and central (V1) and peripheral (V2) volumes of
distribution fitted the data well. Typical values of CL, Q, V1, and V2 were 11.8 L/h,
3.26 L/h, 14.2 L, and 3.12 L, respectively. The relative standard errors of the parameter
estimates ranged from 3.8 to 35.4%. The covariate relations included in the final model
were creatinine clearance on CL and allometric scaling with body weight on all disposition
parameters. An effect of age on CL as previously reported could not be identified.

Conclusion: A two-compartment model described meropenem population
pharmacokinetics in patients with pulmonary tuberculosis well. Covariates found to

Edited by:
Stefano Giovagnoli,

University of Perugia, Italy

Reviewed by:
Pier Giorgio Cojutti,

University of Udine, Italy
Susanna Medellín,

Autonomous University of San Luis
Potosí, Mexico

*Correspondence:
Andreas H. Diacon

ahd@sun.ac.za

Specialty section:
This article was submitted to
Drugs Outcomes Research

and Policies,
a section of the journal

Frontiers in Pharmacology

Received: 03 December 2020
Accepted: 10 May 2021
Published: 29 June 2021

Citation:
Abulfathi AA, de Jager V, van Brakel E,

Reuter H, Gupte N, Vanker N,
Barnes GL, Nuermberger E,

Dorman SE, Diacon AH, Dooley KE
and Svensson EM (2021) The

Population Pharmacokinetics of
Meropenem in Adult Patients With

Rifampicin-Sensitive
Pulmonary Tuberculosis.

Front. Pharmacol. 12:637618.
doi: 10.3389/fphar.2021.637618

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 6376181

ORIGINAL RESEARCH
published: 29 June 2021

doi: 10.3389/fphar.2021.637618

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Directory of Open Access Journals

https://core.ac.uk/display/474900142?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.637618&domain=pdf&date_stamp=2021-06-29
https://www.frontiersin.org/articles/10.3389/fphar.2021.637618/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.637618/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.637618/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.637618/full
http://creativecommons.org/licenses/by/4.0/
mailto:ahd@sun.ac.za
https://doi.org/10.3389/fphar.2021.637618
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.637618


improve model fit were creatinine clearance and body weight but not rifampicin treatment.
The final model will be used for an integrated pharmacokinetics/pharmacodynamics
analysis linking meropenem exposure to early bactericidal activity.

Keywords: meropenem, population pharmacokinetic (PK) model, tuberculosis, pharmacokinetics analysis, drug
sensitive TB

INTRODUCTION

The epidemic rise in multi-drug resistant (MDR) and extensively
drug resistant tuberculosis (XDR-TB) threatens the progress
made in reducing morbidity, mortality, and efforts in
tuberculosis eradication (WHO Guideline, 2019). Medicines
included in the current World Health Organization’s guideline
for MDR- and XDR-TB treatment may be inaccessible in
resource-limited settings and many older second-line anti-
tuberculosis agents have significant toxicity, some of which
could be life threatening and/or irreversible (WHO Guideline,
2019). Drug repurposing or the optimized use of existing drugs or
combination of drugs is a cheaper alternative to the development
of new chemical entities and could accelerate the process of
finding good alternative treatments.

Mycobacterium tuberculosis is historically considered
resistant to β-lactam antibiotics including carbapenems
because of the constitutive production of a broad-spectrum
β-lactamase called BlaC (Solapure et al., 2013; van Rijn et al.,
2019). The addition of a β-lactamase inhibitor such as
clavulanate prevents BlaC-mediated breakdown of β-lactams
(van Rijn et al., 2019). Furthermore, meropenem is both a poor
substrate and inhibitor of BlaC, thus, administering meropenem
together with clavulanate is an attractive combination
(Hugonnet et al., 2009). Recent evidence from in vitro and in
vivo experiments shows that carbapenems including
meropenem in combination with amoxicillin/clavulanate have
synergistic antimycobacterial activity (Hugonnet et al., 2009;
Solapure et al., 2013). Similarly, the combination of meropenem
with rifampicin shows synergistic activity against not only
rifampicin-sensitive Mycobacterium tuberculosis, but also
against rifampicin-resistant strains in vitro (Kaushik et al.,
2015). Considering the important role of rifampicin in
shortening treatment duration of drug-sensitive pulmonary
tuberculosis to 9 months and then to 6 months when
combined with pyrazinamide (Controlled clinical trial, 1974;
Abulfathi et al., 2019), any strategy that increases or even
restores rifampicin susceptibility could improve treatment
options in patients with drug-resistant tuberculosis.

Case reports and observational studies show that regimens
containing meropenem, amoxicillin, and clavulanate has been
safely used in the successful treatment of patients with MDR-/
XDR-TB (Dauby et al., 2011; Payen et al., 2012; De Lorenzo et al.,
2013). In addition, an influential meta-analysis of individual
patient data provided evidence of better treatment outcome in
MDR-TB patients receiving regimens containing carbapenems
(Ahmad et al., 2018). A limitation of the meta-analysis is the
observational nature of the included studies, necessitating the
need for robust clinical trials to validate the findings (Ahmad

et al., 2018). Diacon and colleagues recently investigated the early
bactericidal activity (EBA) of meropenem administered
intravenously (IV) at 2 g three times daily together with oral
amoxicillin/clavulanate 500 mg/125 mg (Diacon et al., 2016). The
meropenem arm resulted in a mean decline of 14-day EBA log10
colony-forming units (CFU) per mL of sputum of 0.11 (95%
confidence interval [CI], 0.09–0.13) vs. 0.17 (95% CI, 0.15–0.19)
obtained following administration of a first-line combination of
rifampicin, isoniazid, pyrazinamide, and ethambutol in the same
study (Diacon et al., 2016). Faropenem, an orally administered
carbapenem, failed to demonstrate measurable EBA in the same
study, likely owing to drug concentrations below required levels
(Unpublished report, personal communication). Novel oral
carbapenems are in development for tuberculosis. It is
therefore crucial that pharmacokinetics/pharmacodynamics
determinants of efficacy for carbapenems be evaluated. A
population pharmacokinetics model of meropenem in patients
with pulmonary tuberculosis is the first step in performing an
integrated pharmacokinetics/pharmacodynamics analysis linking
carbapenem exposure to EBA. This work aimed to develop such a
model and identify covariates improving predictive performance
within the COMRADE trial (NCT03174184).

METHODS

Pharma-Ethics (Ethics reference number: 170516584) and
Stellenbosch University Health Research Ethics Committee
(Ethics reference number: S19/01/007) approved the clinical
study and this analysis, respectively.

Study Population and Design
COMRADE is a phase 2, open-label randomized clinical trial
enrolling South African men and women aged 18–65 years with
sputum smear-positive pulmonary tuberculosis. The eligibility
criteria are detailed in the SupplementaryMaterials. Participants
with Mycobacterium tuberculosis strains without rifampicin-
resistance conferring rpoB mutations were randomized into
one of four study arms receiving daily treatments for 14 days:
MACR2X3 received meropenem 2 g IV over 0.5 h three times
daily and oral rifampicin 20 mg/kg once daily; MAC2X3 received
meropenem 2 g IV over 0.5 h three times daily; MAC1X3 received
meropenem 1 g IV over 0.5 h three times daily; and MAC3X1
received meropenem 3 g IV over 1 h once daily. All participants
were administered oral amoxicillin/clavulanate together with
each meropenem dose at doses of 500 mg/125 mg in the three
times daily dose arms and at 875 mg/125 mg in the once daily
dose arm. Intensive pharmacokinetics samples were collected at
pre-dose and at 0.5, 1, 1.5, 2, 3, 4, 6, and 8 h post-dose at day 14 of
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treatment. At the end of the study, participants received Directly
Observed Treatment, Short course (DOTS) to treat pulmonary
tuberculosis as recommended in the South African National
Tuberculosis Treatment Guidelines.

Participants’ data recorded included age, sex, race, weight, height,
body mass index (BMI), fat-free mass (FFM), serum creatinine,
creatinine clearance calculated based on Cockcroft-Gault equation
(CLCR), and human immunodeficiency virus (HIV) status.

Bioanalytical Method
Plasma meropenem concentrations were measured using
validated Liquid Chromatography with Tandem Mass
Spectrometry (LC-MS/MS) at FARMOVS (Pty) Ltd., South
Africa (see Supplementary Materials). The quality control
analysis showed acceptable reliability and reproducibility with
precision and accuracy ≤15%. The lower limit of quantification
(LLOQ) for meropenem was 0.5 mg/L.

Population Pharmacokinetics Modeling
We used nonlinear mixed-effect modeling and the first-order
conditional estimation with interaction (FOCE-I) method in
the software NONMEM, version 7.4 for all analyses to
describe the population pharmacokinetics of meropenem
(Beal et al., 2004). The execution of the NONMEM control
stream was implemented through Perl-speaks-NONMEM
(PsN, version 4.9.0) (Lindbom et al., 2005; Keizer et al.,
2013).

Data Formatting
Data assembly, formatting, and visualizations were conducted
with R (an open source statistical software, version 3.5.1) (The R
Foundation 2020) and Phoenix® WinNonlin™ (version 8.1)
(Phoenix WinNonlin 8.1. Ce).

Structural and Stochastic Models
One- and two-compartment models were evaluated for the
best model fit to the data. Two levels of variability were
evaluated: inter-individual variability (IIV) and residual
unexplained variability (representing reporting errors, assay
errors, model misspecification, etc.). The IIV in
pharmacokinetic parameters was assumed to be log-
normally distributed. Additive, proportional, and combined
error models were explored to characterize the residual
unexplained variability.

Covariate Model
Age, body weight, and CLCR are covariates previously shown to
impact meropenem disposition, whereas, rifampicin is a potent
inducer of drug metabolizing enzymes and transporters (Du et al.,
2006; Li et al., 2006; Svensson et al., 2017; Abulfathi et al., 2019;
Ehmann et al., 2019; Rapp et al., 2020). For this reason, these
covariates were tested first, and those found to impact
meropenem disposition were included in the model as a base
for further covariate exploration using stepwise covariate model
(SCM) building.

Prior to the SCM procedure, the base model with both
structural and stochastic components was assessed using

stepwise generalized additive modeling (GAM) implemented in
Xpose to identify potential candidate empirical Bayes estimates
(EBEs) and covariate relationships (Guiastrennec et al., 2017).

Finally, SCM was implemented through PsN (Lindbom et al.,
2005; Keizer et al., 2013). The potential parameter-covariate
relationships were tested one at a time, and the likelihood
ratio test (LRT) was used to discriminate between two nested
models at a statistical significance level of 5 and 1% for the
forward inclusion and backward elimination procedures,
respectively. The investigated covariates’ influence on
meropenem pharmacokinetics parameters included those of
age, height, HIV status, race, and sex on CL, and those of race
and sex on V1.

Model Selection and Evaluation
The process of model selection for nested models was based on
LRT. Thus, for each additional parameter, a reduction in
objective function value (OFV) of ≥3.84 corresponding to a
significance level of 5% was considered statistically significant.
Akaike information criterion (AIC) was used to choose between
non-nested models. In addition to the goodness-of-fit statistics,
the process of model selection and evaluation was guided by
visual predictive checks (VPCs), prediction- and residual-based
goodness-of-fit plots, and also biological plausibility, clinical
relevance, and parsimony (Holford, 2008; Nguyen et al., 2017).
The basic goodness-of-fit plots and VPCs were visualized with
the Xpose package (version 4) and Pirana (Guiastrennec et al.,
2017; Nguyen et al., 2017). Pirana was also used to manage run
records.

Model validation through non-parametric bootstrapping was
utilized to establish the reliability and stability of the final model
(Ette et al., 2003). The bootstrapping procedure entails random
sampling with replacement of each patient to form a new dataset
stratified on a study arm to retain proportions of the same
sample size as the original dataset. We fitted the final model to
each of the 1,000 generated bootstrap datasets. The point
estimates and their corresponding 95% CI were calculated for
the model parameters.

RESULTS

Sixty participants with drug-sensitive pulmonary tuberculosis aged
between 20 and 63 years, of whom 75% (45/60) were men,
participated in the study. Of the 60 participants, 11 withdrew
from the study prior to the intensive pharmacokinetic sampling
visit, thus, 49 participants provided plasma samples for analysis.
The demographics of the 49 participants are reported in Table 1.
Of the 441 concentration observations available, 404 were included
in the analysis. Whereas 34 plasma samples were below the
quantification limit (BQL), three samples (one at pre-dose and
two at 8 h after dose) were excluded with the motivation that the
concentrations were at least 10-fold higher than expected, and their
conditional weighted residuals (CWRES) ≥4. Figure 1 displays the
individual meropenem concentration-time profiles per study arm.

The meropenem concentration-time data were fitted best with
a two-compartment model (Figure 2). Table 2 provides the
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estimated typical values of the structural pharmacokinetic
parameters with low uncertainty in parameter estimates
ranging from 3.8 to 27.5%.

We estimated a relatively low IIV in CL and V1 with a
coefficient of variation (CV) of 20 and 13.1%, respectively. No

significant variability could be detected in Q while for V2 the
variability between individuals was high (CV of 106%).

A combined additive and proportional error model was
used to quantify the residual unexplained variability
(Table 2).

TABLE 1 | Characteristics of patients who participated in pharmacokinetic sampling.

Characteristics MACR2X3
(n = 12)

MAC2X3
(n = 13)

MAC1X3
(n = 12)

MAC3X1
(n = 12)

Overall
(n = 49)

Age (years)
Median (Q1, Q3) 32.3 (27.6, 40.2) 36.5 (33.2, 45.4) 40.9 (28.6, 45.8) 34.0 (28.2, 39.1) 36.0 (28.6, 45.4)
Max-min 21.1–58.6 23.1–61.2 20.0–62.7 20.3–55.6 20.0–62.7
Sex
Female 3 (25.0%) 6 (46.2%) 2 (16.7%) 1 (8.3%) 12 (24.5%)

Race
Black 2 (16.7%) 2 (15.4%) 5 (41.7%) 7 (58.3%) 16 (32.7%)
Mixed Asian ancestry 10 (82.3%) 11 (84.6%) 7 (58.3%) 5 (41.7%) 33 (67.3%)

HIV status
Positive 1 (8.3%) 3 (23.1%) 3 (25.0%) 4 (33.3%) 11 (22.4%)

Weight (kg)
Median (Q1, Q3) 52.3 (48.2, 55.9) 50.3 (48.3, 55.5) 55.2 (51.6, 62.1) 49.6 (45.8, 56.8) 52.7 (47.5, 57.1)
Max-min 39.3–62.4 40.3–65.9 45.1–65.5 43.0–76.3 39.3–76.3

Height (m)
Median (Q1, Q3) 1.65 (1.60, 1.68) 1.62 (1.57, 1.71) 1.73 (1.67, 1.7) 1.66 (1.62, 1.69) 1.66 (1.60, 1.71)
Max-min 1.54–1.76 1.54–1.82 1.58–1.76 1.59–1.73 1.54–1.82

Creatinine clearance (ml/min)
Median (Q1, Q3) 126 (90.3, 145) 109 (83.3, 139) 98.6 (94.1, 129) 112 (99.5, 127) 115 (94.3, 137)
Max-min 76.7–203 57.7–173 61.9–187 93.9–185 57.7–203

MACR2X3, intravenousmeropenem 2 g every 8 h plus oral rifampicin 20 mg/kg once daily; MAC2X3, intravenousmeropenem2 g every 8 h; MAC1X3, intravenousmeropenem 1 g every
8 h; MAC3X1, intravenous meropenem 3 g once daily; HIV, human immunodeficiency virus; Q1, lower quartile; Q3, upper quartile; Min, minimum; Max, maximum.

FIGURE 1 | Meropenem plasma concentration-time profile stratified by study arm. MACR2X3, intravenous meropenem 2 g three times daily plus oral rifampicin
20 mg/kg once daily; MAC2X3, intravenous meropenem 2 g three times daily; MAC1X3, intravenous meropenem 1 g three times daily; MAC3X1, intravenous
meropenem 3 g once daily.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 6376184

Abulfathi et al. Meropenem POPPK in Tuberculosis Patients

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


The addition of allometric scaling with body weight on
disposition parameters, normalized to 70 kg with fixed
theoretical exponents of 1 for volume of distribution and 0.75
for clearance, resulted in a 22.2 points OFV reduction (Anderson
and Holford, 2009). A further 14.4 points reduction in OFV
occurred with the inclusion of size-standardized CLCR
normalized to the median population value of 115 ml/min.
Conversely, both age and rifampicin had an insignificant
impact on meropenem CL.

Following the SCM’s three forward selection and two
backward elimination procedures, none of the other
parameter-covariate relationships met the criteria for inclusion
in the full final model.

The final model provides good fit to the observed population
distribution of concentration-time data (Figure 3), and the
observed individual concentration-time profiles
(Supplementary Figure S1). Supplementary Figures S2A,B
display plots of residual-based diagnostics, whereas, Figure 4
displays the VPCs of the final model.

Model validation through non-parametric bootstrap
procedure demonstrates the final model’s robustness in
describing meropenem pharmacokinetics (Table 2).

DISCUSSION

To our knowledge, we describe for the first time, the population
pharmacokinetics of meropenem in patients with tuberculosis. A two-
compartment model fit the data best. We estimated with good
precision the typical values of CL, Q, V1, and V2. The IIV in V2
was high, but low for CL and V1. The structural, stochastic, and
covariate parameter estimates of the typical individual obtained from
NONMEM analysis fell within the 95% CI of the non-parametric
bootstrapping procedure, an indication of the model robustness in
predicting meropenem concentrations (Table 2). However, the
uncertainty in the estimate of IIV on V2 was high (Table 2). The
difficulty in estimating the IIVonV2did not affect themodel’s purpose
of describing meropenem population pharmacokinetics. Further,
rifampicin did not affect meropenem CL in the current study.
While this is not surprising, because meropenem is predominantly
excreted unchanged in urine, rifampicin, a potent inducer of both
metabolizing enzymes and transporters, could theoretically increase
meropenem CL by inducing renal drug transporters. This provides
reassurance that these two drugs can be used together, as needed,
without need for dose adjustment to mitigate a drug interaction.

FIGURE 2 | Structural model schema. Meropenem amount in the central
compartment (A1), central volume of distribution (V1), intercompartmental
clearance (Q), meropenem amount in the peripheral compartment (A2),
peripheral volume of distribution (V2), total plasma clearance (CL),
meropenem concentration in the central compartment (A1/V1), meropenem
concentration in the peripheral compartment (A2/V2), elimination rate
constant is CL/V1, transfer rate constant from central to peripheral
compartment (Q/V1), and transfer rate constant from peripheral to central
compartment (Q/V2).

TABLE 2 | Meropenem population pharmacokinetic model parameters.

Parameter Population estimate (%RSEa) Bootstrap
median (95% CI)

Structural model parameter
CL (L/h/70 kg) 11.8 (4.9) 11.9 (10.5–12.8)
V1 (L/70 kg) 14.2 (3.8) 14.6 (13.4–16.4)
Q (L/h/70 kg) 3.26 (27.5) 3.15 (0.777–4.84)
V2 (L/70 kg) 3.12 (10.8) 3.17 (1.54–78.4)

Inter-individual variability (IIV) as %CVb

IIV CL 20 (15.5) 19.3 (13.7–25.4)
IIV V1 13.1 (35.4) 12.7 (0.131–21.2)
IIV V2 106 (30.7) 111 (0.868–710)

Residual variability
Proportional residual error (%) 0.178 (14.8) 0.178 (0.127–0.229)
Additive residual error (mg/L) 1.16 (19.6) 1.13 (0.388–1.54)

Covariate
Creatinine clearance on CL 0.416 (30.5) 0.403 (0.203–0.704)

aRelative standard error (%RSE) was calculated as the standard error from the covariance step/population estimate.
bCoefficient of variation (%CV) for IIV was calculated as (SQRT (EXP(OMEGA)-1)*100.
Confidence interval (CI), clearance from the central compartment (CL), central volume of distribution (V1), intercompartmental clearance (Q), and peripheral volume of distribution (V2). The
bootstrap median and 95% CI were calculated from fitting the final model to the 1,000 bootstrap datasets. TVCL � THETA (1)*((WTKG/70)**0.75)*((CLCR*70/WTKG)/115)**THETA (7);
TVCL is the meropenem clearance in the typical individual. TVV1 � THETA (2)*WTKG/70; TVV1 is the meropenem volume of distribution in the central compartment in the typical individual.
TVQ � THETA (3)*((WTKG/70)**0.75); TVQ is the meropenem inter-compartmental clearance in the typical individual. TVV2 � THETA (4)*WTKG/70; TVV2 is the meropenem volume of
distribution in the peripheral compartment in the typical individual.
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In the current study, meropenem CL of 11.8 L/h in a 70 kg
individual with a CLCR of 115 ml/min confirms previous reports
that renal elimination of meropenem involves both the processes
of glomerular filtration and tubular secretion (Rapp et al., 2020;

Meronem500mg - Summar). Meropenem is a polar carbapenem
that distributes into extracellular fluid, with approximately 70%
of a dose excreted unchanged in urine (Rapp et al., 2020;
Meronem500mg - Summar). It is biologically plausible to

FIGURE 3 | Basic goodness-of-fit plots of the final model showing the observed meropenem concentration vs. the individual predicted concentration (right) or
population predicted concentration (left). The observed and predicted concentrations are from the 49 individuals in the study.

FIGURE 4 | Visual predictive check of the final model stratified by study arms. The dashed red lines represent the 97.5th and 2.5th percentiles of the observed
meropenem concentration data (open black circles), the solid red line connects the median (50th percentile) of the observed data (n � 49). The blue shaded areas
represent 95% confidence intervals of the 97.5th and 2.5th percentiles of the predicted simulated data (n � 1,000), whereas the red shaded area represents 95%
confidence interval of the median (50th percentile) of the predicted simulated data.
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expect meropenem clearance to change with body weight and
renal function. To this end, the inclusion of allometric scaling
with body weight on disposition parameters resulted in a drop in
OFV by 22.2 points, and thus, improved the model fit (Anderson
and Holford, 2009). Allometric scaling with centering at 70 kg
was done to allow the comparison of the disposition parameters
with results of other studies in adults or children. For example,
Rapp and colleagues reported the typical value of clearance of
6.82 L/h normalized to a 70 kg adult (Rapp et al., 2020). Reasons
for the lower clearance in this population of critically ill children
compared to 11.8 L/h in the current study could include renal
impairment and/or maturation in organ function in the
very young.

Other investigators sequentially evaluated the covariate effect
of body weight on disposition parameters and found a significant
impact on V1 only (Li et al., 2006). This is in contrast with our
approach, and that of others (Rapp et al., 2020), in which body
weight was included as the allometric size-descriptor
simultaneously on all disposition parameters. This is based on
the understanding that volumes increase linearly with body
weight (fixed theoretical exponent of 1) while clearance
increases following a power function (fixed theoretical
exponent of 0.75) (Anderson and Holford, 2009).

Because of the polar nature of meropenem, it is reasonable to
expect a better model fit when allometric scaling is with FFM
rather than total body weight. On the contrary, the model with
FFM resulted in a lesser (20.4 points) OFV reduction, than that
with body weight (22.2 points). For this reason and that of
parsimony, we chose to keep the model with total body
weight. The finding is not entirely surprising given the data:
the median weight in the current study population is 52.7 kg
(range, 39.3–76.3), and no patient was obese. The model with
FFM could be more useful when describing patients with extreme
body weights (Al-Sallami et al., 2015).

We found creatinine clearance to account for some variability
in meropenem clearance between individuals and to provide an
improvement in goodness-of-fit statistics. The covariate effect
co-efficient of size-standardized creatinine clearance on CL is
0.416 (95% CI of 0.171–0.661) in the current study and is similar
to 0.62 (95% CI of 0.34–0.83) reported by Li and colleagues (Li
et al., 2006). Other investigators documented similar results in
children (Du et al., 2006; Rapp et al., 2020). The clinical
implication of the estimated effect of creatinine clearance on
CL is that in a 70 kg patient with severe renal impairment (CLCR
of 5–30 ml/min), about a 40–70% reduction in meropenem doses
would be required. Compared to other studies (Du et al., 2006; Li
et al., 2006), the relatively low IIV in CL and V1 in the current
study might be explained by the homogeneous patient
population.

Although, few investigators reported the significant effect of
age on meropenem CL, no such effect was seen in the current
study (Du et al., 2006; Li et al., 2006). It should be noted however,
that the age range in our study was 20–63 years, but 18–93 years
in the study by Li and colleagues (Li et al., 2006). Whereas the
study by Du and colleagues enrolled children aged
0.08–17.3 years (Du et al., 2006). The significant impact of age
on drug clearance in children could be explained in part by the

effect on drug elimination of size and maturation of organ
function (Holford et al., 2013).

This study has limitations. Firstly, the model was developed in
adult tuberculosis patients and cannot be extrapolated to children.
Secondly, the sample sizemight not provide enough power to pick up
covariate relations with weak effects or those occurring very rarely.
However, such covariate effects are of limited clinical importance.

CONCLUSION

A two-compartment population pharmacokinetics model
described the pharmacokinetics of meropenem well with good
precision in parameter estimates. The addition of both allometric
scaling with body weight on disposition parameters and
creatinine clearance on meropenem clearance increased the
model’s predictive performance. Rifampicin exposure did not
influence meropenem parameters. The model will be used for
integrated pharmacokinetics/pharmacodynamics analysis linking
meropenem exposure to early bactericidal activity.

DATA AVAILABILITY STATEMENT

The corresponding author can be contacted for consideration of a
reasonable request of the data supporting the conclusion of this
study.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Pharma-Ethics (Ethics reference number:
170516584) and Stellenbosch University Health Research
Ethics Committee (Ethics reference number: S19/01/007). The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

AAA contributed to data formatting, preliminary data analysis,
designing the modeling study, writing the NONMEM control
stream, the NONMEM modeling, interpretation of the results,
writing the original manuscript, and critical review of the
manuscript. VdJ, EvB and NV contributed to patient
recruitment, investigation, critical review of the manuscript.
NG contributed to the investigation, methodology, data
formatting, and critical review of the manuscript. GB, EN, and
SD contributed to methodology, investigation, and critical review
of the manuscript. AHD contributed to the investigation,
methodology, critical review of the manuscript, interpretation
of results, and co-supervision. KED contributed to the
investigation, methodology, critical review of the manuscript,
and interpretation of results. HR contributed to the critical review
of the manuscript and co-supervision. EMS contributed to
designing the modeling study, interpretation of the results, the

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 6376187

Abulfathi et al. Meropenem POPPK in Tuberculosis Patients

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


initial review of the original draft, critical review of the
manuscript, and supervision of the population
pharmacokinetics analysis.

FUNDING

COMRADE trial (NCT03174184) was funded byUS Food andDrug
Administration (FDA) and the National Institutes of Health (NIH)/
National Institute of Allergy and Infectious Diseases (NIAID) with
grant numbers: R01FD005724 (FDA) and K24AI150349 (NIH/

NIAID). AAA and EMS are supported by PanACEA, which is
part of the European and Developing Countries Clinical Trials
Partnership (EDCTP) 2 programme supported by the European
Union (grant number TRIA2015–1102- PanACEA).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.637618/
full#supplementary-material

REFERENCES

Abulfathi, A. A., Decloedt, E. H., Svensson, E. M., Diacon, A. H., Donald, P., and
Reuter, H. (2019). Clinical Pharmacokinetics and Pharmacodynamics of
Rifampicin in Human Tuberculosis. Clin. Pharmacokinet. 58 (9),
1103–1129. doi:10.1007/s40262-019-00764-2

Ahmad, N., Ahmad, N., Ahuja, S. D., Akkerman, O. W., Alffenaar, J. C., Anderson,
L. F., et al. (2018). Treatment Correlates of Successful Outcomes in Pulmonary
Multidrug-Resistant Tuberculosis: an Individual Patient Data Meta-Analysis.
Lancet 392 (10150), 821–834. doi:10.1016/S0140-6736(18)31644-1

Al-Sallami, H. S., Goulding, A., Grant, A., Taylor, R., Holford, N., and Duffull, S. B.
(2015). Prediction of Fat-free Mass in Children. Clin. Pharmacokinet. 54 (11),
1169–1178. doi:10.1007/s40262-015-0277-z

Anderson, B. J., and Holford, N. H. G. (2009). Mechanistic Basis of Using Body Size
and Maturation to Predict Clearance in Humans. Drug Metab. Pharmacokinet.
24 (1), 25–36. doi:10.2133/dmpk.24.25

Beal, S., Sheiner, L. B., and Boeckmann, A. (2004). NONMEM | Nonlinear Mixed
Effects Modelling | Ellicott City, MD: ICON plc.

Controlled Clinical Trial of Four Short-Course (6-month) Regimens of
Chemotherapy for Treatment of Pulmonary Tuberculosis. Third Report.
East African-British Medical Research Councils. Lancet. 1974;2(7875):237–240.

Dauby, N., Muylle, I., Mouchet, F., Sergysels, R., and Payen, M.-C. (2011). Meropenem/
clavulanate and Linezolid Treatment for Extensively Drug-Resistant Tuberculosis.
Pediatr. Infect. Dis. J. 30 (9), 812–813. doi:10.1097/inf.0b013e3182154b05

De Lorenzo, S., Alffenaar, J. W., Sotgiu, G., Centis, R., D’Ambrosio, L., Tiberi, S.,
et al. (2013). Efficacy and Safety of Meropenem-Clavulanate Added to
Linezolid-Containing Regimens in the Treatment of MDR-/XDR-TB. Eur.
Respir. J. 41 (6), 1386–1392. doi:10.1183/09031936.00124312

Diacon, A. H., van der Merwe, L., Barnard, M., von Groote-Bidlingmaier, F., Lange, C.,
García-Basteiro, A. L., et al. (2016). β-Lactams against Tuberculosis - New Trick for
an Old Dog? N. Engl. J. Med. 375 (4), 393–394. doi:10.1056/nejmc1513236

Du, X., Li, C., Kuti, J. L., Nightingale, C. H., and Nicolau, D. P. (2006). Population
Pharmacokinetics and Pharmacodynamics of Meropenem in Pediatric Patients.
J. Clin. Pharmacol. 46 (1), 69–75. doi:10.1177/0091270005283283

Ehmann, L., Zoller, M., Minichmayr, I. K., Scharf, C., Huisinga, W., Zander, J., et al.
(2019). Development of a Dosing Algorithm for Meropenem in Critically Ill
Patients Based on a Population Pharmacokinetic/pharmacodynamic Analysis.
Int. J. Antimicrob. Agents 54 (3), 309–317. doi:10.1016/j.ijantimicag.2019.06.016

Ette, E. I., Williams, P. J., Kim, Y. H., Lane, J. R., Liu, M.-J., and Capparelli, E. V.
(2003). Model Appropriateness and Population Pharmacokinetic Modeling.
J. Clin. Pharmacol. 43 (6), 610–623. doi:10.1177/0091270003253624

Guiastrennec, B., Hooker, A. C., Olofsson, A., Ueckert, S., and Keizer, R. K.M. (2017).
Diagnostics for Pharmacometric Models R Package Xpose Version 0, 4.10

Holford, N., Heo, Y.-A., and Anderson, B. (2013). A Pharmacokinetic Standard for
Babies and Adults. J. Pharm. Sci. 102 (9), 2941–2952. doi:10.1002/jps.23574

Holford, N. K. M. O. A Tutorial on Visual Predictive Checks. PAGE 17 (2008)
Abstr 1434 [www.page-meeting.org/?abstract�1434].

Hugonnet, J.-E., Tremblay, L. W., Boshoff, H. I., Barry, C. E., and Blanchard, J. S. (2009).
Meropenem-Clavulanate Is Effective against ExtensivelyDrug-ResistantMycobacterium
tuberculosis. Science 323 (5918), 1215–1218. doi:10.1126/science.1167498

Kaushik, A., Makkar, N., Pandey, P., Parrish, N., Singh, U., and Lamichhane, G.
(2015). Carbapenems and Rifampin Exhibit Synergy against Mycobacterium

tuberculosis and Mycobacterium Abscessus. Antimicrob. Agents Chemother. 59
(10), 6561–6567. doi:10.1128/aac.01158-15

Keizer, R. J., Karlsson, M. O., and Hooker, A. (2013). Modeling and Simulation
Workbench for NONMEM: Tutorial on Pirana, PsN, and Xpose. CPT
Pharmacometrics Syst. Pharmacol. 2 (6), e50. doi:10.1038/psp.2013.24

Li, C., Kuti, J. L.,Nightingale, C.H., andNicolau,D. P. (2006). PopulationPharmacokinetic
Analysis and Dosing Regimen Optimization of Meropenem in Adult Patients. J. Clin.
Pharmacol. 46 (10), 1171–1178. doi:10.1177/0091270006291035

Lindbom, L., Pihlgren, P., Jonsson, N., and Jonsson, N. (2005). PsN-Toolkit-A
Collection of Computer Intensive Statistical Methods for Non-linear Mixed
Effect Modeling Using NONMEM. Comp. Methods Programs Biomed. 79 (3),
241–257. doi:10.1016/j.cmpb.2005.04.005

Meronem IV 500mg - Summary of Product Characteristics (SmPC) - (Emc).
Nguyen, T. H. T., Mouksassi, M. S., Holford, N., Al-Huniti, N., Freedman, I.,

Hooker, A. C., et al. (2017). Model Evaluation of Continuous Data
Pharmacometric Models: Metrics and Graphics. CPT Pharmacometrics Syst.
Pharmacol. 6 (2), 87–109. doi:10.1002/psp4.12161

Payen, M. C., DeWit, S., Martin, C., Sergysels, R., Muylle, I., Van Laethem, Y., et al.
(2012). Clinical Use of the Meropenem-Clavulanate Combination for
Extensively Drug-Resistant Tuberculosis [Case Study]. Int. J. Tuberc. Lung
Dis. 16 (4), 558–560. doi:10.5588/ijtld.11.0414

Phoenix WinNonlin 8.1. Certara USA, Inc., 103 . Carnegie Center, Suite 300,
Princeton, NJ 08540 USA - Search Results - PubMed.

The R Foundation (2020). The R Project for Statistical Computing. https://www.r-
project.org/.

Rapp, M., Urien, S., Foissac, F., Béranger, A., Bouazza, N., Benaboud, S., et al.
(2020). Population Pharmacokinetics of Meropenem in Critically Ill Children
with Different Renal Functions. Eur. J. Clin. Pharmacol. 76 (1), 61–71.
doi:10.1007/s00228-019-02761-7

Solapure, S., Dinesh, N., Shandil, R., Ramachandran, V., Sharma, S., Bhattacharjee,
D., et al. (2013). In VitroandIn VivoEfficacy of β-Lactams against Replicating
and Slowly Growing/Nonreplicating Mycobacterium tuberculosis. Antimicrob.
Agents Chemother. 57 (6), 2506–2510. doi:10.1128/aac.00023-13

Svensson, R. J., Aarnoutse, R. E., Diacon, A. H., et al. (2017). A Population
Pharmacokinetic Model Incorporating Saturable Pharmacokinetics and
Autoinduction for High Rifampicin Doses. Clin. Pharmacol. Ther. August.

van Rijn, S. P., Zuur, M. A., Anthony, R., et al. (2019). Evaluation of Carbapenems
for Treatment of Multi- and Extensively Drug-Resistant Mycobacterium
tuberculosis. Antimicrob. Agents Chemother. 63 (2). doi:10.1128/aac.01489-18

WHO Consolidated Guidelines on Drug-Resistant Tuberculosis Treatment. Geneva:
World Health Organization; 2019.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Abulfathi, de Jager, van Brakel, Reuter, Gupte, Vanker, Barnes,
Nuermberger, Dorman, Diacon, Dooley and Svensson. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 6376188

Abulfathi et al. Meropenem POPPK in Tuberculosis Patients

https://www.frontiersin.org/articles/10.3389/fphar.2021.637618/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.637618/full#supplementary-material
https://doi.org/10.1007/s40262-019-00764-2
https://doi.org/10.1016/S0140-6736(18)31644-1
https://doi.org/10.1007/s40262-015-0277-z
https://doi.org/10.2133/dmpk.24.25
https://doi.org/10.1097/inf.0b013e3182154b05
https://doi.org/10.1183/09031936.00124312
https://doi.org/10.1056/nejmc1513236
https://doi.org/10.1177/0091270005283283
https://doi.org/10.1016/j.ijantimicag.2019.06.016
https://doi.org/10.1177/0091270003253624
https://doi.org/10.1002/jps.23574
http://www.page-meeting.org/?abstract=1434
http://www.page-meeting.org/?abstract=1434
https://doi.org/10.1126/science.1167498
https://doi.org/10.1128/aac.01158-15
https://doi.org/10.1038/psp.2013.24
https://doi.org/10.1177/0091270006291035
https://doi.org/10.1016/j.cmpb.2005.04.005
https://doi.org/10.1002/psp4.12161
https://doi.org/10.5588/ijtld.11.0414
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1007/s00228-019-02761-7
https://doi.org/10.1128/aac.00023-13
https://doi.org/10.1128/aac.01489-18
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	The Population Pharmacokinetics of Meropenem in Adult Patients With Rifampicin-Sensitive Pulmonary Tuberculosis
	Introduction
	Methods
	Study Population and Design
	Bioanalytical Method
	Population Pharmacokinetics Modeling
	Data Formatting
	Structural and Stochastic Models
	Covariate Model
	Model Selection and Evaluation

	Results
	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


