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Purpose: To evaluate the optimal dosing regimens of meropenem against extended-spectrum beta-lactamase-producing Escherichia
coli (ESBL E. coli) in critically ill patients with varying degrees of renal function using Monte Carlo simulation (MCS).
Methods: The MCS was performed using the minimum inhibitory concentration (MIC) data from Right Laboratory and Health
Screen in Naypyitaw, Myanmar, as well as reported meropenem pharmacokinetic parameters in the target population and the
pharmacokinetic-pharmacodynamic index. For each dosing regimen, 10,000 virtual patients were generated to assess the probability
of target attainment (PTA) and the cumulative fraction of response (CFR). The most effective dosage regimens were determined using
PTA and a CFR of 90%.
Results: ESBL E. coli made up 93 of the 396 clinical E. coli isolates, and they are all multidrug-resistant, with resistance to at least
five antibiotic classes. The MIC50 and MIC90 were determined to be 0.25 μg/mL. The PTA was affected by five factors: creatinine
clearance (CLcr), vasopressor usage, MIC, infusion time, and dosage fractionation. In patients who did not receive vasopressors, the
current regimens (US-FDA and EMA) were ineffective in all renal function for MIC >0.25μg/mL. In the subset group of CLcr
>80 mL/min for MIC 2μg/mL, the maximum total daily dose of 6g/day (2g q 8hr; 3hr infusion) was still ineffective, but 4g/day (1g
q 6hr; 3hr infusion) achieved 98.96% PTA. Almost majority of the simulated regimens produced >90% PTA in vasopressor-dependent
patients with all levels of renal function, resulting in a decreased total daily dose requirement.
Conclusion: For high MIC (>1μg/mL) patients who do not use vasopressors and have a CLcr >80 mL/min, a combination of dosage
fractionation and the extended infusion was considered as an effective technique to maximize target attainment. Neither prolonged
infusion nor dosage fractionation should be explored in patients using vasopressors.
Keywords: carbapenem, gram-negative bacteria, PKPD, dosing simulation, critically ill patients

Introduction
Extended-spectrum β-lactamase-producing Escherichia coli (ESBL E. coli) is one of the most serious cases of beta-lactam
antimicrobial resistance in the globe. Beta-lactam antimicrobials are routinely utilized by healthcare professionals in the
treatment of numerous bacterial nosocomial and community illnesses.1 As a result of the limited treatment options, improper
initial therapy, and delayed treatment, ESBL-producing E. coli causes the increased length of hospitalization, higher
morbidity, and a high healthcare burden.2–4 All of this put ESBL E. coli, a drug resistant Enterobacterial, on the World
Health Organization (WHO)’s top 3 priority list for new treatments.4 Southeast Asia is included in the highest risk of
antimicrobial resistance in the world due to the high population density, the high burden of diseases and the widespread use
of antibiotics.5 In Myanmar, the prevalence of ESBL E. coli was found from 38% in 2014 to 49.1% in 2016.6,7

Meropenem is routinely used to treat serious enterobacterial infections that produce ESBLs.1 Meropenem dosing
regimens recommended by the United States Food and Drug Administration (US-FDA), on the other hand, were less
effective against bacteria categorized as susceptible by the Clinical and Laboratory Standards Institute (CLSI), especially
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in the intensive care unit (ICU).8 Pathophysiological alterations in ICU patients who are in a life-threatening situation
influence the pharmacokinetic properties of meropenem, leading to sub-therapeutic therapy, treatment failure, or the
growth of antibiotic resistance.9 Unless we can prevent and regulate the development of very resistant germs, patients
afflicted with this pathogen may soon have limited therapeutic options. The most straightforward way to avoid this
problem is to use existing antibiotics appropriately, taking into account the current minimum inhibitory concentration
(MIC) and the patient’s likely condition.

Monte Carlo simulation (MCS) is a statistical method for predicting and evaluating antimicrobial drug effectiveness
and optimizing their administration scheme using antimicrobial pharmacokinetic parameters, covariate factors, the MIC
of the microorganism, and the pharmacokinetic/pharmacodynamic (PKPD) index.9,10 MCS is a beneficial tool for
clinicians and researchers to develop optimal empirical therapeutic regimens.11 Because individual therapeutic drug
monitoring for meropenem is not yet commonly used, a pharmacokinetic and pharmacodynamic study using MCS is
better suited to determining the best dose regimens for specific MICs and demographics. As a result, the purpose of the
study is to determine the optimal meropenem dosing regimens for ESBL E. coli using the concept of the PK/PD of
meropenem, the MCS process, and the local MIC of ESBL E. coli.

Materials and Methods
Microbiology
Microbiological data of E. coli (clinical isolate data and MICs) from 2018 to 2019 were retrospectively extracted from
the electronic database of Right Laboratory and Health Screen, a private microbiology laboratory, Naypyidaw, Myanmar.
The clinical specimens were part of the routine laboratory procedure, and the study accessed the microbiological data
from the database with the permission of the dataset owner of the laboratory. The institutional review board of Defense
Services Medical Research Center in Naypyitaw, Myanmar (Document No: IRB/2020/A-03) and Mahidol University’s
Faculty of Dentistry and Faculty of Pharmacy (Document No: 78.0319/517) both approved the use of laboratory
microbiology data for the study. The antimicrobial susceptibility was tested using the Vitek 2-Biomerieux system, and
MICs were assessed using the M100 CLSI guidelines of 2020.12 If E. coli isolates were resistant to third-generation
cephalosporins, they were then considered as ESBL producers. From the resulting MIC distribution, MIC50 and MIC90 of
meropenem against ESBL E. coli were calculated.

Monte Carlo Simulation
The pharmacokinetic parameters of a previous two-compartment population-based pharmacokinetic experiment con-
ducted in severely infected patients were used.13 The two most important factors impacting meropenem clearance (CL)
were creatinine clearance (CLcr) and vasopressor (Vaso) administration, and we used these covariates to determine the
optimum meropenem dosing regimens. We used the two-compartment infusion model to construct the plasma concen-
tration–time profile of meropenem for each dosage regimen because the population model was fit to the two-
compartment model.

The target PK/PD index of meropenem was obtained from Li et al study, which indicated the free time above the
minimum inhibitory concentration (fT> MIC) of 54%.14 The bactericidal pharmacodynamic breakpoint in EUCAST was
defined as fT>MIC 54%. Based on evidence resulted from in vitro, in vivo, and clinical pharmacodynamic research, this
breakpoint was determined as the maximal bactericidal activity. Therefore, this breakpoint (54% fT>MIC) was used in
this study as the pharmacodynamic target to calculate PTA and CFR.

Based on the PK parameters and associated covariates, 10,000 virtual patients were generated in each dosage regimen
using Oracle Crystal Ball ® software (Oracle Crystal Ball ® version 11.1.2.4.850) to build the drug plasma concentration–
time profile over 24 hours. All parameters were assumed to be distributed lognormally before simulation in 10,000 trials.
After that, the PTA for each dosing regimen was calculated at every MIC range to determine what percentage of subjects
achieved 54% fT>MIC target. The CFR was then calculated based on the actual MIC distribution of meropenem against
ESBL E. coli from the Right Laboratory and Health Screen. The dose regimens that achieved 90% PTA and 90% CFR
were considered the optimum and recommended for documented and empirical treatment of ESBL E. coli.
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The meropenem dose regimens were from reference regimens developed by the US-FDA, EMA, Ehmann et al, as
well as our determination.15–17 Only the dose regimens that cover the CLSI breakpoint from Ehmann et al were selected.
Table 1 displays dose schedules range from a conventional dosing infusion (30 min) to a prolonged infusion (3hr). These
dose regimens were simulated for the patients with and without vasopressors at varying levels of renal function, ranging
from CLcr 1–10 mL/min to CLcr 81–100 mL/min.

Results
Microbiology
A total of 396 clinical E. coli isolates were extracted from 2018 to 2019. Of these, 93 (23.48%) isolates were ESBL-
producing and used for MIC distribution to determine the MIC50/90 of meropenem against ESBL E. coli. Of these 93
ESBL E. coli isolates, 52.68% (n = 49) were from urine and 47.32% were from non-urine sources consisting of
sputum 6.45% (n = 6); pus 19.35% (n = 18); blood 4.3% (n = 4); stool 2.1% (n = 2) and wound swab 15.05% (n = 14).
The AST result of 93 ESBL E. coli isolates is presented in Table 2 and showed that all isolates were multidrug-
resistant and resistant to at least five antibiotic categories. However, all ESBL isolates were 100% sensitive to
meropenem. High sensitivity values were also observed for other carbapenems (imipenem and ertapenem) at 100%,
amikacin at 96.8%, and piperacillin/tazobactam at 75.3%. The MIC50 and MIC90 of meropenem against ESBL E. coli
were 0.25 μg/mL.

Monte Carlo Simulation
Probability of Target Attainment
The PTA results of all simulated meropenem dosing regimens for vasopressor and non-vasopressor receiving patients
with varying degrees of renal function are shown in Figures 1A–E and Figure 2A–E. Analysis of PTA suggested that the
risk of target failure increases with increasing CLcr in patients not receiving vasopressors. At CLcr >80 mL/min, almost
all simulated 30-minute infusion regimens failed to reach the target at MIC of >0.25 μg/mL. It was found that the
prolonged infusion of same total daily dose resulted in a higher PTA than the 30-minute infusion, and the PTA
differences between these two infusion methods were evident when CLcr was >50mL/min. However, in the group
with CLcr of >80 mL/min, even the prolonged infusion of the maximum total daily dose of 6g/day (the regimen of
Ehmann et al; 2 g q 8 hr) achieved only 81.64% PTA at MIC of 2 μg/mL, whereas the fractionated regimen with the
lower total daily dose of 4 g/day (1 g q 6 h) could achieve >90% of the PTA. In contrast, most dosing regimens achieved
higher PTA and maintained >90% at all renal functions in patients receiving vasopressors. Even CLcr of >80mL/min, at
least 2 g/day (0.5 g q 6h) and 1.5 g/day (0.5 g q 8h) were sufficient to achieve the target PTA at MIC of 2 μg/mL and 1μg/
mL, respectively. PTA differences in the prolonged and short infusion were not evident in this group of patients even at
CLcr of >80 mL/min. On the other hand, at the low MIC of 0.25 μg/mL, a high PTA (>90%) was achieved with the lower
dosing requirement in both patient groups regardless of renal function.

CFR
The CFR results of meropenem against ESBL E. coli are summarized in Table 3. For the bactericidal goal of 54% fT>MIC
in patients not receiving vasopressors, all dosing regimens with the 30-minute infusion except 4g/day (1g q 6hr) were
unable to reach >90%CFR when CLcr is >80 mL/min. In patients with CLcr of <10 mL/min, at least 0.25 g/day with a two-
part dose (0.125 g q 12 h) was required to achieve the target CFR at 93.30%, whereas 0.25 g infusion over 24 hr achieved
CFR at only 81.31%. However, the 3-hour prolonged infusion provided a CFR of 90% for all dosing regimens regardless of
renal function. In addition to prolonged infusion, frequent dosing was also found to provide a higher likelihood of
bactericidal exposure than a high total daily dose. In patients receiving vasopressors, all simulated dosing regimens
achieved a CFR of 90%, except for the 30-minute infusion of 0.5 g q 12 hours at CLcr ≥81 mL/min, 0.25 g q 12 hours at
CLcr 51–80 mL/min, and 0.5 g q 24 hours at CLcr 26–50 mL/min. A CFR of >90% was achieved with a 3-hour prolonged
infusion of these regimens. Based on the results of PTA and CFR analysis, we made recommendations for both groups of
patients (with or without vasopressor) with different degrees of renal function according to MIC 2 μg/mL (Table 4), MIC
1 μg/mL (Table 5) and MIC90 0.25 μg/mL (Table 6).
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Table 1 Antimicrobial Dosing Regimens for Simulation

Renal Function CLcr (mL/min) Total Daily Dose Dosage Regimens Infusion Time Non-Vasopressor Receiver Vasopressor Receiver

81–100 6g 2g q 8hr 30 mina / /

3hrd / /

4g 1g q 6hr 30 mine / /

3hre / /

3g 1g q 8hr 30 minb / /

3hre / /

2g 0.5g q6hr 30 mine / /

3hre / /

1.5g 0.5g q 8hr 30minc / /

3hre / /

1g 0.5g q 12hr 30 mine - /

3hre - /

0.75g 0.25g q 8hr 30 mine - /

3hre - /

51–80 6g 2g q 8hr 30 mina / /

3hrd / /

4g 1g q 6hr 30 mine / -

3hre / -

3g 1g q 8hr 30 minb / /

3hre / /

2g 0.5g q6hr 30 mine / -

3hre / -

1.5g 0.5g q 8hr 30minc / /

3hre / /

1g 0.25g q 6hr 30 mine / -

3hre / -

0.5g 0.5g q 12hr 30 mine - /

3hre - /

0.75g 0.25g q 8hr 30 mine / -

3hre / -

0.5g 0.25g q 12hr 30 mine - /

3hre - /

(Continued)
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Table 1 (Continued).

Renal Function CLcr (mL/min) Total Daily Dose Dosage Regimens Infusion Time Non-Vasopressor Receiver Vasopressor Receiver

26–50 4g 2g q 12hr 30 mina / /

3hre / /

3g 1g q 8hr 30mind / /

3hre / -

2g 1g q 12hr 30 minb / /

3hre / /

1.5g 0.5g q 8hr 30 mine / -

3hre / -

1g 0.5g q 12hr 30 minc / /

3hre / /

0.75g 0.25g q 8hr 30 mine / -

3hre / -

0.5g 0.25g q 12hr 30 mine / /

3hre / /

0.5g q 24hr 30 mine - /

3hre - /

0.25g 0.125g q 12hr 30 mine - /

3hre - /

11–25 2g 1g q 12hr 30 mina,d / /

3hre / -

1g 0.5g q 12hr 30 minb / /

3hre / /

0.5g 0.25g q12hr 30 minc / /

3hre / /

0.5g q 24hr 30 mine - /

3hre - /

0.25g 0.125g q 12hr 30 mine / /

3hre / /

0.25g q 24hr 30 mine - /

3hre - /

0.125g 0.125g q 24hr 30 mine - /

3hre - /

(Continued)
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Discussion
In our study, 24.38% was found as ESBL-producing E. coli. However, the prevalence finding was lower than recent
studies in Yangon, Myanmar by Aung et al with 38% and 49.1% was reported by Myat et al.6,7 Both studies showed that
the positive rates of ESBL genes were highest in blood isolates, while our study showed that more than half of ESBL

Table 1 (Continued).

Renal Function CLcr (mL/min) Total Daily Dose Dosage Regimens Infusion Time Non-Vasopressor Receiver Vasopressor Receiver

1–10 2g 1g q 12hr 30 mind / /

1g 1g q 24hr 30mina / /

0.5g q 12hr 30 mine / -

0.5g 0.5g q 24hr 30minb / /

0.25g q 12hr 30 mine / -

0.25g 0.25g q 24hr 30 minc / /

0.125g q 12hr 30 mine / /

0.125g 0.125g q 24hr 30 mine - /

Notes: aEMA recommended high-dose regimen. bUS-FDA recommended high-dose regimens. cUS-FDA recommended low-dose regimens. dEhmann et al study regimens at
CLSI breakpoint. eOur study regimens.
Abbreviations: CLcr, creatinine clearance; q 6hr, every 6 hours; q 8hr, every 8 hours; q 12hr, every 12 hours; q 24hr, every 24 hours.

Table 2 Susceptibility Pattern of Antimicrobial Agents for ESBL E. coli

Antibiotics Sensitive Isolates (n) MIC Range (μg/mL) S%

Ampicillin 0 32 0

Aztreonam 20 2–64 21.5

Cefazolin 0 4–64 0

Ceftriaxone 6 1–64 6.5

Cefepime 29 1–64 31.2

Amikacin 90 1–64 96.8

Gentamycin 40 1–16 43

Tetracycline 14 1–16 15.1

Trimethoprim–Sulfamethoxazole 0 20–320 0

Levofloxacin 5 0.12–18 5.4

Ciprofloxacin 10 0.25–4 10.8

Amoxicillin/Clavulanate 25 2–32 26.9

Ampicillin/Sulbactam 8 4–32 8.6

Piperacillin/Tazobactam 70 4–128 75.3

Imipenem 93 0.25–0.5 100

Meropenem 93 0.25–1 100

Ertapenem 93 0.12–0.5 100

Abbreviations: MIC, minimum inhibitory concentration; S, sensitivity; %, percentage.
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E. coli were mainly from urine samples. Myat et al investigated in three major hospitals of Yangon and retrospectively
collected the clinical isolates only from blood samples of bacteremia patients, which indicated the high prevalence of
ESBL E. coli and the high positive rate in blood samples. That could be due to a higher prevalence of multidrug-resistant

Figure 1 Probability of target attainment (PTA) of meropenem dosing regimens in patients who do not receive vasopressors and various degrees of renal functions. (A)
CLcr 81–100 mL/min, (B) CLcr 51–80 mL/min, (C) CLcr 26–50 mL/min, (D) CLcr 11–25 mL/min, (E) CLcr 1–10 mL/min.
Abbreviations: US-FDA, The United States Food and Drug Administration; EMA, European Medicines Agency; CLcr, creatinine clearance; MIC, minimum inhibitory
concentration; inf, infusion; q 6hr, every 6 hours; q 8hr, every 8 hours; q 12hr, every 12 hours; q 24hr, every 24 hours.
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Figure 2 Probability of target attainment (PTA) of meropenem dosing regimens in patients who receive vasopressors and various degrees of renal functions. (A) CLcr 81–
100 mL/min, (B) CLcr 51–80 mL/min, (C) CLcr 26–50 mL/min, (D) CLcr 11–25 mL/min, (E) CLcr 1–10 mL/min.
Abbreviations: US-FDA, The United States Food and Drug Administration; EMA, European Medicines Agency; CLcr, creatinine clearance; MIC, minimum inhibitory
concentration; inf, infusion; q 6hr, every 6 hours; q 8hr, every 8 hours; q 12hr, every 12 hours; q 24hr, every 24 hours.
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Table 3 Cumulative Fraction Response (CFR) Results for All Simulated Meropenem Dosage Regimens Against ESBL E. coli

Renal Function CLcr
(mL/min)

Total Daily Dose Regimens Infusion Time CFR

Non-Vasopressor
Receiver

Vasopressor Receiver

81–100 6g 2g q 8hr 30 mina 80.45 99.41

3hrd 99.08 99.98

4g 1g q 6hr 30 mine 91.99 99.89

3hre 99.99 99.99

3g 1g q 8hr 30 minb 68.86 98.40

3hre 97.53 99.96

2g 0.5g q6hr 30 min 83.77 99.66

3hre 99.98 99.99

1.5g 0.5g q 8hr 30minc 53.40 95.95

3hre 93.09 99.91

1g 0.5g q 12hr 30 mine - 79.17

3hre - 93.47

0.75g 0.25g q 8hr 30 mine - 91.68

3hre - 99.53

51-80 6g 2g q 8hr 30 mina 95.86 99.96

3hrd 99.95 99.99

4g 1g q 6hr 30 mine 98.86 -

3hre 99.99 -

3g 1g q 8hr 30 minb 91.10 99.83

3hre 99.71 99.99

2g 0.5g q6hr 30 mine 96.91 -

3hre 99.99 -

1.5g 0.5g q 8hr 30minc 83.61 99.63

3hre 98.99 99.99

1g 0.25g q 6hr 30 mine 91.92 -

3hre 99.98 -

0.5g 0.5g q 12hr 30 mine - 95.47

3hre - 99.29

0.75g 0.25g q 8hr 30 mine 68.32 -

3hre 96.18 -

0.5g 0.25g q 12hr 30 mine - 89.78

3hre - 97.77

(Continued)
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Table 3 (Continued).

Renal Function CLcr
(mL/min)

Total Daily Dose Regimens Infusion Time CFR

Non-Vasopressor
Receiver

Vasopressor Receiver

26-50 4g 2g q 12hr 30 mina 97.60 99.98

3 hre 99.69 99.99

3g 1g q 8hr 30 mind 99.63 99.99

3hre 99.99 -

2g 1g q 12hr 30 minb 95.25 99.93

3hre 99.23 99.98

1.5g 0.5g q 8hr 30 mine 98.86 -

3hre 99.98 -

1g 0.5g q 12hr 30 minc 90.22 99.87

3hre 97.89 99.99

0.75g 0.25g q 8hr 30 mine 96.68 -

3hre 99.85 -

11–25 2g 1g q 12hr 30 mina,d 99.73 99.99

3hre 99.98

1g 0.5g q 12hr 30 minb 99.20 99.99

3hre 99.93 99.99

0.5g 0.25g q12hr 30 minc 97.62 99.99

3hre 99.66 99.88

0.5g q 24hr 30 mine - 99.09

3hre - 99.60

0.25g 0.125g

q 12hr

30 mine 92.60 98.69

3hre 98.34 99.99

0.25g q 24hr 30 mine - 97.63

3hre - 98.91

0.125g 0.125g

q 24hr

30 mine - 93.59

3hre - 96.50

(Continued)
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organism colonization, a lack of antimicrobial control, inadequate infection control methods, or healthcare-associated
illnesses. Furthermore, the prevalence of organisms may vary by geography and timing of the study. The ESBL
production rate in E. coli was 59.4% in 2011, according to the reports of Regional Resistance Surveillance program
susceptibility rates from 12 Asia-Pacific nations (APAC). The highest rate of ESBL E. coli was reported in Indonesian
isolates with 71%.18,19 Our clinical E. coli isolates came from a single private laboratory, and they could have come from
a variety of diseases, particularly urinary tract infections, at numerous hospitals throughout upper Myanmar. In addition,
the lack of accurate data from the laboratory could reduce the real prevalence rate of ESBL E. coli.

According to the MCS results, the PTA of Meropenem against ESBL E. coli in the targeted population was affected
by five factors: vasopressor administration, specific MIC, CLcr, infusion length, and dose fractionation. The MCS data
revealed that the risk of target attainment failure was increased when the CLcr got higher, especially >80mL/min. In
addition, the larger rate of lower PTA values was observed when the MIC got higher ≥1 μg/mL.

Table 3 (Continued).

Renal Function CLcr
(mL/min)

Total Daily Dose Regimens Infusion Time CFR

Non-Vasopressor
Receiver

Vasopressor Receiver

1–10 2g 1g q 12hr 30 mind 99.99 99.99

1g 1g q 24hr 30mina 94.63 99.97

0.5g q 12hr 30 mine 99.98 -

0.5g 0.5g q 24hr 30minb 90.26 99.89

0.25g q 12hr 30 mine 99.82 -

0.25g 0.25g q 24hr 30 minc 81.31 99.55

0.125g
q 12hr

30 mine 93.30 99.99

0.125g 0.125g
q 24hr

30 mine - 98.67

Notes: aEMA recommended high-dose regimen. bUS-FDA recommended high-dose regimens. cUS-FDA recommended low-dose regimens. dEhmann et al study regimens at
CLSI breakpoint. eOur study regimens.
Abbreviations: CLcr, creatinine clearance; q 6hr, every 6 hours; q 8hr, every 8 hours; q 12hr, every 12 hours; q 24hr, every 24 hours.

Table 4 Recommendation for MIC 2 μg/mL (EUCAST Breakpoint)

Renal Function CLcr
(mL/min)

Non-Vasopressor Receiving Patients Vasopressor Receiving Patients

Regimens TDD Alternative
Regimens

Regimens TDD Alternative
Regimens

81–100 1g q 6hr (3hr) 4g 0.5g q 6hr (3hr) 2g

51–80 0.5g q 6hr (3hr) 2g 0.5g q 8hr (3hr) 1.5g

25–50 0.5g q 8hr (3hr) 1.5g 0.25g q 12hr (3hr) 0.5g

11–25 0.5g q 12hr (3hr) 1g 0.25g q 12hr (30 min) 0.5g

1–10 0.5g q 12hr (30 min) 1g 0.125g q 12hr (30 min) 0.25 0.5g q 24hr (30 min)

Abbreviations: MIC, minimum inhibitory concentration; CLcr, creatinine clearance; EUCAST, European Committee on Antimicrobial Susceptibility Testing; TDD, total daily
dose; q 6hr, every 6 hours; q 8hr, every 8 hours; q 12hr, every 12 hours; q 24hr, every 24 hours.
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In patients not receiving vasopressor with CLcr >80mL/min, the current reference regimens (US-FDA and EMA) got
below 80% PTA even for MIC 0.25 μg/mL. When the MIC was ≥1μg/mL, those regimens failed to achieve the target in
almost all renal function except CLcr 11–25 mL/min whereas the regimens from Ehmann et al, study reached >90% PTA
in all CLcr ranges only except in CLcr >80mL/min for MIC 2 μg/mL. The relationship between MIC, CLcr and PTA
were already supported by the previous studies.8,20,21 The maximum total daily dose of 6g/day given 8hourly (2g q 8hr;
3hr infusion) could not produce 90% PTA in the subgroup of patients with CLcr >80mL/mL for MIC 2 g/L, even if the
PTA values rose when we simulated the 3hour infusion regimens. In that situation, the prolonged infusion of a lower total
daily dose and more fractionation (4g/day given 6hourly) achieved up to 98.96%. Mathew et al, discovered that dosage
fractionation (1g q 6hr; 3hr infusion, a total daily dose of 4 g/day) resulted in higher PTA than dosing escalation (2g
q 8hr; 3hr infusion, a total daily dose of 6 g/day) when CLcr was >89.9 mL/min.21 Therefore, the combination of
prolonged infusion and dosage fractionation strategy helps to improve %T> MIC in patients with good renal function.
Guillaume et al, authors of the French Society of Pharmacology and Therapeutic guidelines, recommend increasing the
dosing frequency or infusion length while maintaining the same daily dose or escalating the unit dose by 25–50% while
preserving the same frequency if the target beta-lactam concentration is not reached.22

Interestingly, in patients receiving a vasopressor, most of all reference dosing regimens achieved higher PTA and
maintained >90% at all renal functions. This could result in a lower dosing requirement compared to recipients without
vasopressors. For example, at least 2g/day (which was half the dosing requirement for non-vasopressor recipients) given
every 6hourly (0.5g q 4hr) was sufficient to achieve the target PTA in CLcr >80mL/min for MIC 2μg/mL than EMA and
Ehmann et al, regimens of 6g/day. Apart from the lower dose requirement, another interesting point is that dosing
fractionation was not necessary to achieve the target even at MIC 2μg/mL in CLcr 80 mL/min compared with patients
not receiving vasopressors.

Table 5 Recommendation for MIC 1μg/mL (CLSI Breakpoint)

Renal Function CLcr (mL/min) Non-Vasopressor Receiving Patients Vasopressor Receiving Patients

Regimens TDD Alternative Regimens Regimens TDD Alternative Regimens

81–100 0.5g q 6hr (3hr) 2g 0.5g q 8hr (3hr) 1.5g

51–80 0.25g q 6hr (3hr) 1g 0.5g q 12hr (3hr) 1g

25–50 0.25g q 8hr (3hr) 0.75g 0.25g q 12hr (30 min) 0.5g

11–25 0.25g q 12hr (3hr) 0.5g 0.125g q 12hr (30 min) 0.25g 0.5g q 24hr (30 min/3hr)

1–10 0.25g q 12hr (30 min) 0.5g 0.125g q 12hr (30 min) 0.25g 0.25g q 24hr (30 min)

Abbreviations: MIC, minimum inhibitory concentration; CLcr, creatinine clearance; CLSI, Clinical and Laboratory Standards Institute; TDD, total daily dose; q 6hr, every 6
hours; q 8hr, every 8 hours; q 12hr, every 12 hours; q 24hr, every 24 hours.

Table 6 Recommendation for MIC 0.25 μg/mL (MIC50/90 of Myanmar Population)

Renal Function CLcr (mL/min) Non-Vasopressor Receiving Patients Vasopressor Receiving Patients

Regimens TDD Alternative Regimens Regimens TDD Alternative Regimens

81–100 0.5g q 8hr (3hr) 1.5g 0.25g q 8hr (3hr) 1g

51–80 0.25g q 8hr (3hr) 0.75g 0.25g q12hr (30 min) 0.5g

25–50 0.25g q 12hr (3hr) 0.5g 0.125g q 12hr (30 min) 0.25g

11–25 0.125g q 12hr (30 min) 0.25g 0.125g q 24hr (30 min) 0.125g

1–10 0.125g q 12hr (30 min) 0.25g 0.5g q 24hr (30 min) 0.125g q 24hr (30 min) 0.125g

Abbreviations: MIC, minimum inhibitory concentration; MIC50/90, MIC for 50% and 90% of isolates tested; CLcr, creatinine clearance; TDD, total daily dose; q 6hr, every 6
hours; q 8hr, every 8 hours; q 12hr, every 12 hours; q 24hr, every 24 hours.
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Although there have been no MCS studies of meropenem in vasopressor receiving patients, the pharmacokinetic
parameters of population PK studies and the pharmacology of vasopressor could explain the reason of the higher PTA
and the lower dosage required. The vasopressor was a significant covariate, and the CL of meropenem in vasopressor-
receiving patients was half that of non-vasopressor-receiving patients in Pop PK research we used. In addition,
vasopressor is usually administered in critically ill patients with an unstable hemodynamic condition to prevent renal
hypoperfusion when fluid resuscitation alone is not sufficient.23 Therefore, the patient who requires a vasopressor usually
has worse renal function than the patient without a vasopressor. Although vasopressors bind to particular receptors and
improve mean arterial pressure to 65 mmHg, they also produce localized renal vasoconstriction and ischemia, which
make their influence on renal function unclear.24,25 Lankadeva et al investigated the effects of norepinephrine in septic
lambs with AKI and discovered that restoring blood pressure with clinically relevant, high-dose norepinephrine
aggravated the underlying renal medullary ischemia and hypoxia.26 Furthermore, vasopressors frequently cause organ
ischemia, and the high-dose, rapid infusion of vasopressors causes persistent arterial hypertension, which results in
a doubling of serum creatinine and the requirement for renal replacement therapy.27 As a result, though vasopressors
enhance transitory renal blood flow and urinary excretion, they cannot restore renal function to normal in principle.
Therefore, it should be cautious to adjust the administration of meropenem in patients receiving vasopressors.

The current high sensitivity of ESBL E. coli, with MIC90 of 0.25 μg/mL derived from our study’s MIC distribution,
enables a high microbiological success rate with 90% CFR in most cases. Except for the 30-minute infusion, 8 hourly
dosage regimens in patients not receiving vasopressors with CLcr 81 mL/min, the majority of simulated regimens
achieved therapeutic effectiveness with 90% CFR. This result is similar to the study by Isla et al; in which the MIC
distribution of ESBL E. coli from Europe, Spain, and the United States was quite low at ≤ 0.25 μg/mL, and treatment
success with >90% CFR was observed with all simulated regimens except 0.5 g q 8-hour, 30-min infusion at CLcr
100 mL/min.20

Our study population has an MIC90 of 0.25 μg/mL, and we recommend a low dose with high PTA and CFR to reduce
meropenem overdose and combat antibiotic resistance. We also suggested dosing for the CLSI and EUCAST breakpoints
because MIC distribution and microbiological susceptibility may vary by geography and time. For the Myanmar population
with MIC90, we recommend a prolonged infusion of 0.5 g every 8 hours in patients not receiving vasopressors with CLcr
>80 mL/min, and 0.25 g every 8 hours in patients receiving vasopressors with CLcr >80 mL/min. For CLcr <25mL/min, the
required dosage was much lower than that recommended by the US FDA and EMA. The study by Grijalba et al showed that
more than 80% of the germs (Pseudomonas aeruginosa and Escherichia coli) in their hospital were <0.5 μg/mL and required
a prolonged infusion of 1 g q 6 hours in patients with augmented or normal renal function (CLcr 89.5 to 140 mL/min and
59.6 to 89.4 mL/min) and a prolonged infusion of 1–0.5 g q 8 hours in patients with CLcr 59.5 mL/min.28 Although MIC90 is
quite similar to our study, the reason why the recommended doses of their study were higher is that they used a higher
pharmacodynamic target of 100%fT>4MIC, whereas our study used 54%fT>MIC. Therefore, the dosage of meropenem
could be changed based on the pharmacodynamic target we used and the expected MIC.

Our study has some limitations. First, the meropenem susceptibility test was performed using the VITEK machine,
although CLSI and EUCAST recommend broth microdilution as the standard method. However, the VITEK device is
capable of accurately performing susceptibility testing and adequately interpreting the mechanism of resistance. Second,
we did not have access to the confirmation and genotype of ESBL E. coli due to limited resources. Third, the clinical
isolates were collected from a single private laboratory and all of these clinical isolates could have come from different
infections. The true MIC may be underestimated in critically ill patients and the CFR may vary. Fourth, the PK
parameters for meropenem were collected from Vietnamese critically ill patients, and those PK data may differ from
patients in daily clinical practice due to variation in race, weight, renal function, disease severity, and other causes. Fifth,
we did not specify the types and doses of vasopressors that might affect the PTA of meropenem because the population
PK study we used did not mention the specific data about vasopressors. However, the findings of our study demonstrated
that meropenem should be used with caution in vasopressor-dependent patients. Finally, our study recommended only the
possible dose of meropenem to meet the PK/PD target for MIC90, CLSI, and EUCAST against ESBL E. coli. Despite
these limitations, this study provided important information useful for the treatment of ESBL E. coli in clinical practice
to combat antibiotic resistance and preserve limited antibiotics.
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Conclusion
Our study compared the meropenem dosing regimens approved by the EMA, the US-FDA, Ehmann et al, and our study
against ESBL E. coli. The current US-FDA and EMA dosing regimens were inadequate for MIC of >0.25 μg/mL in
almost all renal function especially at CLcr of >80mL/min in patients not receiving vasopressors. Dose fractionation
(small dose, small intervals) combined with the prolonged infusion was found to be more effective than dose escalation
when CLcr was >50mL/min for high MIC >1μg/mL. Lowering CLcr improved achievement of % PTA and %CFR. In
patients with low meropenem MIC, impaired renal function, and/or vasopressor administration, less aggressive dosing
strategies should be considered to balance the risks and benefits.
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