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Abstract: The optimal regimens of novel β-lactam/β-lactamase inhibitors (BLBLIs), ceftazidime/
avibactam, ceftolozane/tazobactam, and meropenem/vaborbactam, are not well defined in critically
ill patients. This study was conducted to identify optimal regimens of BLBLIs in these patients.
A Monte Carlo simulation was performed using the published data to calculate the joint probability
of target attainment (PTA) and the cumulative fraction of response (CFR). For the target of β-lactam
of 100% time with free drug concentration remains above minimal inhibitory concentrations, the
PTAs of BLBLIs standard regimens were <90% at a clinical breakpoint for Enterobacteriaceae and Pseu-
domonas aeruginosa. For ceftazidime/avibactam, 2000 mg/500 mg/8 h by 4 h infusion achieved >90%
CFR for Escherichia coli; even for 4000 mg/1000 mg/6 h by continuous infusion, CFR for Klebsiella pneu-
moniae was <90%; the CFRs of 3500 mg/875 mg/6 h by 4 h infusion and 4000 mg/1000 mg/8 h
by continuous infusion were appropriate for Pseudomonas aeruginosa. For ceftolozane/tazobactam,
the CFR of standard regimen was >90% for Escherichia coli, however, 2000 mg/1000 mg/6 h by
continuous infusion achieved <90% CFRs for Klebsiella pneumoniae and Pseudomonas aeruginosa. For
meropenem/vaborbactam, standard regimen achieved optimal attainments for Escherichia coli and
Klebsiella pneumoniae; 2000 mg/2000 mg/6 h by 5 h infusion, 2500 mg /2500 mg/6 h by 4 h infusion,
3000 mg/3000 mg/6 h by 3 h infusion and 4000 mg/4000 mg/8 h by 5 h infusion achieved >90%
CFRs for Pseudomonas aeruginosa. The CFRs of three BLBLIs were similar for Escherichia coli, but
meropenem/vaborbactam were superior for Klebsiella pneumoniae and Pseudomonas aeruginosa.

Keywords: novel β-lactam/β-lactamase inhibitors; Gram-negative bacteria infection; critically ill
patients; pharmacokinetics/pharmacodynamics; Monte Carlo simulations

1. Introduction

Gram-negative bacteria (GNB) are commonly associated with hospital-acquired in-
fections in intensive care units, and Enterobacteriaceae and Pseudomonas aeruginosa are the
leading causes of bacterial infections [1]. However, there has been a dramatic increase in
multidrug-resistant (MDR) pathogens among GNB, especially the carbapenem-resistant
Enterobacteriaceae (CRE), which is a life-threatening infection with mortality rates of about
40% in critically ill patients [2].

Novel β-lactam/β-lactamase inhibitors (BLBLIs) have emerged in this situation. BLB-
LIs, ceftazidime/avibactam (CA), ceftolozane/tazobactam (CT), and meropenem/vabor-
bactam (MV) are often administered as salvage therapies for infections due to pathogens
that are resistant to most antibacterial agents [3]. Currently, the novel BLBLIs administra-
tion is based on their package insert and pharmacokinetics/pharmacodynamics (PK/PD)
property. It is well known that the recommended dosage regimen of antibacterial agents
is mostly derived from PK studies in healthy volunteers. However, critically ill patients
may undergo tremendous pathological and physiological changes [4], which can lead to
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significant changes in the PK parameters and plasma drug concentrations of β-lactam
antibacterial agents [5]. Therefore, the recommended regimen of novel BLBLIs may be
contributed to underexposure or overexposure in critically ill patients. Underexposure will
increase the risk of drug resistance and mortality, while overexposure will cause adverse
events [6–8]. Furthermore, some studies have reported that certain GNB showed resis-
tance to novel BLBLIs [9–11]. Therefore, the altered PK characteristic and the resistance of
pathogenic bacteria make the regimen optimization of novel BLBLIs imperative in critically
ill patients.

Monte Carlo simulation (MCS) is now widely used to optimize antibacterial agents’
regimens by combining the pharmacokinetics and pharmacodynamics principles. The
results of MCS were expressed as the probability of target attainment (PTA) and the cumu-
lative fraction of response (CFR). PTA was defined as the probability that a specific value
of a PK/PD index was achieved at a certain minimal inhibitory concentration (MIC) [12].
For BLBLIs, a joint PTA was calculated, and the joint PTA was the product of the PTA of
β-lactam and β-lactamase inhibitors [13]. The CFR was defined as the expected population
joint PTA for a specific drug dosage and a specific pathogen [12]. Ceftazidime, ceftolozane,
and meropenem are time-dependent antibacterial agents with a PK/PD parameter of the
percentage of time during the dosing interval that free drug concentrations remain above
minimal inhibitory concentrations (%f T > MIC) [14]. β-lactamase inhibitors require a
certain threshold concentration (CT) to exert their inhibitory effect. The PK/PD parameter
of avibactam and tazobactam was the percentage of time during the dosing interval that
free drug concentrations remain above threshold concentration (%f T > CT), and vaborbac-
tam was the 24-h area under the free concentration-time curve divided by the minimum
inhibitory concentration ratio (f AUC24/MIC).

At present, few studies have reported the appropriate regimens of novel BLBLIs in
critically ill patients with GNB infections. The objectives of this study for novel BLBLIs
were: (1) to evaluate whether the current standard regimens can achieve their PK/PD
targets; (2) to identify the optimal regimens in critically ill patients.

2. Results
2.1. Probability of Target Attainments of Three Novel BLBLIs

Figure 1 showed the joint PTA of three novel BLBLIs in patients who received stan-
dard regimens. At a MIC of 8 mg/L, the standard regimen of CA (2000 mg/500 mg/8 h,
2 h infusion) could achieve a PTA50%

CA (50%f T > MIC/50%f T > CT) of 97.39%. However,
the PTA100%

CA (100%f T > MIC/50%f T > CT) of the standard regimen was >90% only at a
MIC ≤ 4 mg/L. The standard regimen of CT (1000 mg/500 mg/8 h, 1 h infusion) yielded
a PTA40%

CA (40%f T> MIC/20%f T > CT) of 92.79% at a MIC of 8 mg/L, and an acceptable
PTA100%

CA (100%f T> MIC/20%f T > CT) was obtained at a MIC ≤ 0.5 mg/L. The PTA45%
MV

(45%f T > MIC/f AUC24/MIC > 9) of the MV standard regimen (2000 mg/200 mg/8 h, 3 h in-
fusion) at a MIC of 8 mg/L was 94.04%, and the PTA100%

MV (100%f T > MIC/f AUC24/MIC > 9)
of the standard regimen was >90% at a lower MIC (≤0.125 mg/L).

2.2. Cumulative Fraction of Responses

Tables 1–3 showed the CFRs of three novel BLBLIs regimens at different PK/PD in-
dexes for Enterobacteriaceae and Pseudomonas aeruginosa. The CFR50%

CA (50%f T > MIC/50%f T
> CT) of the CA standard regimen was 90.31% for Escherichia coli; 2000 mg/500 mg/8 h by
4 h infusion and 2500 mg/625 mg/8 h by 3 h infusion can achieve a CFRs100%

CA (100%f T >
MIC/50%f T > CT) of 90.90% and 90.96%, respectively (Table 1). The CFRs50%

CA and CFRs100%
CA

of all simulated regimens were < 90% for Klebsiella pneumoniae. For Pseudomonas aeruginosa,
the regimen of 2500 mg/625 mg/6 h by 2 h infusion and 3000 mg/750 mg/8 h by 3 h
infusion achieved a CFRs50%

CA of 90.76% and 90.91%, respectively; Furthermore, the regimen
of 3500 mg/875 mg/6 h by 4 h infusion and 4000 mg/1000 mg/6 h by 2 h infusion achieved
a CFRs100%

CA of 90.11% and 90.34%, respectively.
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Figure 1. The joint PTA of different PK/PD indexes was achieved at a specific MIC for three novel 
BLBLIs standard regimens. Joint PTA: the product of the probability of target attainments of β-lac-
tam and β-lactamase inhibitor; fT > MIC: the percentage of time during the dosing interval that free 
drug concentrations remain above minimal inhibitory concentrations; fT > CT: the percentage of time 
during the dosing interval that free drug concentrations remain above threshold concentration; 
fAUC24/MIC: the 24-h area under the free concentration-time curve divided by the minimum inhib-
itory concentration ratio; CAZ: ceftazidime; AVI: avibactam; TOL: ceftolozane; TAZ: tazobactam; 
MEM: meropenem: VBR: vaborbactam. 
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mg/875 mg/6 h by 4 h infusion and 4000 mg/1000 mg/6 h by 2 h infusion achieved a CFRs
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CA  of 90.11% and 90.34%, respectively. 

Figure 1. The joint PTA of different PK/PD indexes was achieved at a specific MIC for three novel
BLBLIs standard regimens. Joint PTA: the product of the probability of target attainments of β-lactam
and β-lactamase inhibitor; f T > MIC: the percentage of time during the dosing interval that free
drug concentrations remain above minimal inhibitory concentrations; f T > CT: the percentage of
time during the dosing interval that free drug concentrations remain above threshold concentration;
f AUC24/MIC: the 24-h area under the free concentration-time curve divided by the minimum
inhibitory concentration ratio; CAZ: ceftazidime; AVI: avibactam; TOL: ceftolozane; TAZ: tazobactam;
MEM: meropenem: VBR: vaborbactam.

For the infections caused by Escherichia coli, the CFR40%
CT (40%f T > MIC/20%f T > CT)

and CFR100%
CT (100%f T > MIC/20%f T > CT) of the CT standard regimen were 98.72% and

92.21%, respectively (Table 2). For Klebsiella pneumoniae and Pseudomonas aeruginosa, the
CFRs40%

CT and CFRs100%
CT of all simulated regimens were <90%.

The CFR45%
MV (45%f T > MIC/f AUC/MIC > 9) of the MV standard regimen for Es-

cherichia coli, Klebsiella pneumoniae and Pseudomonas aeruginosa was 97.48%, 96.44% and
94.04%, respectively (Table 3). The CFR100%

MV (100%f T > MIC/f AUC/MIC > 9) of the stan-
dard regimen for Escherichia coli and Klebsiella pneumoniae was 95.37% and 91.98%, respec-
tively. However, for Pseudomonas aeruginosa, the regimen of 2000 mg/2000 mg/6 h by 5 h
infusion, 2500 mg /2500 mg/6 h by 4 h infusion, 3000 mg/3000 mg/6 h by 3 h infusion
and 4000 mg/4000 mg/8 h by 5 h infusion afforded CFRs100%

MV estimates of 91.71%, 91.86%,
90.86% and 90.59%, respectively.
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Table 1. Cumulative fraction of responses for ceftazidime/avibactam for Enterobacteriaceae and Pseudomonas aeruginosa.

Dose (mg)

CFR50%
CA CFR70%

CA CFR100%
CA

2 h 3 h 4 h Continuous
Infusion 2 h 3 h 4 h Continuous

Infusion 2 h 3 h 4 h Continuous
Infusion

Escherichia coli
2000/500 q8h 90.31% 92.65% 93.07% 93.11% 88.65% 92.05% 92.64% 92.93% 84.54% 89.94% 90.90% 92.35%
2500/625 q8h 91.51% 93.08% 93.25% 93.25% 90.11% 92.68% 92.97% 93.16% 86.42% 90.96% 91.64% 92.78%

Klebsiella pneumoniae
2000/500 q8h 84.58% 86.60% 87.00% 87.06% 82.53% 86.04% 86.64% 86.96% 77.63% 83.71% 84.73% 86.45%
2000/500 q6h 86.95% 87.09% 87.12% 87.10% 86.73% 86.95% 87.03% 87.05% 85.72% 86.19% 86.48% 86.85%
2500/625 q8h 85.70% 86.95% 87.12% 87.12% 84.10% 86.60% 86.89% 87.08% 79.79% 84.74% 85.51% 86.80%
2500/625 q6h 87.06% 87.12% 87.14% 87.13% 86.92% 87.04% 87.11% 87.12% 86.16% 86.5% 86.81% 87.01%
3000/750 q8h 86.27% 87.05% 87.13% 87.14% 85.09% 86.78% 86.99% 87.12% 81.57% 85.26% 85.90% 87.10%
3000/750 q6h 87.09% 87.14% 87.14% 87.14% 87.01% 87.11% 87.13% 87.13% 86.43% 86.74% 86.93% 87.11%
3500/875 q8h 86.58% 87.08% 87.14% 87.14% 85.71% 86.87% 87.07% 87.14% 82.65% 85.58% 86.26% 87.04%
3500/875 q6h 87.13% 87.15% 87.15% 87.16% 87.06% 87.12% 87.14% 87.15% 86.55% 86.87% 87.00% 87.12%

4000/1000 q8h 86.74% 87.12% 87.16% 87.14% 86.01% 86.95% 87.07% 87.14% 83.33% 85.90% 86.31% 87.09%
4000/1000 q6h 87.15% 87.17% 87.17% 87.15% 87.09% 87.12% 87.14% 87.14% 86.71% 86.88% 87.01% 87.13%

Pseudomonas aeruginosa
2000/500 q8h 80.28% 87.4% 87.73% 87.60% 77.07% 85.13% 85.89% 86.49% 70.58% 80.42% 81.73% 84.23%
2000/500 q6h 88.86% 88.86% 88.82% 88.62% 87.20% 87.48% 87.64% 87.63% 84.16% 84.88% 85.21% 86.07%
2500/625 q8h 82.80% 89.47% 89.64% 89.47% 79.77% 87.35% 87.71% 88.40% 73.52% 82.90% 83.92% 86.23%
2500/625 q6h 90.76% 90.73% 90.65% 90.41% 89.13% 89.44% 89.47% 89.50% 86.25% 86.8% 87.3% 87.85%
3000/750 q8h 84.73% 90.91% 91.08% 90.97% 81.90% 88.90% 89.29% 89.94% 76.23% 84.73% 85.77% 88.86%
3000/750 q6h 92.09% 92.05% 91.99% 91.69% 90.67% 90.82% 90.89% 90.84% 87.94% 88.4% 88.92% 89.24%
3500/875 q8h 85.59% 92.05% 92.22% 92.05% 83.39% 90.08% 90.56% 91.09% 78.22% 86.15% 87.26% 89.16%
3500/875 q6h 93.19% 93.10% 93.08% 92.84% 91.78% 91.91% 92.06% 91.99% 89.10% 89.61% 90.11% 90.56%

4000/1000 q8h 87.43% 93.04% 93.21% 93.03% 84.96% 91.11% 91.47% 92.10% 79.84% 87.44% 88.23% 90.12%
4000/1000 q6h 94.24% 94.11% 93.96% 93.70% 92.79% 92.89% 92.93% 92.98% 90.34% 90.65% 91.00% 91.50%

CFR50%
CA : 50%f T > MIC/50%f T > CT; CFR70%

CA : 70%f T > MIC/50%f T > CT; CFR100%
CA : 100%f T > MIC/50%f T > CT. Grey: PTA values ≥ 90%; Standard regimen of ceftazidime/avibactam: 2000 mg/500 mg/8 h,

2 h infusion.
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Table 2. Cumulative fraction of responses for ceftolozane/tazobactam for Enterobacteriaceae and Pseudomonas aeruginosa.

Dose (mg)

CFR40%
CT CFR70%

CT CFR100%
CT

1 h 3 h 4 h Continuous
Infusion 1 h 3 h 4 h Continuous

Infusion 1 h 3 h 4 h Continuous
Infusion

Escherichia coli
1000/500 q8h 98.72% 98.99% 99.02% 99.00% 97.18% 98.21% 98.47% 98.78% 92.21% 95.11% 96.49% 98.35%
1250/625 q8h 98.93% 99.16% 99.17% 99.16% 97.61% 98.54% 98.69% 98.95% 93.13% 96.10% 97.02% 98.60%

Klebsiella pneumoniae
1000/500 q8h 80.78% 81.28% 81.38% 81.26% 76.76% 78.40% 78.99% 80.04% 70.09% 73.37% 75.12% 78.45%
1000/500 q6h 82.06% 82.11% 81.98% 81.66% 79.39% 80.25% 80.45% 80.53% 75.91% 77.86% 78.47% 79.22%
1250/625 q8h 81.97% 82.48% 82.50% 82.44% 77.87% 79.50% 79.95% 81.01% 71.63% 75.00% 76.17% 79.35%
1250/625 q6h 83.59% 83.44% 83.25% 83.12% 80.46% 81.25% 81.37% 81.79% 77.10% 78.91% 79.44% 80.32%
1500/750 q8h 83.27% 83.67% 83.75% 83.62% 78.83% 80.30% 80.77% 81.95% 73.04% 75.90% 77.09% 80.12%
1500/750 q6h 85.03% 85.04% 84.82% 84.33% 81.45% 82.21% 82.51% 82.70% 78.17% 79.75% 80.31% 81.12%
1750/875 q8h 84.47% 85.02% 84.98% 84.84% 79.71% 81.16% 81.60% 82.93% 73.97% 76.87% 77.84% 80.82%
1750/875 q6h 86.30% 86.35% 86.27% 85.83% 82.31% 83.28% 83.61% 83.89% 78.84% 80.48% 81.13% 81.98%

2000/1000 q8h 85.55% 85.83% 86.26% 86.00% 80.51% 81.87% 82.41% 83.75% 74.96% 77.66% 78.65% 81.50%
2000/1000 q6h 87.7% 87.53% 87.26% 86.96% 83.40% 84.31% 84.39% 84.87% 79.69% 81.28% 81.72% 82.70%

Pseudomonas aeruginosa
1000/500 q8h 86.19% 86.73% 86.79% 86.74% 80.56% 83.64% 84.82% 86.16% 68.29% 74.13% 77.55% 84.42%
1000/500 q6h 83.02% 80.57% 77.64% 71.51% 80.84% 79.62% 77.02% 71.15% 75.39% 76.51% 74.90% 70.35%
1250/625 q8h 86.72% 87.16% 87.17% 87.15% 82.05% 84.92% 85.64% 86.63% 71.35% 77.11% 79.27% 85.46%
1250/625 q6h 86.62% 86.10% 83.44% 82.80% 84.79% 85.26% 82.82% 82.40% 79.91% 82.68% 81.22% 81.72%
1500/750 q8h 87.18% 87.50% 87.54% 87.50% 83.17% 85.52% 86.18% 86.98% 73.53% 78.61% 80.76% 86.03%
1500/750 q6h 87.67% 87.73% 86.85% 85.6% 86.02% 86.83% 86.18% 85.14% 81.90% 84.69% 84.8% 84.55%
1750/875 q8h 87.65% 87.91% 87.87% 87.83% 83.95% 86.06% 86.56% 87.29% 75.08% 79.96% 81.74% 86.44%
1750/875 q6h 88.32% 88.26% 88.12% 88.16% 86.48% 87.28% 87.31% 87.07% 82.62% 85.29% 86.08% 86.42%

2000/1000 q8h 88.14% 88.10% 88.37% 88.25% 84.67% 86.45% 86.92% 87.53% 76.45% 81.03% 82.76% 86.75%
2000/1000 q6h 89.24% 88.95% 88.81% 88.43% 87.02% 87.67% 87.73% 87.58% 83.54% 85.87% 86.55% 86.92%

CFR40%
CT : 40%f T > MIC/20%f T > CT; CFR70%

CT : 70%f T > MIC/20%f T > CT; CFR100%
CA : 100%f T > MIC/20%f T > CT.Grey: PTA values ≥ 90%; Standard regimen of ceftolozane/tazobactam: 1000 mg/500 mg/8 h,

1 h infusion.
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Table 3. Cumulative fraction of responses for meropenem/vaborbactam for Enterobacteriaceae and Pseudomonas aeruginosa

Dose (mg)
CFR45%

MV CFR70%
MV CFR100%

MV

3 h 4 h 5 h 3 h 4 h 5 h 3 h 4 h 5 h

Escherichia coli
2000/2000 q8h 97.48% 97.49% 97.49% 97.35% 97.47% 97.48% 95.37% 96.52% 97.10%
2500/2500 q8h 99.24% 99.24% 99.24% 99.14% 99.23% 99.23% 97.64% 98.23% 98.95%

Klebsiella pneumoniae
2000/2000 q8h 96.44% 96.60% 96.65% 95.49% 95.86% 96.06% 91.98% 93.78% 94.70%
2500/2500 q8h 98.52% 98.64% 98.78% 97.54% 97.82% 98.07% 94.66% 95.61% 96.83%

Pseudomonas aeruginosa
2000/2000 q8h 94.04% 94.98% 95.30% 87.62% 90.16% 91.92% 75.11% 79.50% 82.86%
2000/2000 q6h 95.87% 95.84% 96.08% 92.64% 93.62% 94.76% 86.40% 88.47% 91.71%
2500/2500 q8h 97.04% 97.65% 98.09% 91.18% 93.12% 95.03% 79.63% 82.70% 86.67%
2500/2500 q6h 98.38% 98.61% 98.52% 95.55% 96.76% 97.56% 89.14% 91.86% 94.88%
3000/3000 q8h 98.10% 98.68% 99.02% 92.73% 94.72% 96.24% 81.49% 84.78% 88.23%
3000/3000 q6h 99.24% 99.43% 99.45% 96.95% 97.96% 98.84% 90.86% 93.54% 96.58%
3500/3500 q8h 98.60% 99.20% 99.50% 93.31% 95.61% 97.28% 82.30% 86.11% 89.69%
3500/3500 q6h 99.66% 99.78% 99.83% 97.73% 98.67% 99.44% 92.37% 94.51% 97.48%
4000/4000 q8h 99.16% 99.53% 99.72% 94.72% 96.26% 97.78% 84.76% 86.98% 90.59%
4000/4000 q6h 99.80% 99.87% 99.92% 98.19% 98.96% 99.66% 93.03% 95.14% 98.18%

CFR45%
MV : 45%f T > MIC/f AUC/MIC > 9; CFR70%

MV : 70%f T > MIC/f AUC/MIC > 9; CFR100%
MV : 100%f T > MIC/f AUC/MIC > 9. Grey: PTA values ≥ 90%; Standard regimen of meropenem/vaborbactam:

2000 mg/2000 mg/8 h, 3 h infusion.
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3. Discussion

Although the application of novel antibacterial agents is promising, studies have re-
ported that certain GNB showed resistance to novel BLBLIs [9–11]. The distribution of MIC
presented in this study also indicated that a fraction of Escherichia coli, Klebsiella pneumoniae,
and Pseudomonas aeruginosa strains were resistant to novel BLBLIs (Table 4). Additionally,
the PK of novel BLBLIs in critically ill patients can be significantly altered. Therefore, it is
essential to optimize their regimens in critically ill patients.

Table 4. The MIC distribution of ceftazidime/avibactam, ceftolozane/tazobactam and meropenem/vaborbactam for
Enterobacteriaceae and Pseudomonas aeruginosa.

MIC ≤0.015 0.03 0.06 0.125 0.25 0.5 1 2 4 8 16 32 64 128

ceftazidime/avibactam
E. coli - - 10 29 25 23 23 32 16 6 3 0 2 10

KP - - 3 8 17 16 31 26 11 9 1 0 0 18
PA - - 0 0 1 20 96 82 42 20 22 17 16 8

ceftolozane/tazobactam
E. coli - 1 80 1995 1820 691 343 119 70 45 27 27 17 -

KP - - 28 576 866 447 292 175 116 80 98 175 400 6 a

PA - - - 8 150 1738 1528 737 533 225 68 82 645 10 a

meropenem/vaborbactam
E. coli 3916 274 32 2 4 3 4 1 1 0 0 1 b

KP 819 928 32 41 50 47 28 9 12 6 7 31 b

PA 41 78 245 442 424 438 234 159 185 138 125 95 b

E. coli: Escherichia coli; KP: Klebsiella pneumoniae; PA: Pseudomonas aeruginosa. a MIC ≥ 128; b MIC ≥ 32.

In the present study, we found that the CA standard regimen (2000 mg/500 mg/8 h,
2 h infusion) achieved optimal PTA50%

CA at MIC ≤ 8 mg/L (Figure 1), which was consistent
with the clinical breakpoint of CA for Enterobacteriaceae and Pseudomonas aeruginosa [15]. A
prospective clinical study in patients with severe cystic fibrosis infection showed that when
PK/PD targets of ceftazidime and avibactam were 50%f T > MIC and 50%f T > CT (1 mg/L),
the standard regimen achieved a >90% joint PTA at a MIC of 16 mg/L, which was similar
to the results of this study (PTA50%

CA at a MIC of 16 mg/L was 86.12% in this study) [13].
However, it is recommended to use 100%f T > MIC as the PK/PD target to ensure clinical
efficacy in critically ill patients. Under this target, the standard regimen can ensure the
PTAs100%

CA > 90% when MIC ≤ 4 mg/L, and it is necessary to adjust the regimen to achieve
optimal CFRs100%

CA regardless of the type of infected microorganisms. A study evaluated the
clinical activity of CA in patients caused by MDR pathogens, which found that the favorable
microbiological response of patients caused by Escherichia coli, Klebsiella pneumoniae, and
Pseudomonas aeruginosa were 79.3%, 78.9%, and 59.1%, and the susceptibility (isolates with
MICs ≤ 8 mg/L) rate of the above-mentioned strains for CA were 100%, 98.4%, and 66.1%,
respectively [16]. However, the MIC data used in this study indicated that the resistance
rates of Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeruginosa for CA were
8.38%, 13.57%, and 19.44%, respectively (Table 4), and the CFRs100%

CA of standard regimens
were suboptimal for the three strains. The higher resistance rate of Klebsiella pneumoniae
and Pseudomonas aeruginosa may be due to the diversity of drug-resistance mechanisms,
such as the production of β-lactamase that avibactam does not inhibit, loss of porin,
and overexpression of efflux pump [17,18]. Furthermore, the CFRs100%

CA of all simulated
regimens were <90% for Klebsiella pneumoniae for a number of strains (12.9%) with a MIC of
128 mg/L. The results of PTAs100%

CA or CFRs100%
CA < 90% indicated that increased dosages,

change in other antibacterial agents, or combined therapy are needed for patients with
infection caused by the MDR strains. The clinical breakpoints of CT for Enterobacteriaceae
and Pseudomonas aeruginosa were 2 mg/L and 4 mg/L [19]. Our study found that the CT
standard regimen achieved optimal PTAs40%

CT at a MIC ≤ 8 mg/L (Figure 1), which was
consistent with a PK study of Japanese patients (the PK/PD target of ceftolozane was
30%f T > MIC) [20]. A pooled study of CT therapy in patients caused by extended-spectrum
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β-Lactamases (ESBL)-producing Escherichia coli and Klebsiella pneumoniae found that the
microbiological eradications of Escherichia coli and Klebsiella pneumoniae were 82% and
77.8%, respectively. However, the MIC distribution data used in this study showed that
the resistance rates of Escherichia coli and Klebsiella pneumoniae for CT were 3.55% and
26.84%, respectively (Table 4). The standard regimen only achieved the target CFRs100%

CT for
Escherichia coli, and all regimens failed to achieve the PK/PD targets for Klebsiella pneumoniae.
The suboptimal results of Klebsiella pneumoniae may be due to the mechanism of resistance
of this isolate, such as the production of ESBL and oxacillinase, which tazobactam could
not inhibit [21]. CT is recommended used for infection caused by Pseudomonas aeruginosa.
However, in this study, the resistance rate of Pseudomonas aeruginosa for CT was 17.93%,
and the CFRs were all suboptimal (Tables 2 and 4), which was related to the resistance
mechanism that producing a chromosomally encoded class C cephalosporinase often
responsible for the resistance to β-lactam antibiotics [22]. The PTAs results suggested
that CT should be selected for treatment according to MIC values. Meanwhile, in the
presence of high-risk factors of Klebsiella pneumoniae and Pseudomonas aeruginosa resistance,
CT should be carefully selected for empirical treatment.

The MV standard regimen achieved optimal PTA45%
MV at the clinical breakpoint of MV

for GNB (4 mg/L) (Figure 1). Under different PK/PD targets, the MV standard regimen
could achieve optimal CFRs for Escherichia coli and Klebsiella pneumoniae. Vaborbactam, a
cyclic boronic acid β-lactamase inhibitor, has documented activity in combination with
meropenem against KPC-producing Enterobacteriaceae [23]. However, the results of Pseu-
domonas aeruginosa were suboptimal, which may be due to the resistance mechanisms that
were not antagonized by vaborbactam [23].

According to the results of MCS, the CFR results of three antibacterial agents were sim-
ilar for Escherichia coli, but MV was superior for Klebsiella pneumoniae and Pseudomonas aerug-
inosa. Our previous Meta-analysis also showed that the comprehensive effectiveness of
MV, CA, and CT were excellent, and MV was better than CA and CT, but there was no
significant difference [24]. Notably, the three novel BLBLIs have a different spectrum of
activity and specific indications. CA is used for Enterobacteriaceae that produced class A
carbapenemase and some of the class D carbapenemase and Pseudomonas aeruginosa; CT
for Pseudomonas aeruginosa; MV for class A carbapenemase [25]. These new BLBLIs will
not work on some resistance mechanisms such as class B carbapenemase, regardless of the
PK characteristics. Therefore, BLBLIs should be selected according to specific pathogenic
bacteria and drug resistance mechanisms.

Our study also had limitations. (1) Currently, PK studies of MV in critically ill patients
have not been reported. The PK data of MV used in MCS was from adult patients. However,
the PK parameters used in the present study for meropenem were similar to those from
a study in critically ill patients with severe sepsis and septic shock [26]. Vaborbactam is
mainly excreted by the kidneys. The PTA of the standard regimen of vaborbactam was
far more than 90%. However, many critically ill patients may have renal failure, which
will increase the PK/PD target of vaborbactam. Therefore, our results can still be applied
to critically ill patients. (2) Although MCS is a useful tool for determining appropriate
empirical antibiotic dosage regimens at nationally, regional levels, further clinical trials are
needed to validate the efficacy and safety of higher dosages and extended infusions.

4. Materials and Methods
4.1. PK Parameters

PK parameters for CA and CT in critically ill patients were derived from a single-
center phase IV clinical study in the USA and an observational study in Australia,
respectively [27,28]. No study was retrieved on the PK parameters of MV in critically ill pa-
tients, and a study of adult patients was analyzed [29,30]. Data collected included clearance,
volume of distribution, and AUC24 and was expressed as mean ± standard deviation.
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4.2. PD Data

Enterobacteriaceae (Escherichia coli, Klebsiella pneumoniae) and Pseudomonas aeruginosa are
the most common pathogens of GNB infections. The MIC distribution of CA and CT for the
above-mentioned strains was obtained from Eucast (https://mic.eucast.org, extracted on
5 March 2021) (Table 4). The MIC of MV for Enterobacteriaceae and Pseudomonas aeruginosa
was obtained from a study published in 2017 by Castanheira et al. [31], which analyzed the
activity of MV for GNB globally using a micro-broth dilution assay.

4.3. PK/PD Targets

The PK/PD targets for ceftazidime, ceftolozane and meropenem were 50%f T > MIC,
40%f T > MIC, and 45%f T > MIC, respectively [13,32,33]. The PK/PD targets of the three
antibacterial agents should be increased to 70%f T > MIC and 100%f T > MIC in critically ill
patients [34]. The result of an in vivo mouse infection model and an in vitro hollow-fiber
model indicated that the CT of avibactam was 1 mg/L, and the recommended PK/PD target
was 50%f T > CT [20,21]. Meanwhile, the CT of tazobactam was 1 mg/L and the PK/PD tar-
get was 20%f T > CT [20]. The PK/PD target of vaborbactam was f AUC24/MIC > 9 [35]. The
free drug fractions used in these simulations were 85%, 92%, 98%, and 67% for ceftazidime,
avibactam, meropenem, and vaborbactam, respectively [33,36]. Notably, the original PK
parameter of ceftolozane and tazobactam were obtained from unbound concentrations,
and their PK data were used directly for analysis in this study [28].

4.4. Monte Carlo Simulation

In the present study, MCS with 10000 replicates were performed using Crystal Ball
software (Oracle Corporation, version 11.1.2.4, Redwood Shores, CA, USA) and the PK
parameters were defined as log-normal distributions [37]. According to different PK/PD tar-
gets, the results of CA were expressed as PTA50%

CA and CFR50%
CA (50%f T > MIC/50%f T > CT),

PTA70%
CA and CFR70%

CA (70%f T > MIC/50%f T > CT), and PTA100%
CA and CFR100%

CA (100%f T
> MIC/50%f T > CT). The results of CT were expressed as PTA40%

CT and CFR40%
CT (40%f T

> MIC/20%f T > CT), PTA70%
CT and CFR70%

CT (70%f T > MIC/20%f T > CT), and PTA100%
CT

and CFR100%
CA (100%f T > MIC/20%f T > CT). The results of MV were PTA45%

MV and CFR45%
MV

(45%f T > MIC/f AUC/MIC > 9), PTA70%
MV and CFR70%

MV (70%f T > MIC/f AUC/MIC > 9), and
PTA100%

MV and CFR100%
MV (100%f T > MIC/f AUC/MIC > 9). The regimens corresponding to

the joint PTA and CFR ≥ 90% were considered appropriate [13].

5. Conclusions

In conclusion, the standard regimens of CA, CT, and MV achieve optimal PTA50%
CA ,

PTA40%
CT and PTA45%

MV at the clinical breakpoint for Enterobacteriaceae and Pseudomonas aerugi-
nosa. However, PTA100%

CA , PTA100%
CT and PTA100%

MV at the clinical breakpoint for Enterobacte-
riaceae and Pseudomonas aeruginosa were suboptimal. The standard regimens of CA and
CT can achieve the target of CFR50%

CA , CFR40%
CT , and CFR100%

CT for Escherichia coli. How-
ever, CFR100%

CA was achieved when extending the infusion time; for Klebsiella pneumoniae
and Pseudomonas aeruginosa, all simulated regimens cannot achieve optimal CFRs. The
MV standard regimen achieved was optimal for Enterobacteriaceae, and the CFR100%

MV of
Pseudomonas aeruginosa was optimal when increasing the frequency and dosage of admin-
istration and prolonging the infusion time. Further large-scale and high-quality clinical
studies should be conducted to validate the efficacy and safety of higher dosages and
extended infusions for critically ill patients caused by GNB.
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22. Yahav, D.; Giske, C.G.; Grāmatniece, A.; Abodakpi, H.; Tam, V.H.; Leibovici, L. New β-Lactam-β-Lactamase Inhibitor Combina-
tions. Clin. Microbiol. Rev. 2020, 34. [CrossRef]

23. Novelli, A.; del Giacomo, P.; Rossolini, G.M.; Tumbarello, M. Meropenem/Vaborbactam: A next Generation β-Lactam β-
Lactamase Inhibitor Combination. Expert Rev. Anti Infect. 2020, 18, 643–655. [CrossRef] [PubMed]

24. Han, R.; Teng, M.; Zhang, Y.; Zhang, T.; Wang, T.; Chen, J.; Li, S.; Yang, B.; Shi, Y.; Dong, Y.; et al. Choosing Optimal Antibiotics
for the Treatment of Patients Infected With Enterobacteriaceae: A Network Meta-Analysis and Cost-Effectiveness Analysis. Front.
Pharmacol. 2021, 12, 1–11. [CrossRef] [PubMed]

25. Doi, Y. Treatment Options for Carbapenem-Resistant Gram-Negative Bacterial Infections. Clin. Infect. Dis. 2019, 69, S565–S575.
[CrossRef]

26. Jaruratanasirikul, S.; Thengyai, S.; Wongpoowarak, W.; Wattanavijitkul, T.; Tangkitwanitjaroen, K.; Sukarnjanaset, W.; Jul-
langkoon, M.; Samaeng, M. Population Pharmacokinetics and Monte Carlo Dosing Simulations of Meropenem during the Early
Phase of Severe Sepsis and Septic Shock in Critically Ill Patients in Intensive Care Units. Antimicrob. Agents Chemother. 2015, 59,
2995–3001. [CrossRef]

27. Stein, G.E.; Smith, C.L.; Scharmen, A.; Kidd, J.M.; Cooper, C.; Kuti, J.; Mitra, S.; Nicolau, D.P.; Havlichek, D.H. Pharmacokinetic
and Pharmacodynamic Analysis of Ceftazidime/Avibactam in Critically Ill Patients. Surg Infect. (Larchmt) 2019, 20, 55–61.
[CrossRef]

28. Sime, F.B.; Lassig-Smith, M.; Starr, T.; Stuart, J.; Pandey, S.; Parker, S.L.; Wallis, S.C.; Lipman, J.; Roberts, J.A. Population
Pharmacokinetics of Unbound Ceftolozane and Tazobactam in Critically Ill Patients without Renal Dysfunction. Antimicrob.
Agents Chemother. 2019, 63. [CrossRef]

29. Burgos, R.M.; Biagi, M.J.; Rodvold, K.A.; Danziger, L.H. Pharmacokinetic Evaluation of Meropenem and Vaborbactam for the
Treatment of Urinary Tract Infection. Expert Opin Drug Metab. Toxicol. 2018, 14, 1007–1021. [CrossRef]

30. VABOMERE-Meropenem-Vaborbactam Injection, Powder, for Solution Melinta Therapeutics [package insert]. The Medicines
Company. 2017.

31. Castanheira, M.; Huband, M.D.; Mendes, R.E.; Flamm, R.K. Meropenem-Vaborbactam Tested against Contemporary Gram-
Negative Isolates Collected Worldwide during 2014, Including Carbapenem-Resistant, KPC-Producing, Multidrug-Resistant, and
Extensively Drug-Resistant Enterobacteriaceae. Antimicrob. Agents Chemother. 2017, 61. [CrossRef]

32. Ruiz, J.; Ferrada, A.; Salavert, M.; Gordon, M.; Villarreal, E.; Castellanos-Ortega, Á.; Ramirez, P. Ceftolozane/Tazobactam Dosing
Requirements Against Pseudomonas Aeruginosa Bacteremia. Dose Response 2020, 18, 1559325819885790. [CrossRef]

33. Zhuang, L.; Yu, Y.; Wei, X.; Florian, J.; Jang, S.H.; Reynolds, K.S.; Wang, Y. Evaluation of Hemodialysis Effect on Pharmacokinetics
of Meropenem/Vaborbactam in End-Stage Renal Disease Patients Using Modeling and Simulation. J. Clin. Pharm. 2020, 60,
1011–1021. [CrossRef]

34. Roberts, J.A.; Abdul-Aziz, M.H.; Lipman, J.; Mouton, J.W.; Vinks, A.A.; Felton, T.W.; Hope, W.W.; Farkas, A.; Neely, M.N.;
Schentag, J.J.; et al. Individualised Antibiotic Dosing for Patients Who Are Critically Ill: Challenges and Potential Solutions.
Lancet Infect. Dis. 2014, 14, 498–509. [CrossRef]

35. Griffith, D.C.; Sabet, M.; Tarazi, Z.; Lomovskaya, O.; Dudley, M.N. Pharmacokinetics/Pharmacodynamics of Vaborbactam, a
Novel Beta-Lactamase Inhibitor, in Combination with Meropenem. Antimicrob. Agents Chemother. 2019, 63. [CrossRef] [PubMed]

36. Li, J.; Lovern, M.; Green, M.L.; Chiu, J.; Zhou, D.; Comisar, C.; Xiong, Y.; Hing, J.; MacPherson, M.; Wright, J.G.; et al. Ceftazidime-
Avibactam Population Pharmacokinetic Modeling and Pharmacodynamic Target Attainment Across Adult Indications and
Patient Subgroups. Clin. Transl. Sci. 2019, 12, 151–163. [CrossRef] [PubMed]

37. Wang, H.; Zhang, B.; Ni, Y.; Kuti, J.L.; Chen, B.; Chen, M.; Nicolau, D.P. Pharmacodynamic Target Attainment of Seven
Antimicrobials against Gram-Negative Bacteria Collected from China in 2003 and 2004. Int. J. Antimicrob. Agents 2007, 30, 452–457.
[CrossRef] [PubMed]

http://doi.org/10.1007/s40121-016-0143-9
http://www.ncbi.nlm.nih.gov/pubmed/28013453
http://doi.org/10.1016/j.jiac.2018.11.005
http://www.ncbi.nlm.nih.gov/pubmed/30528208
http://doi.org/10.1089/mdr.2020.0217
http://www.ncbi.nlm.nih.gov/pubmed/32762605
http://doi.org/10.1128/CMR.00115-20
http://doi.org/10.1080/14787210.2020.1756775
http://www.ncbi.nlm.nih.gov/pubmed/32297801
http://doi.org/10.3389/fphar.2021.656790
http://www.ncbi.nlm.nih.gov/pubmed/34220501
http://doi.org/10.1093/cid/ciz830
http://doi.org/10.1128/AAC.04166-14
http://doi.org/10.1089/sur.2018.141
http://doi.org/10.1128/AAC.01265-19
http://doi.org/10.1080/17425255.2018.1511702
http://doi.org/10.1128/AAC.00567-17
http://doi.org/10.1177/1559325819885790
http://doi.org/10.1002/jcph.1595
http://doi.org/10.1016/S1473-3099(14)70036-2
http://doi.org/10.1128/AAC.01659-18
http://www.ncbi.nlm.nih.gov/pubmed/30397063
http://doi.org/10.1111/cts.12585
http://www.ncbi.nlm.nih.gov/pubmed/30221827
http://doi.org/10.1016/j.ijantimicag.2007.06.005
http://www.ncbi.nlm.nih.gov/pubmed/17646088

	Introduction 
	Results 
	Probability of Target Attainments of Three Novel BLBLIs 
	Cumulative Fraction of Responses 

	Discussion 
	Materials and Methods 
	PK Parameters 
	PD Data 
	PK/PD Targets 
	Monte Carlo Simulation 

	Conclusions 
	References

