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a b s t r a c t 

Effective antibiotic dosing is vital for therapeutic success in critically ill patients. This work aimed to de- 

velop an algorithm to identify appropriate meropenem dosing in critically ill patients. Population pharma- 

cokinetic (PK) modelling was performed in NONMEM®7.3 based on densely sampled meropenem serum 

samples ( n patients = 48; n samples = 1376) and included a systematic analysis of 27 pre-selected covariates 

to identify factors influencing meropenem exposure. Using Monte Carlo simulations newly considering 

the uncertainty of PK parameter estimates, standard meropenem dosing was evaluated with respect to 

attainment of the pharmacokinetic/pharmacodynamic (PK/PD) target and was compared with alternative 

infusion regimens (short-term, prolonged, continuous; daily dose, 20 0 0–60 0 0 mg). Subsequently, a dosing 

algorithm was developed to identify appropriate dosing regimens. The two-compartment population PK 

model included three factors influencing meropenem pharmacokinetics: the Cockcroft–Gault creatinine 

clearance (CLCR CG ) on meropenem clearance; and body weight and albumin on the central and periph- 

eral volume of distribution, respectively; of these, only CLCR CG was identified as a vital influencing factor 

on PK/PD target attainment. A three-level dosing algorithm was developed (considering PK parameter un- 

certainty), suggesting dosing regimens depending on renal function and the level (L) of knowledge about 

the infecting pathogen (L1, pathogen unknown; L2, pathogen known; L3 (–MIC) , pathogen and susceptibil- 

ity known; L3 ( + MIC) , MIC known). Whereas patients with higher CLCR CG and lower pathogen susceptibil- 

ity required mainly intensified dosing regimens, lower than standard doses appeared sufficient for highly 

susceptible pathogens. In conclusion, a versatile meropenem dosing algorithm for critically ill patients is 

proposed, indicating appropriate dosing regimens based on patient- and pathogen-specific information. 

© 2019 Published by Elsevier B.V. 
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. Introduction 

Apart from the appropriate choice of an antibiotic based on

ts antimicrobial spectrum of activity, appropriate dosing is a

rucial factor in rational antibiotic therapy [1] . Appropriate dosing

egimens, i.e. resulting in effective exposure, have been shown

o improve clinical success [2–4] . However, selection of a dosing

egimen is challenging especially in critically ill patients owing to
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i) pathophysiological changes (e.g. organ dysfunction or altered

uid balance) that may result in altered pharmacokinetics of a

rug, and (ii) infections often being caused by less-susceptible

acteria that are commonly encountered in the intensive care set-

ing [5–8] . Therapeutic drug monitoring (TDM) has been suggested

o individualise antibiotic dosing in this patient population [9,10] .

owever, TDM is oftentimes not available in clinical routine to

id the selection of dosing regimens, which is deemed important

or the outcome in critically ill patients [11,12] . Meropenem is a

road-spectrum β-lactam antibiotic frequently employed to treat

evere infections in intensive care units (ICUs). As a hydrophilic

ompound with low protein binding (2%), it is mainly eliminated

ia the kidneys [13] . Meropenem exhibits time-dependent antimi-
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crobial activity, which has been linked to the time period that

the meropenem concentration exceeds the minimum inhibitory

concentration (MIC) of a pathogen (T > MIC ) [14] . The approved

standard dosing regimens for adults (with intact renal function)

include 500 mg up to 20 0 0 mg, administered as short-term

intravenous (i.v.) infusions every 8 h (q8h) [15] . Prolonged and

continuous infusion of meropenem have been shown to improve

the attainment of effective antibiotic exposure and to reduce

mortality [16–19] . Continuous infusion, however, poses the risk

of meropenem concentrations being always below the MIC when

TDM is not performed. Population pharmacokinetic (PK) modelling

and simulations have been used to identify meropenem dosing

regimens resulting in effective exposure on the basis of pharma-

cokinetic/pharmacodynamic (PK/PD) target attainment analyses

[16,20–22] . However, to the best of our knowledge, no systematic

overview of dosing regimens exists considering different levels

of information on the infecting pathogen, which varies between

hospitals and the stage of antimicrobial treatment. Moreover, the

uncertainty in PK parameter estimates of a PK model used for

simulations is usually neglected, yet is important to more reliably

determine effective antibiotic exposure [23] . 

Therefore, this work aimed to develop a dosing algorithm sug-

gesting meropenem dosing regimens for the critically ill patient

population already at the start of treatment based on the level

of knowledge regarding the pathogen. For this purpose, we first

sought to develop a population PK model and to conduct a sys-

tematic analysis of a large number of potential factors causing PK

variability. We further aimed to perform a PK/PD probability of tar-

get attainment (PTA) analysis, considering the uncertainty of PK

parameters, in order to evaluate standard and alternative dosing

schemes and to suggest dosing regimens for different pathogen in-

formation levels and patient-specific characteristics. 

2. Methods 

2.1. Data and patients 

A prospective observational study was performed in a heteroge-

neous population of 48 critically ill patients with severe infections

(ClinicalTrials.gov identifier NCT01793012; patient characteristics

see Appendix A, Table A1). Written informed consent to partici-

pate was obtained from all patients or their legal representatives.

Patients received standard dosing of meropenem [10 0 0/20 0 0 mg

( n patients = 47/1) as 30-min i.v. infusions q8h]. Dense PK plasma

sampling ( n samples = 1376) was performed over a period of 4 days

and patient-specific data were recorded, the majority longitu-

dinally. For further information regarding patient recruitment

(inclusion/exclusion criteria), drug administration, blood sampling

and bioanalytical method, please refer to Ehmann et al. [24] . 

2.2. Population pharmacokinetic modelling 

All modelling and simulation activities were performed in NON-

MEM®7.3 (ICON Development Solutions, Ellicott City, MD, USA),

PsN versions 4.4.0–4.6.0 [25] and Piraña versions 2.8.1–2.9.6 [26] ,

utilising the first-order conditional estimation with interaction

(FOCE + I) method. Exploratory graphical and statistical data analy-

ses and data visualisation were performed in R versions 3.1.2–3.5.0

(CRAN.R-project.org). 

Different PK com partment disposition models with zero-order

input and first-order elimination, parameterised in terms of clear-

ance (CL) and volume parameters, were investigated. Interindivid-

ual variability (IIV) and interoccasion variability (IOV) were imple-

mented using exponential models. Residual unexplained variability

(RUV) was investigated using additive, proportional and combined

variability models. 
Covariates as potential factors influencing meropenem pharma-

okinetics were investigated based on the data of patients without

ontinuous renal replacement therapy (non-CRRT, n patients = 41).

ovariate candidates were pre-selected based on graphical evalu-

tion (see Appendix A, Section A.2), prior publications and/or clin-

cal interest. A systematic semi-automated stepwise model devel-

pment procedure was used (see Appendix A, Sections A .1–A .2).

t each step, covariate selection was based on five criteria: statis-

ical significance; reduction in unexplained variability; precision of

he covariate effect; clinical relevance; and biological plausibility.

he developed PK model was thoroughly evaluated with respect

o, e.g., parameter precision and accuracy, robustness and predic-

ive performance (see Appendix A, Section A.5). 

.3. Simulations: evaluation of standard and alternative dosing 

egimens 

The developed population PK model was used for determinis-

ic simulations to explore meropenem exposure given specific co-

ariate combinations. In addition, stochastic Monte Carlo simula-

ions were performed to evaluate the PTA of PK/PD targets and

he cumulative fraction of response (CFR) [27] for (i) standard

eropenem dosing and (ii) alternative dosing regimens in order to

uggest dosing regimens for patients with different clinical charac-

eristics and levels of pathogen information available. 

.3.1. Pharmacokinetic/pharmacodynamic target 

The PK/PD target 100% f T > MIC (i.e. unbound meropenem serum

oncentration exceeding the MIC for 100% of the 24-h period)

as been suggested in the literature for β-lactam treatment in

ritically ill patients [3,28] . In the present work, total meropenem

oncentrations (T > MIC ) were evaluated due to the negligibly low

rotein binding of meropenem (2%) [13] . Furthermore, given the

on-achievability of 100%T > MIC when starting the i.v. infusion on

he first day of therapy, attainment of 98%T > MIC was assessed, i.e.

llowing for a 2% period within 24 h ( = 30 min) for the increasing

art of the concentration–time profile to reach the MIC concentra-

ion. For the evaluation of continuous-infusion regimens, a stricter

arget of 98%T > 4 × MIC was selected, which has been suggested

reviously for different β-lactam antibiotics [29–31] . 

.3.2. Probability of target attainment analysis 

First, the impact of single covariates on the PTA was investi-

ated for standard meropenem dosing by varying one covariate

hile fixing the remaining ones to the median value in the

opulation. Furthermore, ‘worst-case’ and ‘best-case’ covariate

ombinations (see Appendix B, Section B.2) were assessed. Second,

lternative i.v. short-term infusion (SI), prolonged infusion (PI) and

ontinuous infusion (CI) dosing regimens were investigated (see

able 1 ). 

For each specific covariate combination and dosing regimen,

eropenem plasma concentration–time profiles were simulated

or 500 patients over 4 treatment days using Monte Carlo simu-

ations. The PTA was computed for treatment days 1 and 4 across

he full MIC range from 0.002–512 mg/L [32] . A PTA of ≥90% (i.e.

50 of 500 patients achieving the PK/PD target [33] ) was con-

idered adequate. To incorporate PK model parameter uncertainty,

ach Monte Carlo simulation was repeated 10 0 0 times using the

K parameter sets obtained from a non-parametric bootstrap and

he respective PTAs derived (stochastic simulation and estimation

sse) functionality in PsN [23,25] ). A PTA of ≥90% for the 5th per-

entile of the 10 0 0 computed PTAs was considered adequate. 

.3.3. Cumulative fraction of response 

Based on the PTA results, the CFR [27] was derived for five

athogens commonly encountered in ICUs, namely Pseudomonas
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Table 1 

Evaluated intravenous dosing regimens of meropenem 

Daily dose (mg) Short-term infusion (SI) over 30 min Prolonged infusion (PI) over 3 h Continuous infusion (CI) over 24 h 

2000 SI2: 1000 mg q12h PI2: 1000 mg q12h –

3000 or 3412.5 a SI3: 1000 mg q8h ( = standard dosing 

regimen) 

PI3: 1000 mg q8h CI3 b : 3000 mg q24h following initial 

loading dose of 500 mg over 30 min 

6000 or 6875 a SI6: 2000 mg q8h PI6: 2000 mg q8h CI6 b : 6000 mg q24h following initial 

loading dose of 1000 mg over 30 min 

SI, short-term infusion; PI, prolonged infusion; CI, continuous infusion; q8h, every 8 h; q12h, every 12 h; q24h, every 24 h. 
a For CI treatment at day 1, the initial loading dose is included. 
b Consider to renew the infusion solution dependent on the drug concentration twice or thrice daily (see Supplement of [21] ) to ensure the stability of meropenem. 

Table 2 

Parameter estimates of the developed population pharmacokinetic model a of meropenem in non-CRRT critically ill patients ( n = 41) 

Parameter (unit) Final model estimate (RSE, %; 95% CI b ) Bootstrap c median (95% CI) 

Fixed-effects parameters 

CL d (L/h) 9.25 (4.60; 8.42–10.1) 9.28 (8.38–10.1) 

V 1 
e (L) 7.89 (11.9; 6.05–9.73) 7.92 (6.11–11.5) 

Q (L/h) 28.4 (16.1; 19.4–37.4) 28.4 (11.1–38.2) 

V 2 
f (L) 16.1 (7.40; 13.8–18.4) 16.1 (11.9–18.4) 

CLCR CG _CL 0.00977 (9.20; 0.00800–0.0115) 0.00987 (0.00756–0.0114) 

CLCR CG _INF (mL/min) 154 (6.90; 133–175) 155 (111–178) 

WT_ V 1 0.945 (16.6; 0.637–1.25) 0.936 (0.531–1.32) 

ALB_ V 2 –0.202 (36.6; –0.347 to –0.0572) –0.203 (–0.403 to –0.0521) 

Interindividual variability parameters (IIV) 

CL, %CV 27.1 (19.3; 13.2–36.5) 26.3 (17.1–36.7) 

V 1 , %CV 31.5 (14.3; 20.6–39.8) 30.5 (20.0–40.2) 

V 2 , %CV 16.9 (18.1; 9.02–22.2) 16.3 (8.07–23.2) 

Interoccasion variability parameters g (IOV) 

CL, %CV 12.5 (12.0; 9.11–15.2) 12.4 (9.61–15.5) 

Residual variability parameters (RUV) 

Proportional, %CV 16.6 (6.60; 14.5–18.7) 16.5 (14.5–18.9) 

Additive, SD (mg/L ) 0.246 (29.0; 0.106–0.386) 0.234 (0.0932–0.337) 

ALB, serum albumin concentration; ALB_ V 2 , ALB effect on V 2 (linear relationship); CI, confidence interval; CL, clearance; CLCR CG , creati- 

nine clearance estimated according to Cockcroft and Gault [35] ; CLCR CG _CL, CLCR CG effect on CL (linear relationship up to inflection point); 

CLCR CG _INF, CLCR CG value serving as inflection point (see Appendix A , Section A .4); CRRT, continuous renal replacement therapy; %CV, 

coefficient of variation (calculated as exemplified for IIV: IIV, % CV = 

√ 

e II V 2 − 1 · 100 ; IIV, interindividual variability; IOV, interoccasion vari- 

ability; Q , intercompartmental clearance; RSE, relative standard error (RSE of random-effects parameters reported on approximated standard 

deviation scale); RUV, residual unexplained variability; SD, standard deviation; SE, standard error; V 1 , central volume of distribution; V 2 , 

peripheral volume of distribution; W T, body weight; W T_ V 1 , W T effect on V 1 (power relationship). 
a Model sketch see Appendix A, Fig. A2. 
b Computed as: parameter estimate ± 1.96 SE. 
c Non-parametric bootstrap ( n = 10 0 0): convergence rate of 89.7%. 
d CL for median CLCR CG of non-CRRT patients on first study day (80.8 mL/min). 
e V 1 for median WT of non-CRRT patients (70 kg). 
f V 2 for median ALB of non-CRRT patients at first study day (2.8 g/dL). 
g Occasion was defined as monitored meropenem infusion, i.e. in total six occasions. 
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eruginosa, Acinetobacter spp., Escherichia coli, Enterobacter cloa-

ae and Klebsiella pneumoniae [34] . For the two least susceptible

athogens ( P. aeruginosa and Acinetobacter spp.), the CFR was sep-

rately calculated for the susceptible (MIC ≤ 2 mg/L) and interme-

iate (MIC > 2 and ≤8 mg/L) distribution of the pathogen popula-

ion. A CFR of ≥90% for the 5th percentile of the 10 0 0 computed

FRs was considered adequate. 

. Results 

.1. Population pharmacokinetic modelling 

A two-compartment PK disposition model with first-order elim-

nation, IIV on clearance (CL) and central and peripheral volume of

istribution ( V 1 and V 2 ), IOV on CL, and a combined residual vari-

bility model adequately described the PK data (see Table 2 ). 

The final model, which was based on the data of the non-CRRT

atients ( n = 41), included creatinine clearance estimated accord-

ng to Cockcroft and Gault (CLCR CG ) [35] on CL, total body weight

n V 1 , and serum albumin concentration on V 2 implemented as

iecewise linear, power and linear relationship, respectively (see

ppendix A, Sections A.3–A.4). Covariate inclusion considerably re-

uced unexplained IIV and IOV to ≤31.5%CV ( Table 2 ) compared
ith the base model. Model evaluation demonstrated high param-

ter accuracy and precision, robustness and predictive performance

f the developed model (see Appendix A, Section A.5). Applica-

ion of the final PK model for the CRRT population ( n = 7) revealed

imilar PK parameter estimates as for non-CRRT patients (see Ap-

endix, Table A2). 

.2. Simulations: evaluation of standard and alternative dosing 

egimens 

PTA analysis based on the standard meropenem dosing regimen

 n simulated patients = 52 500 000) indicated an increasing risk of tar-

et non-attainment (i.e. decreased PTA) for patients with increas-

ng CLCR CG (see Fig. 1 ; Table 3 ), decreasing body weight and in-

reasing albumin (see Appendix B, Figs B2 and B3, Table B1). Of

he three covariates, CLCR CG (see Table 3 ; Fig. 1 ) revealed by far

he strongest impact on PTA and CFR (see Appendix B, Section B.2).

ifferences in PTA between treatment days 1 and 4 were marginal

see Appendix B, Figs B2 and B3). 

Given the importance of CLCR CG , dosing simulations and eval-

ation of PTA and CFR were performed for varying CLCR CG values

or the eight selected alternative dosing regimens (see Table 1 ; Ap-

endix B, Section B.3; n simulated patients = 72 0 0 0 0 0 0). 
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Fig. 1. Probability of target attainment (PTA) versus (a) CLCR CG and (b) MIC on the first day of standard meropenem treatment. Evaluated for the PK/PD target 98%T > MIC 

and standard meropenem treatment of 10 0 0 mg 30-min intravenous infusion every 8 h. Varied CLCR CG but body weight and albumin fixed to median of first study day 

(i.e. 70 kg, 2.8 g/dL). Dashed horizontal line = PTA of 90%; coloured dots and lines + shaded areas = median + 90% CI of the 10 0 0 PTA values derived from the 10 0 0 Monte 

Carlo simulations considering PK parameter uncertainty; grey shaded area = extrapolated covariate range not covered by the study population or CLCR CG ≥ 154 mL/min ( = 

inflection point of CLCR CG –CL relationship). CI, confidence interval; CLCR CG , creatinine clearance estimated according to Cockcroft and Gault [35] ; MIC, minimum inhibitory 

concentration; PK/PD, pharmacokinetic/pharmacodynamic. 

Table 3 

(A) Probability of target attainment (PTA) and (B) cumulative fraction of response (CFR) for the first day of meropenem standard treatment 

CL, clearance; CLCR CG , creatinine clearance estimated according to Cockcroft and Gault [35] ; MIC, minimum inhibitory concentration; P0.05, 5th percentile; P0.5, 50th per- 

centile (median); P0.95, 95th percentile; PD, pharmacodynamic; PK, pharmacokinetic. 
a PTA and CFR evaluated for the PK/PD target 98%T > MIC and standard meropenem treatment of 10 0 0 mg 30-min intravenous infusion every 8 h. PTA and CFR are given for 

varied values of CLCR CG as well as for selected MICs and are presented as the median (P0.5) and 5th (P0.05) and 95th percentile (P0.95) of the 10 0 0 PTA values derived from 

the 10 0 0 Monte Carlo simulations considering PK parameter uncertainty. 
b Body weight and albumin fixed to median value of first study day (i.e. 70 kg and 2.8 g/dL). 
c According to the European Committee on Antimicrobial Susceptibility Testing (EUCAST) [32] . 

Colour coding: green, CFR or PTA ≥90%; yellow, CFR or PTA 80% to < 90%; orange, CFR or PTA > 50% to < 80%; red, CFR or PTA ≤ 50%; grey shaded values, extrapolated CLCR CG 

range not covered by the study population or CLCR CG ≥ 154 mL/min ( = inflection point of CLCR CG –CL relationship). 
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Table 4 

Three-level dosing algorithm 

a for the first day of meropenem treatment in critically ill patients. The proposed eight dosing regimens b cover three different infusion durations: 

short-term infusion (SI: SI2, SI3, SI6), prolonged infusion (PI: PI2, PI3, PI6) and continuous infusion (CI: CI3, CI6); and cover three different daily doses: 20 0 0 mg (light blue: 

SI2, PI2), 30 0 0 mg (blue: SI3, PI3, CI3 c ) and 60 0 0 mg (pink: SI6, PI6, CI6 d ). For detailed description of the eight dosing regimens, refer to Table 1 

CFR, cumulative fraction of response; CI, continuous infusion; CL, clearance; CLCR CG , creatinine clearance estimated according to Cockcroft and Gault [35] ; EUCAST, European 

Committee on Antimicrobial Susceptibility Testing; i.v., intravenous; MIC, minimum inhibitory concentration; PD, pharmacodynamic; PI, prolonged infusion; PK, pharmacoki- 

netic; PTA, probability of target attainment; q8h, every 8h; q12h, every 12 h; q24h, every 24 h; R, resistant; S, susceptible; SI, short-term infusion. 
a The algorithm is currently intended for clinical research and requires further validation in future clinical studies. 
b Lowest possible dosing regimen for which the 5th percentile of the 10 0 0 Monte Carlo simulations considering PK parameter uncertainty achieved CFR ≥ 90% (for Level 2, 

Level 3 (–MIC) ) or PTA ≥ 90% (for Level 1, Level 3 ( + MIC) ). For SI and PI, the PK/PD target 98%T > MIC was evaluated, and for CI the 98%T > 4 ×MIC was evaluated. 
c For first day of treatment, daily dose of 3412.5 mg including loading dose. 
d For first day of treatment, daily dose of 6875 mg including loading dose. 
e Body weight and albumin fixed to median of first study day (i.e. 70 kg and 2.8 g/dL). 
f EUCAST MIC distribution [32] . 

Grey shaded areas: extrapolated covariate range not covered by the study population or CLCR CG ≥154 mL/min ( = inflection point of CLCR CG –CL relationship). 

Dosing regimens: SI2: 10 0 0 mg, 30-min i.v. infusion, q12h; SI3: 10 0 0 mg, 30-min i.v. infusion, q8h ( = standard dosing; highlighted in bold); SI6: 20 0 0 mg, 30-min i.v. 

infusion, q8h; PI2: 10 0 0 mg, 3-h i.v. infusion, q12h; PI3: 10 0 0 mg, 3-h i.v. infusion, q8h; PI6: 20 0 0 mg, 3-h i.v. infusion, q8h; CI3: 30 0 0 mg, q24h, following 50 0 mg, 30-min 

loading dose; CI6: 60 0 0 mg, q24h following 10 0 0 mg, 30-min loading dose. 

For CI regimens (CI3, CI6), consider to renew the infusion solution dependent on the drug concentration twice or thrice daily (see Supplement of [21] ) to ensure the stability 

of meropenem. 
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(  
Based on the results of the PTA and CFR analyses (PK/PD target

or SI and PI, 98%T > MIC ; for CI, 98%T > 4 × MIC ) for treatment day 1,

 three-level dosing algorithm was developed ( Table 4 ) allowing to

dentify the lowest short-term, prolonged and continuous-infusion

egimen resulting in adequate PTA/CFR (i.e. 5th percentile of 10 0 0

omputed PTA/CFR values ≥90%) based on a patient’s CLCR CG and

he level of knowledge about the pathogen: 

• ‘Level 1’ (L1): pathogen unknown, i.e. based on predefined non-

species-related PK/PD breakpoints [34] ; 
• ‘Level 2’ (L2): pathogen known; 
• ‘Level 3 

(–MIC) ’ 
(L3 (–MIC) ): pathogen and susceptibility (i.e. sus-

ceptible, intermediate) known; and 

• ‘Level 3 
( + MIC) ’ 

(L3 ( + MIC) ): MIC known. 

The dosing algorithm shall be illustrated for different levels

f knowledge about the pathogen by the following example: If

tarting treatment and suspecting a susceptible infecting pathogen

L1; susceptible breakpoint = 2 mg/L) in patients with CLCR = 50
CG 
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Fig. 2. Example illustrating application of the three-level meropenem dosing algorithm (described in Section 3.2 ): flow chart (left); and snapshot of parts of the dosing 

algorithm (see Table 4 ) relevant for the example given on the left in black font (right). For dosing regimens, see Table 1 . For continuous infusion (CI) regimens (CI3, CI6), 

consider to renew the infusion solution dependent on the drug concentration twice or thrice daily (see supplement of [21] ) to ensure the stability of meropenem. CLCR CG , 

creatinine clearance estimated according to Cockcroft and Gault [35] ; I, intermediate; MIC, minimum inhibitory concentration; R, resistant; S, susceptible. 
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mL/min, the short-term infusion regimen with an increased daily

dose of 60 0 0 mg (SI6) would be needed to reach adequate PTA; for

the prolonged- and continuous-infusion regimens, 30 0 0 mg daily

(PI3/CI3) would be sufficient. For patients with normal renal func-

tion (CLCR CG = 90 mL/min; see flow chart, Fig. 2 ), only the highest

investigated continuous-infusion regimen (CI6) would reach ade-

quate PTA. When for the latter patients information on the type

of pathogen becomes available (L2), a reduced dosing regimen

(SI2/SI3/PI2/CI3) could be selected in case of different Enterobacte-

riaceae, whereas for P. aeruginosa or Acinetobacter spp. no regimen

appeared appropriate. If additional knowledge of the susceptibil-

ity of the pathogen (L3 (–MIC) ) becomes available, e.g. for suscep-

tible P. aeruginosa , apart from short-term infusion (SI6), an even

lower prolonged infusion (PI3) or continuous infusion (CI3) regi-

men was found to result in adequate PK/PD target attainment; and

for susceptible Acinetobacter spp., short-term infusion (SI6), pro-

longed infusion (PI6) or continuous infusion (CI3) regimens. If the

actual MIC is also provided (L3 ( + MIC) ) being ≤0.12 mg/L, irrespec-

tive of the pathogen but depending on the particular MIC the dos-
ng regimen could be kept or reduced even further (SI2/SI3/PI2/PI3/

I3). 

. Discussion 

A three-level meropenem dosing algorithm was generated

roposing dosing regimens for meropenem in critically ill patients

hat aimed to result in effective meropenem exposure by means

f a comprehensive population PK/PD analysis. The reliability of

he proposed dosing regimens is deemed high as the underly-

ng analysis also considered the uncertainty in the estimated PK

odel parameters. The investigated dosing regimens are provided

n an intuitive tabular overview ( Table 4 ), which considers only

LCR CG as the crucial patient-specific factor for meropenem tar-

et attainment. No additional covariates needed to be included

s they showed only little impact on the achievement of effec-

ive antibiotic exposure. The dosing overview considers different

evels of pathogen-specific information (L1, pathogen unknown;

2, pathogen known; L3 (–MIC) , pathogen and susceptibility known;
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3 ( + MIC) , MIC known) as might be encountered in different clinical

ettings. 

For the vulnerable population of critically ill patients, TDM

as been recommended for individual dose adjustment [9,10] .

owever, TDM of antibiotics is still only rarely available in clinical

outine, e.g. the recent ADMIN-ICU survey indicated that only 2%

f the investigated ICUs implemented TDM for carbapenems [11] .

s especially at the start but also during meropenem treatment

DM is mostly not available, reliable dosing recommendations are

eeded. In contrast to previous suggestions, the present work sys-

ematically investigated various dosing regimens for meropenem

iven different levels of information about the pathogen and fur-

hermoreconsidered PK parameter uncertainty in the underlying

imulations [16,20,21] . The developed three-level dosing algorithm

see Table 4 ) summarises dosing regimens that are likely to result

n effective meropenem exposure (i.e. adequate PTA/CFR) based

n a patient’s renal function and the level of knowledge about

 pathogen and hence provides information for different stages

f treatment [pathogen and/or antibiogram available or not (yet)]

nd for different ways of reporting susceptibility in the patient

ecords (susceptible/resistant classification or MIC). Choosing the

osing regimen based on the highest level of knowledge about a

athogen could allow to achieve effective exposure with the po-

ential advantage of more probable or faster cure [2–4] as well as

educed risk of unnecessary high or toxic concentrations and of

esistance development and spread. The algorithm is currently in-

ended for clinical research and needs further validation in future

linical studies. 

To give an example, in ‘Level 1’ (pathogen unknown; based

n the non-species-related PK/PD breakpoints, e.g. susceptible = 2

g/L [34] ) for patients with normal renal function (CRCL ≥ 90

L/min) a very high dose is proposed (CI6; see Fig. 2 ). In such

ituations, especially when TDM is not available, it is important to

losely observe signs and symptoms of toxicity (e.g. neurotoxicity

36] ). Depending on the site of infection, the bacterial spectrum

ay not be fully unknown and an empirical antibiotic treatment

ay be indicated. However, if the infecting strain is known (‘Level

’), in most cases (for all evaluated Enterobacteriaceae) reduced

osing might be adequate. For the bacteria listed in the algorithm,

nly for infections with P. aeruginosa or Acinetobacter spp. none

f the investigated dosing regimens was sufficient, which can be

xplained by the higher proportion of pathogens with intermedi-

te susceptibility or resistance against meropenem [32] . In such

ituations, combination therapy might be an option for critically

ll patients, as already recommended by diverse guidelines if P.

eruginosa is a suspected strain in severe infections [37,38] . 

Overall, the analyses suggested adequate exposure to cover sus-

eptible bacteria (MIC ≤ 2 mg/L) with at least one of the eight

nvestigated dosing regimens in all investigated patients even if

isplaying augmented renal function. Bacteria with intermediate

usceptibility, however, appeared to only be adequately covered

n patients with renal insufficiency (MIC = 4 mg/L, CLCR CG ≤ 80

L/min; MIC = 8 mg/L, CLCR CG ≤ 30 mL/min) using the most in-

ensified dosing regimens (SI6/PI6/CI6). Conversely, for highly sus-

eptible pathogens (e.g. MIC < 0.12 mg/L for CLCR CG = 90 mL/min),

ven lower than standard dosing appeared to be sufficient, how-

ver the advantages or disadvantages of such adaptions to lower

osing have to be further evaluated in prospective clinical trials.

evertheless, this finding demonstrates the revelance of reporting

IC values even within the low susceptible range. 

This systematic PK/PD analysis demonstrated important trends,

otably for MIC ≤ 4 mg/L and day 1 of treatment. First, for a given

aily dose, continuous-infusion regimens were superior to pro-

onged, and prolonged to short-term dosing regimens. The superi-

rity of continuous over prolonged infusion was more pronounced

han that of prolonged over short-term infusion. Previous investi-
ations for meropenem revealed the feasibility of continuous in-

usion, despite the reported instability [39,40] , at 25 °C if renew-

ng the solution in dependence of the drug concentration twice or

hrice daily (see Supplement of [21] ). Second, the effect of type

f infusion (e.g. continuous versus prolonged) on the achievement

f effective exposure was more relevant than the administered to-

al daily dose (e.g. 30 0 0/3412.5 vs. 60 0 0/6875 mg; for continuous

nfusion ≤14.6% higher total daily doses compared with the other

egimens owing to the initial loading dose on day 1). For MIC > 4

g/L and non-susceptible P. aeruginosa or Acinetobacter spp., pro-

onged rather than continuous-infusion regimens were superior.

ote that these findings are based on the evaluation of the se-

ected PK/PD targets (for SI and PI, 98%T > MIC ; for CI, 98%T > 4 × MIC ).

rends might differ when evaluating other targets (e.g. 50%T > MIC 

r 50%T > 4 × MIC ) or non-critically ill patient populations. 

The PK/PD target of 98%T > MIC was selected for critically

ll patients as it has previously been shown to result in im-

roved clinical response in patients receiving β-lactam antibiotics

3,28] and also given the good safety profile of meropenem [41] .

or continuous-infusion regimens, an even stricter PK/PD target of

8%T > 4 × MIC was selected. This was deemed reasonable in light of

he increasing spread of resistance [42] and the raised concerns

hat plateau-like antibiotic concentrations achieved at steady-state

ollowing continuous infusion may, if close to the MIC, favour the

election of resistant strains [43–45] . Notably, even stricter tar-

ets have been suggested. For instance, Tam et al. [43] suggested

inimum meropenem target concentrations that not only exceed

 × but 6.2 × MIC to supress in vitro resistance of P. aeruginosa .

espite the strict target of 98%T > 4 × MIC , continuous-infusion regi-

ens were still found to be superior over short-term or prolonged-

nfusion regimens with respect to the PTA/CFR for MIC ≤ 4 mg/L. 

The dosing regimens in the present work were derived based

n the results of PTA and CFR analyses and the developed popula-

ion PK model. To the best of our knowledge, this is the first analy-

is of meropenem to also consider PK parameter uncertainty in the

onte Carlo simulations [23] underlying the selection of dosing

egimens for the dosing algorithm. Compared with the traditional

pproach not considering PK parameter uncertainty, the dose se-

ection was more conservative (see Appendix B, Section B.4); thus,

he results were deemed more reliable, which may be important

o ensure effective exposure especially for critically ill patients. The

TA and CFR analyses on treatment days 1 and 4 revealed only lit-

le difference given the short elimination half-life of meropenem

study ICU patient, median = 2.27 h), with the results of day 1 be-

ng slightly more conservative. Hence, the dosing algorithm, which

s provided for the start of treatment, is considered appropriate

lso during later meropenem treatment. 

In contrast to most previous studies on meropenem, we system-

tically investigated a high number of potential covariate candi-

ates ( n = 27). Three covariate–PK parameter relationships (CLCR CG 

n CL, body weight on V 1 , and albumin on V 2 ) were included

n the developed population PK model. Due to the pronounced

mpact of CLCR CG on the PTA, caused by its strong influence on

he descending part of the concentration–time profile, the dos-

ng simulations were performed for varying CLCR CG but fixed body

eight and albumin concentration. For patients with extreme body

eight and albumin values, however, there might be an additional

arginal impact of body weight and albumin that has not been

onsidered in the algorithm. If aiming at additionally taking them

nto account, the implementation of the developed population PK

odel in a dosing software (e.g. TDMx [46] ) is required, which can

ltimately allow to determine an individualised dosing regimen for

n individual CLCR CG –weight–albumin combination. 

In conclusion, we developed a three-level meropenem dosing

lgorithm, suggesting meropenem dosing regimens for critically ill

atients based on their renal function as well as different levels
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of knowledge about the pathogen. Additional independent clini-

cal studies will be next necessary to validate the dosing algorithm

in order to make it applicable in clinical practice. In addition, fur-

ther studies investigating clinical outcome, also including toxicity,

as well as further pharmacometric exploitations of in vitro infor-

mation [47] are warranted. 
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