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ABSTRACT In the present study, population pharmacokinetic (PK) analysis was performed
based on meropenem data from a prospective study conducted in 114 critically ill patients
with a wide range of renal functions and various disease conditions. The final model was
a one-compartment model with linear elimination, with creatinine clearance and contin-
uous renal replacement therapy affecting clearance, and total bodyweight impacting the
volume of distribution. Our model is a valuable addition to the existing meropenem pop-
ulation PK models, and it could be particularly useful during implementation of a thera-
peutic drug monitoring program combined with Bayesian forecasting. Based on the final
model developed, comprehensive Monte Carlo simulations were performed to evaluate
the probability of target attainment (PTA) of 16 different dosing regimens. Simulation results
showed that 2 g administered every 8 h with 3-h prolonged infusion (PI) and 4 g/day by
continuous infusion (CI) appear to be two empirical dosing regimens that are superior to
many other regimens when both target attainment and potential toxicity are considered
and renal function information is not available. Following a daily CI dose of 6 g or higher,
more than 30% of the population with a creatinine clearance of ,60 mL/min is pre-
dicted to have neurotoxicity. With the availability of institution- and/or unit-specific
meropenem susceptibility patterns, as well as an individual patient’s renal function, our
PTA results may represent useful references for physicians to make dosing decisions.

KEYWORDS ICU patients, meropenem dose regimen, target attainment analysis,
population pharmacokinetics

Meropenem is a carbapenem antibiotic that has antimicrobial activity against Gram-posi-
tive and Gram-negative pathogens, such as Pseudomonas aeruginosa and Acinetobacter

spp., as well as anaerobes. Meropenem has a short half-life (;1 h under normal renal function),
shows minimal plasma protein binding (,2%), and mainly undergoes renal elimination,
with 60 to 80% of the drug being excreted in urine as unchanged drug (1, 2). As with other
b-lactam antibiotics, meropenem displays time-dependent killing, and the best pharmacoki-
netic/pharmacodynamic (PK/PD) predictor is the percentage of the time interval during
which the unbound drug concentration exceeds the MIC for the causative pathogen (i.e., %
f T>MIC). The traditional PK/PD target for meropenem is 40% f T>MIC; this cutoff value was
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defined based on in vitro and in vivo animal studies (3). For severe infections, such as in
critically ill patients, the PK/PD target of 100% f T>MIC (i.e., fCtrough>MIC) has been advocated
because of its association with a favorable clinical outcome (4). In addition, a more aggres-
sive PK/PD target of 100% f T>4�MIC (i.e., fCtrough>4�MIC) has been proposed to achieve maxi-
mal killing while avoiding the emergence of antimicrobial resistance (5, 6).

Due to its broad spectrum of antimicrobial activity, meropenem is frequently used for
the empirical treatment of severe infections in critically ill patients. Studies have shown that
the standard meropenem dosing regimens may lead to insufficient PK exposure and/or sub-
optimal PK/PD target attainment in a large proportion of intensive care unit (ICU) patients
(7, 8). Critically ill patients with augmented renal clearance and/or with infections due to
less-susceptible pathogens are a particular concern due to increased risk of treatment
failure with subtherapeutic antibiotic concentrations. To improve the rational use of mero-
penem in critically ill patients, great effort has been made to characterize its PK and proba-
bility of target attainment (PTA) in this special population, with several population PK stud-
ies of meropenem being reported in the past decade (9–15). However, many of the
aforementioned population PK and PTA studies have the limitations of small sample size
(8, 12), inclusion of only certain subpopulations (7, 11), and/or the retrospective nature of
the work (16), leading to uncertain predictability and generalizability of the reported popu-
lation PK models. Indeed, a recent study conducted by Yang et al. evaluated the adequacy
and predictive capabilities of 14 published meropenem PK models (17), and their results
showed that none of the models could adequately describe meropenem PK data collected
in their center. This highlights the need to develop a robust population PK model for merope-
nem. In the present study, we prospectively evaluated meropenem PK and target attainment
in a relatively large and heterogeneous ICU population with various conditions (acute kidney
injury, sepsis, septic shock, etc.), as well as a wide range of renal function (ranging from renal
impairment requiring continuous renal replacement therapy [CRRT] to augmented renal clear-
ance). The aims of the present study were (i) to perform population PK modeling to quantita-
tively characterize meropenem disposition in the study population, (ii) to identify the potential
significant covariates that can explain meropenem PK variability among patients, (iii) to per-
form comprehensive simulations to evaluate the PTA of meropenem over a wide MIC range
following different dosing regimens, and (iv) finally, to provide empirical dosing recommen-
dations based on the modeling and simulation results.

RESULTS
Patient demographics. In this present meropenem study, 130 critically ill patients,

including 10 patients undergoing CRRT, were enrolled. The major reasons for ICU admission
(only n$ 10 are listed) included respiratory disorders (n = 41) and infections and infestations
(n = 30), as well as surgical and medical procedures (n = 13). The median age of the study
subjects was 63 years, with male subjects accounting for 53% of the population. The me-
dian creatinine clearance, calculated with Cockcroft-Gault formula using total body weight
(CLCR,TBW), was 87 mL/min (interquartile range [IQR] = 50 to 128 mL/min). Among the enrolled
subjects, 38% had acute kidney injury, 47% had sepsis, 29% had septic shock, and 54% were
on mechanical ventilation. The detailed information of patient demographic and clinical char-
acteristics is in Table 1. Patients received meropenem for the following indications: pneumonia
(n = 25), sepsis (n = 19), septic shock (n = 12), respiratory tract infection (n = 10), and several
other types of infections or diseases (n# 5 for each). The most common meropenem dosing
regimens used were 1,000 mg Q8h 3-h infusions (n = 26), 500 mg Q6h 3-h infusions (n = 19),
and 500 mg Q8h 3-h infusions (n = 7).

Population PK modeling. A total of 370 meropenem plasma concentrations from
the 112 enrolled subjects were included in the population PK analysis. The number of con-
centrations ranged from 1 to 8 across all patients. Sample collection times were also random
for each subject. Figure 1 shows the observed meropenem plasma concentrations over time
since last dose (time past start of infusion of last dose).

A one-compartment model with zero-order input and first-order elimination process was
found to be the best structural model to characterize meropenem PK in the study population.
Covariate analysis identified the following significant covariates: creatinine clearance calculated

Population PK of Meropenem in Critically Ill Patients Antimicrobial Agents and Chemotherapy

January 2023 Volume 67 Issue 1 10.1128/aac.01312-22 2

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.01312-22


with the Cockcroft-Gault formula using total body weight (CLCR,TBW) on the renal clearance of
meropenem (CLR), CRRT on meropenem total clearance (CLT), and total bodyweight (TBW) on
the volume of distribution (V). We evaluated both lean bodyweight (LBW) and total body-
weight (TBW) when we calculated CLCR. However, CLCR,LBW on CLR did not provide a substantial
improvement in objective function or unexplained interindividual variability (IIV) over
CLCR,TBW on CLR. LBW is more difficult to calculate for clinical application. Therefore, CLCR,TBW on
CLR was chosen in the final model. Various other covariates, such as mechanical ventilation
and mortality/severity of disease (SOFA) scores, were evaluated, and none of them had signifi-
cant impact on CL and V of meropenem. In the final model, IIV terms were estimated for both
CLT and V. A combined proportional and additive error model best described the unexplained
residual variability. The estimates of the meropenem PK parameters from the final model are
provided in Table 2. The estimated CLT of meropenem was 5.28 L/h in study subjects not
receiving CRRT and 3.98 L/h while receiving CRRT. The volume of distribution per 85 kg
total bodyweight was estimated to be 35.1 L.

As shown in Table 2, the relative standard error (RSE) was below 30% for each of the
estimated PK parameters, suggesting that they were estimated with good precision.

The time courses of observed versus model predicted plasma concentrations of merope-
nem in four representative ICU patients are provided in Fig. 2, which clearly showed good

FIG 1 Observed meropenem plasma concentrations versus time since the last dose stratified by the doses.

TABLE 1 Clinical characteristics of study patients receiving meropenem therapy (n = 130)

Characteristic Median (IQR) or n (%)
CLCR,TBW (mL/min) 87 (50–128)
CLCR,LBW (mL/min) 56 (33–86)
Total body wt (kg) 85 (69–107)
Lean body wt (kg) 57 (46–66)
Age (yrs) 63 (53–71)
Sex 54 females (47), 60 males (53)
Race 9 Black/African American (8), 104 white (91), 1 multiple (1)
Ethnicity 112 not Hispanic (98), 2 not reported (2)
Acute kidney injury 43 (38)
Sepsis 54 (47)
Septic shock 33 (29)
Hepatic function 17 normal (15), 42 not normal (37), 55 missing (48)
SOFA 7 (4–9)
Mechanical ventilation 61 (54)
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agreement between the model predicted meropenem concentrations and observed concen-
trations at different time points across different dosing regimens. The prediction-corrected vis-
ual predictive check (pc-VPC) plot, as presented in Fig. 3, shows that the observed median
and 5th/95th percentiles fall within the 95% confidence intervals of the simulated median and
5th/95th percentiles, indicating that the prediction-corrected concentrations were well pre-
dicted by the final model. Figure S1 in the supplemental material shows additional goodness-
of-fit plots, with the population-predicted and individual-predicted concentrations versus the
observed concentrations being presented in Fig. S1A and B, respectively, and the conditional
weighted residuals versus time and the conditional weighted residuals versus population-pre-
dicted concentrations in Fig. S1C and D, respectively. As shown in these plots, the data were
uniformly distributed around the line of identity or zero line without bias, indicating that the
final model characterized meropenem PK adequately at both population and individual levels
without significant bias in the model fit.

PTA analysis. Based on the PK parameters estimated from the final model, compre-
hensive Monte Carlo simulations were performed to evaluate the PTA of meropenem in
critically ill patients following various dose regimens using three different PK/PD targets,
namely, 40% f T>MIC, 100% f T>MIC, and 100% f T>4�MIC. The PTA versus MIC profiles for differ-
ent dosing regimens with intermittent infusion (II), prolonged infusion (PI), or continuous
infusion (CI) are presented in Fig. 4 and Fig. S2. A heatmap of PTA of meropenem over a
wide MIC range with 16 different dosing regimens in all subjects, as well as subjects strati-
fied by renal function, is shown in Fig. 5 and Fig. S3. A PTA of$90% was coded with green
color to indicate satisfactory target attainment. Table 3 and Table S1 list the breakpoint
values that can be reached with various meropenem dosing regimens. For the 2-g daily
dose scenario, we simulated data under five different dosing regimens, including the 0.5-g
Q6h 0.5-h infusion, 0.5-g Q6h 3-h infusion, 1-g Q12h 0.5-h infusion, and 1-g Q12h 3-h infu-
sion, as well as the 2-g-per-day continuous infusion. As shown in Table 3 and Fig. 5, with a
target of 100% f T>MIC, the dosing regimen of 0.5 g Q6h administered as 0.5-h infusions
could reach breakpoints of 4, 2, and 0.5 mg/L in critically patients with CLCR values of
,60 mL/min, 60 to 129 mL/min, and $130 mL/min, respectively. As shown in Table S1,
with a target of 40% f T>MIC, following the same dosing regimen, the breakpoint values
increased to 8, 8, and 4 mg/L in patients with renal impairment, normal renal function
and augment renal function, respectively. With a target of 100% f T>4�MIC, meropenem 0.5
g Q6h given as 0.5-h infusions did not reach the EUCAST clinical breakpoint of 2 mg/L
against Enterobacterales, P. aeruginosa, and Acinetobacter baumannii in any population.
With a target of 100% f T>MIC and following the same dosing regimen (0.5 g Q6h) but
with prolonged 3-h infusions, the breakpoints that could be reached were 8, 4, and
1 mg/L in critically patients with CLCR values of ,60 mL/min, 60 to 129 mL/min, and
$130 mL/min, respectively; these values are double those achieved for the same target
with 0.5 g Q6h administered as 0.5-h infusions.

TABLE 2 Parameter estimates of the final meropenem population PK modela

Parameter Unit
Population
estimate

RSE
(%)

Bootstrap
median

Bootstrap
nonparametric 95% CI

CLR L/h per 87 mL/min CLCR,TBW 3.69 12.1 3.71 2.96–4.51
CLCRRT L/h 2.39 29.2 2.39 1.09–3.96
CLNR L/h 1.59 25.2 1.55 0.87–2.33
CLT,nonCRRT L/h 5.28 5.27 4.76–5.80
CLT,CRRT L/h 3.98 3.98 2.84–5.34
V L/85 kg TBW 35.1 10.3 34.0 27.8–42.9
IIV CL % 47.1 27.0 46%b 33–60%
IIV V % 58.9 55.6 57% 18–84%
Corr (CL,V) % 58.7 43.8 60% –5.9–100%
CVCP % 31.6 16.0 31% 25–37%
SDCP mg/L 0.209 231.7 0.18 0.002–2.05
aCLR, renal clearance; CLCRRT, clearance by CRRT; CLNR, nonrenal clearance; CLT,CRRT, total body clearance in subjects on CRRT; CLT,nonCRRT, total body clearance in subjects not
on CRRT; V, volume of distribution; CVCP, proportional residual error; SDCP, additive residual error; TBW, total body weight; RSE, relative standard error.

bThe IIV term relates to the total body clearance CLT.
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Compared to 0.5 g Q6h, the same daily dose but with longer dosing interval (1 g Q12h)
resulted in much lower breakpoint coverage, this was consistently observed regardless of
whether administration was by II or PI. On the other hand, the breakpoints reached were
much higher following continuous infusion of the same daily dose (i.e., 2 g/day CI). For
example, for a target of 100% f T>MIC the breakpoints were 16, 8, and 8 mg/L in patients
with renal impairment, normal renal function, and augmented renal function, respectively.
The detailed results of other dosing regimens can be found in Fig. 4 and 5 and Fig. S2 and
S3, as well as Table 3 and Table S1.

It has been reported that there is 50% risk of developing neurotoxicity or nephrotoxicity
when meropenem concentrations were higher than 64.2 or 44.5 mg/L, respectively (18).
Based on this information, we estimated percentage of subjects with Ctrough exceeding these
two thresholds and the corresponding probability of meropenem-induced toxicities fol-
lowing various dosing regimens (Table 3 and see Table S2). Overall, a low toxicity risk is
expected when meropenem is given II or PI in subjects with creatinine clearance>60 mL/min.
The predicted neurotoxicity or nephrotoxicity incidence is >15% in all populations in those
two high daily CI dose regimens (i.e., 6 g/day CI and 8 g/day CI). For subjects with renal
function at ,60 mL/min, meropenem-inducted toxicity is expected to be high in not only
$4 g daily CI doses but also in 2-g Q8h II and PI dose regimens.

FIG 2 Time course of individual observed (symbols) versus individual/population predicted (solid/dash lines) meropenem plasma concentrations in four representative
ICU patients receiving meropenem standard of care.
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DISCUSSION

Based on meropenem PK data collected from 114 critically ill patients from two ICU
sites, population PK analysis was performed, and a one-compartment model with linear
elimination was found to best characterize meropenem disposition in the study popula-
tion. In our final model, the estimated typical values of CL and V of meropenem are 5.28
L/h (per 87 mL/min CLCR) and 35.1 L (per 85 kg body weight), respectively, with creatinine
clearance and CRRT affecting CL and total body weight having impact on V. There are
numerous meropenem population PK reports available in the literature, and the estimated
parameters, especially CL, vary substantially among different reports (7, 9, 10, 12, 14, 19); this
is likely due to the differences across selected populations. For example, Gijsen et al. reported
meropenem volume of distribution (37.9 L) that is similar to our estimate, but a much higher
clearance (13.7 L/h) (7), which is not surprising since they only enrolled critically ill patients
with preserved or increased renal function. On the other hand, Ulldemolins et al. also reported
a similar estimate of volume of distribution (33 L) but a lower clearance (3.68 L/h) (10), which
could be explained by the fact that only critically ill patients with septic shock who were on
CRRT were included in their study. Our model estimated total clearance for patients on CRRT
was 3.98 L/h.

Many meropenem population PK studies reported that renal function was a significant
covariate on meropenem elimination (13–16, 20, 21); this was confirmed in our analysis. This
is expected since meropenem is a hydrophilic compound undergoing extensive renal elimina-
tion. In addition to renal function, we also evaluated various other covariates and identified
two additional important covariates, namely, body weight and CRRT. This is in line with some
of the prior meropenem population PK reports, albeit not all since many studies failed to iden-
tify these covariates likely due to small sample size and/or lack of patients with CRRT in their
study population (13, 19, 21, 22). While the inclusion of those three significant covariates did
explain a considerable fraction of the variability, the remaining unexplained variability is still
high, as reflected by the 47% IIV for CLT and 59% IIV for V. These unexplained high variabilities
likely are caused by the underlying dynamic and complex pathophysiological changes whose
net impact on meropenem PK is difficult to evaluate (23). The remaining unexplained high
intersubject variability of meropenem parameters was also consistently reported in many
other meropenem population PK reports (9, 12, 15, 21). The fact that meropenem PK

FIG 3 Prediction-corrected visual predictive check (pc-VPC) of the final meropenem model.
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variability remains high, even after incorporation of covariates, indicates the importance of
performing therapeutic drug monitoring (TDM) for individualized therapy. For ICUs with
b-lactam TDM implemented, an attractive strategy of model-informed precision dosing
(24), which combines sparse PK data obtained from TDM with Bayesian forecasting using

FIG 4 PTA of meropenem versus MIC following different dosing regimens with the target of 100% f T>MIC

for regimens with intermittent 30-min infusion (upper panel), 3-h prolonged infusion (middle panel), and
24-h continuous infusion (lower panel).
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FIG 5 Heatmap of PTA of meropenem at different MIC values following different dosing regimens in all subjects as well as subjects with
different renal functions, with the PK/PD targets of 100% f T>MIC. Color coding: green, PTA $ 90%; yellow, PTA 80 to 89%; orange, PTA
50 to 79%; red, PTA , 50%.
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TABLE 3 Predicted meropenem breakpoints following different dosing regimens in all
subjects, as well as in subjects with different renal functions

Dosing regimen
CLCR
(mL/min)

Meropenem
breakpoint (mg/L)a PPNb (%)

0.5 g, Q6h, 30-min infusion All 2 0.14
,60 4 0.37
60–129 2 0.04
$130 0.5 0.04

0.5 g, Q8h, 30-min infusion All 1 0.02
,60 4 0.03
60–129 1 0.02
$130 0.25 0.00

1 g, Q8h, 30-min infusion All 2 0.65
,60 8 1.83
60–129 2 0.13
$130 0.5 0.12

1 g, Q12h, 30-min infusion All 0.5 0.06
,60 2 0.17
60–129 0.5 0.00
$130 ,0.125 0.00

2 g, Q8h, 30-min infusion All 4 5.38
,60 16 12.72
60–129 4 2.65
$130 1 1.00

2 g, Q12h, 30-min infusion All 1 1.16
,60 4 3.40
60–129 1 0.15
$130 0.125 0.20

0.5 g, Q6h, 3-h infusion All 2 0.19
,60 8 0.60
60–129 4 0.00
$130 1 0.00

0.5 g, Q8h, 3-h infusion All 1 0.02
,60 4 0.06
60–129 2 0.00
$130 0.5 0.00

1 g, Q8h, 3-h infusion All 2 0.98
,60 8 2.72
60–129 4 0.22
$130 1 0.16

1 g, Q12h, 3-h infusion All 0.5 0.08
,60 4 0.20
60–129 1 0.02
$130 0.125 0.04

2 g, Q8h, 3-h infusion All 4 7.61
,60 16 17.63
60–129 8 4.04
$130 2 1.28

2 g, Q12h, 3-h infusion All 1 1.56
,60 8 4.40
60–129 4 0.41
$130 0.25 0.04

2 g, daily continuous infusion All 4 0.47
,60 8 1.37
60–129 4 0.08
$130 4 0.04

(Continued on next page)
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published population PK models, could be applied to optimize dosing regimens in real
time for individual patients. Successful Bayesian forecasting relies on robust existing popu-
lation PK models. We believe that our meropenem population PK model, which was estab-
lished based on a large population covering a wide range of renal function and various
disease conditions, is a valuable addition to the existing meropenem population PK mod-
els. We look forward to the usage and external validation by other research groups, espe-
cially those planning to implement a TDM program combined with Bayesian forecasting,
to verify the applicability and generalizability of our model.

After the final model was established, we performed comprehensive simulation to
evaluate the PTA of 16 different dosage regimens of meropenem. Our results indicated
that none of the Q12h dosing regimens, regardless of II or PI, evaluated in our analysis can
reach target attainment at MIC of 2 mg/L (i.e., EUCAST PK/PD susceptible breakpoint for
meropenem) when the target of 100% f T>MIC is used. Following the same dose and dosing
interval, PI can provide higher MIC coverage than II. Among all II and PI dosing regimens
evaluated, only one dosing regimen, namely, 2-g Q8h 3-h infusion, can reach the breakpoint
of 2 mg/L in patients with augmented renal function with the target of 100% f T>MIC. In con-
trast to the routinely recommended dose adjustment in renally impaired patients, the dose
increase in patients with augmented renal function is not standard practice. Our simulation
highlights the importance of identifying the subpopulation of patients with augmented re-
nal function and prescribing more aggressive dose regimens as needed.

Compared to PI, CI provides even higher breakpoint coverage. For example, following 6-g
daily dose, meropenem 6-g/day CI reaches breakpoint of 16 mg/L with target 100% f T>MIC,
which is 4-fold higher than the breakpoint of 4 mg/L reached following 2-g Q8h II or PI.
Compared to 6-g/day CI, a higher dose of 8-g/day CI results in essentially same breakpoints
as 6-g/day CI does, except for the subjects with augmented renal function. Imani et al. retro-
spectively reviewed the TDM data of piperacillin, meropenem, or flucloxacillin from 378
patients, and their result indicated that there is 50% risk of developing neurotoxicity or
nephrotoxicity when meropenem concentrations were higher than 64.2 or 44.5 mg/L,
respectively (18). We calculated the percentage of the simulated population with Ctrough

exceeding these two thresholds. Following a daily CI dose of 6 g or higher, meropenem-
induced neurotoxicity and nephrotoxicity are expected in more than 15 and 25% of the
total population, respectively. For subjects with a creatinine clearance of ,60 mL/min,
>30% neurotoxicity and >40% nephrotoxicity are expected following daily a CI dose of
6 g or higher. As these thresholds were defined in a retrospective study, their robustness
and reliability remain unclear. Based on our simulation results, 2-g Q8h 3-h infusion,
which can reach the EUCAST PK/PD sensitive breakpoint of 2 mg/L even in patients with
augmented renal function, and 4-g/day CI, which can reach the EUCAST PK/PD resistant
breakpoint of 8 mg/L even in patients with augmented renal function, appear to be two

TABLE 3 (Continued)

Dosing regimen
CLCR
(mL/min)

Meropenem
breakpoint (mg/L)a PPNb (%)

4 g, daily continuous infusion All 8 5.89
,60 16 13.83
60–129 8 3.13
$130 8 0.72

6 g, daily continuous infusion All 16 15.32
,60 32 30.03
60–129 16 11.52
$130 8 2.92

8 g, daily continuous infusion All 16 24.41
,60 32 39.57
60–129 16 22.39
$130 16 7.56

aThat is, the highest MIC at which$90% of the subjects achieve targets. The target is 100% f T>MIC.
bPPN, predicted possibility of neurotoxicity.
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empirical dosing regimens that are superior to many other regimens when both target
attainment and potential toxicity are considered, even without the availability of MIC or
renal function information. If creatinine clearance information is available, our breakpoint
table (Table 3 and see Table S1) and predicted toxicity incidence table (Table 3 and see
Table S2) could be used for further dose adjustment.

For meropenem CI regimen, we would like to point out that it should not be continuously
infused over 24 h. Fawaz et al. evaluated the stability of meropenem in infusion bags and
their results showed that meropenem concentrations dropped to 90% of the initial concen-
tration at 7.4 and 5.7 h at 22 and 33°C, respectively (25). Carlier et al. reported dose-depend-
ent stability where 10- and 20-mg/mL solutions were stable for 12 h in 0.9% sodium chloride
at 25°C, while the 40-mg/mL solutions were stable for a maximum of 8 h (26). Based on
these stability reports, we recommend the replacement of the infusion bag every 6 h for
CI regimens.

Even though we evaluated three different PD targets, we mainly discussed empirical
dosing recommendations based on the target of 100% f T>MIC rather than 40% f T>MIC

or 100% f T>4�MIC for several reasons. The target of 40% f T>MIC was defined based on in
vitro and in vivo animal studies, which may not be suitable for critically ill patients. In addi-
tion, it has been reported that critically ill patients with severe infections have microcircula-
tory alterations which can result in impaired tissue distribution and accordingly a lower
percentage of f T>MIC at the target site (27). Therefore, the target of 40% f T>MIC may not be
adequate for critically ill patients. On the other hand, the target of 100% f T>4�MIC is aggres-
sive and its impact on clinical outcomes is uncertain at this point. Using this target, very
high doses will be needed for those less susceptible pathogens, which is unrealistic after fac-
toring in the risk of toxicity.

Our study has the following strengths. First, as noted earlier, it is a prospective
study carried out in a relatively large population with various renal function and dis-
ease conditions. Second, this study used an opportunistic sampling strategy, in which
both sample collection time and number of samples per patient were random among
subjects. With this strategy, even with sparse PK samples, a robust population PK
model can be established. Our opportunistic sampling strategy is fundamentally differ-
ent from TDM, in which only Cmax and/or Ctrough are collected for each patient, and
accordingly the data are usually not suitable for population PK model development.
Third, in our PTA simulation we evaluated 16 different dosing regimens covering vari-
ous types of scenarios. With the availability of institution- or unit-specific meropenem
susceptibility patterns (i.e., historic MIC distributions), physicians could select empirical
dose regimens based on the heat map and breakpoint table that we provided.

Our study has a number of limitations. First, most patients enrolled in the study were
treated with 3 h PI. As the infusion time masked the distribution phase, the peripheral com-
partment could not be captured. Accordingly, our final model was a one-compartment model
instead of the two-compartment model that has been reported in several studies. However,
the lack of a peripheral compartment, which may result in a different shape of the curve in
the first few hours after the start of the infusion and an underestimated Cmax, is anticipated to
have a smaller impact on target attainment evaluation of meropenem which exhibits time-de-
pendent killing (where % fT>MIC matters) compared to the impact it would have on an antibi-
otic with concentration-dependent killing (where Cmax/MIC matters). Second, adverse effect
data were not collected in our study. As a result, we could not evaluate the reliability of those
thresholds proposed by Imani et al. (18). Further investigations are warranted in this area.

In conclusion, a population PK model was successfully developed to characterize
meropenem disposition in critically ill patients. Comprehensive Monte Carlo simulation
results showed that 2 g Q8h 3-h PI and 4-g/day CI approaches appear to be superior to
other regimens when both target attainment and potential toxicity are considered and
individual covariate information is not available. Creatinine clearance, body weight,
and CRRT were identified to be significant covariates. Our model is a valuable addition
to the existing meropenem population PK models, and it could be particularly useful
during the implementation of a TDM program combined with Bayesian forecasting.
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With the availability of institution- and/or unit-specific meropenem susceptibility pat-
terns, as well as an individual patient’s renal function, our PTA results may represent
useful references for physicians to make dosing decisions.

MATERIALS ANDMETHODS
Subjects and study design. This prospective, opportunistic, open-label population PK study was

carried out at the University of Iowa and Vanderbilt University Medical Center. Adult ICU patients pre-
scribed intravenous meropenem as the standard of care were eligible to participate. The main exclusion
criteria were patients who were on intermittent dialysis or extracorporeal membrane oxygenation,
receiving probenecid, or who were pregnant at the time of enrollment. The protocol was approved by
the appropriate IRB at each study site prior to the start of the study. Consent to participate was obtained
from each subject prior to any study-related procedures. The dosing of meropenem was based on the
manufacturer’s recommendations. Since this was an opportunistic study, the number of samples per
subject and sample collection time varied among subjects.

Bioanalytical methods. The concentrations of meropenem in human plasma were determined
using a fully validated liquid chromatography-tandem mass spectrometry (LC-MS/MS) method (28). Briefly, the
extraction of meropenem and 2H6-meropenem (internal standard [IS]) was accomplished by a simple protein
precipitation with 4� volume of acetonitrile. Chromatographic separation of analytes was achieved using a
stepwise gradient elution with a Phenomenex Kinetex C18 column (2.6mm by 50 mm by 2.1 mm). Meropenem
and IS were monitored using MS/MS with a turbo ion spray source in positive multiple reaction monitoring
mode. Them/z ratios of precursor ion and product ion of meropenemwere 384.3 and 147.1, respectively, while
the corresponding m/z ratios for the IS were 390.3 and 147.1. The assay was linear from 0.1 to 150 mg/L for
meropenem. Inter- and intraday precisions and bias of the quality control (QC) samples were within a 615%
range. Based on the dilution integrity test that was validated (up to 4� QC high) (28), samples with analyte
concentrations exceeding the upper limit of quantitation, were reassayed after dilution. The plasma samples
were stored at 280°C until sample analysis. The long-term storage stability at 280°C was 6 months, and all
samples were analyzed within this period.

Population pharmacokinetic model development. All meropenem PK data were analyzed simulta-
neously using the nonlinear mixed-effects modeling approach with NONMEM software (version 7.4.3; Icon
Development Solutions, Ellicott City, Maryland), and the first-order conditional estimation method with inter-
action (FOCE1I) was used to estimate the typical values and the variability of the PK parameters. Graphical
analyses were performed using SigmaPlot 13.0 (Systat Software, San Jose, CA) and R (version 4.1.3).

During the model building process, both one- and two-compartment models were evaluated, which
were parameterized in terms of clearance (CL), volume of distribution in each compartment (V), and intercom-
partmental clearance (Q, for the two-compartment model) between the peripheral compartment and the
central compartment. Since meropenem was administered by prolonged intravenous infusions, drug adminis-
tration was modeled as a zero-order process. The interindividual variability (IIV) of the PK parameters for mero-
penem was estimated using an exponential model. To evaluate the residual variability (RV) of the meropenem
model, several different error models, including an additive error model, a proportional error model, and a
combined additive and proportional error model, were examined.

Various covariates, including age, sex, total body weight, and lean body weight based on equations
developed by Janmahasatian et al. (29), estimated creatinine clearance using Cockcroft-Gault equation, pres-
ence or absence of CRRT, mortality/severity of disease scores (SOFA), sepsis/septic shock, mechanical ventila-
tion, and acute kidney injury (AKI), were evaluated in the analysis. Exploratory analysis was performed first, and
only those covariates with a clear trend on the PK parameters were evaluated further in the formal covariate
model testing. The formal covariate analysis included a forward addition step where only covariates that
decreased the objective function value by more than 3.84 (1 df at P , 0.05) were selected and a backward
elimination step where only covariates that produced an increase in the objective function value of>6.63 (1 df
at P, 0.01) were retained in the model. In addition to the statistical measures described above, the principles
of the full covariate model approach, which considers prior biological knowledge about covariate effects, were
also applied. Therefore, covariates that were part of a predefined base set of covariates (total body weight,
lean body weight, estimated creatinine clearance, and the presence or absence of CRRT) were not required to
meet all statistical criteria in order to be included in the model.

The final model was selected based on the objective function values, the precision of the estimated
parameters, and goodness-of-fit plots, as well as the biological and physiological plausibility of the parame-
ter estimates. The Akaike information criterion (AIC) was used for comparing rival nonhierarchical models
and a likelihood ratio test was used to compare rival hierarchical models where a decrease in the NONMEM
objective function value of 3.84 points was necessary for statistically significant improvement in model per-
formance (P, 0.05, df = 1). The adequacy of the final model was examined using a prediction-corrected visual
predictive check (pc-VPC).

Probability of target attainment analysis. Based on the PK parameters from the final meropenem
model, Monte Carlo simulations were performed using NONMEM (version 7.4.3; Icon Development Solutions,
Ellicott City, MD) to evaluate the probabilities of target attainment (PTA) for different dosing regimens of mero-
penem. In total, 16 different dosing regimens were evaluated: 0.5 g Q6h or Q8h with intermittent infusions (II;
30 min) or prolonged infusions (PI; 3 h), 1 g Q8h or Q12h with II or PI, and 2 g Q8h or Q12h with II or PI, as well
as continuous infusion (CI) with daily doses of 2, 4, 6, or 8 g meropenem. For each dosing scenario, 5,700 virtual
subjects were simulated, and the concentration-time profile at steady state was obtained for each virtual sub-
ject. The unbound (free) concentrations were predicted using literature reported protein binding of 2% for
meropenem. Since the data sets for the Monte Carlo simulations were based on the final population PK model,
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the covariate distributions reflected those in the study population, and the correlations between covariates
were preserved.

Based on the Monte Carlo simulation results, the PTA was calculated for each meropenem dosing
regimen over a wide MIC range with the following three PK/PD targets: 40% f T>MIC, 100% f T>MIC, and 100%
f T>4�MIC. Target attainment was considered successful if PTA >90%. The MIC values covered in our analysis
ranged from 0.125 to 64 mg/L; these values span the published MIC distributions of meropenem to pathogens
commonly seen in the ICU environment. The PK/PD breakpoint for each dosing regimen was defined as the
highest MIC with a PTA of at least 90%.

In addition to PTA for antibacterial effect, the probability of meropenem-induced toxicity was also
evaluated. Based on the thresholds of 64.2 mg/L on neurotoxicity and 44.5 mg/L on nephrotoxicity that were
proposed by Imani et al. based on retrospective TDM data (18), the percentage of subjects with Ctrough values
exceeding these thresholds were estimated, and the corresponding probability of meropenem-induced toxicity
was calculated.

SUPPLEMENTAL MATERIAL
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