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ORIGINAL CLINICAL REPORT

Impact of Various Estimated Glomerular Filtration 
Rate Equations on the Pharmacokinetics of 
Meropenem in Critically Ill Adults
IMPORTANCE: Meropenem dosing is typically guided by creatinine-based 
estimated glomerular filtration rate (eGFR), but creatinine is a suboptimal GFR 
marker in the critically ill.

OBJECTIVES: This study aimed to develop and qualify a population pharmaco-
kinetic model for meropenem in critically ill adults and to determine which eGFR 
equation based on creatinine, cystatin C, or both biomarkers best improves model 
performance.

DESIGN, SETTING, AND PARTICIPANTS: This single-center study evaluated 
adults hospitalized in an ICU who received IV meropenem from 2018 to 2022. 
Patients were excluded if they had acute kidney injury, were on kidney replace-
ment therapy, or were treated with extracorporeal membrane oxygenation. Two 
cohorts were used for population pharmacokinetic modeling: a richly sampled 
development cohort (n = 19) and an opportunistically sampled qualification co-
hort (n = 32).

MAIN OUTCOMES AND MEASURES: A nonlinear mixed-effects model was de-
veloped using parametric methods to estimate meropenem serum concentrations.

RESULTS: The best-fit structural model in the richly sampled development co-
hort was a two-compartment model with first-order elimination. The final model 
included time-dependent weight normalized to a 70-kg adult as a covariate for 
volume of distribution (Vd) and time-dependent eGFR for clearance. Among the 
eGFR equations evaluated, eGFR based on creatinine and cystatin C expressed 
in mL/min best-predicted meropenem clearance. The mean (se) Vd in the final 
model was 18.2 (3.5) liters and clearance was 11.5 (1.3) L/hr. Using the develop-
ment cohort as the Bayesian prior, the opportunistically sampled cohort demon-
strated good accuracy and low bias.

CONCLUSIONS AND RELEVANCE: Contemporary eGFR equations that use 
both creatinine and cystatin C improved meropenem population pharmacokinetic 
model performance compared with creatinine-only or cystatin C-only eGFR equa-
tions in adult critically ill patients.

KEYWORDS: beta-lactams; critical illness; cystatin C; extended-spectrum beta-
lactamase; multidrug resistance; pharmacokinetics; sepsis

Carbapenems are one of the primary classes of antibiotics used to treat 
critically ill patients with multidrug-resistant infections. Structural 
modifications distinguish carbapenems from other beta-lactams and 

confer potency, stability, and resistance to beta-lactamases (1). For this reason, 
carbapenems exhibit broad antimicrobial spectrums of activity and are recom-
mended as a first-line therapy for patients with infections from extended spec-
trum β-lactamase producing enterobacterales (ESBL-E) (2, 3).

Meropenem pharmacokinetics are highly variable in adult critically ill 
patients (4) with 15-45% variability in Vd and clearance observed within and 

12

5

14December2023

14December2023

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Barreto et al

2     www.ccejournal.org December 2023 • Volume 5 • Number 12

between patients at routinely used doses (5). As a time-
dependent antibiotic, meropenem trough concentra-
tions below the minimum inhibitory concentration 
of the organism increase the risk for clinical and mi-
crobiologic failure, and development of antimicrobial 
resistance (6–8). Excessively high meropenem concen-
trations have resulted in toxicity (9, 10), albeit rarely.

Across population pharmacokinetic (PK) models 
for meropenem in critically ill patients, the primary 
covariate of drug clearance is estimated glomerular 
filtration rate (eGFR) (11). Approximately 70% of the 
administered meropenem dose is excreted unchanged 
by the kidney within 12 hours (12). The majority of 
meropenem PK studies have used a creatinine-based 
calculation of GFR as a covariate for drug clearance 
(11). As the terminal byproduct of skeletal muscle 
catabolism, numerous nonrenal factors influence 
the serum creatinine concentration in critically ill 
patients. Cachexia, deconditioning, and malnutri-
tion, for example, lead to decreased creatinine pro-
duction and overestimation of GFR (13). Serum 
cystatin C is an endogenous protease inhibitor that is 
eliminated via glomerular filtration and can be used 
to estimate GFR. Cystatin C is less affected by some 
of the nonrenal factors that influence creatinine and 
may be less biased and more precise than creatinine-
based estimates in the critically ill patient population 
(14, 15). Rarely cystatin C has been incorporated into 

meropenem pharmacokinetic models, but the data 
appear promising (16, 17). Therefore, the objectives 
of this study were to develop and validate a popula-
tion PK model for meropenem in critically ill adults 
and evaluate contemporary eGFR equations based on 
serum creatinine and/or cystatin C as covariates for 
meropenem clearance.

MATERIALS AND METHODS

Setting

This prospective population pharmacokinetic study 
was conducted in critically ill patients treated at 
a single academic medical center, Mayo Clinic 
(Rochester, MN). In 2022, there were approximately 
160 adult ICU beds and 15,000 total ICU admissions 
at Mayo Clinic in Rochester, MN. Critically ill indi-
viduals 18 years old or older treated with merope-
nem between 2018 and 2022 were evaluated for 
eligibility. Meropenem selection, dosing, escalation, 
or de-escalation throughout therapy were at the dis-
cretion of the care team and unaffected by study 
procedures. Meropenem levels were not available 
clinically during the study timeframe. Doses were 
determined by an interdisciplinary critical care team 
inclusive of a critical care pharmacist (available 7 d/
wk) and aided by a standardized antimicrobial guide 
(18). The guide provides meropenem dose recom-
mendations based on categorical thresholds of the 
Cockcroft-Gault estimated creatinine clearance 
as shown in Table S1 (http://links.lww.com/CCX/
B279). The typical meropenem dose for critically 
ill patients with a creatinine clearance greater than 
80 mL/min at the study center was 500 mg every 6 
hours delivered as a 30-minute infusion. No patients 
in the present study were treated with extended in-
fusion meropenem. The study was approved by the 
Mayo Clinic Institutional Review Board (18-004992, 
21-003184), performed in accordance with the 
Helsinki Declaration, and reported in accordance 
with the ClinPK statement (19).

Model Building Populations

Two unique cohorts with similar eligibility criteria were 
used for model development and qualification. Model 
development was performed in a richly sampled co-
hort of 19 patients collected from 2021 to 2022. Model 
qualification occurred in a separate opportunistically 

 
KEY POINTS

Question: In critically ill adults treated with merope-
nem, a hydrophilic renally eliminated carbapenem, 
which estimated glomerular filtration rate (eGFR) 
equation best predicts drug clearance?

Findings: In this prospective study we developed 
and qualified a population pharmacokinetic model 
for meropenem suitable for critically ill adults. 
Among the creatinine- and cystatin C-based eGFR 
equations evaluated, the eGFRcr-cysC expressed in 
mL/min best-predicted meropenem clearance.

Meaning: Integration of cystatin C into pharmaco-
kinetic models of meropenem reduces variability to 
a greater extent than when eGFR is modeled only 
with creatinine. Dosing algorithms which include 
creatinine and cystatin C are likely to aid in preci-
sion meropenem therapy for critically ill adults.
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sampled cohort of 32 patients collected from 2018 to 
2021. Eligible adults (≥ 18 yr) were hospitalized in an 
ICU and treated with meropenem for at least 24 hours 
at a consistent dose and interval (e.g., 500 mg every 
6 hr). Dose 1 of meropenem was defined as the begin-
ning of the study antibiotic course. Individuals were 
excluded if they received any meropenem in the 4 days 
before the study antibiotic course or if more than one 
dose of meropenem for the study antibiotic course was 
administered before ICU admission. Individuals were 
also excluded if they demonstrated stage II or higher 
acute kidney injury (AKI; ≥ two-fold increase in serum 
creatinine from baseline or urine output < 0.5 mL/
kg/hr for at least 12 hr [20]) or recovering stage II or 
higher AKI (21) at meropenem initiation. Critically 
ill patients treated with kidney replacement therapy 
or extracorporeal membrane oxygenation (ECMO) at 
meropenem initiation were excluded.

Richly Sampled Cohort (Development Cohort) (IRB 
Number 21-003184). Individuals who met the above cri-
teria and had an indwelling IV catheter suitable for blood 
sampling were eligible for participation. Candidates or 
their legally authorized representative(s) provided written 
informed consent. A study nurse performed standard-
ized blood collections from the IV catheter surrounding 
the earliest meropenem dose after enrollment. Up to five 
blood samples were collected per patient immediately be-
fore a dose (–0.5 hr), at 0.5, 1, and 3 hours after the start of 
the infusion, and 1 hour before the next scheduled dose 
(Fig. S1, http://links.lww.com/CCX/B279). Meropenem 
concentrations were assayed at each time point. If the IV 
access became unavailable or meropenem was discon-
tinued no further study samples were obtained. Collected 
blood samples were centrifuged and aliquoted by the 
Clinical Trials Research Unit. Serum samples for merope-
nem concentrations were frozen at –80°C before analysis 
in batches monthly by the Mayo Clinic Clinical Mass 
Spectrometry Laboratory (22). Meropenem concentra-
tions were not reported in the electronic health record. 
Serum creatinine and cystatin C concentrations were 
assayed from the –0.5-hour sample timepoint. Aliquots 
for serum creatinine and cystatin C concentrations were 
analyzed by clinical laboratories in real time and reported 
in the electronic health record.

Opportunistically Sampled Cohort (Qualification 
Cohort) (IRB Number 18-004992). In a separate co-
hort of 32 similar adult patients treated with merope-
nem in the ICU, opportunistic and sparse biospecimen 
sampling (23) was used to obtain serum meropenem, 

creatinine, and cystatin C concentrations. Clinical re-
sidual specimen availability was reviewed for patients 
treated with meropenem in the ICU who met eligi-
bility criteria. Blood is collected at least twice daily 
for ICU patients as part of routine clinical care. Any 
remaining sample is stored at 4°C for “add-on” labo-
ratory tests which may be clinically indicated. Up to 
three unused clinical blood samples were obtained for 
the research study (Fig. S1, http://links.lww.com/CCX/
B279). No samples were obtained during drug infu-
sion. As has been previously described by our group 
(24), residual blood samples for this study were stored 
at 4°C for no more than 4 days before being pulled and 
frozen at –80°C for this study. Samples were thawed in 
batches approximately monthly, aliquoted, and serum 
was processed for meropenem, creatinine, and cys-
tatin C concentrations. Meropenem concentrations 
were assayed from all serum samples. Creatinine and 
cystatin C concentrations were assayed from the first 
available sample per patient. Meropenem, creatinine, 
and cystatin C concentrations were not reported in the 
electronic health record.

Assays

The standardized—isotope dilution mass spectrom-
etry (IDMS) traceable—Roche enzymatic creatinine 
assay (Roche, Basel, Switzerland) was used to deter-
mine creatinine concentrations. In patients receiving 
IV catecholamines, known to interfere with enzy-
matic assays, an IDMS-traceable Roche Jaffe creati-
nine assay was used instead (Roche Cobas Integra 400 
Plus chemistry analyzer). A particle-enhanced turbidi-
metric assay measured cystatin C concentrations (be-
fore May 2021: Gentian AS, Moss, Norway; After May 
2021: Roche, Basel, Switzerland). The assay was trace-
able to the internationally certified cystatin C reference 
material (ERM-DA471/International Federation of 
Clinical Chemistry and Laboratory Medicine) used to 
develop the cystatin C-based Chronic Kidney Disease 
Epidemiology Collaborative (CKD-EPI) equations. 
Total meropenem concentrations were determined 
using our previously validated liquid chromatography-
tandem mass spectrometry assay (22). The lower limit 
of meropenem quantification was 0.5 mg/L.

Electronic Health Record Data Collection

Information about patient demographics (e.g., age, 
sex, self-reported race/ethnicity), body habitus (e.g., 
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weight, body mass index [BMI]), comorbid condi-
tions (e.g., chronic conditions including CKD, history 
of immunosuppressive conditions including trans-
plant and cancer, acute conditions including sepsis), 
laboratory findings (e.g., C-reactive protein), severity 
of illness (e.g., Acute Physiology and Chronic Health 
Evaluation score [APACHE] and Sequential Organ 
Failure Assessment [SOFA]), and exact meropenem 
doses and administration times were obtained elec-
tronically from the Mayo Clinic Unified Data Platform 
and the Mayo Clinic METRIC Data Mart (25). Manual 
verification of at least 10% of the data was performed 
by study team members (E.F.B. and L.A.M.).

Population Pharmacokinetic Modeling

A nonlinear mixed-effects population pharmacoki-
netic model was developed in Monolix (Lixoft SAS, 
2021, Version 2021R1; Antony, France) using the 
meropenem concentration–time data.

The pharmacokinetic model was developed from 
the richly sampled cohort (development cohort) in a 
stepwise fashion. One- and two-compartment struc-
tural models were first evaluated. All parameters 
were assumed to be log-normally distributed. Next, 
candidate covariates with biologic plausibility and/
or previously described relationships to meropenem 
pharmacokinetics were then evaluated in a stepwise 
fashion. Candidate covariates considered included age, 
sex, race, ethnicity, presence of liver disease, presence 
of sepsis, APACHE III and SOFA scores, albumin con-
centration, C-reactive protein concentration, height, 
body surface area (BSA), and BMI (11). Weight and 
eGFR were modeled as time-dependent covariates. In 
the case of eGFR, creatinine, and cystatin C were only 
assayed once for research purposes. The remaining 
values used for modeling time-dependent change were 
taken from clinically available data. Continuous covari-
ates were log-transformed for analysis whereas weight 
and BSA were standardized to a 70-kg adult with a 
1.73-m2 BSA. eGFR was standardized to normal adult 
kidney function at 120 mL/min. Estimation of GFR 
was based on the Cockcroft-Gault estimated creatinine 
clearance and the 2012 and 2021 CKD-EPI eGFR equa-
tions with creatinine, cystatin C, or both (expressed 
in mL/min/1.73 m2 or mL/min) (Table S2, http://
links.lww.com/CCX/B279). Progression of covariate-
based models was guided by the rule of parsimony, 

minimization of the –2 log likelihood (–2LL), and 
the corrected Bayesian Information Criterion (BICc) 
(Table 1) (26, 27). Residual error models were evalu-
ated (i.e., constant, proportional, and combined error 
models) with observed versus individual concentra-
tion prediction plots and the residual error parameters. 
Final model selection was based on the –2LL, BICc, 
goodness-of-fit plots, and visual predictive checks. The 
coefficient of determination (R2) for observed versus 
predicted concentrations was calculated for all models.

The best-fit final model was assessed for qualifica-
tion in the opportunistically sampled cohort. Mean 
population parameter estimates from the best-fit final 
model in the richly sampled cohort were used as a 
prior for fitting the observed concentrations in the 
opportunistically sampled cohort. The meropenem 
PK model was considered qualified if 90% of the in-
dividual predictions fell within the prediction interval 
of the model in the opportunistically sampled cohort. 
Mean absolute error (MAE) was calculated to describe 
model accuracy (Table 1). Bias was reported with the 
mean prediction error (MPE).

RESULTS

Demographic and Patient Characteristics

Fifty-one critically ill adults treated with meropenem 
were included in the richly sampled (n = 19), and op-
portunistically sampled (n = 32) cohorts. The cohorts 
were statistically similar for most factors, with the 
exception of a higher Charlson Comorbidity Index, a 
lower percentage of patients with sepsis, and a higher 
APACHE III score in the richly sampled cohort 
(Table 2). The overall mean eGFR was 60–97 mL/
min (depending on the equation). One patient (2%) 
had a Cockcroft-Gault estimated creatinine clear-
ance of less than 30 mL/min and 11 patients (22%) 
were greater than or equal to 130 mL/min. During 
therapy, eGFR changed by a median (interquartile 
range [IQR]) 0.2 (–4, 5) mL/min. Three patients (6%) 
had an eGFR change greater than or equal to 30 mL/
min during the study. Median (IQR) time to first 
sample from meropenem initiation was 24 hours (13, 
41) among the meropenem concentrations collected 
during therapy (excluding concentrations collected 
before meropenem administration in the opportun-
istically sampled cohort) (Fig. S2, http://links.lww.
com/CCX/B279).

http://links.lww.com/CCX/B279
http://links.lww.com/CCX/B279
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Development of the Pharmacokinetic Model in 
the Richly Sampled Cohort

The PK model was developed using 72 meropenem 
concentrations in the 19 patients from the richly sam-
pled cohort. Total meropenem concentrations ranged 
from undetectable (< 0.5 mg/L) to 47.2 mg/L.

One- and two-compartment models were assessed. 
The two-compartment model fit the data well and 
was parameterized as population clearance (CL, 
expressed in L/hr), Vd in the central compartment 
(V1, expressed in L), Vd in the peripheral compart-
ment (V2, expressed in L), and intercompartmental 
clearance (Q, expressed in L/hr). The population mean 
parameter estimate (se) in the final model for CL was 

11.5 (1.3) L/hr, V1 was 18.2 (3.5) liters, V2 was fixed 
at 137.4 liters, and Q was 4.2 (1.4) L/hr. Inclusion of 
weight (decrease in BICc from base model by 7) and 
eGFR (decrease in BICc from base model by greater 
than or equal to 44 depending on equation) as time-
dependent covariates improved the model fit. No other 
covariates significantly improved model performance. 
In an analysis designed to identify the best-performing  
eGFR equation for meropenem clearance, the 2021 
CKD-EPI eGFRcr-cysC expressed in mL/min was most 
closely associated with meropenem clearance (Table 
3). All equations with cystatin C predicted meropenem 
pharmacokinetics better than creatinine-only equa-
tions. Among the creatinine-only eGFR equations, 
the 2021 CKD-EPI eGFRcr (mL/min) was most closely 

TABLE 1.
Terms and Descriptions

Term Description 

Nonlinear mixed-
effects population 
pharmacokinetic 
modeling

A statistical model which incorporates both fixed and random effects to describe the pharmacokinetic 
and pharmacodynamic parameters of a population. A nonlinear function is used to relate drug 
concentration to model parameters and independent variables. Mixed effects describe “fixed 
effects” which do not vary across the population, and “random effects” which describe variance 
associated with individual samples from a population (27)

–2 Log likelihood 
(–2LL)

A statistical calculation used to compare two or more nested models (e.g., pharmacokinetic model ± 
kidney function estimate included). Broadly, the –2LL quantifies how well a model fits the observed 
data, whereas a better-fit model is indicated by a lower –2LL. Traditional inferential statistics can 
be applied, generating p values and allowing standard biomedical interpretations (e.g., p < 0.05). 
In brief, critical value differences greater than 3.84 for a single degree of freedom change (i.e., 
changing the kidney function estimate included) are associated with p < 0.05 using a chi-square 
distribution

Corrected Bayesian 
Information 
Criterion (BICc)

A statistical calculation that is an extension of –2LL which allows comparisons of models. Importantly, 
as opposed to –2LL, BICc allows non-nested models with different numbers of parameters to be 
compared (e.g., pharmacokinetic one-compartment vs. two-compartment models). A decrease in 
the BICc indicates improvement in the model fit. The BICc also includes a penalty for each ad-
ditional parameter so as to penalize models for “over-fitting.” General rules of thumb have been 
proposed to describe the degree of difference between models, but are nonetheless arbitrary.

ΔBICc of greater than 10 is very strong evidence in favor of the model with the lower BICc
ΔBICc of 6–10 is strong evidence
ΔBICc of 2–6 is positive evidence
ΔBICc of 0–2 is considered weak evidence
As with all model evaluation strategies, biologic plausibility and purpose for model creation are impor-

tant driving factors (26, 27)

Mean absolute error Describes accuracy and indicates the degree to which model predictions deviate from the observed 
data on average. Value closer to 0 indicates greater accuracy. 

1
n

n∑
i=1

|predicted concentration − observed concentration|

Mean prediction 
error (MPE)

Describes bias. MPE may be positive or negative and values closer to 0 suggest less bias. 

1
n

n∑
i=1

(predicted concentration − observed concentration)
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TABLE 2.
Baseline Patient Characteristics and Demographics

Characteristic 
Richly Sampled 
Cohort (n = 19)a 

Opportunistically Sampled 
Cohort (n = 32)a p 

Age (yr) 68 (49, 78) 65 (55, 69) 0.44

Male (n; %) 11 (58) 23 (72) 0.31

Non-Hispanic White (n; %) 18 (95) 28 (88) 0.53

Weight    

  Hospital admission (kg) 71 (63, 90) 76 (65, 94) 0.76

  ICU admission (kg) 73 (60, 90) 75 (65, 90) 0.68

  Meropenem initiation (kg) 76 (62, 93) 78 (65, 91) 0.60

Body mass index (kg/m2) 25 (23, 32) 27 (23, 31) 0.84

 �≥ 30 kg/m2 6 (32) 10 (31) 0.98

Body surface area (m2) 1.9 (1.7, 2.1) 1.9 (1.7, 2.1) 0.84

Charlson comorbidity index (n; %)b 5 (3, 9) 2 (1, 6) 0.038

Operative reason for admission (n; %) 6 (32) 7 (22) 0.66

Select concurrent exposures/conditions at meropenem  
initiation (n; % unless otherwise specified)

   

  Diabetes mellitus 2 (11) 10 (31) 0.092

  Liver disease 1 (5) 6 (19) 0.18

  Chronic kidney disease 5 (26) 7 (22) 0.72

  Metastatic cancer 0 (0) 3 (9) 0.28

  Transplant historyc 1 (5) 8 (25) 0.074

  Corticosteroid exposure 7 (37) 16 (50) 0.36

  C-reactive proteinb,d 59 (51, 170) 315 (–, –) 0.19

  Sepsis 13 (68) 30 (94) 0.016

  Invasive mechanical ventilation 7 (37) 8 (25) 0.37

  Vasopressor use 13 (68) 22 (69) 0.98

Acute Physiology and Chronic Health Evaluation III score 97 (88, 142) 79 (69, 104) 0.018

Sequential Organ Failure Assessment score 10 (4, 12) 7 (4, 10) 0.32

Kidney parameters at meropenem initiation    

  Serum creatinine (mg/dL) 1.1 (0.6, 1.3) 0.9 (0.6, 1.2) 0.77

  Cystatin C (mg/L) 1.6 (0.9, 2.1) 1.3 (1.0, 2.0) 0.55

Meropenem parameters    

  Time to drug initiation from ICU admission (hr) 31 (4, 91) 34 (4, 186) 0.68

  Dose (g)   0.50

   0.5 g 16 (84) 30 (94)  

   1 g 2 (11) 1 (3)  

   2 g 1 (5) 1 (3)  

  Interval (n; %)   0.04

   6 hr 11 (58%) 27 (84%)  

   8 hr 8 (42%) 5 (16%)  

aValues expressed as means ± sds or counts with percentages unless noted.
bMedian with interquartile range due to data distribution.
cIncludes five individuals with a stem cell transplant, four with a solid organ transplant.
dAvailable in seven patients (six development, one qualification).
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associated with meropenem clearance. Evaluation 
of individual fit plots (Fig. S3, http://links.lww.com/
CCX/B279) and visual predictive checks showed good 
fit of the final model (Table 4) to the data (Fig. S1, 
http://links.lww.com/CCX/B279). Between-subject 
variability (ω) (se) was ωCL: 0.43 (0.088), ωV1: 0.61 
(0.15), and ωQ: 0.71 (0.52).

In the final two-compartment model, the observed 
concentration versus population-predicted merope-
nem concentrations resulted in an R2 of 0.71, MAE of 
4.2 mg/L, and MPE of -0.03 mg/L. The observed con-
centration versus individual-predicted concentrations 
resulted in an R2 of 0.9, MAE of 1.6 mg/L, and MPE of 
–0.39 mg/L (Fig. 1).

Qualification of the Pharmacokinetic Model in 
the Opportunistically Sampled Cohort

To qualify the PK model, the mean (se) population pa-
rameter estimates from the final model (CL 11.5 [1.3] L/

hr and V1 18.2 [3.5] L) were used as a Bayesian prior 
for fitting the 86 observed concentrations from the 
32 patients in the opportunistically sampled cohort. 
Resulting individual fits in the opportunistically sam-
pled cohort were similar to those identified in the richly 
sampled cohort (Fig. S3, http://links.lww.com/CCX/
B279). The mean (se) population parameter estimate 
from the opportunistically sampled cohort for CL was 
11.5 (2.0) L/hr and for V1 was 33.1 (7.3) liters. There was 
a low proportion of outliers (3.5%) outside the 90% pre-
diction interval on the observed versus individual con-
centration prediction plot. The observed concentration 
versus population-predicted meropenem concentra-
tions resulted in an R2 of 0.71, MAE of 2.7 mg/L, and 
MPE of 0.38 mg/L. The observed concentration versus 
individual-predicted concentrations resulted in an R2 of 
0.89, MAE of 1.4 mg/L, and MPE of –0.30 mg/L (Fig. S4, 
http://links.lww.com/CCX/B279). Between-subject vari-
ability (se) was low for both CL (ωCL: 0.34 [0.096]) and 
V1 (ωV1: 0.49 [0.25]).

TABLE 3.
Comparison of Estimated Glomerular Filtration Rate Equations as a Covariate for 
Meropenem Clearance in the Richly Sampled (Development) Cohort (n = 19)

 
eGFRa  

(Mean ± sd) 
Corrected Bayesian 

Information Criterionb –2LLb 

Base model (two-compartment, first order)  507 477

Cockcroft-Gault estimated creatinine clearance (mL/min) 92 ± 52 463 433

2012 CKD-EPI eGFRCr (mL/min/1.73 m2) 76 ± 33 459 429

2021 CKD-EPI eGFRCr (mL/min/1.73 m2) 78 ± 32 459 428

2012 CKD-EPI eGFRCysC (mL/min/1.73 m2) 52 ± 30 457 427

2012 CKD-EPI eGFRCr-CysC (mL/min/1.73 m2) 62 ± 30 457 426

2021 CKD-EPI eGFRCr-CysC (mL/min/1.73 m2) 63 ± 31 456 426

2012 CKD-EPI eGFRCr (mL/min) 80 ± 32 454 424

2021 CKD-EPI eGFRCr (mL/min) 82 ± 31 454 423

2012 CKD-EPI eGFRCysC (mL/min) 55 ± 30 452 422

2012 CKD-EPI eGFRCr-CysC (mL/min) 65 ± 28 452 421

2021 CKD-EPI eGFRCr-CysC (mL/min) 67 ± 29 446 421

–2LL = –2 Log likelihood, BICc = corrected Bayesian Information Criterion, CKD-EPI = chronic kidney disease epidemiology 
collaborative, Cr = creatinine, cysC = cystatin C, eGFR = estimated glomerular filtration rate.
aeGFR was modeled as a time-dependent covariate in pharmacokinetic models, allowing variation with each new creatinine or cystatin C 
assessment. Only eight patients (five in the richly sampled, three in the opportunistically sampled) had greater than 1 value for cystatin C 
used in time-dependent eGFR modeling. The mean eGFR represented in this column reflects the first value for the patient.
bBICc and –2LL are tools to use to compare models where lower values indicate improved model fit. As shown in Table 1, a difference 
in BICc of greater than 10 is very strong evidence in favor of the model with the lower BIC; a difference of 6–10 is strong evidence; a 
difference between two and six is positive evidence; and a difference of 0–2 is considered weak evidence (39, 40). The 2021 CKD-EPI 
eGFRCr-CysC (mL/min) had the lowest BICc and –2LL and thus was selected as the eGFR equation for use in the final model.

http://links.lww.com/CCX/B279
http://links.lww.com/CCX/B279
http://links.lww.com/CCX/B279
http://links.lww.com/CCX/B279
http://links.lww.com/CCX/B279
http://links.lww.com/CCX/B279
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DISCUSSION

In this prospective single-center study of critically ill 
adults treated with meropenem, we developed a pop-
ulation pharmacokinetic model using parametric 
methods. A two-compartment model with first-order 
elimination best fit the data. Significant covariates in 
the model included normalized weight for Vd and nor-
malized eGFR for clearance. Several eGFR equations 
were analyzed as covariates for meropenem clearance. 
The 2021 CKD-EPI eGFRcr-cysC equation expressed in 
mL/min best-reduced model variability among those 
analyzed. The model was qualified in an independent 
cohort of critically ill adults with high accuracy and 
low bias.

Carbapenems, such as meropenem, are often 
selected as a last resort for critically ill patients with 
drug-resistant gram-negative organisms (2) due to 
their consistent effectiveness and limited adverse 
effects. Nevertheless, estimates indicate that 18% of 
all Pseudomonas aeruginosa isolates exhibit interme-
diate susceptibility or resistance to meropenem (28). 
Optimized meropenem dosing facilitates clinical and 
microbiologic cure and limits the development of drug 
resistance (8). Meropenem concentrations are fre-
quently insufficient in critically ill patients. Estimates 

indicate that between 30% and 79% of critically ill 
patients fail to achieve the minimum meropenem con-
centration necessary to successfully treat an infection 
(7, 29, 30). Insufficient carbapenem concentrations are 
associated with a need for additional antibiotics, pro-
longed durations of therapy, longer lengths of stay, and 
increased mortality (7, 29, 31).

Kidney function has consistently been a factor in 
meropenem target attainment in studies of the crit-
ically ill given that 70% of the drug is excreted un-
changed in the urine (12). In one study of 147 patients 
treated with beta-lactams, 32 patients of whom re-
ceived meropenem, the odds of target achievement 
were 0.14 (95% CI, 0.03–0.49) among adults with an 
eGFR greater than or equal to 90 mL/min/1.73 m2 
(29). In a separate evaluation of 47 critically ill adults 
treated with meropenem, a u-shaped curve existed 
where the poorest target attainment was observed in 
either patients with augmented renal clearance (i.e., 
estimated creatinine clearance [eCrCl]Cockcroft-Gault ≥ 
130 mL/min) or in patients with severe renal insuf-
ficiency (i.e., eCrClCockcroft-Gault 15–29 mL/min) (30). 
Other studies have suggested that lower eGFRs were 
associated with improved target attainment (32, 33). 
In the present study of 51 critically ill patients, we re-
inforce the clear importance of GFR in the clearance 

TABLE 4.
Final Meropenem Population Pharmacokinetic Model Parameters in the Richly Sampled 
(Development) Cohort

 Value se Relative se % 

Fixed effects

  CL 11.5 1.31 11.4

  V1 18.2 3.48 19.2

  Q 4.2 1.35 32.4

  V2a 137.4 — —

sd of the random effects

  ωCL 0.43 0.09 20.3

  ωV1 0.61 0.15 23.9

  ωQ 0.71 0.52 73.0

Error model parameters

  b 0.25 0.033 12.8

CL = population clearance, Q = intercompartmental clearance, V1 = population volume of distribution in the central compartment, V2 = 
population volume of distribution in the peripheral compartment, ωCL = between-subject variability in clearance, ωQ = between-subject 
variability in intercompartmental clearance, ωV1 = between-subject variability in volume of distribution in the central compartment.
aFixed value based on population estimate.
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of meropenem. Across the development and qualifica-
tion cohorts, the mean eGFR of patients in this study 
ranged from 60 to 97 depending on the equation. Less 
than one-fourth of patients were at extremes of kidney 
function thus limiting the ability to draw conclusions 
specifically about these subgroups.

Across population PK studies of meropenem in the 
critically ill, eGFR was most commonly calculated 
with the Cockcroft-Gault estimated creatinine clear-
ance (11). We are aware of two studies that incorpo-
rated cystatin C into meropenem PK evaluations (16, 
17). Cystatin C is a low molecular weight protein, freely 
filtered at the glomerulus and reabsorbed and catabo-
lized by proximal tubular cells (13). It has been sug-
gested as a viable adjunct or alternative to creatinine 
at the bedside to improve the accuracy and precision 
of drug dosing (34–36). In a population PK evalua-
tion in 32 surgical ICU patients, 1/cystatin C concen-
tration and the eGFRCysC better predicted meropenem 
clearance during continuous infusion therapy than the 
eCrClCockcroft-Gault (16). In a separate study of 19 critically 

ill patients, the serum cystatin C concentration bet-
ter predicted meropenem trough concentrations than 
the serum creatinine (cystatin C: R2 = 0.41; creatinine:  
R2 = 0.11). Although cystatin C was better than serum 
creatinine, measured creatinine clearance appeared to 
outperform eGFRCysC (measured creatinine clearance: 
R2 = 0.76; eGFRCystatin C: R2 = 0.31) (17). The current 
study builds upon these previous findings. We demon-
strated that a combination eGFR equation with both 
creatinine and cystatin C best-reduced model vari-
ability. This is in alignment with outpatient studies 
which demonstrate that the eGFRcr-cysC predicts meas-
ured GFR (identified after administration of a freely 
filtered exogenous substrate) more accurately and pre-
cisely than eGFRcr or eGFRcysC (37, 38). We have also 
previously demonstrated preference for eGFRcr-cysC in 
PK and dosing studies for vancomycin (35, 36).

Development and qualification of this population 
pharmacokinetic model is the first step toward iden-
tifying a more accurate and precise meropenem dos-
ing model for critically ill adults. We envision future 

Figure 1. Goodness-of-fit plots during model development using data from the richly sampled cohort (n = 19). A, The observed 
concentrations (measured values for the study; y-axis) versus population-predicted concentrations (x-axis). In this plot, the model 
parameters (e.g., Vd) are fixed at the mean (population) values for all patients. The solid black line is the line of identity (x = y) and 
the dashed black line reflects the line of best fit. Mean absolute error (MAE) was 4.2 mg/L and mean prediction error (MPE) was 
–0.03 mg/L. B, The observed concentrations (measured values for the study; y-axis) versus individual predicted concentrations (x-axis). 
In this plot, the model parameters (e.g., Vd) are unique to each patient. The graphs demonstrate the expected improvement in model 
performance when individual values are used as compared with the mean (population) values (i.e., R2 is improved in the A). For the 
individual predictions, few outliers (4.2%) were outside the 90% prediction interval on the observed versus individual concentration 
prediction plot. MAE was 1.6 mg/L and MPE was –0.39 mg/L.
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studies, likely using simulation methods, will com-
pare the probability of target attainment with dosing 
guided by this model versus standard creatinine-only 
approaches to meropenem dosing and monitor-
ing. The objective of these future studies will be to 
ask and answer whether this improved pharmacoki-
netic model makes a clinically significant difference 
in target attainment and dosing decisions made in 
practice. If promising, formal testing of a new dos-
ing nomogram at the bedside, similar to the approach 
taken with vancomycin (36), is needed to establish 
the feasibility, acceptability, and effectiveness for 
meropenem target attainment.

The study we report is not without limitations. 
Due to antimicrobial stewardship efforts to restrict 
meropenem utilization, a prolonged study period 
was needed for enrollment and the sample size 
was modest. Nevertheless, our sample size is on 
par with other population PK studies of merope-
nem use in critically ill adults (11) and similar if 
not slightly larger than other studies which have 
explored the relationship between cystatin C-based 
estimates of GFR and meropenem PK. The present 
study excluded patients with stage 2 or higher AKI. 
Although eGFR was modeled as a time-dependent 
covariate, exclusion of patients with moderate to se-
vere AKI precluded a detailed assessment of merope-
nem pharmacokinetics in unstable kidney function. 
The eGFR equations studied were designed for use 
in stable kidney function. Future studies that include 
patients with AKI could probe kinetic eGFRCr and 
kinetic eGFRCysC as covariates for meropenem clear-
ance (39). We are aware of one study that suggested 
that the most recent kinetic eGFRcr equation (40) 
best-predicted vancomycin clearance in unstable 
kidney function (41). To the best of our knowledge, 
no such studies of kinetic eGFRCysC to predict med-
ication elimination have been described. Patients 
treated with kidney replacement therapy were 
excluded, but meropenem pharmacokinetics dur-
ing kidney replacement therapy have been explored 
in other studies (42–44). Although patients treated 
with ECMO were excluded from this cohort, it does 
not appear to significantly impact meropenem PK 
(30, 45). Patients in the richly sampled cohort were 
recruited during the COVID-19 pandemic which 
may have affected processes of care and rate of re-
cruitment. The cystatin C assay at the study center 

was also updated in May 2021 which may have al-
tered concentrations by up to 10% in patients with 
values less than 1.2 mg/L. Despite this, cystatin C 
consistently outperformed creatinine.

CONCLUSIONS

In this prospective population PK study of critically ill 
adults, we demonstrated that the 2021 eGFRcr-cysC equa-
tion best-predicted meropenem clearance. Cystatin C 
is an important adjunct or alternative to creatinine for 
estimating GFR in the critically ill. These data suggest 
that its application to meropenem dosing alongside 
creatinine has the potential to improve precision phar-
macotherapy in the critically ill.
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