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ABSTRACT
Objective  The objective of this study was to explore 
factors that affect the clearance of imipenem in critically 
ill patients and to provide a dosing regimen for such 
patients.
Methods  A prospective open-label study enrolled 51 
critically ill patients with sepsis. Patients were between 
the ages of 18 and 96. Blood samples were collected in 
duplicate before (0 hour) and at 0.5, 1, 1.5, 2, 3, 4, 6, 
and 8 hours after imipenem administration. The plasma 
imipenem concentration was determined by the high-
performance liquid chromatography-ultraviolet detection 
(HPLC-UV) method. A population pharmacokinetic (PPK) 
model was developed using nonlinear mixed-effects 
modelling methods to identify covariates. Monte Carlo 
simulations were performed using the final PPK model 
to explore the effect of different dosing regimens on the 
probability of target attainment (PTA).
Results  The imipenem concentration data were best 
described by a two-compartment model. Creatinine 
clearance (CrCl, mL/min) was a covariate that affected 
central clearance (CLc). Patients were divided into four 
subgroups based on different CrCl rates. Monte Carlo 
simulations were performed to assess the PTA differences 
between empirical dosing regimens (0.5 g every 6 hours 
(q6h), 0.5 g every 8 hours (q8h), 0.5 g every 12 hours 
(q12h), 1 g every 6 hours (q6h), 1 g every 8 hours (q8h), 
and 1 g every 12 hours (q12h)) and to determine the 
target achievement rate covariate.
Conclusion  This study identified covariates for CLc, and 
the proposed final model can be used to guide clinicians 
administering imipenem in this particular patient 
population.

INTRODUCTION
Imipenem is the most frequently used carbapenem 
compound in Asia because of its broad antibacterial 
spectrum and efficacy.1 It plays a huge role in severe 
infections, such as severe pneumonia, complicated 
urinary tract infections and intraperitoneal infec-
tions.2 However, due to rapidly dynamic physiology, 
reduced bacterial susceptibility, renal insufficiency 
and unpredictable pharmacokinetic characteristics, 
appropriate antibiotic administration remains chal-
lenging in critically ill patients.3 The therapeutic 
drug monitoring (TDM) for β-lactam antibiotics 
is becoming an increasingly important tool to 
ensure optimal treatment outcomes in critically ill 
patients.4

Population pharmacokinetics (PPK) seeks to 
understand the variability in drug concentrations 
among individuals in a group of interest (the “popu-
lation”) receiving clinically relevant doses of a drug. 

Understanding variability in pharmacokinetics is 
useful to guide optimal dosing in sub-populations.

Therefore, the pharmacokinetic characteristics 
of imipenem in this specific population of critically 
ill patients can be studied through PPK, which can 
simulate the behaviour of drugs in vivo and identify 
the influencing factors of drugs in vivo.5 However, 
there are few studies on the PPK model of imipenem 
for critically ill patients despite the existence of 
many established imipenem PPK models in several 
patient groups.6–9

The purpose of this study was to explore the phar-
macokinetic behaviour of imipenem in critically ill 
patients by using the PPK modelling method. We 
also explored the effects of different dosing regi-
mens on the probability of target attainment (PTA).

METHODS
We conducted a prospective open-label study in 
which critically ill patients were given imipenem. 
The plasma imipenem concentration was deter-
mined by using the high-performance liquid 
chromatography-ultraviolet detection (HPLC-UV) 
method. A PPK model was established to identify 
covariables using nonlinear mixed-effect modelling. 
The final PPK model was used to conduct Monte 
Carlo simulations to explore the effects of different 
administration regimens on the PTA.

Patient selection
This study was carried out in the intensive care 
unit (ICU) of Beijing Friendship Hospital, Beijing, 
China. The inclusion criteria were as follows: (1) 
≥18 years old; (2) Patients admitted to the inten-
sive care unit (ICU); (3) Patients met the diagnostic 
criteria of Sepsis 3.0; and (4) Patients who were 
treated with imipenem. The exclusion criteria were 
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as follows: (1) Declined informed consent form; (2) Pregnant 
patient; (3) Estimated survival time is no more than 48 hours.

The study protocol was approved by the Research Ethics 
Committee of Beijing Friendship Hospital (certificate no. 2018-
P2-219-01), and all eligible patients or their legal guardians 
provided written informed consent.

Drug determination
Administration of the medications
Patients enrolled in this study were treated with imipenem-
cilastatin (500 mg/500 mg, Merck Sharp & Dohme Corp, USA) 
as part of their anti-infection therapy. The dosage regimen was 
determined by attending physicians according to clinical indica-
tions and institutional dosing guidelines. Dosages of imipenem 
at 0.5 g every 6 hours (q6h), 0.5 g every 8 hours (q8h), and 1 g 
every 6 hours (q8h) were commonly prescribed. Doses of 0.5 g 
and 1 g were suspended and transferred to 100 mL of an appro-
priate infusion solution and then administered by an intravenous 
infusion pump over 1 hour.

Laboratory analysis
All samples were analysed at least 24 hours after imipenem 
therapy to obtain plasma imipenem concentrations at or near 
the steady state. Blood samples were scheduled to be collected in 
duplicate at 0.5, 1, 1.5, 2, 3, 4, 6, and 8 hour (1 g dose every 8 
hour) before and after imipenem administration. Blood samples 
(0.6 mL) were collected and immediately placed into an icebox 
and processed within 2 hours. Because imipenem hydrolyzes 
rapidly in plasma through a pH-dependent reaction, morpholino 
propanesulfonic acid (MOPS), ultra-pure grade (Amresco, USA) 
buffer (0.126 M, pH 6.8) served as the stabilising solution. 
Blood samples were centrifuged (3,000×g, 15 min) and mixed 
in a 1:1 ratio with the stabilising solution. Finally, the samples 
were stored at −80°C until analysis.

Analysis of imipenem concentrations in plasma and effluent 
was based on previously validated high-performance liquid 
chromatography-ultraviolet detection (HPLC-UV) methods,10–13 
with a few modifications. Chromatography was performed on 
a ZORBAX SB-C8 column (5 µm, 4.6×250 mm; Agilent, USA) 
maintained at 30°C. The ultraviolet detector was set at 298 nm. 
A gradient elution of ammonium acetate buffer (0.5 M, pH 6.8), 
and acetonitrile was used as the mobile phase, with a flow rate 
of 1 mL/min. Imipenem monohydrate (I1K226, 0.932 mg/mg; 
USP) was used for the preparation of standard solutions, and 
ceftazidime was used as the internal standard. Two hundred 
millilitres of stabilised plasma were mixed with 20 µL of 500 µg/
mL of ceftazidime.

The lower limit of quantification (LOQ) was 0.3 µg/mL for 
plasma samples. The linearity of the standard curve was assessed 
with 1 /x2 weighting over a concentration range of 0.3 to 200.0 
µg/mL. The level of accuracy and precision were evaluated with 
quality control samples at four different concentrations in trip-
licate. Stability was assessed by storing stabilised quality control 
samples at −70°C and 20°C for 30 days and 6 hours, respec-
tively. The stability of patients’ samples stored in the ice box 
(2–8°C) for 2 hours were also evaluated.

Population pharmacokinetics/validation
Base model
Based on the compartment model, the base model was developed 
using nonlinear mixed-effects modelling methods. All the phar-
macokinetic data (concentration-time data sets) were fitted using 
Phoenix NLME software (Version 8.0; Certara, St. Louis, MO, 

USA) with the first-order conditional estimation–least squares 
(FOCE–ELS) approach. An exponential variability model was 
selected to describe the inter-individual variability (IIV):

	﻿‍ Pi = P× eηi‍� (1)

This is where Pi and P represent the ith patient’s individual 
parameter and the typical value of this parameter, respectively. 
IIV is assumed to follow a log-normal distribution, and the 
random variable ηi is normally distributed with a mean of zero 
and variance of ω2. The additive, proportional and mixed error 
models were tested in order to define the model that best fits 
the residual error. Finally, the proportional error model was 
employed to calculate the residual error of the pharmacokinetic 
model:

	﻿‍ Ci = C×
(
1 + ε

)
‍� (2)

This is where Ci and C represent individual observations in 
the ith patient’s concentration and the model prediction, respec-
tively. The proportional error was characterised using ε, which is 
distributed with a mean of zero and variances of σ2. Both one- and 
multiple- compartment models were attempted to fit the phar-
macokinetic data. According to the goodness-of-fit and objective 
function values (OFV), we selected a two-compartmental open 
model with zero-order infusion and first-order elimination (Eq. 
6) describing the pharmacokinetic data:

	﻿‍
dXc
dt = K0 −Q×

(
Cc − Cp

)
− CL× Cc

[
Xc,0 = 0

]
‍� (3

	﻿‍
dXp
dt = Q×

(
Cc − Cp

) [
Xc,0 = 0

]
‍� (4)

	﻿‍ Cc = Xc
Vc ‍� (5)

	﻿‍ Cp =
Xp
Vp ‍� (6)

This is where XC and XP indicate the imipenem amount in 
the central and peripheral compartments, respectively. Cc and Cp 
are the drug concentrations in the central compartment (plasma 
concentration) and peripheral compartment, respectively. Vc 
and Vp are respectively the central and peripheral volume. K0 
represents the administration rate of imipenem into blood. Q is 
the clearance between central and peripheral compartments, and 
CL is the clearance.

Final model
Based on the base model, the impact of candidate covariates 
on pharmacokinetic parameters was explored. These candidate 
covariates included: gender (GNDR), age (AGE), body weight 
(BW), course, creatinine (Cr), creatinine clearance (CrCl), 
Sequential Organ Failure Assessment (SOFA) score, Acute Phys-
iology and Chronic Health Evaluation (APACHE) score, sepsis, 
acute kidney injury (AKI), septic shock and ventilation.14 Cate-
gorical covariates, such as GNDR, sepsis, AKI, septic shock and 
ventilation, were incorporated using indicator variables. Other 
covariates were continuous and were included in the model in 
the following way:

	﻿‍
Pi = P×

(
COV

COVmedian

)f
× eηi

‍�
(7)

In this equation COV and COVMedian represent the covariate 
and the median value of the covariate, respectively. The coeffi-
cient f represents the relationship between COV and Pi.

The impact of covariates was evaluated using the forward 
inclusion-backward elimination method. The covariates were 
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introduced one by one and retained as significant if a decrease 
in OFV of at least 3.84 units (p<0.05) was observed (forward 
inclusion). A backward elimination step after covariates were 
entered into the model during the forward addition step indi-
vidually eliminated and identified them in the final population 
pharmacokinetic model if their removal increased the OFV by 
>6.6 (p<0.01, df=1).

Model evaluation and validation
The descriptive capability of the final population pharmaco-
kinetic model was demonstrated using goodness-of-fit plots, 
including scatter plots of observations as well as population 
prediction versus time after dose, observation versus population 
prediction, and conditional weighted residuals (CWRESs) against 
population prediction and time, and quantile-quantile (QQ) 
plots of CWRESs (constructed by Phoenix NLME software).

Furthermore, the predictive capability of the final model was 
demonstrated by a visual predictive check (VPC). Simulations 
of 1000 virtual data sets were performed in the final population 
pharmacokinetic model, and the observations were overlaid on 
the median and 90% prediction interval (PI) of simulations. The 
stability of the final model was assessed using the bootstrap tech-
nique. A total of 1000 datasets were generated using the resam-
pling method (using Phoenix NLME software). After obtaining 
the median and SE of the fixed-effect parameters, the population 
estimates obtained from the final model were compared with the 
median and 95% CI of the bootstrap replicates.

Simulation
Imipenem activity is considered to be time-dependent; that is, 
its antimicrobial activity is associated with the fractional time 
(ƒT) during which the concentration is above the minimal inhib-
itory concentration (MIC).15 Monte Carlo simulations were 
carried out using the final PPK model to investigate the influ-
ence of dosage regimens and to identify covariates of PTA at 
a steady state. We studied the following six dosage regimens: 
500 and 1000 mg (1 hour intravenous infusion) with adminis-
tration q6h or q8h and q12h. For each scenario, 1000 virtual 
patients were simulated to create imipenem concentration-time 
profiles. The percentages of ƒT>MIC values against MIC distri-
butions (0.0625–32 mg/L) for pathogens commonly treated with 
imipenem were determined.

RESULTS
Basic information
A total of 51 patients were enrolled, and the characteristics of 
the patients are summarised in table 1. Among them, 7 patients 
provided samples at all time points, and 44 patients provided 
samples at 3–4 time points. A total of 196 blood samples were 
collected.

Drug determination
The plasma analytical method showed a good linearity over the 
imipenem concentration range. The mean measured concen-
trations were between 94.26% and 105.05% of the nominal 
concentration. The within-day variations were between 1.05% 
and 3.11%, and the day-to-day variations were between 0.64% 
and 5.16%. All variations of stability were well within the 
desired limits of 15%.

Population pharmacokinetics
A two-compartment model with first-order absorption and 
elimination adequately characterises the in vivo behaviour of 

imipenem. After forward inclusion-backward elimination of 
all the candidate covariates, CL was markedly influenced by 
serum creatinine clearance (CrCl), and the OFV decreased from 
776.148 to 734.330. The parameter estimates for the final model 
are listed in table 2, and a good estimation of all the parameters 
was obtained (relative standard error (RSE) with a range from 
2.283% to 5.181%). The final pharmacokinetic model with one 
covariate (CrCl) is as follows:

	﻿‍
CL

(
L/h

)
= 11.357×

(
CrCl
99.896

)0.473
× eη

‍�
(8)

In this equation the CrCl was calculated by mL/min, and 
99.896 is the median value of CrCl; and 0.473 is the coeffi-
cient representing the relationship between CrCl and CL. CL 
increases as CrCl increases.

Model evaluation and validation
Goodness-of-fit plots were employed to display the descriptive 
capability of both the base and final models (figure  1). These 
plots did not show systematic bias for either the base or final 
model predictions. Compared with the base model, the final 
model clearly improved data fitting. The plots of the ETA of 
CL against covariates (Cr and CrCl) in the base model clearly 
showed their relationship (figure 2). After the incorporation of 
the covariate, the relationships disappeared in the final model, 
indicating that CrCl was appropriately incorporated in the final 
model.

One thousand bootstrap datasets were generated, and the final 
results are listed in table 2. The median value and its 95% CI 

Table 1  Demographic background and clinical characteristics of 
enrolled patients for modelling

Characteristics Number or mean±SD Median (range)

No. Patients 51 –

No. Observations 196 –

Observations per patient 3.84 –

No. Male/Female 33/18 –

No. AKI 20 (39.21%) –

No. Hepatic insufficiency 26 (50.98%) –

No. Sepsis shock 18 (35.29%) –

No. Ventilation 26 (50.98%) –

No. Respiratory infection 27 (52.94%) –

No. Bloodstream infection 2 (0.04%) –

No. Other infection 22 (43.14%) –

Course of treatment (d) 9.35±3.94 9 (3-19)

Dose (mg) 519.61±97.05 500 (500–1000)

Daily dose (mg) 2032.26±286.80 2000 (1500–3000)

Age (year) 56.45±18.76 56 (18–96)

Body weight (kg) 70.21±72.01 69 (19.6–311.7)

Cr (μmol/L) 94.35±187.94 64.8 (32.8–883)

CrCl (mL/min) 104.59±60.95 99.34 (17.80–256.22)

APACHE II score 16.67±6.44 15 (8–33)

SOFA 6.78±5.06 5 (2-19)

Hepatic insufficiency: Child-Pugh B&C.
Sepsis shock: Compliance with diagnostic criteria of sepsis 3.0.
By measuring the serum creatinine level, the Cockcroft formula was used to 
calculate the endogenous creatinine clearance (CrCl), CrCl = [(140-age) × weight 
(kg)] / [0.818×Cr (μmol / L)]. For women, the calculation result × 0.85.
AKI, Acute Kidney Injury, Compliance with Kidney Disease: Improving Global 
Outcomes (KDIGO) AKI Guideline 2021; APACHE, Acute Physiology and Chronic 
Health Evaluation; Cr, Serum Creatinine; CrCl, Serum Creatinine Clearance; SOFA, 
Sequential Organ Failure Assessment.
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of the bootstrap values was similar to the final model param-
eter estimate, suggesting that the final model was robust. The 
VPC result is displayed in figure 3, and approximately 90% of 
the observations were located within the 90% PI, indicating an 
acceptable prediction ability of the final model.

Simulation
The covariate CrCl was incorporated into the final model. 
Patients were categorised into four subgroups based on different 
CrCl rates (17.80–30; 30–60; 60–90; 90–256.22 mL/min). The 
range of CrCl is the key point for the simulation in our patients, 
and the range of CrCl is from 17.80 to 256.22 mL/min. The 
predication model can only be used within the range (17.80–
256.22 mL/min). We performed Monte Carlo simulations of 
six dosage regimens in patients with different CrCl rates. The 
percentage of patients with at least 100% ƒT>MIC against MIC 
distributions for pathogens commonly treated with imipenem 
was determined. A PTA of >80% was considered acceptable, 
and a PTA of >90% was considered desirable. Figure 4 shows 

the PTA percentages for specific MIC values ranging from 
0.0625 to 32 mg/L for each dosage regimen.

DISCUSSION
In the present study, we reported the imipenem PPK in 51 criti-
cally ill patients using a population approach. Imipenem concen-
trations were best described by a two-compartment model, and 
CrCl had a significant effect on CLc.

Compared with previous studies, the results of this study have 
similarities and differences. For CLc, in our study, the result was 
11.357 ± 3.024 L/h, which was in line with the conclusions of 
Couffignal6 and Sakka8 (13.0 L/h and 12.3 L/h) but differed 
greatly from the results of Li9 (6.11 L/h). We reason that this 
is probably because the cases included in Li’s study were not 
only critically ill patients but also those who were receiving 
continuous renal replacement therapy (CRRT) treatment. In our 
study, the Vc result was 16.378 ± 2.283 L, which was between 
the results of Couffignal6 and Sakka. Slightly lower results 
than Couffignal’s (22.4 L), possibly because their subjects were 
heavier than those in our study (77 kg vs 70.21 kg).

During the modelling process, we found that the covariates 
age (AGE), Cr, CrCl, and BW were related to the individual 
variation in the parameters (online supplemental figure 1). We 

Table 2  The parameter estimates of final population pharmacokinetic model

Parameter (unit)

Model estimate Bootstrap results

Estimate RSE% 95% CI* Iiv (CV%) η-shrinkage Median 95% CI†

Vc (L) 16.378 2.283 15.641 to 17.116 89.853 0.466 16.460 5.110 to 32.423

Vp (L) 10.904 3.951 10.054 to 11.754 8.319 0.450 12.505 8.434 to 73.773

Q (L/h) 7.645 4.086 7.029 to 8.261 24.453 0.249 7.539 2.919 to 17.858

CL (L/h) 11.357 3.024 10.679 to 12.035 35.748 0.456 11.367 9.248 to 14.227

fCrCl 0.473 5.181 0.425 to 0.521 to to 0.468 0.375 to 0.590

Residual error (proportional error, CV%)

 � CV% 30.370 5.126 27.298 to 33.442 to to 30.537 23.936 to 38.133

fCrCl is the coefficient representing the relationship between CrCl and CL (Eq. 8), and CL increases as CrCl increases. The IIV decreased from 38.562% (base model) to 35.748% 
(final model).
*The range was calculated by the equation estimate ±1.96 SE.
†2.5th and 97.5th percentile of the ranked bootstrap parameter estimates.

Figure 1  The goodness-of-fit plots of basic (left) and final (right) 
population pharmacokinetic models.

Figure 2  Scatter plots of the ETA of parameters vs Cr or CrCl in the base 
(left) and final (right) models.

https://dx.doi.org/10.1136/ejhpharm-2022-003403
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therefore analysed the correlations of the covariates (online 
supplemental figure 2). When CrCl was introduced into CLc, the 
OFV had the largest decrease (>30), and other covariates had 
smaller effects than CrCl. This correlation was not visible, indi-
cating that CrCl is a covariate that actually affects CLc (online 
supplemental figure 1).

For β-lactam antibiotics, the pharmacodynamic predictor of 
clinical efficacy and risk of developing microbial resistance to 
imipenem are commonly indicated by the percentage of free 
drug concentrations remaining above the MIC of the pathogen 
(ƒT>MIC), and a target of at least 40% is recommended.16–19 
For critically ill patients, the pharmacodynamic predictor of 

β-lactams were considered to be 100% ƒT>MIC.20 It was indi-
cated that ƒT>4–5× MIC maximised the likelihood of clinical 
cure in patients with severe infections,4 21 and a target of at least 
60% has been suggested for bolus infusion.20

According to the simulation results, PTA was relatively similar 
when CrCl >30 mL/h (figure 4B–D). If the MIC=1, to achieve a 
target of 100% ƒT >MIC or ƒT >4–5 × MIC, we administered 
a dosage schedule of 0.5 g q6h, 1 g q8h or 1 g q6h. Once CrCl 
was less than 30 mL/h, the PTA of imipenem changed greatly, 
and all six simulated dosing regimens achieved the general ther-
apeutic target (figure 4A). We can use the simulation results to 
select the imipenem dosing regimen for severe patients with 
different CrCl rates to obtain optimal clinical efficacy and avoid 
drug resistance. However, if a pathogen with a higher MIC (MIC 
4–8 g/mL) is present, a dose of 2 g/d (imipenem) or more may 
be needed to adequately treat and prevent infection. In addition, 
Augmented renal clearance (ARC) is another important problem 
faced by severely ill patients, which leads to significantly reduced 
effective exposure to antimicrobial agents metabolised via the 
kidney. To avoid this, there are two approaches: daily measure-
ment of CLCR (as opposed to the use of estimates) so as to accu-
rately identify high-risk patients, and regular TDM.22 Of course, 
with the regimen potential central nervous system toxicity and 
other risks should be considered and closely monitored.23

Our study had some limitations. (1) The sample size of this 
study was small, and additional clinical studies are needed to 
verify these results. (2) Creatinine clearance was calculated using 
the Cockroft-Gault equation, which is an imperfect equation for 
patients with sepsis and can lead to an underestimation or over-
estimation of GFR. (3) Some data were missing (many covariates 
had not been measured), affecting the selection of covariates. (4) 
The universality of the model needs to be verified with external 
data. 5) Data on the concentration in urine was not available, and 
material balance and drug accumulation could not be calculated.

CONCLUSION
Our study determined the plasma imipenem concentration in 
critically ill patients, and a PPK model was developed. It was 
concluded that CrCl has a significant effect on CLc. Simulation 
analysis was also performed to recommend dosing regimens when 
using imipenem in different CrCl patient populations. Clinicians 
can use the simulation results to select imipenem administration 
regimens for different patients to obtain the best clinical efficacy, 
especially for patients with a high CrCl rate and MIC, which 
require larger doses or more frequent administration.
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