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Abstract
Background Extracorporeal membrane oxygenation (ECMO), a cardiopulmonary bypass device, has been found to increase 
the profound pathophysiological changes associated with life-threatening severe infections in patients with multiple comor-
bidities, which results in alterations of pharmacokinetic patterns for antibiotics.
Objectives The aims of this study were (1) to determine the pharmacokinetics of imipenem and (2) to assess the probability of 
target attainment (PTA) for imipenem in critically ill patients with life-threatening severe infections during support with ECMO.
Methods The pharmacokinetic studies were carried out following administration of 0.5 g of imipenem every 6 h on the 4th 
dose of drug administration in 10 patients and a Monte Carlo simulation was performed to determine the PTA of achiev-
ing 40% exposure time during which the plasma drug concentrations remained above minimum inhibitory concentration 
(T > MIC) and 80% T > MIC.
Results The median values of volume of distribution and total clearance (CL) of imipenem in these patients were 13.98 L and 
9.78 L/h, respectively. A high PTA (≥ 90%) for a target of 80% with a MIC of 4 μg/mL in patients with  CLCR 60–120 mL/min 
and flow rate of ECMO circuit 3–5.5 L/min was observed when imipenem was administered by a 4-h infusion of 1 g every 6 h.
Conclusions A high dosage regimen such as 1 g every 6 h of imipenem may be required to achieve pharmacodynamic targets 
against less susceptible pathogens in this patient population.
ClinicalTrial.gov Identifier NCT03776305, date of registration: 11 December 2018.
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1 Introduction

Extracorporeal membrane oxygenation (ECMO), a cardio-
pulmonary bypass device, provides temporary cardiorespi-
ratory support for patients with severe respiratory and/or 
cardiac failure refractory to conventional therapy [1, 2]. This 
device was previously used primarily for lifesaving support 
in pediatric patients; however, in the past decade, it has been 

increasingly used for both respiratory and cardiac failure in 
adult patients [1–3]. The severity of multiple comorbidities 
in critically ill patients and life-threatening severe infections 
as well as the impact of the ECMO circuit itself have been 
shown to enhance the profound pathophysiological changes 
associated with these critical conditions, leading to altera-
tions in the pharmacokinetics of several therapeutic drugs, 
including increased volume of distribution (V) and decreased 
total clearance (CL) of concomitant antimicrobial agents 
used in the treatment of severe infections [1–4]. However, 
studies on the impact of ECMO on the pharmacokinetics of 
antimicrobial agents have usually been conducted in pediat-
ric populations, resulting in difficulties extrapolating the data 
for use in adult populations due to significant differences in 
absorption, distribution, metabolism and excretion of the 
therapeutic drugs between these two populations [1–3].

Imipenem, a drug in the carbapenem class, is a β-lactam 
antimicrobial agent with a broad spectrum of activity against 
Gram-negative bacilli, Gram-positive cocci, and anaerobic 
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bacteria. This agent is commonly prescribed for the treat-
ment of highly resistant pathogens causing life-threatening 
severe nosocomial infections [5, 6]. A previous study in crit-
ically ill patients with ventilator-associated pneumonia for 
assessment of pharmacokinetic changes during imipenem 
therapy found that the median values of V and CL were 30.3 
L and 13.2 L/h, respectively, which were greater than the 
values obtained from healthy volunteers [7, 8]. In tropical 
countries, the stability of the carbapenem class of antibiot-
ics is a crucial consideration when continuous or prolonged 
infusion is to be used in patients on ECMO. A previous 
study found that imipenem, the drug with the greatest insta-
bility among the β-lactams, remained 90% stable for 3 h and 
30 min at 25 °C but became degraded by up to 25% within 
24 h at that temperature [9]. Dosage recommendations for 
imipenem for the treatment of severe infections in critically 
ill patients during support with ECMO have not been deter-
mined to date. Therefore, the aims of this study were (1) 
to determine the pharmacokinetics of imipenem and (2) to 
assess the probability of target attainment (PTA) for imi-
penem in critically ill patients with life-threatening severe 
infections during support with ECMO.

2  Patients and Methods

2.1  Study Population and Design

The study was conducted in critically ill patients with res-
piratory and/or cardiac failure and severe infections admitted 
to the Intensive Care Unit (ICU) of Songklanagarind Hos-
pital, the largest tertiary care center in southern Thailand, 
between December 2015 and February 2019. All patients 
aged ≥ 18 years who had cardiopulmonary failure and were 
supported by ECMO and received a 1-h infusion of 0.5 g 
of imipenem/cilastatin diluted in 100 mL of normal saline 
solution, delivered via infusion pump at a constant flow rate, 

every 6 h for the treatment of severe infections for 14 days 
were included. The protocol for the study was approved by 
the Ethics Committee of Songklanagarind Hospital, and 
written informed consent was obtained from each subject’s 
legally acceptable representative before enrollment.

2.2  Drugs and Chemicals

Imipenem/cilastatin  (Tienam®) was purchased from MSD, 
Thailand. Imipenem standard powder was purchased from 
the US Pharmacopeia (Rockville, MD, USA) as pure pow-
der. All the solvents were of high-performance liquid chro-
matography (HPLC) grade.

2.3  Blood Sampling

The imipenem pharmacokinetic studies were carried out 
during administration of the fourth dose of imipenem 
(18–24 h after the start of the regimen) in the ICU with the 
air conditioning at an average temperature of 25 °C. Blood 
samples (~ 3 mL) were obtained via a heparinized intravas-
cular catheter (on the side of the body opposite that used 
for administration of the study drug) by direct venipunc-
ture at the following times—before (time zero) and at 0.25, 
0.5, 0.75, 1, 2, 3, 4, 5 and 6 h after the fourth dose of each 
regimen. The blood samples were added to a heparinized 
tube and centrifuged at 1000 g for 10 min not later than 
15 min after collection. An equal volume of stabilizing solu-
tion (0.5 M MOPS/water/ethylene glycol, 2:1:1, v/v/v) was 
added to each plasma sample [8], which was then vortexed 
and stored at − 80 °C until analysis within 1 week.

2.4  Imipenem Assay

The concentrations of imipenem (not for cilastatin concen-
trations) were determined by reversed-phase HPLC. The 
samples were prepared by the method of Garcia-Capdevila 
et al. [10]. Briefly, 250 μL of the stabilizing solution was 
added to 250 μL of the sample. The mixture was then sub-
jected to ultrafiltration, using an  Ultrafree®-MC Centrifugal 
Filter Unit, for 10 min at 6000 g. An aliquot of the sample 
(50 μL) was injected onto a Nova-Pak C18 column (Waters 
Associates, Milford, MA, USA). The mobile phase used 
0.2 M borate buffer (pH 7.2) at a flow rate of 1 mL/min. The 
column effluent was monitored by a photodiode array detec-
tor (Waters 2996; Waters Associates) at 300 nm. The valida-
tion tests were found to be within acceptable limits as per the 
2013 US Food and Drug Administration Guidance on Bio-
analytical Method Validation [11]. The lower limit of quan-
titation (LLOQ) of imipenem was 0.25 μg/mL. This assay 
was found to be selective as no interference was found with a 
biological matrix on six individual blank plasma. The intra-
assay reproducibility values characterized by coefficients of 

Key Points 

ECMO has been found to increase the profound patho-
physiological changes associated with life-threatening 
severe infections in patients with multiple comorbidities, 
which results in alterations of pharmacokinetic patterns 
and the achievement of pharmacodynamic targets for 
antimicrobial therapy.

High dosage regimens of imipenem are required for 
coverage of less susceptible pathogens for achieving 
the maximal pharmacodynamic targets and therapeutic 
outcomes in this patient population.
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variation (CVs) were 0.19%, 0.71% and 0.11% for samples 
containing 0.75, 20 and 75 μg/mL, respectively. The inter-
assay reproducibility precision values, calculated by CVs, 
were 0.39%, 1.63% and 0.23% for samples containing 0.75, 
20 and 75 μg/mL, respectively. A short-term stability study 
showed that at room temperature, the concentrations of imi-
penem losses for samples containing 0.75 and 75 μg/mL 
were < 1% for at least 1  h. A long-term stability study 
showed that at − 80 °C, the concentrations of imipenem 
losses for samples containing 0.75 and 75 μg/mL were < 5% 
for at least 14 days. Carryover testing was performed, but no 
carryovers were found.

2.5  Pharmacokinetic Analysis

From a visual plot of the concentration–time profile, it was 
obvious that a one-compartment model was not suitable for 
describing the observed concentrations. We used a two-
compartment model for three reasons. First, data sampling 
was too sparse for a three-compartment model. Second, pre-
vious earlier studies supported a two-compartment model 
[12–15]. Third, in order to analyze covariates in a clinical 
setting, the total pharmacokinetic parameters and other clini-
cal parameters should be much lower than the number of 
subjects in the study. Therefore, the two-compartment model 
was the most appropriate model to use in this study. The 
Taylor series expansion method was used for solving the dif-
ferential equations describing the two-compartment infusion 
model by using an in-house Visual Basic programming lan-
guage in a Microsoft Excel spread sheet (Microsoft Corp., 
Redmond, WA, USA). Pharmacokinetic parameters were 
obtained by non-linear regression to minimize the objective 
function (obj) of the sum square errors (SSEs):

where yactual and ycalc are the observed and calculated con-
centrations, respectively, for all N data points. The SSEs 
of the objective function were used to describe the qual-
ity of fit. Since the aim of a pharmacokinetic/pharmaco-
dynamic simulation is to determine the time above the 
minimum inhibitory concentration (MIC), the elimination 
phase behavior is critical for reliable prediction near the 
MIC. With this calculation, a logarithmic scale is used to 
describe observed concentrations instead of a normal scale 
to avoid the effect from a large residual error of prediction at 
a higher concentration zone during the infusion period. The 
algorithm used for minimization of the SSEs in this study 
was random heuristic optimization as described elsewhere 
[16]. This method has good convergence speed and can be 
conveniently implemented in a spreadsheet.

obj = min

(

N
∑

i=1

(ln yactual − ln ycalc)
2

i

)

2.6  Pharmacodynamic Assessment using Monte 
Carlo simulation

The pharmacodynamic assessment of imipenem concen-
trations in this study was performed using a Monte Carlo 
simulation (MCS) as described in previous studies [17–19]. 
A lognormal distribution was used for the PK parameters 
during the MCS. Covariates that had weak correlations with 
pharmacokinetic parameters or covariates with only a few 
extreme values were excluded from the simulation in order 
to avoid numerical artifacts. Following these exclusions, 
only creatinine clearance and flow rate of ECMO circuit 
were used in the study. A Cholesky decomposition matrix of 
the covariance matrix was created to simulate realistic phar-
macokinetic parameters and was validated to ensure equiva-
lence with the actual parameters [20, 21]. The simulation 
was performed using the Visual Basic language program. 
A set of pharmacokinetic parameters was simulated from 
the geometric mean and geometric standard deviation (SD) 
of each parameter. The algorithm for a normal distribution 
generator was a Box–Muller transform [22]. The simulated 
pharmacokinetic parameters were used for solving the two-
compartment model with a Runge–Kutta order 4 algorithm 
for each dosage regimen to achieve the concentration–time 
profiles [23]. Hence, the exposure time during which the 
drug concentrations remained above the T > MIC could be 
computed from each simulation. The simulations program 
was written in the Basic language and compiled with Quick 
Basic compiler version 3 of Microsoft Corporation and run 
in Microsoft Windows OS. For each MIC simulation, the 
percentage of T > MIC (%T > MIC) was computed. We per-
formed 20,000 simulations to obtain 40% T > MIC and 80% 
T > MIC in each simulated condition.

3  Results

Ten patients were enrolled in the study (six males and four 
females). Their mean age was 47.20 ± 13.85 years (range 
18–67  years), their mean weight was 63.20 ± 8.66  kg 
(range 54–78 kg), and their mean body mass index was 
24.43 ± 3.83 kg/m2 (range 18.04–28.65 kg/m2). The char-
acteristics of all patients are shown in Table 1. The phar-
macokinetic parameters of imipenem are shown in Table 2. 
Creatinine clearance  (CLCR) as estimated by the Cockcroft 
and Gault equation, total bilirubin, alanine transaminase, 
the use of adrenaline and/or dopamine and flow rate of the 
ECMO circuit were significant covariates describing the eli-
mation rate constant (ke) of imipenem. The PTAs for various 
dosage regimens of imipenem for achieving 40% T > MIC 
and 80% T > MIC in patients with various ranges of  CLCR 
and flow rate of ECMO circuit are shown in Tables 3 and 4. 
The PTAs for different 1-h and 4-h infusions of imipenem 
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at specific MICs, with targets of 40% T > MIC and 80% 
T > MIC in patients with  CLCR 15–29.9, 30–59.9 and 
60–120 mL/min and flow rate of ECMO circuit 1–2.99 and 
3–5.5 L/min are shown in Fig. 1. The PTAs for achieving 
40% T > MIC and 80% T > MIC of the 4-h infusion regimens 
were greater than those for the 1-h infusion regimens.   

4  Discussion

Sepsis and septic shock in patients with multiple comorbidi-
ties cause an alteration of pathophysiological conditions that 
result in pharmacokinetic changes and subsequently affect 
therapeutic plasma concentrations and the achievement of 
pharmacodynamic targets for antimicrobial therapy [24, 25]. 
Several studies involving patients with seriously ill condi-
tions with life-threatening severe infections during support 
with ECMO found that the ECMO circuit had an impact 
on the pharmacokinetic, including V and CL, of antimicro-
bial agents through several mechanisms [1–3]. First, direct 
extraction of antimicrobial agents by the ECMO circuit is 
a well-recognized effect that results in altered pharmacoki-
netics of the concomitant antibiotics. This effect depends 
primarily on both the physicochemical properties of the 
antibiotic and the component materials of the circuit. The 
molecular weight, degree of ionization, plasma protein bind-
ing and lipophilicity of the drugs may also have an influence 
on the extraction of antimicrobial agents [1]. Ex vivo studies 
have demonstrated that highly lipophilic and protein-bind-
ing antibiotics are prone to increased sequestration when 
subjected to an ECMO circuit. Moreover, the large surface 
area of the tubing and membranes of the ECMO circuit can 
adsorb the amounts of the antimicrobial agents prescribed 
in patients during support with ECMO, leading to signifi-
cantly altered pharmacokinetics [1–3]. Second, a large vol-
ume of exogenous fluid, including blood, blood products 
and crystalloid fluid, is required to maintain the circuit flows 
of ECMO, resulting in increased V of antimicrobial agents 
due to a hemodilution effect. For antibiotics used in life-
threatening severe infections during support with ECMO, 
the impact of hemodilution is greater on drugs whose distri-
bution is limited to the central compartment than the agents 
that are distributed widely to the tissues [1–3]. In addition, 
pathophysiological changes from life-threatening severe 
infections in patients who have severe comorbidities result 
in altered pharmacokinetic patterns for antimicrobial agents. 
Extravasation of a large volume of fluid resuscitation into 
extravascular spaces, associated with endothelial damage 
and subsequently enhanced capillary permeability, causes 
larger V than the values obtained from healthy volunteers 
[26–28]. Third, the ECMO circuit has been found to be asso-
ciated with decreased drug clearance, in addition to those 
related to end-organ dysfunction due to severe infections Ta
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and septic shock in late-stage disease. However, previous 
studies examining the impact of this life-support modality 
were conducted in neonatal populations [1, 2], while only a 
few pharmacokinetic studies carried out in adult populations 
found that V and CL were not significantly different from 
values obtained from critically ill patients without ECMO 
[1, 29, 30]. These findings may be due to significant differ-
ences in physiologic processes between these two popula-
tions that influence absorption, distribution, metabolism and 
excretion as well as the small V of the patients compared to 
the total circulating blood volume of neonates during sup-
port with ECMO.

In the current study, the pharmacokinetic studies of imi-
penem were performed in critically ill patients with life-
threatening severe Gram-negative bacilli infections during 
support with ECMO, and the two-compartment model was 
the best model for describing the concentration–time pro-
file of this agent, which was consistent with the results of 
previous population pharmacokinetic studies [14, 15]. The 
plasma concentrations of imipenem were highly variable, 
resulting in high variability of pharmacokinetic parameters. 
The results of the current study may be due to differences 
in both pathophysiological conditions of comorbidities 
and the amount of fluid resuscitation as well as the use of 
inotropic drugs for the management of severe infections, 
including septic shock. The median value of V was 30.3 L, 
which was consistent with the values obtained from criti-
cally ill patients without ECMO support in another study 
[7]. A possible explanation for the high V in the current 

study is that the study was conducted in very critically ill 
patients with life-threatening severe infections who had res-
piratory and/or cardiac failure, resulting in requiring support 
with ECMO. All recruited patients had APACHE II scores 
of ≥ 19 and SOFA scores of ≥ 10 and half of them had septic 
shock. However, imipenem is a hydrophilic antibiotic with 
low protein binding (< 10 to 20%) which results in a low 
degree of extraction by the ECMO circuit when compared 
to highly lipophilic agents with high protein-binding anti-
microbial agents. The median value of CL from the cur-
rent study was 9.78 L/h, which was > 2-fold lower than the 
value obtained from critically ill patients without ECMO 
support [15]. A possible explanation for this finding is that 
the enrolled patients had life-threatening severe infections 
and half of them had septic shock causing decreased renal 
perfusion leading to the development of end organ dysfunc-
tion. Moreover, at enrollment, one-half of the patients were 
experiencing renal dysfunction, as defined by  CLCR values 
of ≤ 60 mL/min.

Previous studies in animal models have shown that, for 
β-lactam antibiotics, it is not necessary for plasma drug con-
centrations to be above the MIC for 100% of the dosing 
interval to achieve significant antimicrobial effects [24, 25]. 
One study reported that in a murine thigh infection model, 
bactericidal effects of carbapenem were observed when 
serum drug concentrations were above the MIC for 40% of 
the dosing interval in order to achieve a significant anti-
microbial effect [31]. However, for life-threatening severe 
infections, particularly in immunocompromised hosts, the T 

Table 2   Pharmacokinetic parameters of imipenem in 10 critically ill patients with life-threatening severe infections during support with ECMO 
following administration of a 1-h infusion of 0.5 g every 6 h

k12 intercompartment transfer rate constant from compartment X1 to X2, k21 intercompartment transfer rate constant from compartment X2 to 
X1, ke the elimination rate constant, Vc central volume of distribution, Vp peripheral volume of distribution, CL the total clearances

Patients k12 (/h) k21 (/h) ke (/h) Vc (L) Vp (L) CL (L/h) Sum square error

Subject 1 0.47 0.63 0.68 25.46 19.13 17.41 0.071
Subject 2 0.7 0.77 0.33 32.42 29.64 10.68 0.009
Subject 3 16.11 13.83 0.51 24.12 28.1 12.32 0.204
Subject 4 1.25 0.89 0.69 17.2 24.12 11.91 0.023
Subject 5 2.55 1.69 0.79 11.36 17.09 8.96 0.24
Subject 6 3.99 1.68 0.46 11.25 26.64 5.13 0.806
Subject 7 6.08 2.71 0.64 10.42 23.39 6.68 0.057
Subject 8 2.86 2.97 1.86 17.46 16.8 32.46 0.098
Subject 9 4.65 2.52 1.51 4.3 7.83 6.39 0.076
Subject 10 2.97 1.5 2.08 2.31 4.59 4.82 0.156
Geometric mean 2.64 1.86 0.8 12.3 17.35 9.82 –
Geometric SD 2.83 2.42 1.85 2.28 1.83 1.8 –
Median (95%CI) 2.92 (0.52–12.93) 1.69 (0.65–9.78) 0.69 (0.35–2.03) 13.98 

(2.65–
30.70)

21.15 
(5.18–
29.29)

9.78 (4.89–28.21) –
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> MIC required for the optimal antimicrobial activity should 
be close to 100% of the dosing interval. A previous clinical 
study in immunocompromised patients with febrile neutro-
penia found that the optimal clinical response of meropenem 
for the treatment of bacteremia was achieved when the per-
centages of T > MIC of meropenem were > 75% of the dosing 

interval [32]. Therefore, in the current study we performed a 
Monte Carlo dosing simulation to determine the probability 
of attaining targets of 80% T > MIC using various dosing 
regimens, renal functions and flow rates of the ECMO cir-
cuit for the treatment of life-threatening severe infections 
in critically ill patients during support with ECMO. High 

Table 3   Probability of target 
attainment (PTA) for imipenem 
regimens achieving 40% T > MIC 
and 80% T > MIC at various 
creatinine clearance (mL/min) 
levels  (CLCR) in 10 critically ill 
patients with life-threatening 
severe infections during support 
with extracorporeal membrane 
oxygenation (flow rate  
3–5.5 L/min). MIC minimum 
inhibitory concentration, qxh 
every x hours

Dosage regimen Duration of 
infusion (h)

MIC (µg/mL) Probability of attaining the following %T > MIC

CLCR 15–29.9 CLCR 30–59.9 CLCR 60–120

40% 80% 40% 80% 40% 80%

0.5 g q6h 1 1 100 99.99 100 99.99 100 99.68
2 99.91 99.31 99.88 98.57 99.76 94.09
4 96.83 87.45 95.76 82.22 92.94 63.82
8 71.05 43.93 66.29 36.81 56.19 19.75

4 1 100 99.99 100 99.99 100 99.97
2 99.93 99.44 99.82 99.32 99.7 98.56
4 96.59 89.41 95.52 87.61 93.09 80.53
8 70.54 48.99 66.32 44.92 57.96 33.51

1 g q8h 1 1 100 100 100 100 100 99.79
2 100 99.89 100 99.64 99.99 96.12
4 99.59 96.06 99.32 92.41 98.51 74.84
8 90.65 67.94 87.79 57.1 80.15 31.39

4 1 100 99.99 100 100 100 99.99
2 100 99.9 99.98 99.85 99.96 99.13
4 99.47 97.19 99.3 95.72 98.73 88.28
8 90.3 72.91 88.34 67.42 83.91 48.74
16 50.31 25.13 46.52 19.92 39.17 10.46

1 g q6h 1 1 100 100 100 100 100 99.99
2 100 99.99 100 99.98 100 99.7
4 99.92 99.36 99.88 98.64 99.75 94.17
8 96.91 87.24 95.85 82.5 92.89 63.75
16 70.85 44.28 66.53 36.23 56.21 19.61

4 1 100 100 100 100 100 100
2 100 99.97 100 99.98 100 99.99
4 99.91 99.46 99.84 99.28 99.71 98.45
8 96.86 89.73 95.43 87.8 93.16 80.18
16 70.42 48.54 66.38 45.24 57.87 33.19

2 g q24h 24 1 99.99 99.97 100 99.98 99.99 99.97
2 99.69 98.97 99.53 98.88 99.08 98.52
4 93 86.15 90.88 85.61 85.78 81
8 57.9 43.74 51.92 41.84 41.95 34.58

3 g q24h 24 1 100 100 100 100 99.99 99.99
2 99.98 99.85 99.96 99.85 99.89 99.81
4 98.77 96.34 98.14 96.41 96.62 94.87
8 82.67 71.39 79.85 71.52 70.75 63.57

4 g q24h 24 1 100 100 100 100 100 100
2 100 99.95 100 99.99 99.99 99.98
4 99.68 98.98 99.65 99.07 98.97 98.41
8 93.03 86.05 91.14 85.85 85.78 81.04
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PTAs (≥ 90%) achieving 80% T > MIC in patients with  CLCR 
60–120 mL/min and flow rate 3–5.5 L/min for a MIC of 
2 μg/mL were observed when imipenem was administered 
by a 4-h infusion of 0.5 g every 6 h, 1 g every 8 h and 1 g 
every 6 h. For pathogens with a MIC of 4 μg/mL, high PTAs 
were achieved only when the dosages of imipenem were 
administered by a 4-h infusion of 1 g every 6 h. The find-
ings of the current study indicate that high dosage regimens 
of imipenem are required for coverage of less susceptible 

pathogens for achieving the maximal pharmacodynamic tar-
gets and therapeutic outcomes in this patient population. We 
examined the probabilities of dosage regimens of imipenem 
achieving targets of 80% T > MIC at various ranges of  CLCR 
(15–29.9, 30–59.9, and 60–120 mL/min) and found that the 
achievement of the pharmacodynamic targets of imipenem 
at  CLCR 15–29.9 mL/min was superior to those of  CLCR 
30–59.9 and 60–120 mL/min and the achievement of the 
pharmacodynamic targets at  CLCR 30–59.9 was superior 

Table 4  Probability of target 
attainment (PTA) for imipenem 
regimens achieving 40% 
T > MIC and 80% T > 
MIC at various creatinine 
clearance (mL/min) levels 
 (CLCR) in 10 critically ill 
patients with life-threatening 
severe infections during support 
with extracorporeal membrane 
oxygenation (flow rate 1–2.99 
L/min). MIC minimum 
inhibitory concentration, 
qxh every x hours

Dosage regimen Duration of 
infusion (h)

MIC (µg/mL) Probability of attaining the following %T > MIC

CLCR 15–29.9 CLCR 30–59.9 CLCR 60–120

40% 80% 40% 80% 40% 80%

0.5 g q6h 1 1 100 99.83 99.99 99.29 99.98 91.33
2 99.81 95.44 99.69 90.12 98.55 63.18
4 94.11 67.42 91.82 53.53 82.31 23.12
8 59.8 21.5 53.02 13.13 37.56 3.23

4 1 100 99.98 100 99.97 99.98 99.72
2 99.78 98.9 99.75 98.2 99.45 93.32
4 94.87 83.84 93.38 77.67 90.23 59.72
8 63.28 37.73 58.95 30.15 50.87 15.84

1 g q8h 1 0.5 100 100 100 99.99 100 97.18
1 100 99.92 100 99.36 99.99 87.87
2 99.98 97.51 99.98 92.57 99.4 61.36
4 98.82 78.48 97.9 63.01 91.94 25.5
8 82.85 34.55 77.35 20.72 58.48 4.86

4 1 100 100 100 99.97 100 99.11
2 99.99 99.55 99.96 98.62 99.98 90.82
4 99.33 90.84 98.98 83.96 98.47 58.9
8 87.47 53.15 85.09 41.26 81.79 18.42

1 g q6h 1 1 100 100 100 99.98 100 98.91
2 100 99.87 100 99.33 99.99 90.75
4 99.85 95.37 99.74 89.93 98.55 63.31
8 94.11 67.65 91.7 53.64 82.75 23.2

4 1 100 100 100 99.99 100 100
2 100 99.99 99.99 99.99 99.99 99.71
4 99.8 98.94 99.77 98.14 99.47 93.04
8 94.8 83.47 93.38 77.19 89.93 60.05

2 g q24h 24 1 100 99.99 99.98 99.96 99.96 99.9
2 99.45 99 99.08 98.48 98.13 96.68
4 88.69 84.79 86.14 81.17 78.43 71.02

3 g q24h 24 1 100 100 100 100 100 100
2 99.93 99.91 99.93 99.87 99.72 99.48
4 97.76 96.4 96.63 94.96 93.72 90.38
8 75.58 69.17 70.82 63.77 60.13 51.24

4 g q24h 24 1 100 100 100 100 100 100
2 99.99 99.98 99.98 99.98 99.93 99.87
4 99.4 98.96 99.13 98.47 98.08 96.77
8 89.09 84.86 85.65 80.51 78.33 71.1
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to those of  CLCR 60–120 mL/min at the same daily dos-
age. Therefore, in critically ill patients with life-threatening 
severe infections during support with ECMO, the dosage 
regimens are not as high as those required in patients with 
normal renal function. We also examined the probabilities 
of dosage regimens of imipenem achieving targets of 80% 
T > MIC at various ranges of flow rates of the ECMO circuit 
(1–2.99 L/min and 3–5.5 L/min) and found that the achieve-
ment of pharmacodynamic targets of imipenem at a high 
flow rate of 3–5.5 L/min was superior to those achieved at a 
low flow rate of 1–2.99 L/min at the same daily dosage. The 
explanation for this finding is that increased contact time 
between imipenem and the large adsorption surface of the 
ECMO circuit during the low flow rate had more impact on 
drug adsorption than during the high flow rate. However, 
for achieving the high PTAs (≥ 90%) at the high flow rate 

3–5.5 L/min and at the low flow rate 1–2.99 L/min, the same 
dosage regimens could be used. In both the European Com-
mittee on Antimicrobial Susceptibility Testing (EUCAST) 
and the Clinical Laboratory Standards Institute (CLSI), the 
MIC breakpoints for Pseudomonas aeruginosa are 4 μg/mL. 
Therefore, the highest licensed dosage regimen (1 g every 
6 h) of imipenem should be used against the less susceptible 
pathogens in this patient population.

The study had a limitation that must be noted, namely 
the small number of patients. In the absence of data from a 
larger sample size, however, a MCS based on a small num-
ber of patients such as in this study can be instructive in 
illuminating the effects of different dosing approaches.
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Fig. 1  Probability of target attainment (PTA) for imipenem regi-
mens achieving (a) 40% T > MIC at flow rate 3–5.5 L/min, with  CLCR 
60–120  mL/min, (b) 80% T > MIC at flow rate 3–5.5 L/min, with 
 CLCR 60–120 mL/min, (c) 40% T > MIC at flow rate 1–2.99 L/min, 
with  CLCR 60–120 mL/min and (d) 80% T > MIC at flow rate 1–2.99 
L/min, with  CLCR 60–120  mL/min at specific minimum inhibitory 
concentrations (MICs) in 10 critically ill patients with life-threatening 

severe infections during support with ECMO after administration of 
a 1-h infusion of 0.5 g every 6 h (open diamond), a 4-h infusion of 
0.5 g every 6 h (close diamond), a 1-h infusion of 1 g every 8 h (open 
triangle), a 4-h infusion of 1 g every 8 h (close triangle), a 1-h infu-
sion of 1 g every 6 h (open circle), a 4-h infusion of 1 g every 6 h 
(close circle). The broken line represents 90% PTA. T > MIC, time that 
concentrations in tissue and serum were above the MIC
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5  Conclusion

Pathophysiological changes in critical illness in patients 
receiving ECMO resulted in altered pharmacokinetic pat-
terns of imipenem. The highest licensed dosage regimen, 1 g 
every 6 h, of imipenem was required to achieve the pharma-
codynamic targets for optimal therapeutic outcome against 
the less susceptible pathogens in this patient population. 
Further large well-defined clinical trials with controlled data 
from a patient population not receiving ECMO are required 
to confirm these findings.
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