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1 

 

1. Introduction 

1.1. Background 

The „Position Paper of the Division of Clinical Pharmacy of the German 

Pharmaceutical Society (DPhG)” defines clinical pharmacy as the science and practice 

of the rational use of drugs1, which includes the individualization of drug therapy. The 

individualization of drug therapy can be defined as “tailoring drug selection and drug 

dosing to a given patient” with the purpose to optimize the benefit and minimize the 

harm of therapeutic interventions on a patient-by-patient basis2. 

An increasing number of studies show that the “one size fits all” approach is 

outdated and a large proportion of patients may benefit from dose individualization3. 

However, for numerous drugs, individualization of pharmacotherapy is restricted by 

lacking information concerning altered pharmacokinetics in patients, who are differing 

in demographical (age4, sex5, weight6, etc.), physiological or clinical data (organ 

function7, disease stage8, concomitant medications9, etc.) or lifestyle habits10 (smoking 

status, etc.) from the “average adult patient”, who is included in modern registration 

trials. As might be expected, the situation for drugs that have been in use for decades 

is similar, as the pharmaceutical industry has little interest in conducting sophisticated 

and expensive pharmacokinetic trials for drugs that are available as generics. 

The limited data concerning dose individualization is reflected by the fact that 

prescribing informations of numerous drugs provide only insufficient or even no 

information about dose adjustment in special patient populations. Table 1-1 illustrates 

this lack of information for anti-infective and antineoplastic drugs. As a result, the vast 

majority of drugs have “one-size-fits-all” dosing that is usually derived from clinical trials 

of phase II, which generally include only a limited number of patients and exclude 

patients with particular patient characteristics.  

As a result, investigations on pharmacokinetic factors and clinical factors 

influencing drug therapy and in particular dosing of drugs may provide a significant 

contribution for the individualization and therefore optimization of pharmacotherapy.  

         

  



  

2 

 

Table 1-1 Available information concerning dose adjustments and pharmacokinetic 
changes for specific patient populations in the German prescribing 
information.  
(Accessed April 27, 2018) 

 

 

 

 

Renal 
impairment 

Hepatic 
impairment 

Obesity Geriatric 
Genetically 
determined 
metabolism 

Sex 

ampicillin11,12 x - - - - - 

cefotaxime13 x - - x - - 

cefuroxime14 x x - x - x 

clarithromycin15 x - (1) - x - - 

clindamycin16 x (2) x (2) - x - - 

cotrimoxazole17 x x - - - - 

daptomycin18 - (3) - (1) x x - x 

fluconazole19 x - (4) - x - - 

linezolid20 x (5) - (1) - x - x 

metronidazole21 x (5) x - - (6) - - 

moxifloxacin22 -  - (4) - x - - 

piperacillin23 x x  - x x - 

roxithromycin24 x (7) x (7) - x - - 

sulbactam-
sodium12 

x - - - - - 

       

dasatinib25 x x - x - - 

everolimus26 x x - x x - 

gefitinib27 - (3) x x x x x 

gemcitabine28 - (3) - (4) - x - x 

lapatinib29 - (8) - (4) - - (6) - - 

lenalidomide30 x - (4) x (9) x x x 

nilotinib31 - (8) x (4) - x - - 

paclitaxel32 - - (4) - - - - 

pazopanib33 - (8) x - - (6) - - 

sorafenib34 x (10) - (1) x x x x 

sunitinib35 x - (1) - x - x 

 

(1) No data on patients with severely impaired hepatic function. 
(2) Clindamycin concentrations should be monitored in patients with severely impaired kidney or 

liver function. 
(3) Limited data in patients with (severely) impaired renal function. 
(4) Limited data on patients with (severely) impaired hepatic function. 
(5) Metabolites were not considered. 
(6) Limited data on geriatric patients. 
(7) Roxithromycin concentrations should be monitored in patients with severely impaired renal and 

liver function. 
(8) No data on patients with severely impaired renal function. 
(9)  No date on patients > 135kg. 
(10) No data on patients undergoing dialysis. 
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1.2. Pharmacokinetics 

Pharmacokinetics may be defined as what the body does to a drug36. 

Pharmacokinetics describe the time course of a drug into, through, and out of the body 

and therefore the absorption, distribution, metabolism, and excretion of a drug. This 

processes are combined in the term “ADME-scheme” and every of this processes can 

be described mathematically by means of the pharmacokinetic variables “clearance 

(CL)”, “volume of distribution (Vd)”, “area under the curve (AUC)”, “elimination rate 

constant (ke)”, “maximum or peak plasma concentration (Cmax)” and the “time at 

which the Cmax is observed (tmax)”.  

1.2.1. Clearance (CL) 

The clearance (CL) determines the removal of drug from the body. CL is 

expressed as volume per time and therefore indicates a hypothetical volume of fluid in 

the body, which is completely cleared from the drug in a defined time interval. CL 

therefore represents a volume that is “cleared” from a substance and not the amount 

of substance that is eliminated. The total body clearance (CLT) is the sum of all 

processes in the body, which take part in removing a substance of the body or 

simplified, CLT is the sum of renal excretion processes (CLR) and nonrenal processes 

(CLNR), as described by the equation: 

NRRT CLCLCL 
 

Equation 1 

1.2.2. Volume of distribution (Vd) 

The term “volume of distribution” (Vd) is a hypothetical construct and refers to 

the size of a compartment necessary to account for the total amount of the drug in the 

body, making the assumption that its concentration in the whole body is equal to the 

concentration measured in blood (or serum or plasma). As the blood concentration of 

a drug is proportional to the volume of distribution in general, the larger the volume of 

distribution, the larger a dose must be to achieve the targeted concentration. Vd is 

therefore an important parameter for the determination of adequate dosing regimens.  

Vd of a drug can be determined by bolus administration of a defined dose of this 

drug and measurement of the peak concentration (Cmax). With this information, Vd 

can be calculated by the equation: 
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maxc

Dose
Vd 

 

Equation 2 
 

Dependent on the use of non-compartmental or compartmental analysis for the 

determination of Vd, the terminal phase volume (VZ) or steady state volume (VSS) is 

obtained. If compartmental analysis is based on one compartment, VZ equals VSS. 

However, for all other cases VZ might be misleading37, as VZ is affected by variation of 

clearance and ke, as apparent from equation 3 (see below). 

1.2.3. Elimination rate constant (ke) and half-life (t1/2) 

The elimination rate constant (ke) describes the rate, at which a substance is 

eliminated from the body. In first order kinetics, ke can be determined as the negative 

slope of the terminal phase of a semi-logarithmic plot of the concentration time profile 

of a drug. ke can also be described as a function of CL and Vd: 

Vd

CL
ke 

 

Equation 3 
 

The corresponding half-life (t1/2) of a given substance, which has first order 

kinetics, can be determined by the equation: 

ke
t

)2ln(
2/1 

  

Equation 4 

1.2.4. Area under the curve (AUC) 

The area under the plasma concentration over time curve (AUC) represents the 

total exposure of an individual to the drug within one dosing interval (Ƭ).  

The most common way to calculate the AUC is the trapezoidal method 

(trapezoidal rule). When calculating the AUC using the trapezoidal rule, the overall 

area is divided in a number of trapezoids and their individual area is calculated. The 

overall area is calculated as the sum of all trapezoid areas. 

If dosage and clearance of the drug are known, the AUC can also be calculated 

by using the following equation: 

Cl

Dose
AUC 

 

Equation 5 
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1.3. Liquid chromatography coupled with tandem mass spectrometry 

(LC-MS/MS) 

Liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) is 

a combination of two analytical methods with different underlying principles. LC-

MS/MS provides very high sensitivity and selectivity and is therefore a frequently used 

method for the bioanalytical determination of drug concentrations in complex matrices 

as biological specimens. 

1.3.1. Liquid chromatography (LC) 

The analytical principle of liquid chromatography (LC) is the chromatographic 

separation of the sample into single components. 

Fundamental elements of LC are a sample in dissolved state, a liquid mobile 

phase and a stationary phase. In modern LC, which is referred to as HPLC “high 

performance liquid chromatography” or UHPLC “ultra-high performance liquid 

chromatography”, the stationary phase consists of very small particles (3 to 5 µm in 

diameter in HPLC and even less in UHPLC), which are packed into a column. Due to 

the dense packing of these small particles, high pressure is needed to force the liquid 

mobile phase trough the column. HPLC is therefore sometimes also referred to as 

“high pressure liquid chromatography”. 

 The chromatographic separation is based on the different partition of the 

individual components of the sample in the mobile and the stationary phase and the 

underlying differences in the individual affinity for the two phases. If the stationary 

phase is more polar than the mobile phase, the chromatography is referred to as 

“normal phase”, and if the mobile phase is more polar than the stationary phase, the 

chromatography is referred to as “reversed phase”. 

Depending on the different partition between the two phases, the individual 

components of a sample elute at different times from the column and can be detected 

separately. However, LC itself cannot detect and quantify substances and has 

therefore always to be coupled with a method, which is capable to detect and quantify 

substances.   
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1.3.2. Mass spectrometry (MS) 

Mass spectrometry (MS) is an analytical method that separates ions according 

to their mass-to-charge ratio (m/z) in the gas-phase. MS is therefore based on physical 

principles and can be used to a) identify and b) quantify chemicals present in a sample. 

MS takes place in a high vacuum, because otherwise neither a permanent 

ionization nor undisturbed and focusable ion beams arise38. The three main 

components of a mass spectrometer are an ion source, which ionizes the analyte and 

other molecules of the sample, a mass analyzer, which sorts the ions by their m/z ratio, 

and a detector, which records ions passing by or hitting a surface. 

In MS, a number of ionization techniques are in use, depending on the phase 

(solid, liquid, gas) of the sample, the analyte molecule and the required efficacy of 

ionization. In LC-MS, the sample consists of charged ions and charged and / or neutral 

components of the mobile phase and of the solvent. The most common ion source for 

this application is the Electrospray Ionization (ESI) technique. This ionization method 

is considered a soft ionization, as ESI does not cause the ions to fragment.  

The ESI-interface consists of a metal capillary, were an electrical voltage is 

created and the analyte solution is passed through. The resulting spray consists of 

droplets, which are de-solvated by a combination of temperature, vacuum and 

acceleration into gas by voltages39. The voltage, which is applied to the capillary, 

determines the charge of the ions that are generated. A positive voltage generates 

positively charged ions and a negative voltage generates negatively charged ions. 

Because of the natural use of a flowing liquid, ESI is easily adapted to liquid 

chromatography (LC). 

The most common method in LC-MS for the separation of ions with different m/z 

ratios is the quadrupole technique. Here, high frequency electric fields are generated 

by means of four rod electrodes, which stimulate the ions to oscillating trajectories. 

These fields can be adjusted to allow only ions of a specific m/z ratio to pass the mass 

filter.  

The detector records ions, which have passed the mass filter. As the number of 

ions passing the mass filter at a particular time is very small, amplification of this signal 

is needed, for example by an electron multiplier. Finally, the signal is plotted against 

the mass to charge ratio by a computer. 
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1.3.3. Tandem mass spectrometry (MS/MS) 

The selectivity of MS can be increased by using a linear series of three 

quadrupoles. In this series, the first and the third quadrupole are used as mass 

analyzers, while the quadrupole in the middle is used as a collision cell. In this collision 

cell, the parent ions from the first quadrupole are fragmented using an inert gas for 

collision. The resulting specific product-ions can then be selected by the third 

quadrupole.  

1.4. Overall aim of this thesis 

The overall aim of this thesis was to determine pharmacokinetic factors and 

clinical factors that make an individualized approach of pharmacotherapy sensible and 

necessary. Against this background, the thesis was divided into seven separate 

chapters describing clinical and pharmacokinetic factors that have a direct impact on 

pharmacotherapy. 

As clinical factor, “critical illness” was selected. Two chapters provide an 

overview of literature data of pharmacokinetic studies for the carbapenem antibiotics 

imipenem and meropenem in critically ill patients and compare these results with 

literature data of healthy volunteers. Another two chapters describe the establishment 

of a therapeutic drug management (TDM) program for antibiotics in a surgical intensive 

care unit and study the pharmacokinetics of imipenem / cilastatin and meropenem in 

this population of patients.  

As pharmacokinetic factor, the “bone penetration” of ampicillin and sulbactam 

was investigated. Therefore, the pharmacokinetics of ampicillin and sulbactam in 

plasma and bone tissue in patients undergoing total hip replacement surgery with 

perioperative antibiotic prophylaxis were studied.  

As clinical factors related to the individual patient, two case reports demonstrate 

the occurrence of rare adverse events of drugs as a result of (unknown) predisposition 

of the individual patient. 
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2. Overview of pharmacokinetic studies of imipenem / cilastatin in 

critically ill patients and healthy volunteers 

2.1. Introduction 

2.1.1. Background 

Infection and related sepsis are the leading cause of morbidity and death in non-

cardiac intensive care units (ICUs). In-hospital mortality of 29.7 % was found in a recent 

retrospective analysis of a large dataset collected prospectively for the Surviving 

Sepsis Campaign40. Other authors even reported sepsis related mortality rates up to 

60 % in non-cardiac ICUs and sepsis related costs that account for approximately 40 

% of total ICU expenditures41. 

Appropriate antibiotic initial therapy remarkably decreases the mortality of 

patients with infections in the ICU42. As antibiotic treatment is empirical in this setting 

and starts before the results of microbiological testing are known, the first-line therapy 

should cover a broad spectrum of Gram-negative and Gram-positive bacteria and 

should be adapted to the current resistance situation43. 

Due to their large antimicrobial spectrum and low toxicity, the beta-lactam 

antibiotics are among the first-line therapies for critically ill patients, especially when a 

Gram-negative infection is suspected44. Beta-lactams are characterized by time-

dependent bactericidal activity and therefore the concentration of the (unbound) 

antibiotic at the site of infection must be higher than the minimum inhibitory 

concentration (MIC) for an adequate percentage of time in a dosing interval (%T > 

MIC)45. As sub-therapeutic dosing is associated with poorer clinical outcomes and 

increases the incidence of drug resistance46–48, optimal dosing of beta-lactam 

antibiotics should be targeted.   

However, for critically ill patients the correct dosing of antibiotics remains a 

challenge and has only most recently lead to another review49. This is mainly due to 

the altered and often completely unpredictable pharmacokinetics. Furthermore, the 

dosing is complicated by factors related to the individual patient like a large variability 

in body weight and lean body mass, renal function or liver disturbances and age. 

Additionally, there is a lack of information on the pharmacokinetics of drugs marketed 

for more than a decade. Most SPC´s (summary of product characteristics) for 

antibiotics are completely unsatisfactory, in particular for critically ill patients. 
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Therefore, the aim of this chapter is to provide an overview of the results of 

pharmacokinetic studies of imipenem and cilastatin in critically ill patients and to 

compare these results with literature data of healthy volunteers. 

2.1.2. Chemistry of imipenem 

Imipenem is a semisynthetic thienamycin (N-formimidoyl-thienamycin) with a 

molecular mass of 299 g/mol. It is a weak acid with a pKa1 of 3.2 and pKa2 of 9.950. 

The lipophilicity of imipenem, expressed as the logP and logDpH7 is -2.78 ± 0.76 and -

5.28, respectively51. The plasma protein binding of imipenem is reported to be  

13 %52.   

 
Figure 2-1  Structural formula of imipenem. 

 

2.1.3. Indication and dosing of imipenem 

Imipenem is a parenteral broad-spectrum member of the carbapenem class of 

the beta-lactam antibiotics. It is used in the treatment of severe infections caused by 

Gram-positive and Gram-negative organisms, including beta-lactamase producing 

bacteria and anaerobes.  

Imipenem is approved for the treatment of lower respiratory tract infections, 

urinary tract infections (complicated and uncomplicated), intra-abdominal infections, 

gynecologic infections, bacterial septicemia, bone and joint infections, skin and skin 

structure infections and endocarditis53. In contrary to meropenem, safety data for 

imipenem in patients with meningitis is lacking and therefore imipenem is not indicated 

for the treatment of meningitis.   

2.1.4. Adverse events of imipenem 

The most common adverse events of imipenem are gastrointestinal side effects, 

skin rashes, and reactions at the infusion site. A serious adverse event of imipenem is 
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triggering seizures, which seem to occur more frequently at high plasma 

concentrations of imipenem. Other carbapenems as meropenem, doripenem, 

ertapenem are thought to be much more less likely to cause seizures than imipenem54. 

However, the incidence of seizures with imipenem / cilastatin reported in the literature 

is similar to meropenem when treating severe infections in critically ill patients with 

CNS disorders or injuries55. 

2.1.5. Co-administration of cilastatin 

Imipenem is inactivated by dehydropeptidases (DHP) in the renal tubulus, 

resulting in low urinary concentrations of imipenem54. In addition, imipenem is toxic to 

tubular cells in high concentrations56. For these reasons, imipenem must be given with 

the DHP-1 inhibitor cilastatin (on a gram-for-gram basis), which reduces the uptake of 

imipenem by tubular cells and increases the clearance of imipenem in urine to 60 % –

70 %57, making imipenem effective in the treatment of urinary tract infections. 

2.1.6. Chemistry of cilastatin 

The molecular mass of cilastatin is 358 g/mol. The lipophilicity of cilastatin, 

expressed as the logP and logDpH7 is 2.42 ± 0.55 and -2.77. The plasma protein binding 

of cilastatin is reported to be 40 %51.  

 
Figure 2-2 Structural formula of cilastatin. 

 

 

2.1.7. PK/PD - targets of imipenem 

Preclinical data suggest that for the achievement of maximal bactericidal effect, 

the concentration of carbapenem antibiotics should exceed the MIC of the pathogen 

for 40 % of the dosing interval45,58. However, the PK/PD-target may be significantly 

higher under clinical conditions. Reasons for this are the clinical situation of the patient, 

the focus of the infection and whether further targets, such as the prevention of 

resistant strains of the pathogen should be achieved. Some clinicians therefore 
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recommend beta-lactam concentrations four to five times above the MIC, as 

maintaining maximum killing for the entire dosing interval could possibly shorten the 

duration of the infection59. According to the European Committee on Antimicrobial 

Susceptibility Testing (EUCAST) database Version 6.0, the PK/PD breakpoints for 

susceptible bacteria as pseudomonas spp. and enterococcus spp. are ≤ 4 µg/mL60.  

2.2. Methods 

2.2.1. Literature search 

To identify relevant articles with PK data for imipenem and cilastatin in critically 

ill patients, a literature search in the PubMed database was performed, using the 

algorithm "imipenem OR cilastatin AND (plasma OR serum) AND (concentration OR 

microg/mL OR mg/mL) AND (intensive care unit OR ICU OR critically ill OR sepsis OR 

septic shock OR ventilator associated pneumonia OR VAP)". Search filters were set 

to “English”, “French” or “German” language. Thereafter, a hand search was 

performed, in which the references of the previously obtained papers were searched 

for relevant articles. The resulting papers were searched for plasma levels and PK data 

for imipenem and / or cilastatin in critically ill patients. 

A second literature search was performed to identify studies with PK data for 

imipenem and / or cilastatin in healthy volunteers using the algorithm "(imipenem OR 

cilastatin) AND pharmacokinetics AND healthy”. Search filters were set to “English”, 

“French” or “German” language. The resulting papers were searched for plasma levels 

and PK data for imipenem and / or cilastatin in healthy volunteers. 

2.2.2. Data preparation and presentation 

The studies were searched for information about the study population (clinical 

situation, number and demographical data of patients), drug administration (dosage 

and route of administration) and resulting PK data for imipenem and / or cilastatin. If 

necessary, data was converted into standardized units (t1/2: hours,  

AUC: µg*h/mL, CL: L/h and Vd: L) and was extrapolated to the mean body weight of 

the participants of the respective study.  
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2.3. Results and Discussion 

2.3.1. Results of the PubMed search 

The PubMed search for PK data of imipenem and / or cilastatin in critically ill 

patients resulted in thirty-five hits and the subsequent hand search resulted in six 

additional papers. Twenty-five papers were excluded since these did not provide 

plasma or serum levels or pharmacokinetic data for imipenem and / or cilastatin in 

humans.  

The PubMed search for PK data of imipenem and / or cilastatin in healthy 

volunteers resulted in forty-seven hits and the subsequent hand search resulted in two 

additional papers. Thirty-three papers were excluded since these did not provide 

plasma or serum levels or pharmacokinetic data for imipenem and / or cilastatin in 

healthy volunteers. One paper52 was excluded since it included the same 

pharmacokinetic data as another, previously published paper61.  

2.3.2. Literature data of imipenem / cilastatin pharmacokinetics in critically 

ill patients 

Overall, sixteen studies on the pharmacokinetics of imipenem co-administered 

with cilastatin in critically ill patients were included in this overview. The most recent 

papers were from 2014, the oldest date back to 1989. The number of patients was very 

limited in most studies, with a median of nine participants. However, two studies 

included fifty or more patients62,63. Cilastatin concentrations were measured in only 

four studies and PK data for cilastatin is therefore limited64–67. 

An overview of these studies and the resulting PK parameters for imipenem and 

/ or cilastatin is provided in Table 2-1. The mean or median trough and peak plasma 

concentrations for imipenem resulting from the different studies are compared and 

illustrated in Figure 2-3 and 2-4.  

All studies included in this overview investigated the pharmacokinetics of 

imipenem co-administered with cilastatin in critically ill patients. However, a number of 

studies focused on specific subgroups. Three studies investigated the 

pharmacokinetics of imipenem in critically patients with ventilator associated 

pneumonia (VAP)63,68 or pneumonia69. Eight studies investigated the PK of imipenem 

in patients with severe renal dysfunction64–67,70–73; four of these studies determined 
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additionally the PK  for cilastatin64–67. In six of these studies, patients were undergoing 

different types of hemodialysis65–67,70,72,73.   

The administered dose of imipenem / cilastatin differed much between and 

within the studies. While some patients were treated with 500 mg of imipenem co-

administered with 500 mg cilastatin two times daily, others received up to 1000 mg 

imipenem and 1000 mg cilastatin four times daily. This difference is explained to some 

extend by the fact that patients with all degrees of renal function were included in the 

different studies. Noticeably, the renal function, together with the type or severity of 

infection are the only parameters used in the prescribing information for dose 

adjustment in adults53. Imipenem and cilastatin were administered intravenously as 

short infusion (about 30 min) in most studies. However, two studies investigated the 

effect of prolonged or continuous infusion on the pharmacokinetics of imipenem68,74. 

Due to the different administration settings of imipenem / cilastatin and the 

different clinical situations of the patients, the resulting PK parameters and plasma 

levels for imipenem varied significantly between the different studies (see Table 2-1). 

The mean terminal half-life (t1/2) for imipenem in the different studies ranged from 1.2 

hours67  to 3.1 hours66. Noticeably, mean t1/2 was over two hours in all studies on 

patients with acute or chronic renal failure. With the exception of the study reported by 

Belzberg et al.62, all studies without the criteria of impaired renal function showed t1/2 

below or equal to two hours. A possible explanation for the long t1/2 of 2.9 ± 1.7 hours 

in this study might be the large interindividual variability in creatinine clearance (104 ± 

84 mL/min) of patients participating in this study, resulting in long t1/2 for imipenem in 

a number of patients. As one could expect, the clearance (CL) for imipenem also 

showed a large variability between the different studies. The reported CL for imipenem 

was below 9 L/h in studies, which included patients with renal failure or severe renal 

dysfunction. The exception was one subgroup of patients in the study described by 

Fish et al.72, which included patients receiving continuous venovenous 

hemodiafiltration (CVVHDF). Since CL for imipenem in this subgroup was 10.7 ± 1.1 

L/h, and therefore significantly higher than in other patients receiving hemodialysis, 

this method seems to be very effective in the removal of imipenem from blood. The 

lowest CL for imipenem was found by Mueller et al.73 with 3.9 ± 0.6 L/h in patients with 

chronic renal failure and the highest CL was found by Lips et al.68 in the subgroup of 

patients, who were treated with prolonged infusions of imipenem / cilastatin with 18.5 
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± 7.8 L/h. Additionally, the volume of distribution (Vd) differed much between and within 

the studies and was in the range of 17.4 ± 4.0 to 47.2 ± 47.4 L62,71. This variability 

reflects the different clinical situations of the patients in the different studies as well as 

the large interindividual variability of this PK parameter in critically ill patients.  

The number of studies, which are providing data on the exposure to imipenem, 

measured by the area under the curve (AUC), is very limited, as only six 

studies62,65,68,71,72,75 reported this PK parameter for imipenem and only one of these 

studies provided additional data for cilastatin. Two studies reported the AUC per 24 

hours68,72 while the other four studies reported the AUC within one infusion 

interval62,65,71,75. Novelli et al.71 reported an AUC within one infusion interval of 216.5 ± 

86.3 µg*h/mL, which was more than twice as high as the reported AUC of the other 

studies. However, this value might be explained to some extend by the clinical situation 

of some of the included patients, who suffered from varying degrees of renal 

insufficiency. In addition, these patients received a relatively high dose of 1000 mg 

imipenem co-administered with 1000 mg cilastatin three times daily. As might be 

expected, the mean imipenem peak concentration (Cmax) in this study (90.10 µg/mL) 

was much higher than the mean Cmax values reported in all other studies (8.65 to 

44.20 µg/mL, see Figure 2-4).  

In addition, the trough plasma levels (Cmin) for imipenem varied widely between 

and within the studies, reflecting the differing interindividual PK parameters and the 

different study settings (see Figure 2-3). With the exception of three studies62,74,76, all 

studies failed to reach mean / median trough levels of 4 µg/mL, corresponding to the 

MIC breakpoint for common bacteria in critically ill patients as pseudomonas spp. and 

enterococcus spp.77. However, due to the large interindividual variability, a number of 

patients failed to reach this PK/PD - target even in those studies. 

PK parameters for cilastatin were only reported by four studies64–67, and all of 

them were studying the PK for imipenem and cilastatin in patients with severely 

impaired renal function. However, one of these studies included additionally one 

subgroup with normal renal function as a comparison group67. The mean t1/2 for 

cilastatin in these studies was in the range of 6.7 to 13.8 hours65,67 for patients with 

severely impaired renal function and 0.9 hours in the comparison group of patients with 

normal renal function. Related to this data, the mean CL for cilastatin in these studies 

was only 1.7 to 1.9 L/h65,67 for patients with impaired renal function and 12.3 L/h in the 
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comparison group. From these results, it can be concluded that the elimination of 

cilastatin is much more influenced by the renal function than the excretion of imipenem. 

However, the prescribing information recommends in case of impaired renal function 

to reduce the dosage of cilastatin to the same extend as imipenem53. This could 

potentially lead to the accumulation of cilastatin resulting in much higher exposure to 

cilastatin than to imipenem. Unfortunately, only one study did provide data for the 

exposure to imipenem and cilastatin in patients with impaired renal function. In this 

study, the mean ± SD AUC for imipenem was 95.3 ± 19.6 µg*h/mL and the AUC for 

cilastatin was 288.7 ± 76.2 µg*h/mL65. These results emphasize the adapted dose 

adjustment for the two substances. However, in addition to the fact that only a fixed 

combination of imipenem and cilastatin is available, there is a lack of data from clinical 

trials in critically ill patients with severely impaired renal function, which confirm this 

accumulation of cilastatin after multiple dose administration. 

 

 



  

16 

 

Table 2-1 Pharmacokinetics of imipenem / cilastatin in critically ill patients.  

Reference 

Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

patients 
Patient demographics 

Dosage 
IMI/CIL 

[mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL [L/h] Vd [L] 

Lips et al. 
201468 

critically ill, 
VAP 

 

0.5h infusion 9 

Age: 57 ± 16 years 
APACHE II score: 26 ± 6 

Weight: 72 ± 23 kg 
CLCR: 85 ± 50 mL/min 

1000/1000 
q8h 

i.v. infusion 
(30min) 

1.8 ± 
0.5 

AUC24h: 
290.1 ± 

90.7 
11.4 ± 3.5 28.7 ± 9.7 

3h infusion 10 

Age: 63 ± 21 years 
APACHE II score: 29 ± 9 

Weight: 79 ± 11 kg 
CLCR: 101 ± 82 mL/min 

500/500 
q6h 

i.v. infusion (3h) 
1.6 ± 
0.5 

AUC24h: 
128.7 ± 

53.7 
18.5 ± 7.8 37.9 ± 10.9 

Couffignal 
et al. 

201463 

critically ill, 
VAP 

- 51 

Age: 60 years [28-84] 
SOFA score: 6 [2-14] 

Weight: 77 kg [45-126] 
CLCR4h: 86 mL/min [9-571] 

500/500  
or 

1000/1000 
q8h 

i.v. infusion 
(30min) 

- - 
13.0 (RSE: 

6%) 
32.2 (RSE: 

21%) 

Afshartous 
et al. 

201470 

critically ill, 
CVVHD 

- 16 a 

Age: - 
APACHE II score: - 
Weight: 92 ± 21 kg 

CLCR: - 

- 
i.v. infusion 

(30min) 
- - 7.2 33.1 

Dahyot-
Fizelier et 
al. 201075 

critically ill, 
severe 

peritonitis 
- 8 

Age: 65 ± 12 years 
APACHE II score: 19 ± 4 

Weight: 83 ± 20 kg 
CLCR: 76 ± 34 mL/min 

500/500  
q6h 

i.v. infusion 
(30min) 

- 
85.0 ± 
41.2 

12.0 ± 3.6 24.2 ± 6.5 

Dahyot et 
al. 200878 

critically ill - 6 a 

Age: 53 ± 20 years 
SOFA score: 5 ± 2 
Weight: 84 ± 21 kg 

CLCR: 151 ± 50 mL/min 

500/500  
q6h 

i.v. infusion 
(30min) 

1.4 ± 
0.2 

- 13.3 ± 3.3 27.2 ± 6.5 

Data is presented as mean ± SD. Range is given in brackets. PK results are given for imipenem (and not for cilastatin) if not indicated otherwise. 
a data of subgroups who were treated with other substances than imipenem or who were not critically ill is not shown; RSE: residual standard error  
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Table 2-1 continued  

Reference 

Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

patients 
Patient demographics 

Dosage 
IMI/CIL 

[mg] 
 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL  [L/h] Vd [L] 

Sakka et al. 
200774 

critically ill 

intermittent 
infusion 

10 

Age: 59 ± 16 years 
APACHE II score: 28 ± 5 

Weight: 78 ± 14 kg 
CLCR: 128 ± 35 mL/min 

1000/1000 
q8h 

i.v. infusion 
(40min) 

- - 

12.3 ± 4.2 V1: 12.2 ± 9.9 

continuous 
infusion 

10 

Age: 62 ± 16 years 
APACHE II score: 26 ± 6 

Weight: 73 ± 8 kg 
CLCR: 122 ± 33 mL/min 

2000/2000 
/24h 

i.v. infusion 
(continuous 

infusion) 
- - 

Novelli et 
al. 200571 

critically ill - 10 

Age: 65 ± 19 years 
APACHE II score: - 
Weight: 75 ± 12 kg 

CLCR: 76 ± 34 mL/min 

1000/1000  
q8h 

i.v. infusion 
(30min) 

2.0 ± 
0.3 

216.5 ± 
86.3 

7.0 ± 2.5 17.7 ± 4.0 

Fish et al. 
200572 

critically ill 

CVVH 6 Age: 50 ± 17 years 
APACHE II score: 29 ± 4 

Weight: 94 ± 15 kg 
CLCR: - 

500/500   
q8h or 
q12h 

i.v. infusion 
(30min) 

2.7 ± 
1.3 

AUC24h: 
147.4 ± 

35.8 
8.7 ± 1.1 

33.8 ± 9.4 
/94kg 

CVVHDF 6 
2.6 ± 
1.6 

AUC24h: 
125.4 ± 

24.3 
10.7 ± 1.1 

34.8 ± 12.2 
/94kg 

Belzberg et 
al. 200462 

critically ill - 50 

Age: 45 ± 17 years 
APACHE II score: 20 ± 8 

Weight: 80 ± 18 kg 
CLCR: 104 ± 84 mL/min 

500/500   
or 

1000/1000   
q6h 

i.v. infusion 
(30min) 

2.9 ± 
1.7 

79.1 ± 
62.3 

12.1 ± 12.0 47.2 ± 47.4 

Tegeder et 
al. 200276 

critically ill - 6 a 

Age: 64 ± 17 years 
APACHE II score: - 
Weight: 84 ± 19 kg 

SCr: 2.2 ± 0.9 mg/dL 

500/500 
q6h or q8h 

i.v. infusion 
(20min) 

- - 6.3 ± 0.8 18.5 ± 4.4 

Data is presented as mean ± SD. PK results are given for imipenem (and not for cilastatin) if not indicated otherwise. 
a data of subgroups who were treated with other substances than imipenem or who were not critically ill is not shown; V1: volume of distribution in the central 
compartment 
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Table 2-1 continued 

Reference 

Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

patients 
Patient demographics 

Dosage 
IMI/CIL 

[mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL  [L/h] Vd [L] 

Tegeder et 
al. 199764 

critically ill, 
acute renal 

failure 
- 12 

Age: 66 ±s 
APACHE II score: - 

Weight: - 
CLCR: - 

500/500 
q6h or q8h 

i.v. infusion 
(about 30-

60min) 

2.9 ± 
1.4 

- 7.3 ± 1.7 24.3 ± 7.7 

CIL: 
9.7 ± 
4.4 

- 
CIL: 

1.8 ± 0.8 
CIL: 

19.6 ± 7.3 

Hashimoto 
et al. 

199765 

critically ill, 
CVVHD 

- 6 

Age: 54 years [15-68] 
APACHE II score: - 

Weight: 54 kg 
SCr: 5.5 ± 1.0 mg/dL 

500/500   
q12h 

i.v. infusion 
(30min) 

2.8 ± 
0.7 

95.3 ± 
19.6 

5.4 ± 1.1 19.3 ± 6.0 

CIL: 
6.7 ± 
0.9 

CIL: 
288.7 ± 

76.2 

CIL: 
1.90 ± 0.5 

CIL: 
12.5 ± 2.4 

McKindley 
et al. 

199669 

critically ill, 
pneumonia 

- 10 

Age: 44 ± 12 years 
APACHE II score: - 
Weight: 90 ± 27 kg 

CLCR: 85 ± 17 mL/min/m2 

500/500   
q6h 

i.v. infusion 
(30min) 

1.6 ± 
1.3 

- 
14.4 ± 4.5 

/90kg 
31.5 ± 11.7 

/90kg 

Kihara et al. 
199466 

critically ill, 
slow hemo-

dialysis 
- 7 

Age: 71 ± 11 years 
APACHE II score: - 

Weight: 48 kg 
SCr: 8.7 ± 1.8 mg/dL 

500/500   
(single 
dose) 

i.v. infusion 
(30min) 

3.1 ± 
0.3 

- 5.0 ± 0.4 18.8 ± 2.2 

CIL: 
9.7 ± 
1.2 

- 
CIL: 

1.9 ± 0.1 
CIL: 

13.8 ± 1.3 

Mueller et 
al. 199373 

critically ill, 
renal failure 

acute renal 
failure 

7 

Age: 50 ± 20 years 
APACHE II score: - 
Weight: 85 ± 20 kg 

CLCR: - 500/500   
q6h or q8h 

i.v. infusion 
(30min) 

2.9 ± 
1.0 

- 6.5 ± 0.8 27.1 ± 6.8 

chronic renal 
failure 

3 

Age: 74 ± 9 years 
APACHE II score: - 
Weight: 70 ± 1 kg 

CLCR: - 

3.0 ± 
0.8 

- 3.9 ± 0.6 19.1 ± 4.6 

Data is presented as mean ± SD. Range is given in brackets. PK results are given for imipenem (and not for cilastatin) if not indicated otherwise. 
CIL: PK results for cilastatin 
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Table 2-1 continued 

Reference 

Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

patients 
Patient demographics 

Dosage 
IMI/CIL 

[mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL  [L/h] Vd [L] 

Keller et al. 
198967 

critically ill 

CAVH 8 

Age: 60 ± 11 years 
APACHE II score: - 
Weight: 71 ± 11 kg 

SCr: 4.1 ± 1.6 mg/dL 500/500   
(single 
dose) 

i.v. infusion 
(15min) 

2.2 ± 
0.1 

- 

6.2 ± 0.7 19.4 ± 2.0 

CIL: 
13.8 ± 

4.5 

CIL: 
1.7 ± 0.6 

CIL: 
18.3 ± 4.3 

without renal 
failure 

2 

Age: 22 ± 9 years 
APACHE II score: - 
Weight: 68 ± 0 kg 

SCr: 1.0 ± 0.1 mg/dL 

1.2 ± 
0.4 

- 

17.0 ± 13.6 25 ± 5 

CIL: 
0.9 ± 
0.4 

CIL: 
12.3 ± 10.1 

CIL: 
21.3 ± 2.5 

Data is presented as mean ± SD. PK results are given for imipenem (and not for cilastatin) if not indicated otherwise. 
CIL: PK results for cilastatin  
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Figure 2-3  Literature data of imipenem trough plasma / serum levels (Cmin) in critically ill patients.  

 
If not indicated otherwise, data is shown as the mean ± SD. 
* Data is presented as the median (dash), the minimum and maximum range (whisker) and with or without the IQR (box).   
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Figure 2-4  Literature data of imipenem peak plasma / serum levels (Cmax) in critically ill patients.  

 
If not indicated otherwise, data is shown as the mean ± SD. 
* Data is presented as the median (dash), the minimum and maximum range (whisker) and with or without the IQR (box).
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2.3.3. Literature data of imipenem / cilastatin pharmacokinetics in healthy 

volunteers 

Fourteen studies on the pharmacokinetics of imipenem co-administered with 

cilastatin and one study without the co-administration of cilastatin in healthy volunteers 

were included in this overview. The most recent paper was from 2010, the oldest date 

back to 1983. The number of participants was in the range of four to eighteen.  

An overview of these studies and the resulting PK parameters is provided in 

Table 2-2. The trough and peak plasma concentrations for imipenem resulting from the 

different studies are compared and illustrated in Figure 2-5 and 2-6.  

All studies included in this overview investigated the PK of imipenem with or 

without cilastatin in healthy volunteers. However, a number of studies focused on 

factors influencing the PK of imipenem and cilastatin. Lee et al.79 and Jaruratanasirikul 

et al.80 studied the influence of prolonged infusions and Adamis et al.81 and Norrby et 

al.82 studied the influence of the co-administration of amikacin and probenecid on 

imipenem PK. In contrast to the other studies, which included healthy volunteers of 

younger age, Toon et al.83 studied imipenem and cilastatin PK in elderly healthy 

volunteers. In addition, this was the only study in healthy volunteers, which investigated 

multiple dose PK of imipenem. The dosage of imipenem in the different studies was 

either 250, 500 or 1000 mg co-administered with an equal dose of cilastatin. However, 

in two studies described by Norrby et al.82,84 imipenem was administered without 

cilastatin or with a different dose of cilastatin in some subgroups.  

The reported mean ± SD t1/2 for imipenem was in the range of 0.8 to 1.3 hours 

except of two studies, which reported a much longer t1/2. One of these80 reported a 

mean ± SD t1/2 of 2.4 ± 0.3 hours in patients receiving a prolonged infusion of 1000 mg 

imipenem. The second one81 reported mean ± SD imipenem t1/2 of 5.0 ± 2.0 and 3.5 ± 

2.9 hours, respectively, in patients who were treated with 500 mg imipenem without 

and with co-administration of amikacin. However, the reported imipenem CL in this 

study was also much higher than the imipenem CL reported by others. While other 

studies reported a mean imipenem CL in the range of 8.0 to 14.5 L/h78,80, Adamis et 

al.81 reported a mean imipenem CL of 30.6 and 25.2 L/h without and with co-

administration of amikacin. If these values were used for the calculation of Vd for 

imipenem, this would result in highly improbable values of 220 and 127 L, respectively. 

However, the Vd for imipenem was not reported in this study. The mean Vd for 



  

23 

 

imipenem reported by other authors was in the range of 9.480 to 22.885. However, a 

number of studies used compartmental analysis for the determination of the PK 

parameters for imipenem and provided only values of the volume of distribution in the 

central compartment (V1). The results of these studies were in the range of 7.479 to 

11.5 L84.   

As one could expect, Cmax and AUC for imipenem in healthy individuals were 

mainly dependent on the administered dose, the duration of the infusion and the route 

of administration. Mean Cmax after the administration of 1000 mg imipenem over 30 

minutes was in the range of 58.952 to 69.986 µg/mL and the administration of the same 

dose as prolonged infusion over two hours resulted in a mean Cmax of 43.91 µg/mL80. 

When excluding the study of Adamis et al. from this analysis - due to the reasons 

described above - the mean or median plasma / serum concentrations after 

intravenously administration of 500 mg imipenem were in the range of 19.385 to 48.480 

µg/mL. In one subgroup of the study by Signs et al.85, imipenem was administered 

intramuscularly, leading to a mean Cmax of only 8.0 µg/mL. The resulting mean AUC 

of the two studies, in which patients received 250 mg of imipenem was 18.7 and 22.2 

µg*h/mL82,84, respectively. However, in one of these studies imipenem was 

administered without cilastatin82. The administration of 500 mg of imipenem, co-

administered with an equal dose of cilastatin, resulted in a mean AUC of 22.1 to 63.7 

µg*h/mL80,85, and the mean AUC after administration of 1000 mg of imipenem was in 

the range of 63.9 to 127.1 µg*h/mL80,85.  

PK parameters in healthy volunteers for cilastatin were only reported by two 

studies83,84. As noted above, Toon et al. studied imipenem / cilastatin single and 

multiple dose PK in elderly healthy volunteers83 and Norrby et al. studied imipenem / 

cilastatin PK for different doses of imipenem and cilastatin60. The mean t1/2 and CL for 

cilastatin in elderly healthy volunteers was 1.3 ± 0.4 and 7.7 ± 2.3 L/h, respectively, for 

single dose administration and 1.2 ± 0.3 h and 7.2 ± 2.0 L/h, respectively, for multiple 

dose administration83. The reported t1/2 for cilastatin in young (30 to 31 years) healthy 

volunteers was 0.8 ± 0.1 h and therefore significantly shorter and independent of dose 

(250 or 500 mg); CL was not reported in this study84. As one could expect, the AUC in 

elderly healthy volunteers was significantly higher than in young healthy volunteers. 

AUC in elderly healthy volunteers after the administration of 500 mg cilastatin was 72.2 

± 25.0 and 76.4 ± 21.6 µg*h/mL after single and multiple dose, respectively83, while 
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AUC in young healthy volunteers was 40.0 ± 6.3 µg*h/mL84. Mean Vd in elderly healthy 

volunteers was reported to be 13.0 ± 2.0 and 12.4 ± 3.3 L after single or multiple dose, 

respectively83. The reported mean Vd in young healthy volunteers was in the range of 

7.5 to 8.4 L84 and therefore significantly lower than in the study on elderly healthy 

individuals. 
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Table 2-2 Pharmacokinetics of imipenem / cilastatin in healthy volunteers.  

Reference 

Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

patients 
Subject demographics 

Dosage 
IMI/CIL 

[mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL  [L/h] Vd [L] 

Lee et al. 
201079 

healthy 
volunteers 

0.5h infusion 
18 b 

Age: 38 ± 10 years 
Weight: 74 ± 9 kg 

CLCR: - 

1000/1000 
(single 
dose) 

i.v. infusion 
(30min) 

- 
82.7 ± 
24.0 

12.1 ± 3.5 
V1: 

9.7 ± 5.5 

3h infusion i.v. infusion (3h) - 
84.6 ± 
17.7 

11.8 ± 2.5 
V1: 

7.4 ± 2.6 

Dahyot et 
al. 200878 

healthy 
volunteers 

- 6 a 
Age: 25 ± 3 years 
Weight: 71 ± 15 kg 

CLCR: - 

500/500  
(single 
dose) 

i.v. infusion 
(30min) 

1.0 ± 
0.1 

- 14.5 ± 3.2 21.0 ± 5.0 

Jaruratanas
irikul et al. 

200580 

healthy 
volunteers 

0.5h infusion 

8 a 
Age: 25 ± 3 years 
Weight: 71 ± 15 kg 

CLCR: - 

500/500  
(single 
dose) 

i.v. infusion 
(30min) 

1.3 ± 
0.3 

63.7 ± 7.4 8.0 ± 1.0 9.4 ± 1.4 

2h infusion 
500/500  
(single 
dose) 

i.v. infusion (2h) 
1.0 ± 
0.2 

59.0 ± 6.8 8.6 ± 1.1 9.4 ± 1.8 

2h infusion 
1000/1000 

(single 
dose) 

i.v. infusion (2h) 
2.4 ± 
0.3 

127.1 ± 
17.3 

8.0 ± 1.1 11.6 ± 2.0 

Adamis et 
al. 200481 

healthy 
volunteers 

imipenem 
without 

amikacin 
6 b 

Age: 29 ± 9 years 
Weight: - 

SCr: 0.8 ± 0.1 mg/dL 

500/500  
(single 
dose) 

i.v. infusion 
(30min) 

5.0 ± 
2.0 

27.7 ± 
22.5 

30.6 ± 21.23 - 

imipenem 
with 0.5g 
amikacin 

3.5 ± 
2.9 

24.8 ± 
11.7 

25.2 ± 12.4 - 

Tegeder et 
al. 200276 

healthy 
volunteers 

- 5 a 
Age: [25-31] years 

Weight: normal 
CLCR: - 

500/500 
(single 
dose) 

i.v. infusion 
(20min) 

- - 13.3 ± 1.4 13.9 ± 2.5 

Data is presented as mean ± SD. PK results are given for imipenem (and not for cilastatin) if not indicated otherwise. 
a data of subgroups who were treated with other substances than imipenem or who were not critically ill is not shown; b crossover study design; V1: volume of 
distribution in the central compartment
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Table 2-2 continued 

Reference 

Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

patients 
Subject demographics 

Dosage 
IMI/CIL 

[mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL  [L/h] Vd [L] 

Dreetz et 
al. 199687 

healthy 
volunteers 

- 12 

Age: 29 ± 6 years 
Weight: 80 ± 7 kg 
CLCR: 112 ± 13 
mL/min/1.73m^2 

1000/1000 
(single 
dose) 

i.v. infusion 
(30min) 

1.1 ± 
0.2 

96.1 ± 
14.4 

10.5 ± 1.4 
/1.73m^2 

15.3 ± 3.3 
/70kg 

Paradis et 
al. 199288 

healthy 
volunteers 

- 15 
Age: 24 years [20-35] 
Weight: 72 kg [64-83] 

CLCR: - 

500/500 
(single 
dose) 

i.v. infusion 
(30min) 

1.1 ± 
0.5 

37.6 ± 6.3 
12.8 ± 1.0 

/72kg 
15.5 ± 1.5 

Signs et al. 
199285 

healthy 
volunteers 

0.5g 
 i.v. 

4 

Age: 21-48 years 
Weight: - 
CLCR: - 

500/500 
(single 
dose) i.v. infusion 

(30min) 

0.9 ± 
0.0 

22.1 ± 5.5 - 22.8 ± 5.9 

1g i.v. 10 
1000/1000 

(single 
dose) 

1.0 ± 
0.1 

63.9 ± 9.1 - 21.2 ± 2.9 

0.5g i.m. 8 
500/500 
(single 
dose) 

i.m. 
1.3 ± 
0.4 

27.8 ± 6.7 - 14.3 ± 12.2 

Nilsson-
Ehle et al. 

199186 

healthy 
volunteers 

- 8 
Age: 33 years [22-38] 
Weight: 74 kg [66-86] 

CLCR: - 

1000/1000 
(single 
dose) 

i.v. infusion 
(30min) 

1.1 
94.4 ± 
12.0 

11.0 ± 1.5 14.4 ± 1.2 

Toon et al. 
198783 

healthy 
elderly 

volunteers 

single dose 

6 
Age: 70 years [66-75] 
Weight: 65 kg [54-77] 

CLCR: - 

500/500 
(single 
dose) 

i.v. infusion 
(20min) 

1.0 ± 
0.2 

46.1 ± 7.9 11.4 ± 2.6 
15.6 ± 2.6 

/65kg 
CIL: 
1.3 ± 
0.4 

CIL: 
72.2 ± 
25.0 

CIL: 
7.7 ± 2.3 

CIL: 
13.0 ± 2.0 

/65kg 

multiple dose 
500/500 

q6h 

1.1 ± 
0.2 

49.1 ± 5.4 10.5 ± 1.8 
15.6 ± 2.0 

/65kg 
CIL: 
1.2 ± 
0.3 

CIL: 
76.4 ± 
21.6 

CIL: 
7.2 ± 2.0 

CIL: 
12.4 ± 3.3 

/65kg 
Data is presented as mean ± SD. Range is given in brackets. PK results are given for imipenem (and not for cilastatin) if not indicated otherwise. 
CIL: PK results for cilastatin 
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Table 2-2 continued 

Reference 

Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

patients 
Subject demographics 

Dosage 
IMI/CIL 

[mg] 

Administration 
route 

t1/2 
[hours] 

 
AUC 

[µg*h/mL] 
CL  [L/h] Vd [L] 

Drusano et 
al. 198461 

healthy 
volunteers 

- 6 
Age: [18-35] years 
Weight: [61-84] kg 

CLCR: 

1000/1000 
IMI/CIL 
(single 
dose) 

i.v. infusion 
(30min) 

1.3 ± 
0.4 

85.7 ± 3.8 
10.1 ± 1.0 
/1.73m^2 

16.6 ± 2.2 

Norrby et 
al. 198484 

healthy 
volunteers 

500/0 
IMI/CIL 

4 b 
Age: [30-31] years 
Weight: [71-87] kg 

CLCR: - 

500/0 
(single 
dose) 

i.v. infusion 
(20min) 

0.8 ± 
0.2 

34.5 ± 8.4 - V1: 11.5 ± 3.2 

- - - - 

500/500 
IMI/CIL 

500/500 
(single 
dose) 

0.8 ± 
0.1 

38.9 ± 9.5 - V1: 10.9 ± 2.6 

CIL: 0.8 
± 0.1 

CIL: 40.0 
± 6.3 

- 
CIL: 

V1: 9.6 ± 0.8 

0/250 
IMI/CIL 

0/250 
(single 
dose) 

- - - - 
CIL: 0.8 

± 0.1 
CIL: 21.3 

± 3.1 
- 

CIL: 
V1: 8.4 ± 1.0 

250/250 
IMI/CIL 

250/250 
(single 
dose) 

0.8 ± 
0.1 

22.2 ± 1.9 - V1: 11.3 ± 1.0 

CIL: 0.8 
± 0.1 

CIL: 22.1 
± 1.9 

- 
CIL: 

V1: 8.3 ± 1.3 

1000/250 
IMI/CIL 

1000/250 
(single 
dose) 

0.6 ± 
0.1 

77.7 ± 
16.2 

- V1: 11.3 ± 1.9 

CIL: 0.8 
± 0.1 

CIL: 23.7 
± 2.5 

- 
CIL: 

V1: 7.5 ± 1.1 

Norrby et 
al. 198389 

healthy 
volunteers 

500/500 
IMI/CIL 

8 
Age: 25 years [18-40] 
Weight: 75 kg [60-89] 

CLCR: - 

500/500 
(single 
dose) i.v. infusion 

(20min) 

1.0 ± 
0.1 

43.2 ± 4.7 11.7 ± 1.4 V1: 10.4 ± 1.7 

1000/1000 
IMI/CIL 

8 
1000/1000 

(single 
dose) 

1.0 ± 
0.1 

91.6 ± 
12.8 

11.2 ± 0.1 V1: 9.9 ± 1.0 

Data is presented as mean ± SD. Range is given in brackets. PK results are given for imipenem (and not for cilastatin) if not indicated otherwise. 
a data of subgroups who were treated with other substances than imipenem or who were not critically ill is not shown; b crossover study design; V1: volume of 
distribution in the central compartment CIL: PK results for cilastatin 
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Table 2-2 continued 

Reference 

Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

patients 
Subject demographics 

Dosage 
IMI/CIL 

[mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL  [L/h] Vd [L] 

Norrby et 
al. 198390 

healthy 
volunteers 

500/500 
IMI/CIL 

8 
Age: 25 years [19-38] 
Weight: 75 kg [60-89] 

CLCR: - 

500/500 
(single 
dose) i.v. infusion 

(20min) 

1.0 ± 
0.1 

37.3 ± 3.8 
10.5 ± 0.6 
/1.73m^2 

- 

1000/1000 
IMI/CIL 

8 
1000/1000 

(single 
dose) 

1.0 ± 
0.1 

81.9 ± 
13.5 

10.1 ± 1.1 
/1.73m^2 

- 

Norrby et 
al. 198382 

healthy 
volunteers 

imipenem 
without 

probenecid 
12 b 

Age: 25 years [19-38] 
Weight: 75 kg [60-89] 

CLCR: - 

250 IMI 
(single 
dose) 

i.v. infusion 
(5min) 

0.9 ± 
0.1 

18.7 ± 2.2 
12.6 ± 1.3 
/1.73m^2 

V1: 10.6 ± 2.3 

imipenem 
with 

probenecid 

1.0 ± 
0.0 

21.1 ± 2.3 
11.2 ± 1.0 
/1.73m^2 

V1: 9.9 ± 2.2 

Data is presented as mean ± SD. Range is given in brackets. PK results are given for imipenem (and not for cilastatin) if not indicated otherwise. 
b crossover study design; V1: volume of distribution in the central compartment  
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Figure 2-5  Literature data of imipenem minimum plasma / serum levels (Cmin) in healthy volunteers.  

 
Imipenem / cilastatin was administered as single dose. Data is shown as the mean ± SD.  
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Figure 2-6  Literature data of imipenem peak plasma / serum levels (Cmax) in healthy volunteers.  

 
If not indicated otherwise, imipenem / cilastatin was administered as single dose and data is shown as the mean ± SD. 
* Data is presented as the median (dash), the minimum and maximum range (whisker) and with or without the IQR (box).
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2.3.4. Differences in the pharmacokinetics of imipenem / cilastatin in 

critically ill patients and healthy volunteers 

As shown in Figure 2-7, the median t1/2 for imipenem in studies on healthy 

volunteers was significantly below the median  t1/2 resulting from studies in critically ill 

patients (1.0 vs. 2.6 h). However, due to the wide variability of this PK parameter in 

critically ill patients, a number of these patients might show equal or even shorter t1/2 

for imipenem than healthy volunteers. This difference between healthy individuals and 

critically ill patients is even more remarkably for the t1/2 of cilastatin (0.8 vs. 9.7 h). 

However, all studies reporting the t1/2 for cilastatin in critically ill patients were focused 

on patients with severely impaired renal function, with the exception of one subgroup 

of the study by Keller et al.67, which included critically ill patients with normal renal 

function. The fact that the t1/2 in this subgroup was in the same range as the t1/2 in 

healthy individuals emphasizes the importance of the renal function on the elimination 

of cilastatin. 

  

Figure 2-7  Half-life of imipenem and cilastatin in healthy volunteers and critically ill 
patients.  

 
The lines indicate the medians of all studies in one group, and each circle indicates the mean half-life 
of one study or one study-subgroup. 
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The median CL for imipenem in critically ill patients was approximately as high 

as the CL for imipenem in healthy subjects (10.7 vs. 11.4 L/h), as shown in Figure 2-

8. However, the reported imipenem CL varied much more between the different studies 

in critically ill patients than between the different studies in healthy volunteers. The 

extremely high imipenem CL co-administered without and with amikacin of 30.6 and 

25.2 L/h in healthy volunteers reported by Adamis et al.81 is inexplicable. The number 

of studies which reported cilastatin CL in healthy volunteers is very limited and could 

therefore hardly be compared with the results in critically ill patients. Additionally, 

studies reporting this PK parameter in critically ill patients included only patients with 

severely impaired renal function (with the exception of one comparison group). The 

resulting mean cilastatin CL of the two studies in healthy volunteers was 7.45 L/h and 

the resulting median cilastatin CL in critically ill patients was 1.9 L/h. 

 

Figure 2-8  Clearance of imipenem and cilastatin in healthy volunteers and critically 
ill patients.  

 
The lines indicate the medians of one group, and each circle indicates the mean clearance of one study 
or one study subgroup. 

 

The Vd for both substances varied significantly between healthy volunteers and 
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patients was almost twice as high (27.1 L). The same applies to the Vd of cilastatin, 

which was in median 12.7 L in healthy volunteers and 18.3 L in critically ill patients. 

 

Figure 2-9  Volume of distribution of imipenem and cilastatin in healthy volunteers 
and critically ill patients.  

 
The lines indicate the medians of one group, and each circle indicates the mean volume of distribution 
of one study or one study subgroup. 

 

Few studies reported the AUC for imipenem and cilastatin in critically ill patients. 

Resulting from these few studies, the median AUC for imipenem in critically ill patients 

was almost twice as high as the median AUC in healthy volunteers (47.6 vs. 90.2 

µg*h/mL). However, this result is not astonishing, as critically ill patients received most 

often higher dosages and were dosed several times, while healthy volunteers received 

only single-dose treatment. In addition, resulting from the data of t1/2 and CL for 

imipenem in critically ill patents, the elimination of imipenem is significantly limited in a 

number of critically ill patients. Only one study provided the resulting AUC for cilastatin 

in critically ill patients. However, while the AUC for cilastatin in healthy volunteers was 

in the same order of magnitude as the AUC for imipenem in healthy volunteers (31.9 

vs. 47.6 µg*h/mL), the AUC for cilastatin in critically ill patients was several times higher 
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Figure 2-10  Area under the curve of imipenem and cilastatin in healthy volunteers and 
critically ill patients.  

 
The lines indicate the medians of one group, and each circle indicates the mean area under the curve 
of one study or one study subgroup. 

2.4. Conclusion 

This retrospective data analysis provides an overview of the existing PK data of 

imipenem and cilastatin in critically ill patients and healthy volunteers. As pointed out, 

the PK of imipenem and cilastatin in critically ill patients varied substantially between 

and within the studies compared with healthy individuals. Additionally, clinical factors 

like renal function seem to have a different influence on the PK of imipenem and 

cilastatin, suggesting that a fixed combination of these substances might be 

disadvantageous for this vulnerable group of patients. As achieving and maintaining 

adequate plasma levels of antibiotics is highly important to the clinical course and 

survival of critically ill patients, these results emphasize the importance of monitoring 

the blood levels of imipenem and cilastatin in critically ill patients.  
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3. Accumulation of cilastatin but not of imipenem in intensive care unit 

patients with sepsis: individualizing prolonged infusions by 

population pharmacokinetics  

3.1. Introduction 

Imipenem is a broad-spectrum beta-lactam antibiotic that is commonly used for 

empiric therapy of critically ill patients91. As imipenem is inactivated by 

dehydropeptidase enzymes (DHP) in the renal tubulus, imipenem is co-administered 

with the DHP-1 inhibitor cilastatin92. Clearance and the volume of distribution and 

consequently the concentrations of antibiotics are highly variable in critically ill patients. 

For fixed dose combinations such as imipenem / cilastatin, it is important to account 

for the potentially different fraction of drug excreted unchanged in urine. Renal function 

changes will have a substantial impact on drugs that are predominantly renally cleared, 

whereas the impact is less for drugs with a substantial nonrenal clearance component. 

A few prior studies in critically ill patients who underwent dialysis suggested that 

cilastatin reaches higher than expected plasma concentrations64–67. However, these 

studies only had small sample sizes (i.e. 12 patients or fewer), were not analyzed by 

population pharmacokinetics, and have not led to changes in the current dosing 

recommendations for critically ill patients. 

According to the prescribing information93, the dosage of imipenem and 

cilastatin is adjusted based on creatinine clearance, body weight, as well as the 

localization and severity of infection. Dose adjustment based on these criteria does not 

adequately capture patients who are critically ill62. Therefore, dosing of critically ill 

patients with unstable pharmacokinetics is most commonly performed empirically in 

clinical practice, as imipenem and cilastatin concentrations are not routinely measured 

to individualize doses via therapeutic drug management (TDM)94,95. 

The first objective of this study was to characterize the pharmacokinetics of 

imipenem and cilastatin in intensive care unit (ICU) patients. Our second objective was 

to implement a clinically feasible TDM program for imipenem and cilastatin. The third 

objective was to identify potential pharmacokinetic risk factors, which may lead to 

accumulation of cilastatin concentrations during therapy.  
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An additional objective was to compare the results of a sophisticated population 

pharmacokinetic analysis of the imipenem / cilastatin data with a simple non-

compartmental approach. 

3.2. Methods 

3.2.1. Study design and population 

This prospective cohort study was carried out in the surgical intensive care unit 

of the Paracelsus Medical University, Nürnberg, Germany, from January to October 

2014. Eligibility criteria were age ≥18 years and the diagnosis of abdominal infection 

(peritonitis, organ infection) or pneumonia. This study included patients with or without 

sepsis, severe sepsis or septic shock who were treated with imipenem / cilastatin. 

Exclusion criteria were severe anemia or known allergy to imipenem or cilastatin. The 

study was approved by the local Ethics Committee and is registered in the United 

States National Library of Medicine (no. NCT01702545) and the German Register of 

Clinical Trials („Deutsches Register Klinischer Studien“; no. DRKS00004392).  

3.2.2. Data collection 

Patient demographics and clinical data were collected at the first day of 

imipenem treatment. Serial measurements of serum creatinine (daily) were performed 

before, during and after the initiation of antimicrobial therapy.  

3.2.3. Imipenem / cilastatin administration and sample collection  

Imipenem / cilastatin doses of 500 mg / 500 mg or 1000 mg / 1000 mg two or 

three times daily were used for empiric therapy before measured concentrations from 

TDM became available. Doses were selected by the attending clinician. All patients 

received a loading dose of 1000 mg / 1000 mg imipenem / cilastatin as short-term 

infusion. The second and subsequent doses were given as 3-h infusions via an infusion 

pump through a central venous catheter. The infusion line was rinsed with saline at the 

same rate as the imipenem / cilastatin infusion to assure complete dosing of imipenem 

/ cilastatin. 

Blood samples (2 mL) were drawn from an arterial line at the end of infusion 

(“peak”), as well as two hours before and immediately before (“trough concentration”) 

the next infusion. Blood samples were collected in K3-EDTA tubes and immediately 
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cooled in an ice water bath for at least 5 min. Within 15 min, samples were centrifuged 

for 5 min at 1500 g and +4 °C. A volume of 100 µl of the resulting plasma was added 

to 100 µl of stabilizer solution (morpholinopropanesulfonic acid buffer, 1.0 M, pH 7.0). 

The resulting mixture was intensively agitated for at least 15 seconds by an automatic 

shaker and then immediately frozen on dry ice and stored at -80 °C until analysis.  

3.2.4. Quantification of imipenem / cilastatin concentrations 

Imipenem and cilastatin concentrations were quantified using a validated liquid 

chromatography–tandem mass spectrometry (LC-MS/MS) assay developed at the 

IBMP by Christoph Stelzer and Martina Kinzig. Analysis of independently prepared 

quality control samples for imipenem and cilastatin indicated good reproducibility as 

the resulting coefficient of variation was in the range of 5.3 to 7.5% for imipenem and 

6.1 to 7.2% for cilastatin. The accuracy of these quality control samples was in the 

range of 93.8 to 98.2% for imipenem and 95.4 to 98.1% for cilastatin (measured 

concentrations vs. target concentrations). The limit of quantification was 0.5 mg/L for 

both imipenem and cilastatin. 

For imipenem, the liquid chromatography systems consisted of a binary LC-

pump (Agilent 1200 Series, Agilent Technologies, Waldbronn, Germany) and an 

analytical column (Nucleosil 100 NH2, 5 µm, 40 x 4.6 mm, Alltech Grom GmbH, 

Rottenburg, Germany). Isocratic elution was performed with 0.01 M ammonium 

acetate buffer (65 %) and acetonitrile (35 %). Determination was performed using an 

AB SCIEX API 5000 triple quadrupole mass spectrometer (AB SCIEX, Concord, 

Ontario, Canada) and Analyst software version 1.6.2 (AB SCIEX, Concord, Ontario, 

Canada). In brief, 100 µL of each sample was placed in a polypropylene-tube. Samples 

were deproteinized with 200 µL acetonitrile (containing the internal standard 

meropenem), subsequently vortex-shaked and centrifuged. The supernatant was 

further diluted with 0.01 M ammonium acetate buffer and 20 µL of each samples were 

injected into the LC-MS/MS system. The samples for imipenem were detected with 

MRM (Multiple Reaction Monitoring) as follows: precursor  product ion for imipenem 

100.20  97.90 m/z and for meropenem (internal standard) 384.00  114.10 m/z; for 

all analytes in positive mode. Under these conditions imipenem eluted after 0.9 minutes 

and the internal standard after 1.2 minutes. 
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For cilastatin, the liquid chromatography systems consisted of a binary LC-pump 

(Agilent 1200 Series, Agilent Technologies, Waldbronn, Germany) and an analytical 

column (Kinetex 2.6 u C18, 100 A, 50 x 4.6 mm, Phenomenex, Aschaffenburg, 

Germany). Gradient elution was performed with 0.1% formic acid and acetonitrile. 

Determination was performed using an AB SCIEX API 5000 triple quadrupole mass 

spectrometer (AB SCIEX, Concord, Ontario, Canada) and Analyst software version 

1.6.2 (AB SCIEX, Concord, Ontario, Canada). In brief, 100 µL of each sample was 

placed in a polypropylene-tube. Samples were deproteinized with 200 µL acetonitrile 

(containing the internal standard piperacillin), subsequently vortex-shaked and 

centrifuged. The supernatant was further diluted with 0.01 M ammonium acetate buffer 

and 30 µL of each samples were injected into the LC-MS/MS system. The samples for 

cilastatin were detected with MRM (Multiple Reaction Monitoring) as follows: precursor 

 product ion for cilastatin 357.20  226.10 m/z and for piperacillin (internal standard) 

516.20  329.90 m/z; for all analytes in negative mode. Under these conditions 

cilastatin and the internal standard eluted after approximately 1.8 and 2.2 minutes, 

respectively. 

3.2.5. Dose adjustment 

Dose adjustment was recommended if the imipenem trough concentration was 

below the target of 2 mg/L. Dose adjustment was performed, but could not exceed the 

maximum approved dose of 1000 mg / 1000 mg imipenem / cilastatin every 6 h. The 

smallest dose was 500 mg / 500 mg imipenem / cilastatin every 12 h. Due to the 

severity of infections in this study, we neither used 24 h dosing intervals nor the 

smallest 250 mg / 250 mg imipenem / cilastatin dose. In case of significantly 

accumulation of cilastatin, a switch to meropenem was considered. The attending 

physician ultimately decided whether dose adjustment was clinically warranted and 

performed. 

3.2.6. Pharmacokinetic analysis 

We considered one and two compartment models to describe the PK of 

imipenem and cilastatin. The prolonged infusion of imipenem and cilastatin was 

modelled as a time-delimited zero-order input rate into the respective compartment. 

Some of the peak concentrations occurred considerably after the end of the infusion. 
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To empirically describe the time-delay (i.e. a lag phase) between the start of the 

infusion and the drug passing through the infusion tubing, we included a series of ten 

transit compartments. The dead volume of the infusion tubing was approximately 

17 mL.  

Creatinine was modelled by a one-compartment model with a zero-order input 

rate to reflect natural creatinine synthesis. Glomerular filtration clearance (CLGFR) at 

time zero, which is equivalent to creatinine clearance was calculated by the Cockcroft 

and Gault formula96. We modelled CLGFR via a differential equation to allow CLGFR to 

change during the study. Models with no, one, two, three or four changes of CLGFR 

over time were considered. The half-life of change (TTURN) of CLGFR and the time 

points of change (e.g. T1, T2 and T3) were estimated. 

The glomerular filtration clearances of imipenem and cilastatin were calculated 

as the product of the unbound fraction (fu, 0.60 for cilastatin and 0.87 for imipenem) 

and the CLGFR to account for plasma protein binding of cilastatin and imipenem. We 

assumed that the changes in renal function over time affected CLGFR and renal tubular 

secretion (CLsec) to the same extent. This situation may arise, if the changes in both 

renal clearance mechanisms are determined by renal blood flow, for example. The 

time-dependence of CLGFR(t) is indicated by the “(t)” in the equations below. The CLsec 

was scaled by the CLGFR(t) calculated via the Cockcroft and Gault equation normalized 

to 4.5 L/h (equivalent to 75 mL/min). This scaling introduced the change of tubular 

secretion at times T1, T2 and T3.  

Tubular secretion of imipenem and cilastatin was modelled either as a linear 

(i.e. first-order) or saturable (i.e. Michaelis-Menten) process. We considered models 

with a different population mean for the Michaelis-Menten constant (KM) for patients 

with and without sepsis. As sepsis patients may have a poor renal function, the 

concentration of other compounds that are subject to tubular secretion may be higher 

and may therefore cause the KM to be lower in sepsis patients. Nonrenal clearance 

(CLNR) was modelled via a time-independent, first-order (i.e. non-saturable) process 

for each drug. 

Therefore, the total clearances (CLT) for imipenem and cilastatin contained 

terms for nonrenal clearance (CLNR), tubular secretion clearance (CLsec) and 
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glomerular filtration. For models with a linear (i.e. non-saturable) tubular secretion 

clearance, CLT was calculated as: 

   tCLFfu
L/h 4.5

tCL
CLsecCLCL GFRFilt

GFR
NRT 








 

Equation 6 
 

Separate sets of parameter estimates for this equation were applied for 

imipenem and cilastatin. The factor FFilt was included to account for a potential 

deviation of the glomerular filtration clearance of imipenem and cilastatin compared to 

the glomerular filtration clearance of creatinine. The FFilt was fixed to a mean of 1.0 and 

its between subject variability was estimated. The same estimate was used for FFilt of 

imipenem and cilastatin. For models that contained a saturable tubular secretion 

clearance (e.g. for cilastatin), the equation for total clearance was (cCil: cilastatin 

concentration in plasma): 

   tCLFfu
L/h 4.5
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Equation 7 
 

Overall, this model distinguished between nonrenal (CLNR) and renal clearance 

by assuming that CLNR was constant over time and not affected by CLGFR. Renal 

clearance was split into two components, i.e. glomerular filtration and tubular secretion, 

which both changed over time. Glomerular filtration was calculated according to the 

Cockcroft and Gault formula with a (small) random deviation described by FFilt. The 

remaining renal clearance was assumed to be due to tubular secretion. These 

assumptions allowed our model to estimate three different clearance components. Our 

modeling analysis was informed by a simultaneous fit of imipenem, cilastatin and 

serum creatinine concentrations. 

3.2.7. Population estimation methodology  

Nonlinear mixed-effects modeling of all data simultaneously was performed via 

the importance sampling algorithm (pmethod=4) in S-ADAPT (version 1.57)97. We 

utilized the SADAPT-TRAN facilitator tool for pre- and post-processing98,99. Between 

patient variability was described by log-normal distributions of all model parameters 

and residual error was described by an additive plus proportional model for each 

dependent variable. Model evaluation and selection was performed via standard 

population modeling procedures100. We carefully assessed all individual parameter 
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estimates for potential differences between patients with and without sepsis and 

between patients with poor, normal and good renal function. Descriptive statistics were 

calculated in WinNonlin Professional® (version 5.3, Pharsight, Cary, NC). 

3.2.8. Non-compartmental analysis (NCA) 

As the number of plasma samples within one dosing interval was very limited in 

this study, another approach for the calculation of the AUC than the trapezoidal method 

was needed. Firstly, we made the assumption, that in steady state, the amount of drug 

input is equal to the amount of drug elimination. Secondly, we assumed that after 

repeated dosing over four to five half-lives of a drug, steady state is achieved. Thirdly, 

we assumed that in steady state, the area under the curve after intermittent dosing 

equals the area under the curve after continuous infusion of the same amount of 

drug101. Finally, we assumed that the average (not the geometric mean) concentration 

after repeated dosing in steady state equals the steady state concentration after 

continuous infusion and therefore can be used to calculate the AUC using the following 

equation: 

*.
.

SS
avcAUC 

 
Equation 8 

Therefore, the means of the trough and peak plasma levels, dosages and the 

duration of the dosing intervals were calculated for each patient. With this data, the 

average concentration in steady state after repeated dosing was calculated using the 

following equation102: 
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Equation 9 
 

With the resulting AUC and the mean dosage of each patient, the clearance of 

each individual was calculated using equation 5.   

AUC

Dose
CL 

 

Equation 5 

Finally, the resulting CL was correlated with renal function, expressed by CLGFR 

(estimated by the Cockcroft and Gault formula) and was compared with CL obtained 

by the population pharmacokinetic approach. 
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3.3. Results  

This study included 66 ICU patients with a median baseline creatinine clearance 

of 73.1 (range: 4.9 to 223) mL/min according to the Cockcroft & Gault formula (Table 

3-1). Patients received an average number of 14 imipenem / cilastatin doses [range 3 

to 29]. In total, 524 plasma concentrations of imipenem and 522 plasma concentrations 

of cilastatin were available with a median [5th to 95th percentile] of 9 [2 to 14] samples 

per patient.  

 

Table 3-1 Population characteristics 
Parameter Value [median (range) or No. (%)] 

No. 66  

Age (yr) 66 (19 - 90) 

Total body weight (kg) 80 (50 - 130) 

Height (cm) 172 (150 - 192) 

Body mass index (kg/m²) 26.1 (16.0 - 45.0) 

Sex   

  Male 42 (63.6) 

  Female 24 (36.4) 

Baseline serum creatinine (mg/dL) 1.07 (0.42 - 15.0) 

Baseline creatinine clearance by  
Cockcroft & Gault (mL/min) 

73.1 (4.9 - 223) 

Sepsis   

  No 10 (15.2) 

  Yes 56 (84.8) 

    Septic shock 51 (77.3) 

 

Peak concentrations after a 3-h infusion were 18.7 ± 7.0 mg/L for imipenem and 

39.1 ± 26.5 mg/L for cilastatin (average ± SD); and trough concentrations were 4.79 ± 

3.62 mg/L (range: <0.5 mg/L [below quantification limit] to 21.7 mg/L) for imipenem 

and 22.6 ± 24.4 mg/L for cilastatin (range: <0.5 mg/L [below quantification limit] to 

138.5 mg/L).  
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Twenty-six patients (39.4%) included in our TDM program failed to reach target 

plasma concentrations of imipenem and nine patients (13.6%) showed significantly 

increased cilastatin concentrations above 50 mg/L (Figure 3-1). Based on these 

results, dose adjustment was performed in eight patients (12.1%) for imipenem / 

cilastatin; four patients (6.1%) were switched from imipenem / cilastatin to meropenem. 

 

Figure 3-1  Peak and trough concentrations of imipenem and cilastatin. 

 
The dash represents the median, boxes the interquartile range, and whiskers the minimum and 
maximum. 

3.3.1. Results of the population pharmacokinetic analysis 

A one-compartment model for our prolonged infusion data with relatively sparse 

sampling adequately described the PK of imipenem and cilastatin. The final model 

provided adequate curve fits for the simultaneous fit of imipenem, cilastatin, and the 

serum creatinine concentration as shown in Figure 3-2, where concentration vs time 

plots for 16 exemplary patients are shown. Observed concentrations are represented 

by dots and curves represent the individually fitted concentrations. In Figure 3-3, 

individual fits and population fits for all three substances are shown.  
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Figure 3-2 Individual fitted imipenem, cilastatin, and serum creatinine 
concentrations. 

 

 



  

45 

 

 

Figure 3-2 continued 
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Figure 3-3 Observed vs. individual (left side) or population fitted (right side) 
concentrations for imipenem, cilastatin, and serum creatinine. 

95

 

In the model, total clearance was comprised of nonrenal clearance, glomerular 

filtration, and renal tubular secretion (Figure 3-4). We assumed that glomerular filtration 

and tubular secretion were proportional to creatinine clearance, whereas nonrenal 
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clearance was independent of creatinine clearance. This allowed us to distinguish 

between the nonrenal and renal clearance components in the model.  

 

Figure 3-4  Structural model for imipenem, cilastatin and serum creatinine. 

 

An infection can lead to substantial and rapid changes of renal function (i.e. 

glomerular filtration and tubular secretion) over time. In the population PK model, renal 

function affected the glomerular filtration of imipenem, cilastatin and creatinine and 

tubular secretion of imipenem and cilastatin. Nonrenal clearance of imipenem and 

cilastatin were constant over time (i.e. not affected by changes in renal function). 

 

Nonrenal clearance was assumed to be constant over time and to be on average 

the same in septic and non-septic patients. Nonrenal clearance was estimated to be 

much larger for imipenem (geometric mean: 5.30 L/h, 24.9% coefficient of variation 

[CV] for between patient variability) than for cilastatin (0.138 L/h, 33.3% CV). This was 

clinically highly important, since it led to accumulation of cilastatin but not of imipenem 

concentrations in patients with poor renal function. 
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Renal clearance contained glomerular filtration and tubular secretion (see 

Figure 3-4). We assumed that only unbound drug was available for glomerular filtration 

and accounted for the 13% protein binding of imipenem52 and 40% protein binding of 

cilastatin51. Tubular secretion was assumed not to be affected by protein binding. 

However, based on the intact nephron hypothesis, we assumed that tubular secretion 

was linearly correlated with creatinine clearance.  

We allowed renal function to change over time in our critically ill patients and 

explored models with no, one, two, three, or four changes of renal function during the 

study period. Models with no, one or two change(s) of renal function over time were 

significantly inferior to a model with three changes of renal function. Including a fourth 

change of renal function yielded no meaningful improvement in the curve fits or the 

objective function. Therefore, the model with three changes of renal function over time 

was chosen as the final model. While renal function changed rapidly (the associated 

half-life, TTURN, was eventually fixed to 5 min), it could take several days until serum 

creatinine concentration achieved steady state (Figure 3-2). The first change of renal 

function was estimated to occur at 16.2 h (2.85 to 31.6 h; median (range)), the second 

change at 54.1 h (33.3 to 78.3 h), and the third change at 140 h (88.5 to 222 h). 

The tubular secretion clearance of imipenem was relatively small (1.29 L/h; 

14.3% CV) and not saturable. In contrast, the tubular secretion clearance of cilastatin 

was more substantial (4.87 L/h; 8.84% CV) and could be saturated by high cilastatin 

concentrations. Interestingly, the Michaelis-Menten constant (KM) was considerably 

smaller and much more variable in patients with sepsis (50.6 mg/L; 153% CV) 

compared to patients without sepsis (219 mg/L; 46.0% CV). Therefore, cilastatin 

tubular secretion was more saturated in septic compared to non-septic patients. 

The total clearance of imipenem, cilastatin and creatinine (glomerular filtration 

rate) were linearly correlated (Figure 3-5). The estimated total clearance of cilastatin 

approached 0 L/h for patients with poor renal function, since nonrenal clearance of 

cilastatin was estimated to be very small. In contrast, the total clearance of imipenem 

was above 4 L/h in all patients due to the nonrenal clearance. While cilastatin was 

almost exclusively renally eliminated, imipenem had a significant nonrenal clearance 

component in all patients. 
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Figure 3-5  Correlation plots of a) cilastatin clearance vs. glomerular filtration rate 
(i.e. creatinine clearance), b) imipenem clearance vs. glomerular filtration 
rate, and c) cilastatin clearance vs. imipenem clearance in patients with 
(red squares) and without (blue dots) sepsis. 
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For patients with 70 kg total body weight, volume of distribution was 24.9 L 

(20.6% CV) for imipenem and 23.1 L (45.1% CV) for cilastatin. After accounting for the 

effect of body weight, the individual estimates for volume of distribution (mean [range]) 

in our patients were 28.8 L [14.9 to 50.2 L] for imipenem and 25.1 L [10.2 to 80.4 L] for 

cilastatin. Total clearance was 11.6 L/h [4.24 to 27.5 L/h] for imipenem and 6.14 L/h 

[0.520 to 26.6 L/h] for cilastatin. The cilastatin tubular secretion clearance was 

calculated assuming an average cilastatin concentration of 20 mg/L. Due to the 

saturation of tubular secretion, higher cilastatin concentrations would yield a slightly 
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lower clearance. The resulting terminal half-lives were 1.72 h [0.843 to 4.05 h] for 

imipenem and 2.75 h [0.538 to 95.6 h] for cilastatin. 

The factors RF1, RF2 and RF3 describe the ratio of renal function after the 

respective change compared to the baseline renal function at time zero. The changes 

of renal function over time were substantial in patients with sepsis. The coefficients of 

variation for the between patient variability of RF1, RF2 and RF3 ranged from 53.7 to 

62.9% in patients with sepsis and was much smaller (<30%) in patients without sepsis 

(Figure 3-6). This suggested that renal function was relatively stable in patients without 

sepsis. 

 

Figure 3-6 Fractional changes in renal function after the first (RF1), second (RF2) 
and third change time (RF3).  

 
The left three columns refer to patients with sepsis or septic shock and the right two columns to patients 
without sepsis. The markers are the individual estimates in each patient and the bar represents the 
median. A value of 1.0 represents an unchanged renal clearance. 
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Table 3-2  Population pharmacokinetic parameter estimates for imipenem, cilastatin 
and renal function. 

Parameter Symbol Unit Population 
mean 

Between subject 
variability (CV) 

Volume of distribution of central 
compartment for imipenem 

V1I L 24.9 a 20.6% 

Volume of distribution of central 
compartment for cilastatin 

V1C L 23.1 a 45.1% 

Nonrenal clearance of imipenem CLNR,I L/h 5.30 a 24.9% 

Nonrenal clearance of cilastatin CLNR,C L/h 0.138 a 33.3% 
Tubular secretion clearance of 
imipenem (not saturable) 

CLsecI L/h 1.29 a,b 14.3% 

Tubular secretion clearance of 
cilastatin (saturable) 

CLsecC L/h 4.87 a,b 8.84% 

Michaelis-Menten constant for 
tubular secretion clearance of 
cilastatin in patients with or without 
sepsis 

KMsecC 

(sepsis) 
mg/L 50.6 153% 

KMsecC (no 
sepsis) 

mg/L 219 46.0% 

Glomerular filtration rate at time zero CLGFR L/h 4.64 c 60.5% c 
Ratio of imipenem and cilastatin 
renal filtration clearance divided by 
CLGFR 

FFilt  1 (fixed) 34.9% 

Fractional change in renal function at 
time T1 in patients with sepsis 

RF1SEP  1.05 55.9% 

Fractional change in renal function at 
time T2 in patients with sepsis 

RF2SEP  1.36 62.9% 

Fractional change in renal function at 
time T3 in patients with sepsis 

RF3SEP  2.11 53.7% 

Fractional change in renal function at 
time T1 in patients without sepsis 

RF1NO  1.11 28.1% 

Fractional change in renal function at 
time T2 in patients without sepsis 

RF2NO  1.23 11.0% 

Fractional change in renal function at 
time T3 in patients without sepsis 

RF3NO  1.07 7.24% 

Half-life for the rate of change of 
glomerular filtration 

TTURN min 5 0% (fixed) 

Time of first change of renal function T1 h 15.9 64.1% 
Time gap between the first and 
second change in renal function 

T2 - T1 h 37.7 15.1% 

Time gap between the second and 
third change in renal function 

T3 - T2 h 85.6 35.0% 

 

a: Population mean for a patient with 70 kg total body weight using an allometrically scaled body 
size model. 

b: This estimate was linearly scaled via the glomerular filtration rate normalized to a value of 4.5 
L/h. 
c: This estimate represents the glomerular filtration rate calculated via the Cockcroft and Gault (i.e. 

this is not an estimated model parameter).  

3.3.2. Results of the non-compartmental analysis 

Three patients were excluded from the analysis due to missing trough or peak 

plasma samples.    
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The resulting mean ± SD Cmax and Cmin of all remaining patients were 18.4 ± 

6.1 µg/mL and 4.3 ± 3.0 µg/mL for imipenem and 38.3 ± 23.4 and 18.8 ± 23.1 µg/mL 

for cilastatin. This data resulted in an average steady state concentration of 9.5 ± 4.3 

µg/mL for imipenem and 27.0 ± 22.7 µg/mL for cilastatin. The average duration of an 

infusion interval was 7.9 h. 

The resulting mean ± SD AUC and CL was 75.4 ± 34.2 µg*h/mL and 15.5 ± 7.3 

L/h for imipenem and 216.2 ± 184.9 µg*h/mL and 10.1 ± 9.9 L/h for cilastatin. 

Imipenem and cilastatin CL were in good correlation with creatinine clearance, 

showing correlation coefficients (r) of 0.812 (p<0.001) and 0.863 (p<0.001). Graphical 

representations of these correlations are shown in Figure 3-7 and 3-8. These 

correlation plots show also, that imipenem has, in contrast to cilastatin, a significant 

proportion of nonrenal clearance, which is approximately 5 to 6 L/h. 

 
Figure 3-7 Correlation plot of imipenem clearance vs. creatinine clearance. 

 

 

 

  



  

53 

 

 

Figure 3-8 Correlation plot of cilastatin clearance vs. creatinine clearance. 

 

 

Imipenem and cilastatin CL obtained by non-compartmental analysis (NCA) 

correlated well with CL obtained by the population pharmacokinetic (POP-PK) 

approach, resulting in correlation coefficients (r) of 0.882 (p<0.001) and 0.908 

(p<0.001). However, the NCA seems to produce systematically higher results for CL 

than the POP-PK approach, which is also reflected by the slope of the regression line 

in Figure 3-9 (imipenem) and Figure 3-10 (cilastatin). Thus, it can be concluded that 

the higher the CL of imipenem and cilastatin, the more differ the results of the NCA to 

the results of the POP-PK approach. 
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Figure 3-9 Correlation plot of imipenem clearance (POP-PK) vs. imipenem 
clearance (NCA). 

 
 

Figure 3-10 Correlation plot of cilastatin clearance (POP-PK) vs. cilastatin clearance 
(NCA). 

 

 

3.4. Discussion 

This study presents the first population PK analysis for imipenem and cilastatin 

in a large group of ICU patients and highlighted a substantial need for TDM of 

imipenem and cilastatin, particularly for patients with sepsis and altered renal function. 
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This study identified and estimated significant differences in the overall contributions 

to clearance of imipenem and cilastatin in patients. Altered renal function substantially 

affected the total clearance of cilastatin which was almost exclusively renally cleared. 

Therefore, patients with poor renal function were shown to experience significant 

accumulation of cilastatin (Figure 3-2). Furthermore, renal tubular secretion of cilastatin 

was saturable with a 4-fold lower Km in septic patients compared to non-septic 

patients. This led to further accumulation of cilastatin in patients with sepsis. The 

nonrenal clearance of imipenem (5.30 L/h = 88.3 mL/min) was much larger than that 

of cilastatin (0.138 L/h = 2.3 mL/min). Thus, significant accumulation of imipenem did 

not occur even in patients with poor renal function. 

As expected, the between patient variability of the plasma concentrations and 

clearance was substantially larger in patients with sepsis compared to patients without 

sepsis (Figure 3-5). Additionally, the within-patient variability of renal function was very 

high in patients with sepsis as indicated by the changes of renal function during the 

treatment period (Figure 3-6). While renal function and therefore renal clearance of 

imipenem and cilastatin was estimated to change rapidly (within <1 h; see TTURN in 

Table 3-2), it could take several days for creatinine concentrations to reach their new 

steady-state (Figure 3-2). Therefore, the assumption of the Cockcroft and Gault 

formula of creatinine being at steady-state is likely violated in septic patients. 

The large between patient and within patient variability in patients with sepsis 

suggested a strong benefit to individualize imipenem / cilastatin doses to achieve and 

maintain safe and effective concentrations. Given the severity of infections in critically 

ill patients, the ability to optimize doses rapidly is critical in these patients103. As 

creatinine only achieved its steady-state slowly and may not be at steady-state during 

the first days of therapy, dose adjustment based on creatinine concentrations may 

result in suboptimal antibiotic concentrations. The antibiotic concentrations during the 

first day(s) of therapy are likely critical for optimal outcomes104. Without dose 

individualization, 39.4% of patients in this study failed to reach target concentrations of 

imipenem and nine patients (13.6%) showed significant increased cilastatin 

concentrations above 50 mg/L (Figure 3-1 and Figure 3-2). 

Measuring imipenem and cilastatin concentrations directly and performing dose 

adjustments presents a highly promising approach of TDM to assure effective and safe 
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concentrations both during initial and maintenance therapy. This study strongly 

suggested that TDM of imipenem / cilastatin needs to serve two purposes; assuring 

that effective imipenem concentrations are reached and that cilastatin concentrations 

do not accumulate substantially.  

Therefore, a simple dose adjustment based on renal function that optimizes the 

plasma concentrations of both imipenem and cilastatin is unfortunately not possible in 

patients with a wide range of renal function. While dose adjustment can achieve 

reasonable success for patients with moderate and high renal function, patients with 

poor renal function are problematic. In the latter patients, a normal dose will achieve 

adequate imipenem concentrations and likely lead to substantial accumulation of 

cilastatin; a small dose will minimize the accumulation of cilastatin, but likely yield sub-

therapeutic concentrations of imipenem. Optimal dosing of patients with poor renal 

function would require an imipenem / cilastatin combination with a smaller proportion 

of cilastatin than the currently marketed 1:1 combination105. 

If no TDM is available for imipenem and cilastatin, it may be preferable to use 

an alternative antibiotic, such as meropenem, for dosing of patients with poor renal 

function (glomerular filtration rate below 3 L/h, equivalent to 50 mL/min). In these 

patients, accumulation of cilastatin usually required over 24 h. Therefore, dosing 

imipenem/cilastatin during the first day of therapy is not expected to yield substantial 

accumulation of cilastatin.  

In contrast, patients with high renal function may require daily doses larger than 

the maximum approved dose of 4 g / 4 g imipenem / cilastatin to achieve effective 

imipenem concentrations. We are not aware of systematic studies which assessed the 

safety, including the risk for seizures, of such high imipenem / cilastatin doses. 

However, if the plasma concentrations are associated with adverse events, TDM 

should be useful for dose selection in patients with normal and high renal function.  

In our study, TDM results were available within 12 to 24 h which is sufficient to 

make an informed dosing decision on the next day, i.e. before cilastatin accumulation 

likely becomes extensive. Therefore, this study shows that TDM of imipenem and 

cilastatin is feasible, if the assays for imipenem and cilastatin are established at the 

respective laboratory. 
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Our population modeling showed that a one compartment model was sufficient 

to describe the PK of imipenem and cilastatin after a prolonged infusion. Our model 

accounted for up to three changes in renal function during therapy and provided 

adequate individual and population fits (Figure 3-2 and Figure 3-3). While prior 

modeling analyses utilized multi-compartment models for imipenem given as short-

term infusions63–66,71,72,74–76, the longer infusion duration and relatively sparse sampling 

in our study likely led to a one-compartment model being sufficient for our dataset. For 

imipenem, our estimates for clearance and volume of distribution at steady-state were 

in good agreement with the median of the clearance and volume of distribution 

estimates from other studies in ICU patients (Figure 2-8 and Figure 2-9). For cilastatin, 

our estimated volume of distribution at steady-state was within the range of previously 

reported values (Figure 2-9). Published studies in ICU patients on cilastatin assessed 

either patients with severe renal impairment (including failure) or a healthy volunteer 

control group64–67. Our estimated total clearance of cilastatin in ICU patients with a 

wide range of renal function fell between the estimates from previous studies. 

Importantly, the between patient variability of the apparent terminal half-life was 

extremely wide with a median [range] of 2.75 h [0.538 to 95.6 h] for cilastatin. Due to 

the large nonrenal clearance of imipenem, the variability of terminal half-life was much 

more narrow (1.72 h [0.843 to 4.05 h]) for imipenem. 

The results of the non-compartmental PK analysis of imipenem and cilastatin 

plasma levels demonstrate that this straightforward method can provide reliable PK 

results even with scarce data.  

However, several limitations of this approach should be considered. Firstly, the 

calculation of the average steady state concentration using equation 11 is only 

applicable in steady state conditions and a minimum of one peak and one trough 

plasma level per individual is necessary. Moreover, the peak and trough blood samples 

have to be collected as quickly as possible after the end of the infusion and directly 

before the start of the next infusion to provide reliable average steady state plasma 

concentrations. However, if drugs with short half-life as imipenem and cilastatin are 

administered as prolonged infusions, steady state may be reached after few infusions 

and peak concentrations do not fluctuate as much as after short infusions. 
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Secondly, the comparison with the results of the POP-PK approach show that 

the NCA approach tends to overestimate the clearances of imipenem and cilastatin, 

particularly for high clearances.  

Finally, the NCA approach does not provide results for half-life and volume of 

distribution, as the elimination rate constant (ke) cannot be determined reliably with 

only one peak and one trough plasma level. 

3.5. Conclusion 

Cilastatin showed substantial accumulation in septic patients with poor renal 

function, since cilastatin was predominantly renally eliminated. Additionally, renal 

tubular secretion of cilastatin, but not of imipenem, was saturable. Imipenem showed 

much less accumulation, since its nonrenal clearance was much larger than that of 

cilastatin. In patients with poor renal function, accumulation of cilastatin may present a 

safety concern and it does not seem possible to simultaneously optimize imipenem 

and cilastatin doses for patients with diverse renal function. As the between patient 

and within patient variability of imipenem and cilastatin was substantial, TDM of 

imipenem and cilastatin provides a feasible and timely approach to optimize doses in 

ICU patients. Future studies are warranted to develop individualized dosing algorithms 

and show improved outcomes for ICU patients with and without TDM of imipenem and 

cilastatin. 
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4. Overview of pharmacokinetic studies of meropenem in critically ill 

patients and healthy volunteers 

4.1. Introduction 

4.1.1. Chemistry of meropenem 

The empirical formula of meropenem is C17H25N3O5S and the structural formula 

of meropenem is shown in Figure 4-1. Meropenem has a molecular weight of 383.5  

g/mol. Meropenem is an organic acid with a pKa of 2.9106. At physiological pH, it is 

highly ionized and hydrophilic as expressed by a logD value of -3.74 at pH 751. 

 

Figure 4-1  Structural formula of meropenem.  

 

4.1.2. Indication and dosing of meropenem 

Meropenem is a parenteral broad spectrum member of the carbapenem class 

of the beta-lactam antibiotics. It is used in the treatment of severe infections caused by 

Gram-positive and Gram-negative organisms, including beta-lactamase producing 

bacteria and anaerobes. Meropenem is approved for the treatment of pneumonia, 

including community-acquired and hospital-acquired pneumonia, broncho-pulmonary 

infections in cystic fibrosis, complicated infections of the kidney and the urinary tract, 

complicated intra-abdominal infections, intra- and post-partum infections, complicated 

skin and soft tissue infections and acute bacterial meningitis107. The dosage 

recommendations for  skin and skin structure infections are 500 mg given every 8 hours 

and for intra-abdominal infections 1 g given every 8 hours. Treating complicated skin 

and skin structure infections caused by Pseudomonas aeruginosa, a dose of 1 g every 

8 hours is recommended108. According to the prescribing information, meropenem is 

administered only intravenously as bolus injection or short time infusion. However, 
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alternative administration regimens in order to attain higher trough levels, namely 

prolonged infusion or even continuous infusion were proposed from several 

authors44,109–114. 

4.1.3. Distribution and elimination of meropenem 

The plasma protein binding of meropenem is very low, only about 2 % of 

meropenem is bound to plasma proteins115. The distribution of meropenem has been 

studied in a variety of tissues of the human body and is rapidly and substantial45. As 

the underlying diagnoses of patients in a surgical intensive care unit were mainly 

abdominal infections and pneumonia, each with or without blood stream infection, the 

penetration of meropenem in these tissues is of particular interest in terms of the 

determination of target plasma levels for meropenem.  

Several studies have examined the pharmacokinetics of meropenem in lung 

tissues. The most recent116 examined the penetration of meropenem into epithelial 

lining fluid (ELF) of patients with ventilator-associated pneumonia and estimated the 

median penetration ratio (AUCELF/AUCPlasma) to be about 25 %. However, a large 

variability was reported. Another study reported ELF and alveolar cell to plasma 

penetration ratios of meropenem to be in the range of 32 % to 53 % and 26 % to 34 % 

respectively45,117. Other research, which explored tissue penetration of meropenem 

using microdialysis technique revealed a penetration ratio of interstitial lung tissue to 

plasma of about 20%118. 

Studies investigating the penetration of meropenem in abdominal tissues 

suggest that the concentrations obtained in abdominal tissues are higher than the 

levels achieved in the lung. For instance, Condon et al.119 found meropenem 

concentrations of 12.2 µg/mL in peritoneal fluid approximately one hour after 

administration of meropenem, corresponding to a penetration ratio of about 45 %. 

Karjagin et al. found a peritoneal tissue to plasma penetration ratio of about 74 %120. 

With the exception of peak levels, Ikawa et al.121 who used population pharmacokinetic 

methods even observed higher concentrations of meropenem in peritoneal fluid than 

in plasma after the administration of 0.5 g meropenem.  

Meropenem is mainly excreted via the renal route and therefore renal 

impairment leads to significant prolongation of the elimination half-life. In subjects with 

normal renal function, half-life of meropenem is about 1 h, and the volume of 
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distribution at a steady state ranges from 11.7 to 26.6 L122. In patients with 

compromised renal function, the half-life can range from 1.5 to 6 h depending on the 

degree of renal dysfunction123,124. Between creatinine clearance and meropenem 

clearance, there exists a linear correlation, and nonrenal excretion increases as renal 

function declines125. According to the prescribing information, dose adjustment for 

patients with impaired liver function is not necessary107. This statement is supported 

by Thyrum et al., who conducted a study on the pharmacokinetics of meropenem in 

patients with alcoholic liver cirrhosis126. They found no statistically significant difference 

in pharmacokinetic parameters of meropenem and its metabolite between patients with 

liver disease and matched controls. Moreover, meropenem was tolerated well in both 

groups.     

4.1.4. PK/PD - targets of meropenem  

Preclinical data suggest that for the achievement of maximal bactericidal effect, 

the concentration of carbapenem antibiotics should exceed the MIC of the pathogen 

for 40 % of the dosing interval45,58. However, the PK/PD-target may be significantly 

higher under clinical conditions. Reasons for this are the clinical situation of the patient, 

the focus of the infection and whether further targets, such as the prevention of 

resistant strains of the pathogen should be achieved.  

According to the European Committee on Antimicrobial Susceptibility Testing 

(EUCAST) database Version 6.060, the PK/PD breakpoints for susceptible bacteria as 

pseudomonas spp. and enterococcus spp. are ≤ 2 µg/mL. In light of these data and 

with respect to tissue penetration factors, Tröger et al. suggested a therapeutic range 

of meropenem of 4 to 10 µg/mL for trough levels, to ensure concentrations of 4 to 5 

times the MIC at least across 60 % of the dosing interval127. Pea et al. even supposed 

a Cmin/MIC ratio of 4 to 6, which could maximize the effectiveness of meropenem, 

either in terms of clinical outcome or in terms of prevention of resistance spread128.  

A recent survey of beta-lactam antibiotic TDM practice in intensive care units129 

listed PK/PD targets for dose adaption. Targets differed significantly between the 

different institutions. While some targeted 100 % T > MIC, others targeted 40 % T > 4x 

MIC or even 100 % T > 4 x MIC.  
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4.2. Methods 

4.2.1. Literature search for pharmacokinetic studies of meropenem in 

critically ill patients  

A literature search in the PubMed database was performed using the algorithm 

"meropenem AND (plasma OR serum) AND (concentration OR microg/mL OR mg/mL) 

AND (intensive care unit OR ICU OR critically ill OR sepsis OR septic shock OR 

ventilator associated pneumonia OR VAP)". Search filters were set to “humans”, 

“Adult: 19+ years” and “English”, “French” or “German” language. Thereafter, a hand 

search was performed, in which the references of the previously obtained papers were 

searched for relevant articles. The resulting papers were searched for plasma level 

and PK data of meropenem in critically ill patients. 

4.2.2. Literature search for pharmacokinetic studies of meropenem in 

healthy volunteers 

For comparison of the pharmacokinetics of meropenem in critically ill patients 

with healthy volunteers, a second literature search in the PubMed database was 

performed using the algorithm “meropenem pharmacokinetics healthy”. Search filters 

were set to “English”, “French” or “German” language. The resulting papers were 

searched for plasma level and PK data of meropenem in healthy volunteers. 

4.2.3. Data preparation and presentation 

The studies were searched for information about the study population (clinical 

situation, number and demographical data of patients), drug administration (dosage 

and route of administration) and resulting pharmacokinetic data of meropenem. If 

necessary, data was converted into standardized units (t1/2: hours,  

AUC: µg*h/mL, CL: L/h and Vd: L) and was extrapolated to the mean body weight of 

the respective study participants.   

4.3. Results and Discussion 

4.3.1. Results of the PubMed search 

The PubMed search for PK data of meropenem in critically ill patients resulted 

in forty-seven hits and the subsequent hand search resulted in five additional papers. 
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Sixteen papers were excluded since these did not provide plasma or serum levels or 

pharmacokinetic data of meropenem or were case reports. One study130 was excluded 

despite reporting trough plasma levels of meropenem and other antibiotics, as the 

clinical data were not separated by antibiotic. 

The PubMed search for literature data of meropenem pharmacokinetics in 

healthy volunteers resulted in forty-six hits. Thirty-one papers were excluded since 

these did not provide plasma/serum levels or pharmacokinetic data of meropenem in 

healthy volunteers.  

4.3.2. Literature data of meropenem pharmacokinetics in critically ill 

patients  

Overall, thirty-five studies on the pharmacokinetics of meropenem in critically ill 

patients were included in this overview. The most recent papers were from 2017, the 

oldest date back to 1999. The number of patients differed greatly between the studies, 

with a median of 15 participants (range 5 to 481). One study131 reported the results of 

74 sample series of a drug-monitoring program for meropenem; however, the 

corresponding number of patients was not given.  

An overview of these studies and the resulting pharmacokinetic parameters of 

meropenem is provided in Table 4-1. The trough and peak plasma concentrations of 

meropenem from the different studies are compared and illustrated in Figure 4-2 and 

4-3.  

All studies included in this overview investigated the pharmacokinetics of 

meropenem in critically ill patients. However, a number of studies focused on specific 

subgroups. Overall, seven studies set the inclusion criteria to patients with severe 

sepsis or septic shock109,120,132–136, two studies focused on neutropenic patients137,138 

two studies investigated the pharmacokinetics of patients with VAP116,139 and one study 

investigated the pharmacokinetics of patients with cirrhosis140. In addition, one study 

investigated the pharmacokinetics of meropenem in patients with indwelling surgical 

drains141 and two studies compared the pharmacokinetics of meropenem in obese 

patients and non-obese patients131,142. Fifteen studies investigated the 

pharmacokinetics of meropenem in patients with severe renal 

dysfunction111,122,131,133,137,143–153 and in thirteen of these studies, patients were 

undergoing different types of hemodialysis111,122,131,133,143–149,151–153. 
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The administered dose of meropenem differed much between and within the 

studies. While some patients were treated with 500 mg meropenem once daily, others 

received up to 2000 mg meropenem three times daily. This difference is explained to 

some extend by the fact that patients with all degrees of renal function were included 

in the different studies. Noticeably, the renal function, together with the site of infection 

are the only parameter used in the prescribing information for dose adjustment in 

adults108. Meropenem was administered intravenously as short infusion (about 10 to 

30 min) or bolus injection in most studies. However, five studies investigated the effect 

of prolonged infusion116,138,139,154,155 and six studies the effect of continuous infusion on 

the pharmacokinetics of meropenem109,111,133,135,147,156. 

Due to the different administration settings of meropenem and the different 

clinical situations of the patients, the resulting pharmacokinetic parameters and plasma 

levels of meropenem varied significantly between the different studies (see Table 4-1). 

The mean terminal half-life of meropenem in the different studies ranged from 1.0 

hour139 to 8.7 hours153. Noticeably, the mean terminal half-life was > 3.5 hours in all 

studies on patients with severe renal impairment. With the exception of the studies 

reported by Karjagin et al.120 and Lheureux et al.140, all studies without the criteria of 

impaired renal function showed terminal half-life < 3.5 hours. A possible explanation 

for the long terminal half-life reported in these studies might be the clinical situation of 

the patients (severe peritonitis associated with septic shock120 and cirrhosis140). In 

addition, the renal function, expressed as creatinine clearance was highly variable in 

the study reported by Karjagin et al.120 (52 ± 51 mL/min). 

As one could expect, the clearance of meropenem also showed a large 

variability between the different studies. The reported meropenem clearance was ≤ 6 

L/h in studies, which included patients with renal failure or severe renal dysfunction. 

The exception was one subgroup of patients in the study described by Isla et al.145, 

which included exclusively patients receiving continuous venovenous hemodiafiltration 

(CVVHDF). Since meropenem clearance in this subgroup was 9.0 ± 4.6 L/h, and 

therefore significantly higher than in other patients receiving hemodialysis, this method 

seems to be very effective in the removal of meropenem from blood. The lowest value 

for meropenem clearance was found by Tegeder et al.153 with a median of 3.1 L/h in 

patients undergoing CVVH and the highest was found by Isla et al.145 with 63.9 ± 39.7 
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L/h in the subgroup of patients, who had creatinine clearance of 75 to 118 mL/min. 

Since this value is unlikely and several-fold as high as the resulting meropenem 

clearance in other subgroups in this study, it is unfortunate that the authors did ignore 

this issue in their discussion. In addition, the resulting volume of distribution of this 

subgroup was unlikely high with a value of 96.9 ± 66.6 L per 74 kg, which was the 

mean weight of patients in this subgroup. When excluding this study from analysis, the 

volume of distribution in all studies was in the range of 7.2 ± 1.8 L (mean ± SD) to 53.9 

(IQR 32.9-78.4) per 70kg. This variability reflects the different clinical situations of the 

patients in the different studies as well as the large interindividual variability of this 

parameter in critically ill patients.  

Overall, eighteen studies reported the area under the curve, which ranged from 

67.6 to 388.6 µg*h/mL. Three studies reported AUC values < 100 µg*h/mL71,109,137, 

after administration of 1000 mg of meropenem per dosing interval of eight hours. 

However, some of the patients in the study by Binder et al. might have received only 

500 mg meropenem every 12 hours. With the exception of the study described by 

Novelli et al., which included patients with varying degrees of renal insufficiency, the 

patients of these studies had normal to slightly impaired renal function. Five studies 

reported AUC values > 200 µg*h/mL with a maximum of 388.6 µg*h/mL133,139,150,151,154. 

This high value might be explained by the high dose of 2000 mg meropenem every 8 

hours. The remaining studies reported AUC values of 100 to 200 µg*h/mL.    

In addition, the trough plasma levels of meropenem varied widely between and 

within the studies, reflecting the differing interindividual pharmacokinetic parameters 

and the different study settings (see Figure 4-2).  

With the exception of five studies109,135,137,139,145 all studies reached mean/median 

trough levels of 2 µg/mL, corresponding to the MIC breakpoint for common bacteria in 

critically ill patients as pseudomonas spp. and enterobacteriaceae77. However, due to 

the large interindividual variability, a number of patients failed to reach this PK/PD 

target.  
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Table 4-1  Pharmacokinetics of meropenem in critically ill patients.  

Reference 
Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

patients 
Patient demographics 

Dosage 
MER [mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL  [L/h] Vd [L] 

Zhao et al. 
2017135 

- 

continuous 
infusion 

25 

Age: 68 ± 15 years 
APACHE II score:  

19 ± 5  
Weight: 61 ± 10 kg 

CLCR: 98 ± 43 mL/min 

3000 /24h 
i.v. continuous 

infusion 
- - - - 

intermittent 
infusion 

25 

Age: 67 ± 12 years 
APACHE II score:  

20 ± 6 
Weight: 64 ± 12 kg 

CLCR: 91 ± 34 mL/min 

1000 q8h 
i.v. infusion 

(30min) 
- - 13.8 ± 6.0 27.3 ± 4.8 

Tsai et al. 
2016134 

- 

Australian 
Indigenous 

6 

Age: 45 years [22-76] a 
SOFA score: 11 [10-15] a 
Weight: 73 kg [60-104] a  

CLCR: 98 mL/min [16-164] a 
- 

i.v. infusion 
(30min) 

- - 
11.0 [3.0-

14.1] a 
V1: 11.0 (9.8-

17.0) 

Caucasian 5 

Age: 55 years [29-69] a 
SOFA score: 3 [2-11] a 

Weight: 80 kg [60-110] a 
CLCR: 106 mL/min  

[20-144] a 

- - 
17.4 [4.3-

30.3] a 
V1:15.3 (9.7-

18.4) 

Mattioli et 
al. 2016155 

- - 27 

Age: 62 ± 12 years 
APACHE II score:  

13 ± 6 
Weight: 76 ± 30 kg 

CLCR: 87 ± 44 mL/min 

1000 or 
2000 q8h 
or q12h 

i.v. infusion (3h) 
2.2 ± 
1.5 

- 9.4 ± 4.5 26.2 ± 14.6 

Petersson 
et al. 

2016157 
- - 19 

Age: 64 years (IQR 50-73) a  
Weight: 80 kg (IQR 69-85) a 
CLCR: 101 mL/min (IQR 73-

120) a 

500 or 
1000 q6h 
or q8h or 

q12h 

- 
2.0 

(IQR 
1.6-2.7) 

- - - 

If not indicated otherwise, data is presented as mean ± SD. Range is given in brackets; a Data is presented as median values; V1: volume of distribution in the 
central compartment 
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Table 4-1 continued 

Reference 
Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

patients 
Patient demographics 

Dosage 
MER [mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL  [L/h] Vd [L] 

Lheureux et 
al. 2016140 

- 

cirrhosis 
 

38 

Age: 56 years (IQR 46-59) a 
APACHE II score:  

24 ± 5  
Weight: 70 kg (IQR 60-81) a 
CLCR: 52 mL/min (IQR 36-

60) a,g 

total daily 
dose: 

3000 (IQR 
2000-
3000)  

- 

4.9 
(IQR 

3.4-5.9) 
- 

5.8 (IQR 3.5-
8.5) 

30.1 (IQR 
25.9-56) 

/70kg 

without 
cirrhosis 

38 

Age: 62 years (IQR 54-68) a  
APACHE II score:  

20 ± 6  
Weight: 70 kg (IQR 60-81) a 
CLCR: 47 mL/min (IQR 29-

87) a,g 

4.3 
(IQR 

3.3-6.6) 
- 

6.1 (IQR  
3.6-16.7) 

53.9 (IQR 
32.9-78.4) 

/70kg 

Alobaid et 
al. 2016142 

- 

obese 134 

Age: 65 years (IQR 51-74) 
Weight: 100 kg (IQR 90-115) 
CLCR: 73 mL/min (IQR 42-

124) 

total daily 
dose: 

3000 (IQR 
2000-
3000) 

intermittent 
bolus or 

prolonged 
infusion 

- - - - 

non-obese 347 

Age: 68 years (IQR 53-76) 
Weight: 73 kg (IQR 65-80) 
CLCR: 59 mL/min (IQR 34-

99) 

- - - - 

Jamal et al. 
2015133 

under-going 
CVVH 

continuous 
infusion 

8 

Age: 48 years (32-63) a 
APACHE II score:  
30 (IQR 27-33) a 

Weight: 80 kg (IQR 69-80) a 

CLCR: - 

3000 /24h 
i.v. continuous 

infusion 
- 

215.3 
(IQR 

196.0-
250.4) a 

4.6 (IQR 4.1-
4.8) /80kg a 

- 

intermittent 
bolus 

8 

Age: 45 years (29-61) a 
APACHE II score:  
33 (IQR 30-38) a 

Weight: 60 kg (IQR 50-64) a  
CLCR: - 

1000 q8h 
i.v. infusion 

(30min) 

4.4 
(IQR 
4.1-
5.1)a 

250.8 
(IQR 

215.5-
294.8) a 

4.1 (IQR 3.2-
5.8) /60kg a 

25.8 (IQR 24-
30) /60kg a 

If not indicated otherwise, data is presented as mean ± SD. a Data is presented as median values; g CLCR of patients receiving CRRT is not included 
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Table 4-1 continued 

Reference 
Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

patients 
Patient demographics 

Dosage 
MER [mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL  [L/h] Vd [L] 

Jaruratanas
irikul et al. 

2015136 
- - 9 

Age: 57 ± 16 
APACHE II score:  

22 ± 6 
Weight: 63 ± 12kg 

CLCR: 79 ± 63 mL/min 

1000 q8h 
i.v. infusion 

(60min) 

2.5 
(RSE: 
68.1%) 

- 
7.8 (RSE: 

22.1%) 
23.7 (RSE: 

12.6%) 

Langan et 
al. 2014154 

- 

Group1: 
1000mg, 

0.5h infusion 
10 b 

Age: 67 years (20-75) a 
APACHE II score:  

23 (11-40) a 
Weight: 76 kg (50-113) a 

CLCR: Group1: 77 mL/min  
(IQR 47-108) a; Group2: 76 

mL/min (IQR 65-90) a 

1000 q8h 
or q12h 

i.v. infusion 
(30min) 

2.7 
(IQR 
1.4-
3.7)a 

207.7 
(IQR 65.8-

276.9) a 

4.8 (IQR 3.6-
15.2) a 

18.9 (IQR 
15.3-25.4) a 

Group2: 
500mg, 

3h infusion 

500 q8h or 
q12h 

i.v. infusion (3h) 

2.6 
(IQR 
1.5-
4.1)a 

118.4 
(IQR 40.8-

149.2) a 

4.2 (IQR 3.4-
12.3) a 

20.4 (IQR 
17.9-25.7) a 

Goncalves-
Pereira et 
al. 2014158 

- 

initial PK 
parameters 

15 

Age: 73 years (IQR 21) a 
SOFA score: 4 (IQR 2.5) a 
Weight: 78 kg (IQR 12.5) a 
CLCR: 75 mL/min (IQR 33-

145) a 
1000 q8h 

i.v. infusion 
(30min) 

1.8-3.1 
138.4-
261.4 

4.4 
(2.7-7.2) c 

Vss: 12.7-
19.4 

initial PK 
parameters 

7 d 

CLCR: 66.7 mL/min (IQR 
31.7) a 

SOFA score: 6 (IQR 3.5) a 
- - 

7.2 (4.5-
11.3) d 

Vss: 18.5 
(13.0-26.4) d 

late PK 
parameters 

CLCR: 106.7 mL/min (IQR 
46.7) a 

SOFA score: 3 (IQR 1) a 
- - 

8.1 (4.4-
13.7) d 

Vss: 17.3 
(7.3-41.0) d 

If not indicated otherwise, data is presented as mean ± SD. Range is given in brackets; Vss: steady state volume of distribution; a Data is presented as median 
values; b crossover study design; c 95% confidence interval of the mean; d only 7 patients completed PK assessment for comparison with late PK parameters; f 
data of subgroups who were treated with other substances than meropenem or who are not critically ill is not shown  
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Table 4-1 continued 

Reference 
Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

patients 
Patient demographics 

Dosage 
MER [mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL [L/h] Vd [L] 

 
Binder et al. 

2013137 

hemato-
logic / 

oncologic 
patients 

neutropenic 6 Age: 52 years (35-75) 
APACHE II score: - 

Weight: 72 kg (48-85) 
CLCR: 89 mL/min (56-127) 

1000 mg 
q8h 

i.v. infusion 
(10-32min) 

1.1 
(0.8-
1.4) 

68.4 
(48.3-
95.5) 

15.3 (10.5-
20.7) 

Vss: 19.3 
(15-27.3) 

non-
neutropenic 

4 
3.2 

(2.1-
4.8) 

104.3 
(93.4-
120.3) 

9.7 (8.3-
10.7) 

Vss: 29.3 
(21.1-37.0) 

ICU 
patients 

without renal 
impairment 

6 

Age: 53 years (42-70) 
APACHE II score: - 

Weight: 88 kg (72-129) 
CLCR: 81 mL/min (63-114) 500 or 

1000 q8h 
or q12h 

i.v. infusion (10-
79min) 

2.2 
(0.8-
3.2) 

68.5 
(18.2-
156.4) 

13.5 (5.9-
23.9) 

Vss: 33.6 
(19.5-69.4) 

renal 
impairment 

9 

Age: 60 years (33-85) 
APACHE II score: - 

Weight: 78 kg (45-95) 
CLCR: 37 mL/min (10-56) 

5.0 
(3.3-
7.2) 

160.5 
(48.9-
327.8) 

5.8 (1.8-9.4) 
Vss: 34.5 

(17.5-52.2) 

Dulhunty et 
al. 2013111 

severe 
sepsis 

continuous 
infusion 

10 f 

Age: 54 ± 19 years 
APACHE II score: 21 ± 9 

Weight: - 
Renal function: not 
undergoing CRRT 

3000 /24h 
i.v. continuous 

infusion 

- - - - 

intermittent 
infusion 

12 f 

Age: 60 ± 19 years 
APACHE II score: 23 ± 8 

Weight: - 
Renal function: not 
undergoing CRRT 

1000 q8h i.v. bolus 

Adnan et al. 
2013141 e 

with 
indwelling 
surgical 
drains 

- 5 f 

Age: 69 ± 15 years 
APACHE II score: 11 ± 2 

Weight: 75 ± 23 kg 
SCr < 170µg/L 

1000 q8h 
i.v. infusion 

(30min) 

3.2 
(3.1-
4.7) 

128.7 
(95.3-
176.7) 

5.7 (5.1-
10.6) 

30.8 (26.3-
42.0) /75kg 

If not indicated otherwise, data is presented as mean ± SD. Range is given in brackets; Vss: steady state volume of distribution; e no information if PK results 
are median or mean values; f data of subgroups who were treated with other substances than meropenem or who are not critically ill is not shown  
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Table 4-1 continued 

Reference 
Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

patients 
Patient demographics 

Dosage 
MER [mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL [L/h] Vd [L] 

Hites et al. 
2013131 

- 

obese, with 
CRRT 37 f 

sample 
series 

Age: 59 years (24-79) a 
APACHE II score: 18 (8-32) a 

Weight: 116 kg (80-178) a 
BMI: 40 kg/m2 (30-60) a 
Renal function: 14 of 49 

patients had SCr > 2.5mg/dL 
3000 /24h 

i.v. infusion 
(30min) 

5.5 
(2.3-

115.5) a 
- 

4.5 (0.4-
11.3) a 

40.0 (8.0-
191.0) a obese, 

without 
CRRT 

1.6 
(1.3-

57.8) a 

10.1 (1.6-
29.3) a 

non-obese, 
with CRRT 37 f 

sample 
series 

Age: 57 years (19-91) a 
APACHE II score: 18 (8-36) a 

Weight: 61 kg (37-80) a 
BMI: 22 kg/m2 (15-25) a 
Renal function: 9 of 59 

patients had SCr > 2.5mg/dL 

4.8 
(2.0-

15.1) a 
- 

3.7 (2.3-
23.4) a 

27.9 (5.4-
205.2) a non-obese, 

without 
CRRT 

1.3 
(1.0-
8.3) a 

6.1 (2.1-
16.5) a 

Seyler et al. 
2011143 

under-
going 
CRRT 

- 17 f 

Age: 62 ± 16 years 
APACHE II score: 23 ± 8 

Weight: - 
BMI: 26 ± 8 kg/m2 

Renal function: CRRT 

1000 q12h 
i.v. infusion 

(30min) 

4.4 a 
(2.6-
30.5) 

134 a (61-
291) 

4.83 /70kg 
(2.268- 

14.154) a 

31.5 /70kg 
(14.0-212.1) a 

Jaruratanas
irikul et al. 

2011138 

febrile 
neutropenic 

with 
bacteremia 

1g, 10min 
infusion 

8 b 

Age: 43 ± 21 years 
APACHE II score: - 
Weight: 51 ± 18 kg 
CLCR: >60 mL/min 

1000 
i.v. infusion 

(10min) 

- - 6.3 ± 1.7 
7.2 ± 1.8 

/60kg 
1g, 3h 

infusion 
1000 i.v. infusion (3h) 

2g, 3h 
infusion 

2000 i.v. infusion (3h) 

Lodise et 
al. 2011116 

VAP - 39 

Age: 49 ± 19 years 
APACHE II score: - 

Weight: - 
CLCR: - 

500 or 
1000 or 
2000 mg 

q8h 

i.v. infusion 
(30min or 3h) 

- 
150.8 ± 

87.4 
15.2 ± 9.7 

V1: 12.6 ± 
13.3 

a Data is presented as median values; b crossover study design; f data of subgroups who were treated with other substances than meropenem or who are not 
critically ill is not shown; V1: volume of distribution in the central compartment  
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Table 4-1 continued 

Reference 
Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

patients 
Patient demographics 

Dosage 
MER [mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL [L/h] Vd [L] 

Tacconne 
et al. 

2010132 

severe 
sepsis or 

septic 
shock 

- 16 f 

Age: 63 ± 13 years 
APACHE II score: 22 (IQR 

18-28) a, f 
Weight: - 

BMI: 25 ± 5 kg/m2 
CLCR: 64 mL/min (22-134) a 

1000 mg 
q8h to 500 
mg q24h 

i.v. infusion 
(30min) 

2.1 (1.7-
3.4) a 

132 (91-
179) a 

7.9 (5.2-
11.0)a 

30.1 /70kg 
(21.7-53.9) a 

Desh-
pande et al. 

2010122 

under-
going 

sustained 
low-

efficiency 
dialysis 

- 10 

Age: 64 ± 12 years 
APACHE II score: - 
Weight: 89 ± 22 kg 
BMI: 36 ± 12 kg/m2 

Renal function: CRRT 

1000 q12h 
i.v. infusion 

(30min) 
- - - - 

Bilgrami et 
al. 2010144 

under-
going high-

volume 
CVVH 

- 10 

Age: 57 years (IQR 49-61) a 
APACHE II score: 25 (IQR 

22-28) a 
Weight: 70 kg (IQR 66-103)a 

Renal function: CRRT 

1000 q8h i.v. bolus 
4.3 (IQR 

2.9-
6.0)a 

166.5 
(IQR 

160.5-
193.1) a 

6.0 (IQR 5.2-
6.2) a 

25.9 (IQR 
22.4-32.2) a 

Roberts et 
al. 2009109 

without 
renal dys-
function 

intermittent 
infusion 

5 

Age: 55 years (IQR 48-61) a 
APACHE II score: - 

Weight: 80 kg (IQR 75-85) a 
CLCR: 106 mL/min (IQR 98-

127) a 

1000 q8h i.v. bolus (3min) 

- 

69.1 a 

- - 

continuous 
infusion 

5 

Age: 57 years  (IQR 54-63) a 
APACHE II score: - 

Weight: 75 kg (IQR 75-85) a 
CLCR: 93 mL/min (IQR 69-

161) a 

3000 /24h 
i.v. continuous 

infusion 
67.6 a 

a Data is presented as median values; f data of subgroups who were treated with other substances than meropenem or who are not critically ill is not shown  
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Table 4-1 continued 

Reference 
Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

patients 
Patient demographics 

Dosage 
MER [mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL [L/h] Vd [L] 

 
Isla et al. 
2008146 

undergoing 
CRRT 

septic 
patients 

13 

Age: 69 ± 12 years 
APACHE II score: 18 ± 6 

Weight: 72 ± 7 kg 
Renal function: CRRT 

500 or 
1000 or 
2000 mg 
q6h or 

q8h 

i.v. infusion 
(< 20min) 

- - 

6.63+0.064x
CLCR 

V1: 15.7 ± 
10% CV 

polytrauma-
tized 

patients 
7 

Age: 33 ± 10 years 
APACHE II score: 23 ± 7 

Weight: 76 ± 6 kg 
Renal function: CRRT 

6.63+0.72x 
CLCR 

V1: 69.5 ± 
18% CV 

Lang-
gartner et 
al. 2008147 

undergoing 
CVVHD 

intermittent 
infusion 

6 b 

Age: 54 ± 8 years 
APACHE II score: - 
Weight: 76 ± 17 kg 

Renal function: CRRT 

1000 q12h 
i.v. infusion (15-

20min) 

5.3 
(IQR 
5.1-
7.0)a - 

4.3 (IQR 3.9-
5.0) a 

32.3 (IQR 
28.9-40.7) a 

continuous 
infusion 

2000 /24h 
i.v. continuous 

infusion 
- 

4.40 (IQR 
3.58-5.58) a 

- 

Karjagin et 
al. 2008120 

severe 
peritonitis 
with septic 

shock 

- 6 

Age: 66 ± 11 years 
APACHE II score: 17 ± 9 

Weight: 70 ± 17 kg 
CLCR: 52 ± 51 mL/min 

1000 q8h 
i.v. infusion 

(20min) 
3.7 ± 
2.0 

- 6.7 ± 4.2 
Vss: 23.8 ± 

4.9 

a Data is presented as median values; b crossover study design; V1: volume of distribution in the central compartment; Vss: steady state volume of distribution 
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Table 4-1 continued 

Reference 
Study population Drug administration PK results 

Clinical 
situation  

Subgroups 
No. of 

patients 
Patient demographics 

Dosage 
MER [mg]  

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL [L/h] Vd [L] 

Isla et al. 
2005145 

undergoing 
CRRT 

CLCR 0-5 
mL/min 

7 

Age: 65 ± 15 years 
APACHE II score: 19 ± 7 

Weight: 76 ± 4 kg 
CLCR: 1 ± 2 mL/min 

500 q6h 
or q8h or 
1000 q8h 

i.v. infusion 
(20min) 

3.7 ± 
0.8 

- 

9.0 ± 4.6 
Vss: 43.3 ± 
22.0 /76kg 

CLCR 10-45 
mL/min 

7 

Age: 66 ± 15 years 
APACHE II score: 16 ± 6 

Weight: 69 ± 8 kg 
CLCR: 23 ± 14 mL/min 

500 q6h 
or 1000 

q8h 

2.7 ± 
0.7 

8.1 ± 3.4 
Vss: 25.5 ± 
6.9 /69kg 

CLCR 75-
118 mL/min 

6 

Age: 35 ± 18 years 
APACHE II score: 23 ± 6 

Weight: 74 ± 4 kg 
CLCR: 76 ± 19 mL/min 

1000 q6h 
or 2000 

q8h 

1.5 ± 
0.5 

63.9 ± 39.7 
Vss: 96.9 ± 
66.6 /74kg 

Jaruratanas
irikul et al. 

2005139 
VAP 

1g, bolus 

9 b 

Age: 40 ± 16 years 
APACHE II score: - 
Weight: 54 ± 12 kg 
CLCR: >60  mL/min 

1000 q8h i.v. bolus 
1.4 ± 
0.6 

136.3 ± 
58.5 

8.5 ± 3.2 16.0 ± 3.7 

1g, 3h 
infusion 

1000 q8h 
i.v. infusion (3h) 

1.0 ± 
0.3 

186.2 ± 
79.5 

6.4 ± 2.8 9.3 ± 4.9 

2g, 3h 
infusion 

2000 q8h 
1.2 ± 
0.4 

388.6 ± 
220.0 

7.2 ± 4.8 11.9 ± 7.9 

Novelli et 
al. 200571 

sepsis - 10 f 

Age: 67 years ± 19 
APACHE II score: - 
Weight: 72 kg ± 15 

CLCR: 61 mL/min ± 38 

1000 
i.v. infusion 

(30min) 
2.1 ± 
0.6 

99.5 ± 
23.9 

11.5 ± 3.1 27.1 ± 7.7 

Krueger et 
al. 2003148 

acute renal 
failure, 

undergoing 
CRRT 

- 8 

Age: 67 ± 9 years 
APACHE II score: 30 ± 7 

Weight: 80 ± 15 kg 
Renal function: CRRT 

500 q12h 
i.v. infusion 

(30min) 
3.6 ± 
0.8 

105.3 ± 
21.7 

5.0 ± 1.3 
Vss: 22.4 ± 
5.6 /80kg 

Robatel et 
al. 2003149 

undergoing 
CRRT 

- 15 

Age: 61 ± 8 years 
APACHE II score: - 
Weight: 71 ± 16 kg 

CLCR: 33 ± 12 mL/min 

500 q8h 
or q12h or 
1000 q12h 

i.v. infusion 
(25min) 

5.1 ± 
35% 

- 4.5 ± 41% 33.2 ± 28% 

b crossover study design; f data of subgroups who were treated with other substances than meropenem or who are not critically ill is not shown 
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Table 4-1 continued 

Reference 
Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

patients 
Patient demographics 

Dosage 
MER [mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL [L/h] Vd [L] 

Kitzes-
Cohen et 

al. 2002150 
- 

CLCR > 50 
mL/min 

8 

Age: 74 ± 10 years 
APACHE II score: - 

Weight: - 
CLCR: 71 ± 15 mL/min 

1000 q8h 

i.v. infusion 
(30min) 

2.5 ± 
1.2 

119.4 ± 
32.6 

9.4 ± 2.4 
Vss: 21.7 ± 

5.7 

CLCR < 50 
mL/min 

7 

Age: 73 ± 6 years 
APACHE II score: - 

Weight: - 
CLCR: 36 ± 9 mL/min 

1000 q12h 
3.9 ± 
1.6 

230.2 ± 
43.3 

4.7 ± 1.0 
Vss: 17.1 ± 

2.1 

Giles et al. 
2000151 

under-
going 
CRRT 

- 10 

Age: 65 ± 8 years 
APACHE II score: 27 ± 6 

Weight: 80 ± 19 kg 
Renal function: CRRT 

1000 q12h 
i.v. infusion 

(5min) 
5.2 ± 
1.8 

246.0 ± 
97.1 

4.3 ± 1.4 
Vss: 27.3 ± 

9.8 

Ververs et 
al. 2000152 

under-
going 
CRRT 

- 5 

Age: 47 ± 13 years 
APACHE II score: - 
Weight: 86 ± 12 kg 

Renal function: CRRT 

500 q12h 
i.v. infusion 

(30min) 
6.4 ± 
2.0 

129.5 ± 
26.4 

4.6 ± 0.9 
31.8 ± 12.9 

/86kg 

de 
Stoppelaar 

et al. 
2000159 

VAP - 8 

Age: 55 ± 8 years 
APACHE II score: - 
Weight: 73 ± 11 kg 

CLCR: 85 ± 26 mL/min 

1000 q8h 
i.v. infusion 

(7min) 
3.1 ± 
1.7 

102.7 ± 
42.9 

11.0 ± 4.3 
Vss: 34.4 ± 

15.9 

Thalhamme
r et al. 
1999156 

- 

intermittent 
infusion 

15 b 

Age: 55 ± 14 years 
APACHE II score: - 
Weight: 84 ± 15 kg 

CLCR: 84 ± 53 mL/min 

2000 q8h 
i.v. infusion 

(15min) 
2.4 ± 
0.7 

193.8 ± 
21.1 

9.4 ± 1.2 
Vss: 26.6 ± 

3.2 
continuous 

infusion 
3000 /24h 

i.v. continuous 
infusion 

- 
117.5 ± 

12.9 
7.7 ± 1.4 

Vss: 25.9 ± 
5.7 

Tegeder et 
al. 1999153 

under-
going 
CVVH 

q8h 5 

Age: 66 ± 13 years 
APACHE II score: - 

Weight: - 
CLCR: 1 ± 2 mL/min 

500 q8h 
i.v. infusion 

(30min) 
8.7 ± 
3.5 

- 3.1 ± 0.5 
Vss: 12.4 ± 

1.8 

b crossover study design; Vss: steady state volume of distribution 
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Figure 4-2  Literature data of meropenem trough plasma / serum levels (Cmin) in critically ill patients. 

 
If not indicated otherwise, data is shown as the mean ± SD. 
* Data is presented as the median (dash), the minimum and maximum range (whisker) and with or without the IQR (box) 
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Figure 4-3  Literature data of meropenem peak plasma / serum levels (Cmax) in critically ill patients.  

 
If not indicated otherwise, data is shown as the mean ± SD. 
* Data is presented as the median (dash), the minimum and maximum range (whisker) and with or without the IQR (box) 
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4.3.3. Pharmacokinetics of meropenem in healthy volunteers 

Sixteen studies on the pharmacokinetics of meropenem in healthy volunteers 

were included in this overview. The most recent paper was from 2015, the oldest ones 

date back to 1991. The number of participants was in the range of five to twenty-six.  

An overview of these studies and the resulting pharmacokinetic parameters is 

provided in Table 4-2. The trough and peak plasma concentrations of meropenem from 

the different studies are compared and illustrated in Figure 4-4 and 4-5.  

All studies included in this overview investigated the pharmacokinetics of 

meropenem in healthy volunteers. However, a number of studies focused on factors 

influencing the pharmacokinetics of meropenem. Lee et al.79 and Jaruratanasirikul et 

al.160 studied the influence of prolonged and Krueger et al.161 and Mouton et al.162 of 

continuous infusions on the pharmacokinetics of meropenem. In contrast to the other 

studies, which included healthy volunteers of younger age, Ljungberg et al.163 

compared the pharmacokinetics of meropenem in young vs. elderly healthy volunteers. 

While most studies in healthy volunteers investigated single dose pharmacokinetics of 

meropenem, some also investigated the pharmacokinetics of meropenem after 

multiple dose treatment or during continuous infusion117,161,162,164. The intermittent 

dosages of meropenem in the different studies were in the range of 500 to 2000 mg 

either administered as single dose or multiple dose. With the exception of the study 

reported by Mouton et al.162, in which 10 mg/kg meropenem were administered four 

times daily, meropenem was administered three times daily in all multiple dose 

regimens. Two studies161,162 administered meropenem as continuous infusion with 

dosages of either 1500 or 3000 mg/24h or 30 mg/kg/18h.   

The reported mean ± SD half-life of meropenem was in the range of 0.8 to 1.2 

hours except of one study. In this study160, a quite short half-life for meropenem of 0.5 

and 0.6 hours was reported after prolonged infusion of 500 and 1000 mg of 

meropenem, respectively. In the third treatment arm of this crossover study, 

meropenem was administered as intravenous bolus injection and the resulting mean 

half-life in this treatment arm was 1.1 hours. Therefore, a possible reason for the 

unlikely short half-life of meropenem in the two treatment arms receiving prolonged 

infusions of meropenem might be the inclusion of PK samples in the analysis, which 

were not in the terminal phase of elimination. This might also explain the low volume 
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of distribution of 9.8 ± 0.6 and 11.9 ± 0.4 L in these two subgroups, in which 

meropenem was administered as prolonged infusion. Two studies used compartmental 

analysis for the determination of the pharmacokinetic parameters of meropenem and 

provided only values of the volume of distribution in the central compartment (V1)79,161. 

The resulting mean V1 of these studies was in the range of 6.8 to 12.4 L. If these results 

were excluded from analysis, the mean volume of distribution of meropenem in the 

remaining studies was in the range of 11.7 to 26.1 L.  

The reported mean clearance of meropenem was in the range of 8.3 to 20.3 L/h. 

As might be expected the lowest meropenem clearance of 8.3 ± 1.2 L/h resulted in the 

subgroup of elderly healthy volunteers, described in the study of Ljungberg et al.163.  

The peak concentrations and the area under the curve of meropenem in healthy 

individuals were mainly dependent on the administered dose and the duration of the 

infusion. As a result, the highest peak concentration of µg*h/mL 131.7 µg/mL resulted 

after the administration of 2000 mg meropenem over 30 minutes three times daily117. 

The corresponding area under the curve of 156.7 µg*h/mL was also the second highest 

reported of all studies in healthy individuals included in this overview. Only one study 

165, where 2000 mg meropenem were administered over three hours, reported a higher 

area under the curve of 186 ± 33.6 µg*h/mL. The corresponding peak concentration in 

this study was 58.2 ± 10.8 µg/mL. In the study reported by Dandekar et al.164, the 

administration of the same dose, also over three hours resulted in a mean peak 

concentration of 39.8 µg/mL and an area under the curve of 126.7 µg*h/mL. The 

reported mean peak concentrations after the administration of 1000 mg of meropenem 

in studies on healthy volunteers were in the range of 24.95 µg/mL, resulting after 

prolonged infusion over three hours, to 118.6 µg/mL, resulting after bolus injection160. 

The corresponding area under the curve was 80.1 and 97.6 µg*h/mL, respectively. 

Noteworthy, this data emerged from different treatment arms of a crossover-design 

study. The administration of 500 mg of meropenem resulted in mean peak plasma 

concentration in  the range of 9.71 µg/mL after prolonged infusion164 to 52.2 µg/mL 

after short term infusion over five minutes166. The corresponding AUC was in the range 

of 27.2167 to 58.3 µg*h/mL163. The latter resulted in the subgroup of elderly patients 

reported by Ljungberg et al.   
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Trough plasma levels of meropenem in studies on healthy volunteers were all < 

1 µg/mL, except of one study164. In this study, volunteers were treated with a high dose 

of 2000 mg meropenem three times daily. The resulting mean trough concentration of 

meropenem in this study was 1.58 µg/mL. In addition, two studies reported the steady-

state concentrations of meropenem during continuous infusion161,162. The 

administration of 1500 and 3000 mg meropenem per 24 hours resulted in a mean 

steady-state concentration of 4.34 and 7.58 µg/mL, respectively, and the 

administration of 30 mg/kg per 18 hours resulted in a mean steady-state concentration 

of 6.3 µg/mL.  
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Table 4-2 Pharmacokinetics of meropenem in healthy volunteers.  

Reference 
Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

subjects 
Subject demographics 

Dosage 
MER [mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL [L/h] Vd [L] 

Wenzler et 
al. 2015165 

healthy 
volunteers 

- 25 
Age: 39 ± 11 years 
Weight: 80 ± 9 kg 

CLCR: 94 ± 23 mL/min 
2000 q8h i.v. infusion (3h) 

1.0 ± 
0.2 

186 ± 33.6 11.1 ± 2.1 
Vss: 

16.3 ± 2.6  

Lee et al. 
201079 

healthy 
volunteers 

0.5h infusion 
18 b 

Age: 38 ± 10 years 
Weight: 74 ± 9 kg 

1000 
(single 
dose) 

i.v. infusion 
(30min) 

- 
72.8 ± 
17.1 

13.7 ± 3.2 
V1: 

10.3 ± 3.0 

3h infusion i.v. infusion (3h) - 
68.0 ± 
15.8 

14.7 ± 3.4 
V1: 

6.8 ± 3.0 

Leelarasam
ee et al. 
2008168 

healthy 
volunteers 

generic 
26 b 

Age: 20 - 40 years 
Weight: - 

1000 
(single 
dose) 

i.v. infusion 
(30min) 

1.0 ± 
0.1 

62.8 ± 8.4 
- - 

original 
1.0 ± 
0.1 

63.6 ± 
11.0 

Conte et al. 
2005117 

healthy 
volunteers 

0.5g 20 
Age: 33 ± 7 years 
Weight: 68 ± 11 kg 

SCr: 0.9 ± 0.2 mg/dL 
500 q8h 

i.v. infusion 
(30min) 

- 

28.6 

- - 1g 20 
Age: 29 ± 6 years 
Weight: 72 ± 13 kg 

SCr: 0.9 ± 0.2 mg/dL 
1000 q8h 55.5 

2g 8 
Age: 33 ± 7 years 
Weight: 72 ± 13 kg 

SCr: 1.0 ± 0.1 mg/dL 
2000 q8h 156.7 

Data is presented as mean ± SD. Range is given in brackets.  
b crossover study design; V1: volume of distribution in the central compartment 
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Table 4-2 continued 

Reference 
Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

subjects 
Subject demographics 

Dosage 
MER [mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL [L/h] Vd [L] 

Krueger et 
al. 2005161 

healthy 
volunteers 

low dose, 
intermittent 

infusion 
8 b 

Age: 21 ± 3 years 
Weight: 67 ± 14 kg 

500 q8h 
i.v. infusion 

(30min) 

- - 16.3 ± 3.1 
V1: 

12.4 ± 3.5 

low dose, 
continuous 

infusion 
1500 /24h 

i.v. continuous 
infusion 

high dose, 
intermittent 

infusion 
8 b 

Age: 24 ± 4 years 
Weight: 66 ± 12 kg 

1000 q8h 
i.v. infusion 

(30min) 

high dose 
continuous 

infusion 
3000 /24h 

i.v. continuous 
infusion 

Dandekar 
et al. 

2003164 

healthy 
volunteers 

0.5g 
6 b 

Age: 34 ± 12 years 
Weight: 82 ± 19 kg 

500 q8h 
i.v. infusion (3h) 

0.9 ± 
0.1 

28.4 ± 2.9 15.6 ± 1.7 
Vss: 

21.2 ± 2.6 

2g 2000 q8h 
1.0 ± 
0.2 

126.7 ± 
28.8 

15.2 ± 3.8 
Vss: 

22.3 ± 1.5 

Jaruratanas
irikul et al. 

2003160 

healthy 
volunteers 

1g, bolus 

12 b 
Age: 33 ± 9 years 
Weight: 60 ± 8 kg 

1000 
(single 
dose) 

i.v. bolus 
1.1 ± 
0.7 

97.6 ± 
20.1 

10.3 ± 5.0 16.8 ± 5.1 

1g, 3h 
infusion 

1000 
(single 
dose) 

i.v. infusion (3h) 
0.6 ± 
0.0 

80.1 ± 
21.9 

13.0 ± 0.2 11.9 ± 0.4 

0.5g, 3h 
infusion 

500 
(single 
dose) 

i.v. infusion (3h) 
0.5 ± 
0.0 

42.9 ± 9.0 12.3 ± 0.3 9.8 ± 0.6 

b crossover study design; Vss: steady state volume of distribution 
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Table 4-2 continued 

Reference 
Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

subjects 
Subject demographics 

Dosage 
MER [mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL [L/h] Vd [L] 

Jones et al. 
1997 

healthy 
volunteers 

2min infusion 

9 b 
Age: 37 years (23-59) 
Weight: 79 kg (68-90) 

1000 
(single 
dose) 

i.v. infusion 
(2min infusion) 

0.9 ± 
0.1 

65.3 ± 9.9 15.0 ± 2.5 16.7 ± 3.0 

3min infusion 
i.v. infusion 

(3min infusion) 
0.9 ± 
0.1 

67.7 ± 
12.7 

14.7 ± 2.6 16.6 ± 2.7 

5min infusion 
i.v. infusion 

(5min infusion) 
1.1 ± 
0.1 

68.2 ± 7.4 14.3 ± 1.6 16.6 ± 2.6 

Dreetz et 
al. 199687 

healthy 
volunteers 

- 12 

Age: 29 ± 6 years 
Weight: 80 ± 7 kg 
CLCR: 112 ± 13 
mL/min/1.73m2 

1000 
(single 
dose) 

i.v. infusion 
(30min) 

1.1 ± 
0.1 

70.5 ± 
10.3 

14.4 ± 1.8 
/1.73m2 

18.6 ± 3.0 
/70kg 

Kelly et al. 
1995166 

healthy 
volunteers 

0.5g, 5min 
infusion 

5 
Age: 29 years (18-39) 
Weight: 82 kg (73-88) 

500 
(single 
dose) 

i.v. infusion 
(5min infusion) 

1.1 ± 
0.1 

32.6 ± 5.1 15.7 ± 2.5 
Vss: 

16.2 ± 1.6 
0.5g, 30min 

infusion 
i.v. infusion 

(30min) 
1.0 ± 
0.2 

28.1 ± 4.3 18.1 ± 2.7 
Vss: 

19.6 ± 5.3 
1g, 5min 
infusion 

6 
Age: 34 years (24-42) 
Weight: 75 kg (63-89) 

1000 
(single 
dose) 

i.v. infusion 
(5min infusion) 

1.0 ± 
0.1 

83.2 ± 
14.7 

12.6 ± 1.7 
Vss: 

15.7 ± 1.4 
1g, 30min 
infusion 

i.v. infusion 
(30min) 

1.0 ± 
0.1 

77.2 ± 
11.8 

13.4 ± 2.0 
Vss: 

16.9 ± 2.3 

Leroy et al. 
1992124 

healthy 
volunteers 

- 6 f 
Age: 34 ± 9 years 
Weight: 67 ± 12 kg 

CLCR: 123 ± 14 mL/min 

500 
(single 
dose) 

i.v. infusion 
(30min) 

1.2 ± 
0.2 

28 ± 15 19.7 ± 5.7 
Vss: 

26.1 ± 6.7 
/67kg 

Christens- 
son et al. 
1992169 

healthy 
volunteers 

- 6 f,g 

Age: 34 ± 13 years 
Weight: 79 ± 8 kg 

CLCR: 99 ± 26 
mL/min/1.73m2 

500 
(single 
dose) 

i.v. infusion 
(30min) 

0.9 36.0 ± 4.5 
11.2 ± 1.7 
/1.73m2 

Vss: 
16.6 ± 2.4 

/79kg 

b crossover study design;f data of subgroups who were treated with other substances than meropenem or who are not healthy volunteers is not shown;  
g one aubject with normal renal function was included; Vss: steady state volume of distribution 
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Table 4-2 continued  

Reference 
Study population Drug administration PK results 

Clinical 
situation 

Subgroups 
No. of 

subjects 
Subject demographics 

Dosage 
MER [mg] 

Administration 
route 

t1/2 
[hours] 

AUC 
[µg*h/mL] 

CL [L/h] Vd [L] 

Ljungberg 
et al. 

1992163 

healthy 
volunteers 

young 8 

Age: 28 ± 5 years 
Weight: 69 ± 8 kg 

GFR h: 99 ± 7 
mL/min/1.73m2 500 

(single 
dose) 

i.v. infusion 
(30min) 

0.8 39.6 ± 6.8 12.2 ± 1.7 
Vss: 

11.7 ± 1.2 

elderly 8 

Age: 73 ± 5 years 
Weight: 69 ± 8 kg 

GFR h: 72 ± 12 
mL/min/1.73m2 

1.3 
58.3 ± 
10.0 

8.3 ± 1.2 
Vss: 

13.2 ± 1.4 

Mouton et 
al. 1991162 

healthy 
volunteers 

intermittent 
infusion 

8 
Age: 24 ± 3 years 
Weight: 75 ± 8 kg 

10mg/kg 
q6h 

i.v. infusion 
(25min) 

1.0 ± 
0.2 

43.5 ± 7.1 17.5 ± 2.2 
Vss: 

20.7 ± 2.7 
/75kg 

continuous 
infusion 

30mg/kg 
/18h 

i.v. continuous 
infusion 

- - 20.3 ± 2.7 - 

Burman et 
al. 1991167 

healthy 
volunteers 

- 6 
Age: 35 years (30-40) 
Weight: 83 kg (68-93) 

500 
(single 
dose) 

i.v. infusion 
(30min) 

0.8 ± 
0.0 

27.2 ± 2.2 16.6 ± 0.6 
Vss: 

20.4 ± 0.7 

Nilsson-
Ehle et al. 

199186 

healthy 
volunteers 

- 8 
Age: 33 years (22-38) 
Weight: 74 kg (66-86) 

CLCR: - 

1000 
(single 
dose) 

i.v. infusion 
(30min) 

1.0 
77.5 ± 
11.5 

11.3 ± 1.95 
Vss: 

12.5 ± 1.5 

h Iohexol clearance; Vss: steady state volume of distribution 
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Figure 4-4  Literature data of meropenem trough plasma / serum levels (Cmin) in healthy volunteers.  

 
Data is shown as the mean ± SD. 
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Figure 4-5  Literature data of meropenem peak plasma / serum levels (Cmax) in healthy volunteers.  

 
Data is shown as the mean ± SD. 



 

86 

 

 

4.3.4. Differences in the pharmacokinetics of meropenem in critically ill 

patients and healthy volunteers 

As shown in Figure 4-6 and 4-7, the median half-life of meropenem in studies 

on healthy volunteers was significantly below the median half-life resulting from studies 

in critically ill patients (1.0 vs. 3.1 h) and the median clearance of meropenem was 

significantly lower in critically ill patients than in healthy subjects (6.6 vs. 14.4 L/h). 

However, the reported half-life of meropenem in critically ill patients was much more 

variable compared to healthy individuals than the clearance.  

 

Figure 4-6  Half-life of meropenem in healthy volunteers and critically ill patients. 

 
The lines indicate the medians of all studies in one group, and each circle indicates the mean half-life 
of one study or one study-subgroup. 
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Figure 4-7  Clearance of meropenem in healthy volunteers and critically ill patients.  

 
The lines indicate the medians of one group, and each circle indicates the mean clearance of one study 
or one study subgroup. 

 

As shown in Figure 4-8, the volume of distribution of meropenem reported in 

critically ill patients was significantly larger than in healthy volunteers. While the median 

volume of distribution of meropenem was 16.6 L in studies on healthy volunteers, the 

resulting median volume of distribution in critically ill patients was almost twice as high 

(25.9 L).  
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Figure 4-8 Volume of distribution of meropenem in healthy volunteers and critically 
ill patients.  

 
The lines indicate the medians of one group, and each circle indicates the mean volume of distribution 
of one study or one study subgroup. 

 

As shown in Figure 4-9, the median AUC of meropenem in critically ill patients 

was more than twice as high as the median AUC in healthy volunteers (64.5 vs. 133.0 

µg*h/mL). However, this result is not astonishing, as critically ill patients received most 

often higher dosages and were dosed several times, while healthy volunteers received 

often only single-dose treatment. In addition, resulting from the data of half-life and 

clearance of meropenem in critically ill patents, the elimination of meropenem is 

significantly limited in a number of critically ill patients.  
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Figure 4-9  Area under the curve of meropenem in healthy volunteers and critically 
ill patients.  

 
The lines indicate the medians of one group, and each circle indicates the mean area under the curve 
of one study or one study subgroup. 

 

4.4. Conclusion 

This retrospective data analysis provides an overview of the existing 

pharmacokinetic data of meropenem in critically ill patients and healthy volunteers. As 

pointed out, the pharmacokinetics of meropenem in critically ill patients varied 

substantially between and within the studies compared with healthy individuals.  

As achieving and maintaining adequate plasma levels of antibiotics is highly 

important to the clinical course and survival of critically ill patients, this overview 

emphasizes the importance of monitoring the blood levels of meropenem in critically ill 

patients.  
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5. Individualizing meropenem prolonged infusions in intensive care unit 

patients via population modeling of renal function and infection 

biomarkers over time 

5.1. Introduction 

Meropenem is an important broad-spectrum antibiotic that is commonly used for 

empiric therapy of critically ill patients44,170. Due to its excellent safety profile, 

meropenem doses up to 6 g/day have been safely administered171,172. Several small 

pharmacokinetic (PK) studies (n=6 to 16 patients per study) showed that clearance 

and volume of distribution and consequently meropenem concentrations are highly 

variable in critically ill patients44. To optimize the pharmacodynamic (PD) profile of 

meropenem, some clinicians use prolonged or continuous infusions to increase the 

duration of unbound meropenem concentrations above the MIC (fT>MIC) compared to 

the fT>MIC for short-term infusions161. 

Meropenem is predominantly eliminated renally and its doses are adjusted 

based on creatinine clearance and body weight108,173. However, this dose adjustment 

does not adequately capture patients with acute renal impairment or temporarily 

augmented renal function during sepsis or septic shock. When renal function changes 

rapidly in these patients, neither creatinine nor meropenem concentrations are at 

steady-state and thus renal function cannot be reliably calculated using the Cockcroft 

and Gault96 and most other commonly used equations. For patients with unstable renal 

function, equations such as the Jelliffe & Jelliffe174 or Chiou175 methods are available 

but less commonly used. Currently, dosing of such critically ill patients with unstable 

PK is most commonly empiric and meropenem concentrations are not routinely 

measured for dose individualization via therapeutic drug management114. 

Our first objective was to implement a clinically-feasible dose individualization 

algorithm for meropenem in intensive care unit (ICU) patients with or without sepsis or 

septic shock. As second objective, we sought to characterize the population 

pharmacokinetics and change of renal function and infection biomarkers (C-reactive 

protein and procalcitonin) over time. Meropenem concentrations were measured in 

real-time for dose individualization. We developed a novel modeling approach that 

simultaneously fits the meropenem and serum creatinine concentrations to estimate 

the time-course of renal function (creatinine clearance). 
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In addition to the population pharmacokinetic analysis, a non-compartmental 

approach with the same data was performed to describe the pharmacokinetics of 

meropenem in a more simple way. 

5.2. Methods 

5.2.1. Study design and population 

This prospective cohort study was carried out in the surgical intensive care unit 

of the Paracelsus Medical University, Nürnberg, Germany, from January to October 

2014. Eligibility criteria were age ≥18 years, provision of informed consent, and the 

diagnosis of abdominal infection (peritonitis, organ infection) or pneumonia. This study 

included patients with or without sepsis, severe sepsis or septic shock who were 

treated with meropenem. Exclusion criteria were severe anemia or known allergy to 

meropenem. The study was approved by the local Ethics Committee and is registered 

in the United States National Library of Medicine (no. NCT01702545) and the German 

Register of Clinical Trials („Deutsches Register Klinischer Studien“; no. 

DRKS00004392).  

5.2.2. Data collection 

Patient demographics and clinical data were collected at the first day of 

meropenem treatment. Serial measurements of serum creatinine (daily), C-reactive 

protein (daily) and procalcitonin (less frequently) were performed before, during and 

after the initiation of meropenem therapy.  

5.2.3. Meropenem administration and sample collection  

Meropenem doses of 0.5, 1 or 2 g every 8 h were used for initial, empiric 

therapy. Doses were selected by the attending clinician. All patients received a loading 

dose of 1000 mg meropenem as short-term infusion. The second and all subsequent 

doses were given as 3-h infusions via a high precision infusion pump through a central 

venous catheter. The infusion line was rinsed with saline at the same rate as the 

meropenem infusion to assure complete dosing of meropenem. Actual durations of 

infusion were recorded and used for modeling. 

Blood samples (2 mL) were drawn from an arterial line at the end of infusion 

(“peak”), as well as two hours before and immediately before (“trough concentration”) 
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the next infusion. Blood samples were collected in K3-EDTA tubes and immediately 

cooled in an ice water bath for at least 5 min. Within 15 min, samples were centrifuged 

at +4 °C and the resulting plasma was immediately frozen and stored at -80 °C until 

analysis.  

5.2.4. Quantification of meropenem concentrations 

Meropenem concentrations were quantified using a validated liquid 

chromatography–tandem mass spectrometry (LC-MS/MS) assay developed at the 

IBMP by Christoph Stelzer and Martina Kinzig. Analysis of independently prepared 

quality control samples indicated good reproducibility as the resulting coefficient of 

variation was in the range of 5.1 to 8.5 % and the accuracy of these quality control 

samples was in the range of 98.0 to 102.9 % (measured concentrations vs. target 

concentrations). The limit of quantification was 0.5 mg/L. 

The liquid chromatography systems consisted of a binary LC-pump (Agilent 

1200 Series, Agilent Technologies, Waldbronn, Germany) and an analytical column 

(Spherisorb Phenyl, 5 µm, 60 x 4.6 mm, Waters GmbH, Eschborn, Germany). Isocratic 

elution was performed with 0.005 M ammonium acetate buffer (75 %) and acetonitrile 

(25 %). Determination was performed using an AB SCIEX API 5000 triple quadrupole 

mass spectrometer (AB SCIEX, Concord, Ontario, Canada) and Analyst software 

version 1.6.2 (AB SCIEX, Concord, Ontario, Canada). In brief, 50 µL of each sample 

was placed in a polypropylene-tube. Samples were deproteinized with 150 µL 

acetonitrile (containing the internal standard levofloxacin), subsequently vortex-shaked 

and centrifuged. The supernatant was further diluted with 0.001 M ammonium acetate 

buffer and 30 µL of each samples were injected into the LC-MS/MS system. The 

samples for meropenem were detected with MRM (Multiple Reaction Monitoring) as 

follows: precursor  product ion for imipenem 384.00  114.10 m/z and for 

levofloxacin (internal standard) 362.00  261.10 m/z; for all analytes in positive mode. 

Under these conditions imipenem eluted after 1.0 minutes and the internal standard 

after 2.0 minutes. 

5.2.5. Dose adjustment 

Dose adjustment was recommended if the meropenem trough concentration 

was outside the targeted range of 2 to 16 mg/L. Dose adjustment was performed, but 
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could not exceed the maximum approved dose of 2 g meropenem every 8 h. The 

smallest dose was 500 mg meropenem every 8 h to assure that patients are not under-

dosed. The attending physician ultimately decided whether dose adjustment was 

clinically warranted and performed. 

5.2.6. Population Pharmacokinetic Modeling 

Structural model: We developed a new population pharmacokinetic / 

pharmacodynamic model that simultaneously described the time-course of 

meropenem, serum creatinine, C-reactive protein, and procalcitonin in all patients 

(Figure 5-1). Creatinine clearance was allowed to change twice over time at random 

time points in each patient. The time-course of creatinine clearance was informed by 

both the meropenem and serum creatinine concentrations. Meropenem and creatinine 

were each described by a linear one-compartment model. Creatinine is predominantly 

cleared by glomerular filtration96,174 and meropenem is both filtered and subject to 

active tubular secretion via hOAT1 and hOAT3176. To evaluate meropenem dose 

adjustment based on creatinine clearance in ICU patients, we considered linear and 

nonlinear relationships to correlate meropenem clearance with creatinine clearance. 

The concentrations of meropenem, serum creatinine and of the infection 

biomarkers C-reactive protein and procalcitonin were all simultaneously modeled 

(Figure 5-1, and supplementary materials in the appendix). Details on the modeling 

are provided in the supplementary materials97–100,177. 
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Figure 5-1  Structural model for meropenem, serum creatinine, C-reactive protein 
(CRP) and procalcitonin (PCT).  

 
Infection leads to increased CRP and PCT concentrations after a time-delay. Additionally, an infection 
can lead to substantial and rapid changes of creatinine clearance (i.e. renal function) over time. In the 
population PK model, creatinine clearance affected both the elimination of serum creatinine and 
meropenem in the model. The baseline synthesis of CRP and PCT were very small compared to the 
increases of CRP and PCT following an infection. 

 

5.2.7. Non-compartmental analysis (NCA) 

The non-compartmental analysis (NCA) was performed with the same methods 

and equations as the NCA of the imipenem / cilastatin data in chapter 3 of this thesis. 

Therefore, in a first step, the means of the trough and peak plasma levels, dosages 

and the duration of the dosing intervals were calculated for each patient. With this data, 

the average steady state concentration (css av.), the area under the curve (AUC) and 

the clearance (CL) for each individual were calculated using equation 6, 9 and 10: 
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Finally, the resulting clearance was correlated with renal function, expressed by 

creatinine clearance (estimated by the Cockcroft and Gault formula) and was 

compared to the clearance obtained by the population pharmacokinetic approach. 

5.3. Results 

This study included 53 ICU patients with a median baseline creatinine clearance 

of 67.9 (range: 6.41 to 250) mL/min according to the Cockcroft & Gault formula (Table 

5-1). Patients received an average number of 16 meropenem doses [range 3 to 44]. In 

total, 469 plasma concentrations were available for modeling with a median [5th to 95th 

percentile] of 9 [3 to 16] samples per patient. Meropenem peak concentrations after a 

3-h infusion were 25.8 ± 12.9 mg/L (average ± SD; following a dose of 1 g meropenem 

every 8 h in the vast majority of patients). Meropenem trough concentrations before 

dose adjustment were 9.90 ± 8.62 mg/L (range: <0.5 mg/L [below quantification limit] 

to 37.9 mg/L). One patient only had a meropenem peak concentration but no trough 

concentration. Without dose adjustment, 50% (26 of 52) of the patients had a trough 

concentration in the target range from 2 to 16 mg/L. Target concentrations were 

achieved much more precisely after dose adjustment compared to before dose 

adjustment (Figure 5-2).  
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Table 5-1  Population characteristics. 
Parameter  Value [median (range) or No. (%)] 

No. 53  

Age (yr) 67 (40 - 94) 

Total body weight (kg) 80 (51 - 160) 

Height (cm) 172 (150 - 192) 

Body mass index (kg/m²) 26.1 (18.5 - 66.6) 

Sex   

  Male 37 (69.8) 

  Female 16 (30.2) 

Baseline serum creatinine (mg/dL) 1.08 (0.34 - 13.9) 

Baseline creatinine clearance by 
Cockcroft & Gault (mL/min) 

67.9 (6.41 - 250) 

With renal replacement therapy   

Continuous renal replacement 7 (13.2) 

Sepsis   

  No 13 (24.5) 

  Yes 40 (75.5) 

  Septic shock 36 (67.9) 
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Figure 5-2  Measured meropenem trough and peak concentrations before and after 
dose individualization.  

 
One trough concentration before dose adjustment was below the lower limit of quantification and was 
plotted at 0.4 mg/L. 

 

For 13 of the 26 patients with meropenem concentrations outside the targeted 

range, dose adjustment was considered clinically warranted, performed and 

subsequent meropenem trough concentrations monitored. Eleven of these 13 patients 

had trough concentrations within the target range after dose adjustment. One of the 

two patients outside the target range had a trough of 1.54 mg/L meropenem despite 

receiving the maximum dose (2 g every 8 h); the other patient received the lowest dose 

(0.5 g every 8 h) and had a trough concentration of 19.7 mg/L. For the latter patient, 

creatinine clearance changed substantially over time with an improvement by 52% 

being followed by a deterioration by 57%. As these two patients would have required 
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dose adjustment outside of 0.5 to 2 g meropenem every 8 h, they were excluded from 

the statistical analysis. Therefore, target trough concentrations were successfully 

achieved in 11 of 11 patients after dose adjustment. This was superior (p<0.001, 

Fisher’s exact test) to the 50% frequency (26 of 52 patients) of achieving the targeted 

trough concentration range before dose adjustment. 

5.3.1. Results of population PK analysis 

Our population PK analysis identified a nonlinear relationship between 

meropenem clearance and creatinine clearance (Figure 5-3). The total meropenem 

clearance (in L/h for patients with 70 kg total body weight) was 0.480 L/h + 9.86 L/h . 

(CLCR/6 L/h)0.593 (Table 13-1) with 0.480 L/h representing the nonrenal clearance and 

the second term the renal clearance. Renal meropenem clearance increased 

significantly less than linearly with creatinine clearance (p<0.001). 

 
Figure 5-3  Nonlinear relationship of meropenem clearance vs. creatinine clearance 

for 53 patients receiving meropenem. 

 

 

Our population model allowed creatinine clearance to change over time (Figure 

5-1) which affected both the time-course of meropenem and creatinine concentrations. 

Renal function changed substantially and rapidly in ICU patients. The half-life of 

change in renal function was estimated to be 0.516 h (Table 13-1). Our model allowed 

for up to two changes in renal function over time (Figure 5-1). The first change occurred 

at 1.70 [0.692 to 2.37] days (median [range]) and the second change occurred at 4.79 
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[1.46 to 7.14] days post enrollment in the study. Enrollment was at 0.82 [0.00 to 40.1] 

h (median [10th to 90th percentile]) before the first meropenem dose. The final model 

provided adequate curve fits of serum creatinine and of meropenem concentrations as 

shown in Figure 5-4. 

Similarly, the final model provided highly acceptable curve fits for the C-reactive 

protein and procalcitonin given the complex profiles of these infection markers (Figure 

5-4). An infection caused an increase in the C-reactive protein and procalcitonin 

concentrations and could affect creatinine clearance in both directions. There was no 

obvious correlation between the increases or time points of increase of C-reactive 

protein or procalcitonin with the observed changes in renal function. The half-life of 

turnover was 93.1 h (66.1% CV representing between patient variability) for C-reactive 

protein, but much shorter (46.9 h) and less variable (28.0% CV) for procalcitonin (Table 

13-1). 
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Figure 5-4  Observed (markers) and individually fitted (lines) concentrations of meropenem in plasma (row 1), serum creatinine (row 
2), C-reactive protein (row 3), and procalcitonin (row 4).  

 
Each column represents one patient. In the 2nd row, the estimated changes in creatinine clearance over time are reported. Arrows on the time-axis indicate the 
estimated times of infection. 
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Figure 5-5  Change in creatinine clearance and meropenem clearance over time in 
patients with sepsis (n=4) and septic shock (n=36; left side) compared to 
patients without sepsis (n=13; right side).  

 

Creatinine clearance was allowed to change twice over time. The first change occurred on average after 
28.0 h and the second change after approximately 5 days. Between patient variability in the changes in 
renal function were substantially more pronounced in patients with sepsis or septic shock compared to 
patients without sepsis. 
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Figure 5-6  Fractional changes in clearance over time for meropenem (top panel) and 
creatinine (bottom).  

 

The left two columns refer to patients with sepsis or septic shock and the right two columns to patients 
without sepsis. The markers are the individual estimates in each patient and the bar represents the 
median. 

 

5.3.2. Results of the non-compartmental analysis 

Four patients were excluded from the analysis due to missing trough or peak 

plasma levels.    

The resulting mean ± SD peak and trough plasma levels of meropenem of all 

remaining patients were 26.6 ± 11.4 µg/mL and 9.9 ± 7.9 µg/mL. This data resulted in 
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an average steady state concentration of meropenem of 16.5 ± 9.5 µg/mL. The 

average duration of an infusion interval was 7.9 ± 0.5 h. 

The resulting mean ± SD area under the curve and clearance of meropenem 

was 130.8 ± 75.3 µg*h/mL and 11.9 ± 8.7 L/h. 

Meropenem clearance was in good correlation with creatinine clearance, 

showing a correlation coefficient (r) of 0.742 (p<0.001). A graphical representation of 

this correlation is shown in Figure 5-7.  

 
Figure 5-7 Correlation plot of meropenem clearance vs. creatinine clearance. 

 

 

Meropenem clearance obtained by non-compartmental analysis (NCA) 

correlated with the clearance obtained by the population pharmacokinetic (POP-PK) 

approach, resulting in a correlation coefficient (r) of 0.502 (p<0.001). However, some 

results differ significantly between the two methods as can be seen in Figure 5-8. 
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Figure 5-8 Correlation plot of meropenem clearance (POP-PK) vs. meropenem 
clearance (NCA) 

 
 

5.4. Discussion 

This study presents the first population PK analysis for meropenem in a large 

population of ICU patients and identified a nonlinear relationship between creatinine 

clearance and meropenem clearance. The proposed new modeling approach uses 

meropenem and creatinine concentrations to characterize the changes of renal 

function over time. This enabled us to model the rapid changes of renal function. This 

approach is fully amenable to handle unstable patients with rapid and extensive 

changes of renal function over time such as ICU patients with sepsis or septic shock. 

Our analysis demonstrated that renal function could change rapidly (within <1 h) 

and extensively in patients with sepsis and septic shock (Figure 5-5 and Figure 5-6). It 

took significantly longer for creatinine concentrations to achieve the new steady-state 

(Figure 5-4). This suggests that creatinine may not be at steady-state in ICU patients 

with sepsis or septic shock. Dosing of ICU patients with unstable PK is currently usually 

done empirically and TDM is not common to individualize meropenem dosing114. 

We propose to directly measure meropenem concentrations in a clinically 

feasible TDM algorithm, as performed here, to individualize meropenem dosing. As the 

terminal half-life of meropenem is short, meropenem concentrations adapt much more 

quickly to the extensive changes in renal function of ICU patients compared to the 
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changes in serum creatinine concentrations. Therefore, clinically relevant changes in 

renal function can be efficiently identified and accounted for by TDM of meropenem.  

Without TDM, 50% of the ICU patients in our study had meropenem 

concentrations outside the target range (Figure 5-2). We could show that TDM 

significantly improved the likelihood of achieving the target concentration range. Before 

the result of the first TDM sample becomes available, high meropenem doses (e.g. 1 

or even 2 g) at 0, 8, and 16 h are recommended. This maximizes the likelihood for 

achieving effective meropenem concentrations on day 1. The available TDM data on 

meropenem plasma concentrations during the first day of therapy supported dose 

selection starting on day 2 and later. 

Our population PK analysis identified a significantly nonlinear relationship 

between meropenem clearance and creatinine clearance (Figure 5-3). Meropenem 

clearance increased considerably less than linearly with creatinine clearance. This may 

be particularly important for patients with creatinine clearance between 20 and 50 

mL/min, since those patients required 35 to 96% higher meropenem doses than 

predicted by a linear relationship. 

The proposed model is fully amenable to handle patients with unstable and 

rapidly changing renal function. This implementation of the model included two 

changes of renal function over time which was sufficient to provide reasonable curve 

fits for meropenem and serum creatinine concentrations (Figure 5-4). We chose a one-

compartment model to describe the meropenem concentrations after a prolonged 

infusion whereas some previous studies used multi-compartment models to describe 

meropenem when given as a short-term infusion109,116,120,138. Our long infusion duration 

and relatively sparse sampling likely contributed to the observation that a one-

compartment model was suitable for our dataset.  

Our estimates of 9.86 L/h for renal clearance in patients with 6.0 L/h creatinine 

clearance and of 0.480 L/h for nonrenal clearance fell within the range of previous 

clearance estimates in patients (Figure 4-7). Likewise, our estimated volume of 

distribution at steady-state was well comparable to the estimates from other studies 

(Figure 4-8). Therefore, the PK parameter estimates from our study were in agreement 

with previously reported estimates for meropenem. 
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In addition to modeling meropenem and serum creatinine, we included 

procalcitonin and C-reactive protein in our population model to characterize the time-

course of these infection biomarkers. The between patient variability in these 

biomarker profiles was high. The estimated half-life of procalcitonin (47.1 h) was 

considerably shorter than that of C-reactive protein (96.8 h). Moreover, the variability 

of the half-life of procalcitonin was substantially smaller (28.0% coefficient of variation) 

than the variability of half-life for C-reactive protein (66.1%). The much shorter and less 

variable half-life of procalcitonin suggested that a decline in procalcitonin occurs more 

quickly and is more reliable to predict a lack of an ongoing infection. 

In summary, renal clearance of meropenem and creatinine changed extensively 

and rapidly over time in patients with sepsis or septic shock. The proposed new 

population PK model excellently characterized these changes in renal function. 

Meropenem TDM provided a feasible and valuable approach to significantly enhance 

the probability of achieving meropenem concentrations in the targeted concentration 

range. We found a nonlinear relationship between meropenem clearance and 

creatinine clearance which may affect dosing of patients with creatinine clearances 

below 50 mL/min. Procalcitonin was estimated to be a potentially more useful 

biomarker for infection than C-reactive protein, since the elimination half-life of 

procalcitonin was about 2-fold faster and substantially less variable than that of C-

reactive protein. Future clinical studies are warranted to explore the improvement of 

clinical outcomes for ICU patients with compared to without TDM of meropenem. 

The results of the non-compartmental PK analysis of meropenem plasma levels 

demonstrate that this straightforward method can provide reliable PK results for most 

patients, even with scarce data.  

However, several limitations of this approach should be considered. Firstly, the 

calculation of the average steady state concentration using equation 10 is only 

applicable in steady state conditions and a minimum of one peak and one trough 

plasma level per individual is necessary. Moreover, the peak and trough blood samples 

have to be collected as quickly as possible after the end of the infusion and directly 

before the start of the next infusion to provide reliable average steady state plasma 

concentrations. However, if drugs with short half-life as meropenem are administered 
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as prolonged infusions, steady state may be reached after few infusions and peak 

concentrations do not fluctuate as much as after short infusions. 

Secondly, the NCA approach does not provide results for half-life and volume 

of distribution, as the elimination rate constant (ke) cannot be determined reliably with 

only one peak and one trough plasma level. 

Finally, while most results of the NCA approach were in good correlation with 

the results of the POP-PK approach, some results differ significantly between both 

methods. The resulting clearances of two patients were estimated to be more than four 

times higher by the NCA approach than by the POP-PK approach (36.3 vs. 7.3 L/h and 

32.7 vs. 3.6 L/h). On the opposite, the resulting clearances of two patients were 

estimated to be more than three times lower by the NCA approach than by the POP-

PK approach (3.1 vs. 12.7 L/h and 7.2 vs. 24.4 L/h). Without these four patients, the 

correlation coefficient would rise from 0.502 to 0.806.  

A possible explanation for the differing results between both approaches is that 

the renal clearance of meropenem and creatinine change extensively and rapidly over 

time in patients with sepsis. While these changes are incorporated in the population 

model, the NCA approach uses the means of all available blood levels of meropenem 

and creatinine of one patient.  
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6. Pharmacokinetics and bone penetration of ampicillin and sulbactam 

in patients undergoing total hip replacement surgery 

6.1. Introduction 

Surgical site infections (SSI) after total hip replacement surgeries are a severe 

complication which is associated with higher mortality, substantially higher costs, 

reduced quality of life and functional outcomes in affected patients178,179. Prophylactic 

antibiotic administration for hip surgery is in widespread clinical use and has been 

confirmed to reduce the incidence of postoperative wound infection180–182. 

The aim of antibiotic prophylaxis is to achieve plasma and tissue drug levels that 

exceed, for the duration of the operation, the minimum inhibitory concentrations (MIC) 

for the bacteria likely to be encountered during the operation183. Therefore, the two 

most important considerations when choosing an antibiotic for the prophylaxis of 

postoperative bone infections are its activity against bacteria likely to cause these 

infections, and the capacity of the antibiotic to penetrate tissues and in particular bone 

to reach concentrations above the MIC for the duration of the incision.  

Ampicillin (Figure 6-1) is an extended spectrum penicillin of the aminopenicillin 

class, which has greater activity against gram-negative bacteria due to its enhanced 

ability to penetrate the outer membrane of gram-negative bacteria. Susceptible 

organisms to ampicillin include anaerobes, enterococci, Listeria monocytogenes, and 

beta-lactamase-negative strains of gram-negative strains of cocci and bacilli such as 

Escherichia coli, Haemophilus influenzae and Salmonella spp184. The co-

administration of sulbactam (Figure 6-2) extends the antibiotic spectrum of ampicillin 

to beta-lactamase-producing strains of staphylococci, Escherichia coli, other gram-

negative species, as well as anaerobes which are resistant to this penicillin alone185. 

Additionally, unlike other β-lactamase inhibitors, sulbactam possesses some direct 

antimicrobial activity, which includes Acinetobacter, Bacteroides and Neisseria 

species186,187. Belonging to the class of beta-lactam antibiotics, bacterial killing of 

ampicillin is largely dependent on the time the concentration of the unbound drug is 

above the MIC (fT>MIC). In vivo and in vitro studies have shown that the penicillin 

group of antibiotics requires 50–60% fT>MIC for maximum bactericidal activity141,188.  

According to the current “Clinical Practice Guidelines for Antimicrobial 

Prophylaxis in Surgery”, the fixed combination of 2000 mg ampicillin and 1000 mg 
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sulbactam (Unacid®, Pfizer) is recommended as perioperative prophylaxis for different 

types of procedures189. However, for the prophylaxis of SSI in total hip replacement 

surgery, cefazolin or, alternatively clindamycin and vancomycin, are the only listed 

substances. Since the antimicrobial spectrum of ampicillin co-administered with 

sulbactam is at least equivalent to that of cefazolin, the combination of an 

aminopenicillin as ampicillin co-administered with a beta-lactamase inhibitor as 

sulbactam might be an adequate alternative in this setting.  

However, pharmacokinetic data of this combination in bone tissue and 

particularly in the setting of hip surgeries is sparse. In addition, none of the previous 

studies on bone pharmacokinetics of ampicillin and sulbactam provided information 

about the penetration of these drugs into the different bone types cortical and 

cancellous bone. Therefore, the aim of the present study was to investigate the 

pharmacokinetics of ampicillin and sulbactam in plasma and bone tissue in patients 

undergoing total hip replacement surgery with perioperative prophylaxis.  

 
Figure 6-1 Structural formula of 

ampicillin.  
  

 

  

 

Figure 6-2 Structural formula of 
sulbactam. 

 

(C16H19N3O4S, Mol. Wt.: 349.4 g/mol)  (C8H11NO5S, Mol. Wt.: 233.2 g/mol) 
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6.2. Methods 

6.2.1. Study design and ethics 

This study was an open-label, single-dose non-comparative investigation of the 

pharmacokinetics of ampicillin and sulbactam in plasma and of the degree of 

penetration of ampicillin and sulbactam into bone in patients undergoing total hip 

replacement surgery. The study was approved by the Institutional Review Board of the 

School of Medicine, Friedrich-Alexander-University Erlangen-Nürnberg, and was 

performed according to the revised version of the Declaration of Helsinki. The study is 

registered at the European Clinical Trials Database (EudraCT-number: 2012-002919-

25). 

6.2.2. Patients 

Male or female patients with coxarthrosis who were scheduled to undergo total 

hip replacement surgery were eligible to participate in this study. Further inclusion 

criteria were 18-85 years of age, body mass index between 18 and 35 kg/m2, supine 

heart rate between 50 and 100 beats per minute, agree to use an effective method of 

contraception and, if female, no currently present pregnancy. Patients must have 

signed the informed consent form and have the mental capability to understand it. 

Patients were excluded if they were breastfeeding, had a history of any hypersensitivity 

to beta-lactam antibiotics, inflammatory joint disease, cystic fibrosis, suspected 

rhabdomyolysis or anemia, defined as laboratory values of creatine kinase over 10,000 

U/L, hemoglobin below 10 g/dL or hematocrit below 30%. Patients were also excluded 

if they received cotrimoxazole or cimetidine therapy initiated within about one day 

before surgery. Further exclusion criteria were supine systolic blood pressure below 

90 or above 160 mm Hg, or supine diastolic blood pressure below 50 or above 95 mm 

Hg at screening, impaired renal function expressed as creatinine clearance below 50 

mL/min (Cockcroft-Gault estimate), positive drug screen at screening (urine) and 

positive results for HIV, hepatitis B or hepatitis C virus at screening. 

6.2.3. Study drug administration  

A single dose of 2000 mg ampicillin in combination with 1000 mg sulbactam 

(Unacid®; PFIZER PHARMA GmbH, Berlin, Germany) was administered as a short-
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term intravenous infusion to each patient at the induction of anesthesia. In addition, 

each patient received a single 60 min intravenous infusion of ceftaroline fosamil 1 to 8 

h before bone resection. 

6.2.4. Sample collection 

Depending on the time of the infusion of ampicillin and sulbactam relative to the 

infusion of ceftaroline fosamil, patients received different numbers of blood samples. 

Dependent of the number of blood samples, patients were divided into five groups. 

Patients of group 1 received the infusion of ampicillin and sulbactam about 30 minutes 

before the infusion of ceftaroline fosamil. Blood samples of this group were taken about 

0.3, 1.0, 1.4, 1.5, 1.7, 2.0, 2.5, 3.5, 4.5, 6.5, 8.5 and 12.5 h past start of the ampicillin 

and sulbactam infusion. Patients of group 2 received the infusion of ampicillin and 

sulbactam about 1.5 h past the infusion of ceftaroline fosamil. Samples of this group 

were taken before and about 0.1, 0.3, 0.6, 1.5, 2.5, 4.5, 6.5 and 10.5 h past start of the 

ampicillin and sulbactam infusion. Patients of group 3 received the infusion of ampicillin 

and sulbactam about 3.25 h past the infusion of ceftaroline fosamil. Samples of this 

group were taken before and about 0.6, 2.7, 4.7 and 8.7 h past start of the ampicillin 

and sulbactam infusion. Patients of group 4 received the infusion of ampicillin and 

sulbactam about 5.25 h past the infusion of ceftaroline fosamil. Samples of this group 

were taken before and about 0.6, 2.6 and 6.6 h past start of the ampicillin and 

sulbactam infusion. Patients of group 5 received the infusion of ampicillin and 

sulbactam about 7.5 h past the infusion of ceftaroline fosamil. Samples of this group 

were taken before and about 0.6 and 4.6 h past start of the ampicillin and sulbactam 

infusion. In all patients, one blood sample was taken at the time of bone resection. 

Blood samples were collected by the responsible physician via either an central 

or peripheral indwelling venous catheter in a 4-mL gray-top Vacutainer® tube (Becton, 

Dickinson and Company, Franklin Lakes, NJ, USA), containing 10 mg of sodium 

fluoride and 8 mg of potassium oxalate as anticoagulants. Before the sample was 

taken, 2 to 5 mL of blood were withdrawn to clear the line. After blood sample was 

drawn, the line was flushed with saline and the Vacutainer® tube was inverted gently 

8-10 times to mix the blood with the anticoagulant. The blood samples were placed in 

an ice-water bath for 5 minutes before they were centrifuged at approximately 1500 g 

for 10 minutes in a refrigerated centrifuge (Beckman Coulter Allegra 6R; Beckman 
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Coulter, Inc., Brea, CA, USA) at 4°C. After centrifugation, the plasma samples were 

immediately transferred into two to three 2 mL pre-labeled polypropylene tubes using 

a disposable pipette. Thereafter, the aliquoted samples were immediately frozen in 

liquid nitrogen and stored at -80 °C until the analysis.  

The hip replacement surgery consisted of resection of the femoral head and the 

subsequent implantation of the prosthetic hip joint. The bone sample was collected by 

the surgeon operating on the patient and the responsible physician then cut the bone 

material of the femoral head into pieces (Figure 6-3 to 6-5), removed adhering 

connective tissue and separated cancellous (Figure 6-6) from cortical bone (Figure 6-

7). The adhering blood was removed from the samples by swabbing for a short time 

using a slightly wet (saline) cotton tissue. The collected cortical and cancellous bone 

specimens were placed in 5 mL pre-labeled polypropylene tubes and immediately 

frozen with liquid nitrogen and stored at -80°C until analysis.  
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Figure 6-3  Dissection of femoral head (1). 

 

 

Figure 6-4  Dissection of femoral head (2). 
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Figure 6-5  Dissection of femoral head (3). 

 
 
Figure 6-6  Pieces of cancellous bone. 
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Figure 6-7  Pieces of cortical bone. 
 

 

 

 

 

 

 

 

 

 

 

 

 

6.2.5. Determination of plasma and bone concentrations  

Christoph Stelzer and Martina Kinzig developed the analytical methods for the 

determination of ampicillin and sulbactam in human plasma and bone at the IBMP. 

In brief, acetonitrile was used for deproteinizing the plasma samples. After 

centrifugation, the supernatant was analyzed by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS). Bone samples were pulverized under liquid nitrogen by use 

of a cryogenic mill (6850 Freezer Mill, Spex CertiPrep, Metuchen, NJ, USA). The 

pulverized bone sample was extracted with buffer; after centrifugation, the supernatant 

was analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). 

Ampicillin-d5 was used as internal standard for ampicillin and tazobactam was used 

as internal standard for sulbactam. The lower limit of quantification (= lowest calibration 

point) in plasma was 0.10 µg/mL for ampicillin and 0.05 µg/mL for sulbactam. The 

lower limit of quantification (= lowest calibration point) in bone was 21.4 ng/mL (in 

homogenate) for ampicillin and 21.3 ng/mL (in homogenate) for sulbactam. 

The liquid chromatography systems consisted of a binary LC-pump (Agilent 

1200 Series, Agilent Technologies, Waldbronn, Germany) and an analytical column 

(Kinetex 2.6 u C18, 100 A, 50 x 4.6 mm, Phenomenex, Aschaffenburg, Germany). 

Gradient elution was performed with 0.1 % formic acid and acetonitrile. Determination 
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was performed using an AB SCIEX API 5000 triple quadrupole mass spectrometer (AB 

SCIEX, Concord, Ontario, Canada) and Analyst software version 1.6.2 (AB SCIEX, 

Concord, Ontario, Canada). In brief, 50 µL of each human plasma sample was placed 

in a polypropylene-tube. Samples were deproteinized with 300 µL acetonitrile 

(containing the internal standards ampicillin-d5 and tazobactam), subsequently vortex-

shaked and centrifuged. The supernatant was further diluted with 0.1 % formic acid 

and 10 µL of (ampicillin) or 50 µL (sulbactam) of each samples were injected into the 

LC-MS/MS system.  

All human cancellous and cortical bone samples of the subjects were pulverized 

in liquid nitrogen using a Freezer/Mill 6850 (Program used: 2 Cycles with 3 minutes 

and rate 10). The bone powder samples were stored at -70 °C until analysis. 50 mg of 

each human pulverized bone sample was placed in a polypropylene-tube and 300 µL 

buffer (65 % Milli-Q®-water, 10 % sodium dihydrogen phosphate buffer, 5 % methanol, 

20 % acetonitrile) was added. The samples were extracted for 20 minutes and 

centrifuged. 50 µL of the supernatant were deproteinized by 250 µL acetonitrile 

containing the internal standards (ampicillin-d5 and tazobactam), subsequently vortex-

shaked and centrifuged. The supernatant was further diluted with 0.1 % formic acid 

and 10 µL of (ampicillin) or 50 µL (sulbactam) of each samples were injected into the 

LC-MS/MS system. The plasma and bone samples for ampicillin and sulbactam were 

detected with MRM (Multiple Reaction Monitoring) as follows: precursor  product ion 

for ampicillin 350.00  160.00 m/z, for ampicillin-d5 (internal standard for ampicillin) 

355.00  111.40 m/z; for sulbactam 232.20  140.10 m/z and for tazobactam (internal 

standard for sulbactam) 299.20  137.90 for ampicillin and ampicillin-d5 in positive 

mode and for sulbactam and tazobactam in negative mode. Under these conditions 

ampicillin and ampicillion-d5 eluted after 2.4 minutes, sulbactam eluted after 1.3 

minutes and tazobactam (internal standard for sulbactam) after 1.1 minutes. 

6.2.6. Pharmacokinetic analysis 

Pharmacokinetic parameters of ampicillin and sulbactam were determined 

using non-compartmental analysis. First, the elimination rate constant ke was 

determined from log-linear least squares regression analysis of concentrations from 2 

h to the last sample collected before the next dose. With ke, the terminal half-life (t1/2) 

was calculated using the equation:  
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ke
t

)2ln(
2/1 

  
Equation 5  

The next pharmacokinetic parameter that was determined was the total area 

under the concentration-time curve (AUC 0-∞). The AUC0-∞ is composed of the area 

under the concentration-time curve from zero to the time of the last sample collected 

(AUC0-t) and the area under the concentration-time curve from the last sample 

collected to infinity (AUCt-∞) as shown by the equation: 

 Equation 10 

For the calculation of the AUC0-t the linear trapezoidal rule was used. The AUCt-

∞ was calculated using the equation: 

 Equation 11 

The total body clearance (CLT) and the volume of distribution (Vd) were 

calculated using the equations: 

𝐶𝐿 =
𝐷𝑜𝑠𝑒

𝐴𝑈𝐶
 Equation 12 

𝑉𝑑 =
𝐶𝐿

𝑘𝑒
 

 

Equation 13 
 

6.2.7. Bone Penetration  

Bone penetration (BP) was calculated as the ratio of the concentrations of 

ampicillin and sulbactam in cortical and cancellous bone and the concentrations of 

ampicillin and sulbactam in plasma as shown in the equation: 

 

 
Equation 14 

Cortical and cancellous bone concentrations and plasma concentrations of 

ampicillin and sulbactam as well as the bone penetration ratio were plotted against 

time in order to show the temporal course of the penetration of these substances from 

plasma into these bone tissues.  

6.2.8. Statistical analysis 

The Pearson correlation coefficient (r) was used as a measure of the degree of 

linear dependence between two variables (e.g. half-life and creatinine clearance). The 
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calculations for the determination of “r” and the corresponding “p-value” were carried 

out using standard Excel cell formulas.  

6.3. Results 

6.3.1. Demographical data of study patients 

Twenty patients (13 female, 7 male) completed the study. Their detailed patient 

characteristics are listed in Table 6-1. With the exception of one patient who was 

suffering from hip dysplasia (age: 34 years), all patients were of mid to higher age (53 

to 84 years). The average patient was slightly overweight with a mean BMI of 29.8 

kg/m2 (range 19.48 to 37.83) and had normal to slightly impaired renal function with a 

mean creatinine clearance (estimated by the Cockcroft and Gault formula) of 101.7 

mL/min (range 52.3 to 176.3). One patient was included though not meeting the 

inclusion criteria due to his BMI of 37.8 kg/m2. 
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Table 6-1 Demographical data of study patients. 

  
age 
[yr] 

sex 
[m/f] 

height 
[cm] 

weight 
[kg] 

BMI 
[kg/m^2] 

serum 
creatinine 
[mg/dL] 

creatinine 
clearance 
[mL/min] 

Group 1 Patient 5 34 f 160 68 26.6 0.53 160.6 

Group 1 Patient 9 72 m 169 88 30.8 1.04 79.9 

Group 1 Patient 14 64 f 155 56 23.3 0.81 62.0 

Group 1 Patient 16 72 f 178 80 25.3 0.77 83.4 

         

Group 2 Patient 1 73 f 168 78 27.6 0.74 83.4 

Group 2 Patient 7 70 f 152 80 34.6 0.65 101.7 

Group 2 Patient 13 79 f 167 97 34.8 0.86 81.2 

Group 2 Patient 20 59 m 172 102 34.5 0.77 149.0 

         

Group 3 Patient 3 82 m 170 101 35.0 1.29 63.1 

Group 3 Patient 6 78 f 152 45 19.5 0.63 52.3 

Group 3 Patient 12 51 f 169 80 28.0 0.77 109.2 

Group 3 Patient 19 82 f 165 78 28.7 0.62 86.1 

         

Group 4 Patient 4 67 m 163 78 29.4 1.02 77.5 

Group 4 Patient 8 64 m 172 93 31.4 0.63 155.8 

Group 4 Patient 15 53 f 165 103 37.8 0.6 176.3 

Group 4 Patient 17 64 f 174 100 33.0 0.84 106.8 

         

Group 5 Patient 2 71 m 181 79 24.1 0.66 114.7 

Group 5 Patient 10 84 f 164 70 26.0 0.54 85.7 

Group 5 Patient 11 68 m 173 98 32.6 0.72 135.6 

Group 5 Patient 18 79 f 157 79 32.1 0.81 70.2 

         

Mean  68.3  166.3 82.7 29.8 0.77 101.7 

SD  12.3  8.1 15.6 4.7 0.19 36.1 

         

6.3.2. Number of blood samples within group 1 to 5 and plasma 

concentrations of ampicillin and sulbactam over time 

According to the study protocol, patients received varying numbers of blood 

samples for the determination of ampicillin and sulbactam plasma levels depending on 

the group they were assigned. Plasma concentration vs time plots of ampicillin (a) and 

sulbactam (b) for each group are shown in Figure 6-8 to 6-17.  

Twelve blood samples were collected from patients of group 1 for the 

determination of ampicillin and sulbactam concentrations in plasma. The last sample 
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of patient 5 was below the quantification limit of 0.1 µg/mL. Patient 16 received 

accidentally a second dose of 2000 mg ampicillin and 1000 mg sulbactam 33 minutes 

after start of the first infusion, which explains the occurrence of a “second” peak level 

of 273.5 µg/mL at 0.98 h past start of infusion. Therefore, this sample was not 

considered as peak level and the resulting pharmacokinetic parameters in plasma and 

bone of this patient were excluded from the calculation of the means of the study 

population. Patient 14 received a second dose of ampicillin/sulbactam before the last 

sample was drawn and therefore the last plasma concentration of this patient was not 

considered in the pharmacokinetic analysis.  

Seven (patient 1 and 20) or eight blood samples (patient 7 and 13) were 

collected from patients of group 2. The first sample of each patient was drawn before 

start of ampicillin and sulbactam infusion and as a result was below the quantification 

limit. The second sample of patient 1 was taken only 0.05 h after start of the infusion 

and was below the quantification limit. Therefore, the third sample was considered as 

peak level. The first blood sampling in patient 20 was during the infusion (7 min past 

start and 7 min before end of infusion) and this patient received a second dose of 

ampicillin/sulbactam before the last sample was drawn. Therefore, the last plasma 

concentration of this patient was not considered in the calculation of the individual 

pharmacokinetic parameters of this patient and the resulting pharmacokinetic 

parameters in plasma and bone were excluded from the calculation of the means of 

the study population.  

Five (patient 3, 6 and 19) or four (patient 12) blood samples were taken from 

patients of group 3. The first sample of each patient was drawn before start of ampicillin 

and sulbactam infusion and as a result, was below the quantification limit.  

Four blood samples were collected of patients of group 4 and three blood 

samples were collected from patients of group 5. In both groups, the first sample of 

each patient was drawn before start of ampicillin and sulbactam infusion and as a result 

was below the quantification limit. Therefore, the pharmacokinetic parameters of 

patients of group 5 could not be determined.   
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Figure 6-8 Ampicillin plasma concentration vs time in patients of group 1. 

 

 

Figure 6-9 Sulbactam plasma concentration vs time in patients of group 1. 
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Figure 6-10 Ampicillin plasma concentration vs time in patients of group 2. 

 

 
Figure 6-11 Sulbactam plasma concentration vs time in patients of group 2. 
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Figure 6-12 Ampicillin plasma concentration vs time in patients of group 3. 

 
 

Figure 6-13 Sulbactam plasma concentration vs time in patients of group 3. 
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Figure 6-14 Ampicillin plasma concentration vs time in patients of group 4. 

 
 

Figure 6-15 Sulbactam plasma concentration vs time in patients of group 4. 

 



 

125 

 

 

Figure 6-16 Ampicillin plasma concentration vs time in patients of group 5. 

 

 

Figure 6-17 Sulbactam plasma concentration vs time in patients of group 5. 
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6.3.3. Pharmacokinetic parameters of ampicillin and sulbactam in plasma 

The mean  SD peak plasma levels of ampicillin and sulbactam of all patients 

were 119.3  65.0 (range 40.6 - 285.8) and 57.2  28.5 µg/mL (range 21.3 - 132.0). 

The mean  SD time elapsed between start of infusion and the time of the first sampling 

past start of infusion was 0.49  0.20 h (range 0.23 - 0.92). Mean  SD infusion duration 

was 0.23  0.06 h (range 0.13 - 0.35). Hence, the wide distribution of the peak 

concentrations can partly be explained by the different time intervals between the start 

of infusion and the time of blood sampling, and by the different duration of the infusions.  

The determination of the elimination rate constant ke of ampicillin (a) and 

sulbactam (b) by least squares regression analysis resulted in objectively reliable 

results, as can be seen by the graphical representations in Figure 13-1 to 13-32 in the 

appendix. The resulting mean  SD terminal half-life of ampicillin and sulbactam was 

1.60  0.37 (range 1.05 - 2.23) and 1.70  0.42 h (range 1.12 - 2.53). Half-life of 

ampicillin and sulbactam was in good correlation with creatinine clearance, showing 

correlation coefficients (r) of 0.729 (p=0.003) and 0.699 (p=0.005). A graphical 

representation of the correlation of the half-life of ampicillin and sulbactam with 

creatinine clearance is shown in Figure 6-18 and 6-19. The attempt to correlate the 

half-life of ampicillin and sulbactam with serum creatinine levels resulted in poorer 

correlation for ampicillin with r = 0.661 (p=0.010) and slightly better correlation for 

sulbactam with r = 0.729 (p=0.003). 

The application of the linear trapezoidal rule for the determination of the total 

area under the concentration-time curve (AUC0-∞) resulted in mean  SD AUC0-∞ 

estimates of  208.6  65.4 µg*h/mL (range 111.1 – 306.1) for ampicillin and 106.3  

31.3 µg*h/mL (62.9 – 151.7) for sulbactam. As might be expected, the AUC0-∞ of 

ampicillin and sulbactam of patient 16, who received accidentally a second dose of 

ampicillin and sulbactam, was about twice as high as the mean (478.1 and 235.9 

µg*h/mL).  

Mean  SD clearance (CL) and volume of distribution (Vd) of ampicillin and 

sulbactam were 10.7  3.9 (range 6.5 - 18.0) and 10.3  3.3 L/h (range 6.6 - 15.9), 

respectively, and 23.9  7.9 (range 12.9 - 41.3) and 24.3  6.8 L (range 14.9 - 38.9), 

respectively. The correlation of ampicillin and sulbactam clearances with creatinine 
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clearance resulted in correlation coefficients (r) of 0.610 (p=0.021) and 0.502 

(p=0.068). Correlations of ampicillin and sulbactam clearance with serum creatinine 

showed even poorer r of 0.252 (p=0.385) and 0.257 (p=0.375). The attempt to correlate 

the volume of distribution of ampicillin and sulbactam with different demographical 

parameters also failed. The correlation coefficients for the volume of distribution of 

ampicillin with weight, body mass index, lean body mass and height were r = 0.406 

(p=0.150 ), r = 0.274 (p=0.344), r = 0.457 (p=0.100) and r = 0.406 (p=0.150), 

respectively. The correlation coefficients for the volume of distribution of sulbactam 

with these demographical parameters were r = 0.353 (p=0.215), r = 0.244 (p=0.400), r 

= 0.406 (p=0.149) and r = 0.353 (p=0.215), respectively. In summary, no 

demographical parameters were found, which showed good correlation with ampicillin 

or sulbactam clearance or volume of distribution. Graphical representations of the 

correlation of ampicillin (a) and sulbactam (b) clearance and volume of distribution with 

demographical data is provided in Figure 13-33 to 13-44 in the appendix. 

An overview of the resulting pharmacokinetic parameters of ampicillin and sulbactam 

in plasma is shown in Table 6-2 and 6-3. 
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Table 6-2 Pharmacokinetic parameters in plasma for ampicillin.  

  
Cmax 

[µg/mL] 
ke [/h] t1/2 [h] 

AUC0-∞ 
[µg*h/mL] 

CL 
[L/h] 

CL 
[mL/min] 

Vd [L] 

Group 1 Patient 5 173.6 0.613 1.13 144.80 13.81 230.20 22.52 

Group 1 Patient 9 93.2 0.391 1.77 123.83 16.15 269.18 41.27 

Group 1 Patient 14 241.1 0.507 1.37 306.14 6.53 108.88 12.87 

Group 1 Patient 16* 144.1 0.437 1.59 478.14 8.37 139.43 19.14 

         

Group 2 Patient 1 122.2 0.406 1.71 145.16 13.78 229.63 33.91 

Group 2 Patient 7 285.8 0.425 1.63 237.71 8.41 140.23 19.81 

Group 2 Patient 13 78.3 0.324 2.14 213.42 9.37 156.19 28.92 

Group 2 Patient 20** 164.6 0.570 1.22 283.52 7.05 117.57 12.37 

         

Group 3 Patient 3 77.5 0.311 2.23 227.25 8.80 146.68 28.30 

Group 3 Patient 6 94.1 0.443 1.56 220.62 9.07 151.09 20.46 

Group 3 Patient 12 107.1 0.536 1.29 272.72 7.33 122.23 13.68 

Group 3 Patient 19 109.6 0.347 1.99 248.44 8.05 134.17 23.17 

         

Group 4 Patient 4 93.7 0.372 1.86 284.99 7.02 116.97 18.85 

Group 4 Patient 8 57.6 0.597 1.16 111.05 18.01 300.17 30.18 

Group 4 Patient 15 66.4 0.662 1.05 129.85 15.40 256.70 23.28 

Group 4 Patient 17 125.7 0.460 1.51 254.95 7.84 130.75 17.05 

         

Group 5 Patient 2 40.6 - - - - - - 

Group 5 Patient 10 173.1 - - - - - - 

Group 5 Patient 11 56.4 - - - - - - 

Group 5 Patient 18 152.2 - - - - - - 

         

Mean  119.3 0.457 1.60 208.6 10.7 178.1 23.9 

SD  65.0 0.111 0.37 65.4 3.9 64.6 7.9 
 
* Patient received a 2nd infusion ampicillin/sulbactam starting 33min past start of first infusion and 55min 
before bone resection; PK parameters excluded from calculation of the means 
** Infusion ongoing; PK parameters excluded from calculation of the means 
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Table 6-3 Pharmacokinetic parameters in plasma for sulbactam. 

  
Cmax 

[µg/mL] 
ke [/h] t1/2 [h] 

AUC0-∞ 
[µg*h/mL] 

CL 
[L/h] 

CL 
[mL/min] 

Vd [L] 

Group 1 Patient 5 83.2 0.586 1.18 80.12 12.48 208.0 21.30 

Group 1 Patient 9 46.7 0.409 1.70 62.92 15.89 264.9 38.86 

Group 1 Patient 14 107.0 0.471 1.47 142.27 7.03 117.1 14.92 

Group 1 Patient 16* 63.8 0.404 1.72 235.94 8.48 141.3 21.01 

         

Group 2 Patient 1 59.9 0.401 1.73 72.86 13.73 228.8 34.23 

Group 2 Patient 7 132.0 0.410 1.69 117.31 8.52 142.1 20.79 

Group 2 Patient 13 43.4 0.329 2.11 105.35 9.49 158.2 28.85 

Group 2 Patient 20** 74.1 0.519 1.34 130.26 7.68 127.9 14.80 

         

Group 3 Patient 3 38.3 0.274 2.53 122.45 8.17 136.1 29.80 

Group 3 Patient 6 41.9 0.442 1.57 98.70 10.13 168.9 22.92 

Group 3 Patient 12 53.9 0.452 1.53 142.44 7.02 117.0 15.53 

Group 3 Patient 19 50.7 0.326 2.12 124.91 8.01 133.4 24.56 

         

Group 4 Patient 4 45.7 0.314 2.21 151.66 6.59 109.9 21.00 

Group 4 Patient 8 31.4 0.575 1.20 68.14 14.67 244.6 25.52 

Group 4 Patient 15 33.7 0.621 1.12 67.60 14.79 246.6 23.82 

Group 4 Patient 17 60.3 0.415 1.67 132.02 7.57 126.2 18.25 

         

Group 5 Patient 2 21.3 - - - - - - 

Group 5 Patient 10 76.6 - - - - - - 

Group 5 Patient 11 29.0 - - - - - - 

Group 5 Patient 18 74.4 - - - - - - 

         

Mean  57.2 0.430 1.70 106.3 10.3 171.6 24.3 

SD  28.5 0.106 0.42 31.3 3.3 55.3 6.8 
 
* Patient received a 2nd infusion ampicillin/sulbactam starting 33min past start of first infusion and 55min 
before bone resection; PK parameters excluded from calculation of the means 
** Infusion ongoing; PK parameters excluded from calculation of the means 
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Figure 6-18 Correlation plot of ampicillin half-life vs. creatinine clearance. 

 

 

Figure 6-19 Correlation plot of sulbactam half-life vs. creatinine clearance. 
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6.3.4. Bone penetration of ampicillin and sulbactam  

The mean ± SD time between the start of the infusion and the time of bone 

resection was 0.74 ± 0.35 h (range 0.30 to 1.43). Mean  SD concentrations of 

ampicillin in cortical and cancellous bone were 6.60  4.22 (range 2.01 - 17.85) and 

10.15  7.40 µg/g (range 0.07 - 23.26), resulting in bone penetration ratios (BPR) in 

cortical and cancellous bone of 9.1  5.7 (range 3.1 - 23.3) and 16.2  16.9 % (range 

0.1 - 71.3). For sulbactam, mean  SD concentrations in cortical and cancellous bone 

were 3.91  2.52 (range 1.16 - 10.48) and 5.73  4.20 µg/g (range 0.04 - 12.59), 

resulting in BPR in cortical and cancellous bone of 10.6  6.3 (range 3.6 - 23.7) and 

17.5  16.1 % (range 0.1 - 63.6). 

An overview of the plasma and bone concentrations at the time of bone 

resection and the degree of penetration of ampicillin and sulbactam in bone is shown 

in Table 6-4 and 6-5. A graphical representation of the concentrations of ampicillin and 

sulbactam in plasma, cortical and cancellous bone at the time of bone resection is 

shown in Figure 6-20 and 6-21. In addition, a graphical representation of the BPR of 

ampicillin and sulbactam in cortical and cancellous bone at the time of bone resection 

is shown in Figure 6-22 and 6-23. 

Ampicillin and sulbactam concentrations in cortical vs. cancellous bone showed 

poor correlation, with correlation coefficients (r) of 0.102 (p=0.688) and 0.053 

(p=0.835). However, the BPR of ampicillin and sulbactam in cortical vs. cancellous 

bone showed r of 0.586 (p=0.011) and 0.446 (p=0.064). As a result, the BPR, but not 

the concentrations in cortical vs. cancellous bone of both substances seem to be 

correlated.  

The attempt to correlate the time elapsed between the start of the infusion and 

the time of bone resection (t) vs. the concentrations of ampicillin and sulbactam in 

cortical bone resulted in r of 0.318 (p=0.199) and 0.334 (p=0.175). For cancellous 

bone, r was 0.318 (p=0.199) and r = 0.307 (p=0.215), respectively. Therefore, 

ampicillin and sulbactam concentrations in cortical and cancellous bone were 

considered not to be correlated with t.  

The attempt to correlate t with the BPR of ampicillin and sulbactam in cortical 

bone resulted in r of 0.284 (p=0.253) and 0.210 (p=0.404), respectively. For cancellous 

bone, the resulting correlation coefficients (r) for ampicillin and sulbactam were 0.699 
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(p=0.001) and 0.719 (p=0.001), respectively. In conclusion, the BPR of both 

substances in cancellous bone, but not in cortical bone is significantly correlated with 

t.  

Graphical representations of the correlation attempts described in this section 

are provided in Figure 13-45 to 13-56 in the appendix. 

 
Table 6-4 Bone penetration of ampicillin.  

  t [h] 
c(Plasma) 
[µg/mL] 

c(cort. 
bone) 
[µg/g] 

c(canc. 
bone) 
[µg/g] 

BPR 
(cort. 
bone) 

BPR 
(canc. 
bone) 

Group 1 Patient 5 1.42 21.80 5.07 15.54 23.3% 71.3% 

Group 1 Patient 9 1.40 22.23 2.01 5.31 9.0% 23.9% 

Group 1 Patient 14 1.43 71.32 5.76 23.26 8.1% 32.6% 

Group 1 Patient 16* 1.47/0.92 119.30 11.98 4.69 10.0% 3.9% 

        

Group 2 Patient 1 0.30 122.20 6.18 2.21 5.1% 1.8% 

Group 2 Patient 7 0.72 65.97 9.40 21.75 14.3% 33.0% 

Group 2 Patient 13 0.82 75.41 5.43 7.95 7.2% 10.5% 

Group 2 Patient 20** 0.12 164.60 1.24 0.57 0.8% 0.3% 

        

Group 3 Patient 3 0.45 77.46 8.39 0.07 10.8% 0.1% 

Group 3 Patient 6 0.92 94.05 5.29 6.67 5.6% 7.1% 

Group 3 Patient 12 0.52 107.10 3.88 20.89 3.6% 19.5% 

Group 3 Patient 19 0.63 109.60 4.62 4.14 4.2% 3.8% 

        

Group 4 Patient 4 0.63 93.73 17.85 3.96 19.1% 4.2% 

Group 4 Patient 8 0.62 57.61 6.12 9.39 10.6% 16.3% 

Group 4 Patient 15 0.63 66.39 4.20 12.57 6.3% 18.9% 

Group 4 Patient 17 0.52 125.70 3.95 2.60 3.1% 2.1% 

        

Group 5 Patient 2 0.45 40.59 6.36 5.72 15.7% 14.1% 

Group 5 Patient 10 0.37 173.10 16.28 19.04 9.4% 11.0% 

Group 5 Patient 11 0.63 56.40 2.27 6.50 4.0% 11.5% 

Group 5 Patient 18 0.78 152.20 5.72 15.15 3.8% 10.0% 

        

Mean  0.74 85.16 6.60 10.15 9.1% 16.2% 

SD  0.35 41.37 4.22 7.40 5.7% 16.9% 

 

* Patient received a 2nd infusion ampicillin/sulbactam starting 33min past start of first infusion and 55min 
before bone resection; PK parameters excluded from calculation of the means 
** Infusion ongoing; PK parameters excluded from calculation of the means 

  



 

133 

 

 

Table 6-5 Bone penetration of sulbactam. 

  t [h] 
c(Plasma) 
[µg/mL] 

c(cort. 
bone) 
[µg/g] 

c(canc. 
bone) 
[µg/g] 

BPR 
(cort. 
bone) 

BPR 
(canc. 
bone) 

Group 1 Patient 5 1.42 14.0 3.32 8.90 23.7% 63.6% 

Group 1 Patient 9 1.40 12.0 1.16 2.97 9.7% 24.8% 

Group 1 Patient 14 1.43 31.1 3.27 12.59 10.5% 40.5% 

Group 1 Patient 16* 1.47 / 0.92 47.5 7.49 2.69 15.8% 5.7% 

        

Group 2 Patient 1 0.30 59.9 4.31 1.25 7.2% 2.1% 

Group 2 Patient 7 0.72 31.4 5.64 11.64 18.0% 37.1% 

Group 2 Patient 13 0.82 36.4 3.10 4.32 8.5% 11.9% 

Group 2 Patient 20** 0.12 74.1 0.68 0.29 0.9% 0.4% 

        

Group 3 Patient 3 0.45 38.3 5.74 0.04 15.0% 0.1% 

Group 3 Patient 6 0.92 41.9 2.68 3.04 6.4% 7.3% 

Group 3 Patient 12 0.52 53.9 2.21 11.57 4.1% 21.5% 

Group 3 Patient 19 0.63 50.7 2.81 2.42 5.5% 4.8% 

        

Group 4 Patient 4 0.63 45.7 10.48 2.14 22.9% 4.7% 

Group 4 Patient 8 0.62 31.4 3.64 5.86 11.6% 18.7% 

Group 4 Patient 15 0.63 33.7 2.24 6.60 6.6% 19.6% 

Group 4 Patient 17 0.52 60.3 2.15 1.42 3.6% 2.4% 

        

Group 5 Patient 2 0.45 21.3 3.58 3.14 16.8% 14.7% 

Group 5 Patient 10 0.37 76.6 9.42 10.58 12.3% 13.8% 

Group 5 Patient 11 0.63 29.0 1.35 3.78 4.7% 13.0% 

Group 5 Patient 18 0.78 74.4 3.32 10.95 4.5% 14.7% 

        

Mean  0.74 41.22 3.91 5.73 10.6% 17.1% 
SD  0.35 18.57 2.52 4.20 6.3% 16.5% 

 

* Patient received a 2nd infusion ampicillin/sulbactam starting 33min past start of first infusion and 55min 
before bone resection; PK parameters excluded from calculation of the means 
** Infusion ongoing; PK parameters excluded from calculation of the means 
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Figure 6-20 Log-linear plot of ampicillin plasma and bone concentrations over time. 

 

 
Figure 6-21 Log-linear plot of sulbactam plasma and bone concentrations over time. 
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Figure 6-22 Bone penetration of ampicillin over time. 

 

 

Figure 6-23 Bone penetration of sulbactam over time. 

 

 

6.3.5. Microbial outcome 

No surgical site infections occurred in this study. 
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6.4. Discussion 

This study investigated the pharmacokinetics of ampicillin and sulbactam in 

plasma and bone in patients undergoing total hip replacement surgery.  

Our first objective was to determine the pharmacokinetics of both substances in 

plasma. Due to the underlying study protocol, a limited number of plasma samples was 

available in patients of group 4 and group 5. While the visual check of the elimination 

rate constant (Figure 13-25 to 13-32 in the appendix) and the resulting 

pharmacokinetic parameters of group 4 seemed reasonable, patients of group 5 were 

excluded from the pharmacokinetic analysis due to the insufficient number of plasma 

samples. In addition, two of the remaining 16 patients received accidently a second 

dose of ampicillin and sulbactam and were therefore excluded from the calculation of 

the means of the study population.  

The resulting mean ± SD AUC0-∞, CL and Vd in plasma was 208.6 ± 65.4 

µg*h/mL, 178.1 ± 64.6 mL/min, and 23.9 ± 7.9 L for ampicillin and 106.3 ± 31.3 

µg*h/mL, 171.6 ± 55.3 mL/min, and 24.3 ± 6.8 L for sulbactam, respectively. These 

results were in good agreement with literature data of elderly healthy volunteers who 

were treated with the same dose of ampicillin and sulbactam (2000 mg / 1000 mg). For 

instance, Meyers et al.190 reported ampicillin AUC0-∞ of 182.15 ± 57.79 µg*h/mL, CL of 

198.02 ± 55.60 mL/min and Vd of 26.33 ± 8.75 L, in the subgroup of elderly healthy 

volunteers. The corresponding values for sulbactam were: AUC0-∞, 110.37 ± 32.70 

µg*h/mL; CL, 162.69 ± 46.21 mL/min; and Vd, 23.54 ± 7.71 L.  

It is a noteworthy finding of our study, that the renal function, represented by the 

creatinine clearance (estimated by the Cockcroft and Gault formula), correlated 

significantly better with half-life of ampicillin and sulbactam (r = 0.729 and 0.699), than 

with ampicillin and sulbactam clearance (r = 0.610 and 0.502). 

The second objective of our study was to determine the concentrations of 

ampicillin and sulbactam in the two main bone tissues - cortical bone and cancellous 

bone - during total hip replacement surgery. This data is particularly relevant, as the 

capacity of an antibiotic to penetrate tissues, and in particular bone, is an important 

predictive parameter for success in treating and preventing bone infections. However, 

information on the bone penetration of ampicillin co-administered with sulbactam, 

particularly when administered as antibiotic prophylaxis in the setting of major 
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orthopedic surgery, is limited. Reasons are the limited number of studies, which have 

investigated bone concentrations of ampicillin co-administered with sulbactam and the 

conflicting results of these studies.  

Dehne et al. studied bone and serum concentrations of ampicillin and sulbactam 

in the setting of major orthopedic surgery using blood saving techniques191. The 

resulting bone penetration ratios of ampicillin and sulbactam one hour after 

administration were 44.2 for ampicillin and 58.3 % for sulbactam. Penetration ratios 

increased to 71.4 and 70.6 %, four hours after administration. In contrast, Wildfeuer et 

al. reported bone concentrations of ampicillin and sulbactam of 21.8 ± 10.5 (n=9) and 

4.9 ± 2.2 (n=9) mg/kg in samples collected 0.25 h past infusion192. The corresponding 

serum concentrations of ampicillin and sulbactam were 107.7 ± 48.5 (n=40) and 28.6 

± 16.2 (n=40) mg/L, which resulted in bone penetration ratios of 20.2 and 17.1 %. Other 

studies on the bone penetration of ampicillin and sulbactam were not in the setting of 

orthopedic surgery. The most recent one of Heibel et al. studied bone concentrations 

of ampicillin and sulbactam after resection of the irradiated mandible after oral 

squamous cell cancer193. The resulting bone penetration ratios of ampicillin and 

sulbactam were only 4.4 and 1.9 %. Warnke et al. studied the concentrations of 

ampicillin and sulbactam in bone of the vertebral body in patients undergoing spinal 

microneurosurgical procedures. The resulting bone penetration ratios for ampicillin and 

sulbactam in this study were 11.8 and 23.0 %185. Finally, Wildfeuer et al. studied the 

concentrations of ampicillin and sulbactam in sternal bone in patients undergoing heart 

surgery194. The resulting bone penetration ratios for ampicillin and sulbactam were 

26.5 and 28.1 %. 

The results of our study show mean ± SD bone penetration ratios for ampicillin 

into cortical and cancellous bone of 9.1 ± 5.7 and 16.2 ± 16.9 %. Penetration ratios for 

sulbactam into cortical and cancellous bone were 10.6 ± 6.3 and 17.1 ± 16.5 %. This 

data is in the same order of magnitude as the bone penetration ratios reported in the 

studies described above, with the exception of the results reported by Dehne et al. As 

already described by Landersdorfer et al., this could be due to blood saving techniques, 

used in this study, which resulted in lower plasma concentrations and therefore higher 

penetration ratios of ampicillin and sulbactam195. However, despite using a validated, 

very efficient and reproducible method for the determination of ampicillin and 
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sulbactam in human bone, the individual results of the concentrations and bone 

penetration rations of ampicillin and sulbactam in cortical and cancellous bone showed 

a wide variability in our study. One reason for the variability in bone concentrations 

might be the different composition of bone tissue from patient to patient. For instance, 

the specimens of cortical bone differed much in thickness and the specimens of 

cancellous bone differed much in moisture, color and adhering blood from patient to 

patient. 

An additional factor for the varying bone penetration ratios was the time elapsed 

between drug administration and bone resection. These two variables were 

significantly correlated in cancellous, but not in cortical bone. As a result, a sufficient 

period of time between the administration of ampicillin/sulbactam and bone resection 

seems to be necessary to obtain adequate concentrations in cancellous bone.  

In conclusion, our study could not demonstrate sufficient concentrations of 

ampicillin and sulbactam for anti-infective prophylaxis in all patients. However, it is 

noteworthy that no surgical site infection occurred in this study. Additional studies in 

the setting of total hip replacement surgery are needed, to determine whether this 

combination is superior to the standard prophylaxis with cefazolin. 
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7. Azathioprine-induced reversible EBV-associated Hodgkin-like 

lymphoma after immunosuppressive therapy for autoimmune 

hepatitis 

Munz M, Pretscher D, Wilhelm M, Holzgrabe U, Sörgel F, Birkmann J: Azathioprine-

induced reversible EBV-associated Hodgkin-like lymphoma after immunosuppressive 

therapy for autoimmune hepatitis. Int J Clin Pharmacol Ther. 2018;56:142-147. 

7.1. Introduction 

Immunosuppression is a risk factor for the development of different 

malignancies, e.g., skin and hematologic tumors. There is a well-established 

relationship between immunosuppression- or stem cell transplantation-induced T cell 

dysfunction and reactivation of Epstein-Barr virus (EBV). The clearest connection 

between EBV reactivation and development of lymphoma is seen in solid organ 

transplantation and in recipients of allogenic hematopoietic stem cell transplantation. 

EBV is a member of the herpes virus family that establishes a lifelong 

persistence in B lymphocytes after infection. It is estimated that more than 90% of the 

adult population worldwide are infected with this virus196–198, but in physiologic 

circumstances, the inherent propensity of EBV to induce B cell proliferation is 

counterbalanced by complex immunologic interactions that maintain the overall 

number of EBV-infected B cells at a very low level197,199. A crucial role in this 

immunological reactions to control EBV-infected B cells is played by T cells, especially 

cytotoxic CD8+ T cells, which eliminate proliferating infected B cells200,201. EBV can 

immortalize the infected B cell and is also able to drive the infected B cell from the 

resting state into continuous proliferation. In the absence of T cell control, this can 

result in lymphoma202. The purine antimetabolite azathioprine is an oral 

immunosuppressive drug that inhibits de novo purine synthesis after cleavage to 6-

mercaptopurine, which in turn is converted to further metabolites203. The resulting 

reduction in intracellular purine synthesis leads to decreased numbers of circulating B 

and T lymphocytes204,205, reduced immunoglobulin synthesis205, and diminished 

interleukin-2 (IL-2) secretion206,207. It is therefore a well-established hypothesis that 

dysregulation or suppression of T cell function by immunosuppressive treatment with 

azathioprine is a strong risk factor for the reactivation of EBV and therefore for the 
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development of EBV-associated lymphoproliferative disorder (LPD). Patients in whom 

the lymphoma disappeared after discontinuation of immunosuppressive therapy 

emphasize this hypothesis208,209. 

7.2. Case Report 

A 38-year-old woman with a 23-year history of systemic lupus erythematosus 

and a 26-month history of autoimmune hepatitis type 1 treated with azathioprine (50 

mg/d) presented to her family doctor with abdominal pain. An ultrasound of the liver 

revealed several liver lesions. Before admission to the department of gastroenterology 

for further workup, a CT scan was performed, which showed pulmonary lesions, a 3.2 

× 2.4 cm mediastinal mass, several smaller liver lesions and one liver lesion up to 3.2 

× 2.6 cm (Figure 7-1). 

 

Figure 7-1 CT scan with liver lesion (3.2 x 2.6 cm) before admission. 

 

 

Upon admission, the laboratory values of the patient showed a mild anemia with 

3.4 erythrocytes/pL (normal: 4.2 - 5.4 erythrocytes/pL). Her leucocytes were decreased 

to 2.7/nL (normal: 4.0 - 10.0 leucocytes/nL). The liver enzymes gamma-GT and ASAT 

were slightly above normal with values of 58 U/L (normal: < 40 U/L) and 45 (normal: < 
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35 U/L), LDH and CRP were elevated to 278 U/L and 4.9 mg/dL (normal: < 250 U/L 

and < 0.5 mg/dL), respectively.  

Due to progressive leukopenia of down to 1.6 leucocytes/nL, the 

immunosuppressive therapy with azathioprine was withdrawn early after admission. 

Further workup included an MRI scan of the liver with MRCP (magnetic 

resonance cholangiopancreatography), which showed several few-millimeter small 

foci of the liver with a diffuse distribution and one larger lesion with ~ 4.5 cm in 

diameter. Distinction between a neoplastic and an inflammatory process could not 

accurately be made. Therefore, an ultrasound-controlled core needle biopsy of this 

liver lesion was performed.  

The initial histological examination revealed granulomatous inflammation with 

vasculitic changes and necrosis. Additionally, EBV-positive, B-lymphatic Hodgkin-like 

lymphoma cells were seen that had similarity to Hodgkin and Reed/Sternberg cells. 

Due to this extraordinary histological finding and the patient’s history of autoimmune 

disease, the biopsy specimen was referred to a specialized lymphoma pathology 

center in Würzburg, Germany.  

After that, the patient was referred to our department of hematology and 

oncology for further workup and therapy. We additionally conducted a bone marrow 

biopsy, which revealed a lymphoid-acting mixed infiltrate which presented CD15+, 

CD30+, and PAX-5+ cells by immunohistochemical staining. These cells represented 

~ 15% of bone marrow cells.  

Regarding the immunosuppressive therapy with azathioprine, we initiated an 

extended serological testing as shown in Table 7-1. Most noticeable were high EBV 

DNA titers (57,000 copies/mL) indicating an acute EBV infection. This raised the strong 

suspicion of an immunosuppression-associated LPD.  

 

Table 7-1  Serological findings. 

  result unit normal 

Beta-2 microglobulin 4.5 mg/L 1.2-2.5 

Cryoglobulins not detected   

Antinuclear antibodies (ANA) [indirect immunofluorescence] >1:5120 titer >1:80 

Extractable nuclear antigens (ENA) [ELISA] positive - - 

- SS-A/Ro highly positive - - 

- SS-B/La negative - - 
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- Sm negative - - 

- RNP negative - - 

- Scl-70 negative - - 

- Jo-1 negative - - 

dsDNA [ELISA] <20 U/mL <20 
anti-neutrophil cytoplasmic antibodies (ANCA) [indirect] 
immunofluorescence]    

- c-ANCA negative - - 

- p-ANCA negative - - 
anti-smooth muscle antibodies (ASMA) [indirect] 
immunofluorescence] 1:80 titer <1:40 

Hepatitis B    

- Hepatitis B (s) Antigen [CMIA] negative - - 

- Hepatitis B (core) - AK [CMIA] negative - - 

Hepatitis C    

- Hepatitis C - AK [CMIA] negative - - 

HIV    

- HIV 1/2 Ag / AK [CMIA] negative - - 

EBV    

- EBV-DNA quant. [real-time-PCR] 57000 copies/mL - 
 

We initiated a treatment with 100 mg of prednisolone for four days, which 

improved the patient’s condition regarding her abdominal pain. Furthermore, the 

patient received 100 mg of aspirin, 40 mg of pantoprazole, and 5 mg of ramipril daily. 

A few days later, we received the diagnosis from the specialized lymphoma 

pathology center, which confirmed our diagnosis of an EBV-associated Hodgkin-like 

lymphoma: There were relatively numerous, eosinophilic lymphocytes and isolated 

larger lymphoid cells with prominent nucleoli, reminiscent of Hodgkin and 

Reed/Sternberg cells. In addition, an EBV-positive cell population with increased 

proliferation activity (Ki-67) was seen.  

Considering the strong suspicion of immunosuppression-related EBV 

reactivation that had led to development of lymphoma, we decided a wait-and-see 

procedure. The abdominal and thoracic CT scans carried out one month later showed 

a significant reduction of the liver and mediastinal masses, fitting the clinical 

improvement of the patient (Figure 7-2). Furthermore, the re-testing for EBV DNA 

showed a titer below the detection limit of < 250 copies/mL.  
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The patient was discharged afterwards in significantly improved performance 

status, and a regular follow-up was started. Taking together our findings, we 

established the diagnosis of EBV-associated Hodgkin-like lymphoma caused by 

immunosuppressive therapy with azathioprine. 

After three years, the patient has neither developed a recurrence of lymphoma 

nor showed symptoms of an active lupus erythematosus or autoimmune hepatitis. 

However, EBV copies in the range of 250 – 6,700 copies/mL are still detectable during 

follow-up, but the patient shows no clinical evidence of disease.  

  

Figure 7-2 CT scan with significantly decreased liver lesion three months after 
discharge. 

 

 

7.3. Discussion 

It is a difficult task to make a definitive statement about the contribution of a 

specific immunosuppressant to the development of a specific malignancy like Hodgkin 

lymphoma. The incidence of these malignancies is very low; moreover, most 

autoimmune diseases are regarded as risk factors for the development of certain types 

of cancer, particularly lymphoma210. 

Among the immunosuppressive drugs, methotrexate plays a particular role, 

since the relationship between methotrexate treatment and the development of LPDs 
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is widely accepted. The withdrawal of methotrexate leads to regression in ~ 60% of the 

reported cases and even 100% in Hodgkin lymphoma- like lesions211. Therefore, 

“methotrexate-associated LPDs” were incorporated as a separate entity in the 2008 

WHO classification of immunodeficiency-associated LPDs. 

For azathioprine, however, the association is less well established despite there 

is very good evidence that the use of thiopurines (azathioprine and 6-mercaptopurine) 

increases the risk of lymphoma in some underlying diseases. For instance, two 

metaanalyses and a prospective cohort trial all show a 4- to 6-fold increase in the risk 

for LPDs for patients with inflammatory bowel disease treated with azathioprine212–215. 

However, for other autoimmune diseases like autoimmune hepatitis, the relationship 

between administration of azathioprine and the development of LPD, especially 

Hodgkin-like lymphoma, has not been established. This is due to the scarce data on 

the few published cases and the fact that azathioprine-related LPDs differ from 

methotrexate-related lymphomas. A study about therapy-related lymphomas after 

treatment with disease-modifying antirheumatic drugs revealed that methotrexate-

associated cases respond well to withdrawal of the immunosuppressant, implying that 

immunosurveillance was important in lymphomagenesis, while azathioprine-related 

lymphomas tend to be EBV-negative and respond poorly to cessation of 

immunosuppressive therapy216. This is consistent with our literature search for 

azathioprine-induced, EBV-associated LPDs with focus on autoimmune hepatitis as 

underlying disease. 

In the case of a woman with autoimmune hepatitis published by Sakai et al.217, 

the patient developed marginal zone B cell lymphoma of the MALT type after 

immunosuppressive treatment with azathioprine and prednisolone. Since this patient 

achieved complete remission after chemotherapy with cyclophosphamide, pirarubicin 

(tetrahydropyranyl adriamycin), vincristine, and prednisolone, the relative contribution 

of azathioprine to the development of the lymphoma cannot be determined. The same 

applies to the other two cases218,219 described in the literature who developed LPD 

(intravascular large B cell lymphoma and classical Hodgkin lymphoma) under 

immunosuppressive therapy with azathioprine for autoimmune hepatitis. Both of them 

achieved complete response after chemotherapy and cessation of azathioprine, and 

therefore, the association between immunosuppression by azathioprine and the 
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development of LPD is only speculative in this cases. Nevertheless, in both cases, the 

presence of EBV early region DNA (EBER) was assessed.  

Most treatment recommendations for various kinds of EBV-associated LPD 

under immunosuppression have the scope to restore immune response to EBV-

infected cells. This can be achieved by reduction or cessation of immunosuppressive 

agents if possible, which can lead to T cell reconstitution that eliminates or at least 

controls EBV-infected malignant cells. The strategy of tapering or stopping 

immunosuppression can be very successful but needs careful monitoring of the 

patient. Furthermore, it seems to be more promising in early lesions. 

Another option for the treatment of EBV-associated LPD is the chimeric 

monoclonal anti-CD20 antibody rituximab. This approach is directed towards the 

destruction of EBV-infected CD20+ B cells. It is a well-established agent for post-

transplant lymphoproliferative disorder PTLD after hematopoietic stem cell 

transplantation HSCT. Response rates of ~ 55 – 100% have been published220–223. 

Cytotoxic chemotherapy is another therapeutic option for treating these 

malignancies. This mainly includes regimens that are widely used in standard 

lymphoma therapy such as CHOP (cyclophosphamide, doxorubicin, vincristine, and 

prednisone or prednisolone) for non-Hodgkin lymphoma or BEACOPP (bleomycin, 

etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, and prednisone) 

for Hodgkin lymphoma. Nevertheless, there are many concerns regarding this 

treatment as it increases immunosuppression and deteriorates the immune response 

of the patient. This increases the risk of opportunistic infections and limits the response 

rate. However, one study in which the CHOP regimen was used for treating LPD 

reports a response rate of 65% and a median overall survival of 42 months224.  

In some situations, particularly in the case of lymphoma with CNS involvement, 

a multimodal treatment might be necessary. Henkenberens et al.225 published a rare 

case of primary EBV-positive Hodgkin’s lymphoma with isolated intracranial 

involvement, which was successfully treated with a regimen consisting of surgical 

resection, systemic chemotherapy, and local postoperative irradiation. However, 

another case of a primary EBV-positive CNS (diffuse large B cell) lymphoma from 

recent years was successfully treated with a complex chemotherapy regimen 

containing sequential therapy with rituximab, high-dose methotrexate, cytarabine, 
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cyclofosfamide, ifosfamide, vincristine, vinblastine, and dexamethasone combined 

with intrathecal cytarabine226. It is worth mentioning that both cases of primary CNS 

lymphoma developed under immunosuppressive therapy with azathioprine. 

The successful treatment of our patient was due to many circumstances: a 

progressive leukopenia prompted us to stop azathioprine therapy a few days after 

admission. The diagnostic workup of the patient took more than two weeks, mainly due 

to reference pathology. In the meantime, prednisone given as a „pre-phase lymphoma 

therapy“ lead to an impressive clinical improvement, so there was no need to re-

establish azathioprine therapy. Thus, it was possible to completely stop the suspected 

immunosuppressive drug, unlike in many cases of post-transplantation LPD after 

hematopoietic stem cell transplantation or solid organ transplantation. 

7.4. Conclusion 

In conclusion, while data for the contribution of the immunosuppressant 

methotrexate to the development of EBV-associated LPDs is fairly clear, the available 

data for azathioprine is less evident. The patient reported by us was 

immunosuppressed with azathioprine for autoimmune hepatitis. The development of 

an EBV-associated Hodgkin-like lymphoma under this immunosuppressive therapy, 

and especially the regression of the lymphoma after cessation of azathioprine, 

confirms the relationship between this immunosuppressant, EBV infection, and the 

development of Hodgkin-like lymphoma. Therefore, albeit in rare cases, azathioprine-

related lymphomas may respond to mere cessation of immunosuppressive therapy 

without need for chemotherapy. 
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8. Severe drug-induced liver injury as adverse drug event of antibiotics 

- Case Report and review of the literature 

Munz M, Grummich H, Birkmann J, Wilhelm M, Holzgrabe U, Sörgel F. Severe Drug-

Induced Liver Injury as an Adverse Drug Event of Antibiotics: A Case Report and 

Review of the Literature. Chemotherapy. 2017;62(6):367-373. 

8.1. Introduction 

Acute liver failure (ALF) is a complex multisystemic illness that evolves after 

severe damage and loss of function of most liver cells accompanied by coagulopathy 

and encephalopathy within a short period of time231. Apart from viral infections, drug-

induced liver injury (DILI) is one of the main reasons for ALF. DILI can either be caused 

by predictable type A (augmented pharmacological) reactions, e.g. to 

acetaminophen232–234, or type B (idiosyncratic) reactions. Type B reactions are not 

dose dependent and occur rarely, and thus are not predictable, as it is the case with 

most antibiotics235. We report a case of a young patient in whom different antibiotics, 

the analgesic and antipyretic acetaminophen or a combination of these drugs may 

have led to DILI resulting in life-threatening ALF.  

8.2. Case Report 

A 20-year-old woman was admitted to our hospital because of hepatitis of 

unknown origin. The patient’s history was complex: five weeks before admission to our 

department a right cervical and nuchal lymph node swelling with odynophagia and 

fever up to 38.5 °C had been observed. An outpatient treatment had been commenced 

with amoxicillin (without clavulanic acid) and aspirin. Since no improvement occurred 

after three days, the treatment was changed to ciprofloxacin. After two more days 

without signs of recovery, the patient was admitted to the department of 

otorhinolaryngology the following day, where she received intravenous cefazolin, 

leading to a rapid improvement of the symptoms and a CRP decrease from 6.7 to 2.9 

mg/dL (normal <0.5 mg/dL). At that time there were no signs of liver injury.  

However, during the treatment she complained of generalized pruritus and 

developed fine-spotted red lesions on her trunk. As this rash was supposed to be 

caused by amoxicillin, the antibiotic treatment was changed to clindamycin and an 

antiallergic treatment with prednisone and an antihistaminic drug (levocetirizine) was 
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initiated. The patient was discharged from the hospital after four days. Acetaminophen 

was prescribed with the recommendation to take it in case of fever. Two weeks later 

the patient developed persistent fever up to 40 °C, which was again treated with 

acetaminophen for approximately one week (2 g/day).  

When the patient was admitted to our department three weeks after discharge 

from the department of otorhinolaryngology (and 20 days after the first intake of 

acetaminophen), she still had a slight exanthema, a cervical lymphadenopathy, and 

signs of hepatitis. Upon admission, her laboratory values of liver function were as 

follows: total bilirubin 3.7 mg/dL (normal <1.0), alkaline phosphatase 143 U/L (normal 

35-105), γ-glutamyltransferase 201 U/L (normal <40), aspartate aminotransferase 

(AST) 1153 U/L (normal <35), alanine transaminase (ALT) 1219 U/L (normal <35), 

glutamate dehydrogenase 54.2 U/L (normal <5), cholinesterase 2.6 kU/L (normal 3.9-

10.3), and lactate dehydrogenase (LDH) 923 U/L (normal <250). Moreover, 

coagulation was compromised (international normalized ratio 1.57). Due to the highly 

elevated aminotransferase levels and, in contrast, the only slightly increased alkaline 

phosphatase level, the liver damage was classified as hepatocellular.  

During her eight days´ stay, intensive investigations and laboratory tests were 

performed to exclude a viral origin of her hepatitis. Serologic tests for hepatitis A, B, C, 

and E, cytomegalovirus, Epstein-Barr virus, enterovirus, HIV, and influenza B all 

depicted negative results. Tests for influenza A and parainfluenza were negative for 

IgM and positive for IgA and IgG. Thus, an acute or recent infection with influenza A or 

parainfluenza could not be excluded. There were no signs of autoimmune hepatitis; 

her copper excretion was within the normal range. It is noteworthy that the patient did 

not receive any further acetaminophen or anti-infective treatment at our department of 

oncology and hematology.  

Since the patient’s general condition worsened continuously, a liver 

transplantation was considered. At this time, her liver values were as follows: total 

bilirubin 16.9 mg/dL, γ-glutamyltransferase 84 U/L, ALT 859 U/L, and LDH 606 U/L. 

The synthesis capacity of the liver, shown by blood coagulation, was considerably 

reduced: international normalized ratio 2.62, antithrombin 21% (normal, 80-120%), 

factor II 21%, factor V 57%, factor VII 20%, and factor IX 29%.  
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At the department of gastroenterology an endoscopic laparoscopy with liver 

biopsy was performed, revealing that 50% of the hepatocytes were necrotic. On the 

same day liver failure occurred, whereupon the patient was transferred to the intensive 

care unit (ICU). In view of all findings, a recovery of the liver was not expected and the 

patient was put on the transplant list. The patient remained stable at a low level with 

episodes of hepatic encephalopathy until at last, after two weeks in the ICU, her 

condition began to improve slowly. Finally, the liver function was sufficiently restored, 

making a transplant unnecessary. Three weeks after admission to the ICU, the patient 

could be transferred to the general ward and after another two weeks she was 

discharged from the hospital. Another three weeks later, her general condition had 

recovered very well and also her liver function tests had considerably improved: total 

bilirubin 2.2 mg/dL, alkaline phosphatase 127 U/L, γ-glutamyltransferase 156 U/L, AST 

55 U/L, and ALT 52 U/L. On follow-up examination one month later the patient felt well, 

showing completely normalized liver synthesis function tests and transaminases. 

8.3. Discussion and review of the literature 

Establishing the diagnosis of DILI can be difficult due to the lack of specific 

symptoms or tests. To our knowledge, the most recent guideline for the diagnosis and 

management of DILI has been published by the American College of Gastroenterology 

(ACG)236. The guideline underlines that the diagnosis of DILI requires the cautious 

exclusion of other causes of liver disease, coupled with a careful review of the patient’s 

medication history and an awareness of the hepatotoxicity profile of the administered 

drugs. 

In order not to go beyond the scope of this report, only hepatotoxicity profiles of 

drugs which are relevant in this case will be discussed. Involved experts from various 

fields of internal medicine agreed on the following drugs as possible causative agents: 

amoxicillin, ciprofloxacin, cefazolin, clindamycin and acetaminophen. 

To identify relevant articles relating to the hepatotoxic potential of these drugs, 

a literature search in the PubMed database was performed. The key words used were 

the international nonproprietary names (INN) of the drugs and “drug-induced liver 

injury” and “hepatotoxicity.” Search filters were set to “English,” “French,” or “German” 

language and to “Humans” as the species. No time period was set. Thereafter, a 
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manual search was performed in which the references of the previously obtained 

papers were searched for relevant articles. 

8.3.1. Hepatotoxicity of amoxicillin 

Amoxicillin has little hepatotoxic potential when administered without clavulanic 

acid. A study conducted in Spain revealed an incidence for amoxicillin-associated DILI 

of 1 (99% CI 0.1-4.1) per 100000 person-years of exposure237, and another study with 

data from the General Practitioners Research Database (GPRD) in the UK reported 

an incidence of 3 (95% CI 0.2-5) per 100000 prescriptions238. It is noteworthy that the 

combination with clavulanic acid raises the risk for DILI 6- to 27-fold versus amoxicillin 

alone237–240. The combination of amoxicillin and clavulanic acid also showed a 

significant association of different human leukocyte antigen (HLA) class II haplotypes 

and susceptibility of DILI241–243. However, to our knowledge there are no genetic 

polymorphisms discussed in the literature, which influence the risk or clinical course of 

DILI caused by amoxicillin without clavulanic acid.  

A recent review lists the hepatic damage by amoxicillin without clavulanic acid 

as hepatocellular pattern244, whereas there are a few case reports which describe 

cholestatic pattern of liver damage by amoxicillin245,246. One case report describes the 

development of a vanishing bile duct syndrome associated with amoxicillin therapy247. 

8.3.2. Hepatotoxicity of ciprofloxacin 

The incidence of DILI caused by fluoroquinolones, particularly ciprofloxacin, 

seems to be in the same order of magnitude as the incidence of DILI by amoxicillin 

without clavulanic acid. A study in the US, which examined 300 cases of DILI, revealed 

that ciprofloxacin was implicated as causative agent in five out of 217 cases with 

ciprofloxacin being the only antibiotic prescribed. In comparison, amoxicillin without 

clavulanic acid was implicated in two cases, amoxicillin in combination with clavulanic 

acid in 23 cases248. 

A study on clinical course and liver injury pattern of twelve cases of DILI by 

fluoroquinolones showed that median time from starting the medication to either 

earliest sign of DILI or abnormal liver tests was only 2.5 days. “All patients were 

symptomatic, seven developed jaundice (defined as total serum bilirubin >2.5 mg/dL), 

eight were hospitalized for the DILl, three developed symptoms or signs of hepatic or 
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other organ failure, one ultimately required liver transplantation, and one died of liver 

failure. The patterns of enzyme elevations were evenly distributed among cholestatic 

(n = 4), hepatocellular (n = 4), and mixed (n = 4) categories”249.  

8.3.3. Hepatotoxicity of cefazolin 

With the exception of ceftriaxone, which can precipitate as calcium salt in the 

biliary vesicle producing biliary sludge, cephalosporins have little hepatotoxic potency. 

According to the review by Andrade and Tulkens, cholestasis appeared in all 

documented cases of cephalosporin-associated hepatotoxicity with symptoms 

manifesting within a few days of treatment235. For cefazolin a pubmed search revealed 

only three cases where cefazolin-induced liver injury was suspected250–252. However, 

the actual association between cefazolin and liver injury is questionable in two of the 

cases250,251 since other drugs with hepatotoxic potential were given. The third case252 

provides no information whether the patient received other medication than cefazolin. 

Thus, none of the three cases could unambiguously confirm cefazolin as the definitive 

cause of the liver injury.  

A recent study253 examined the effect of drug–drug interactions on liver safety 

reports of four drugs highly associated with hepatotoxicity (acetaminophen, isoniazid, 

valproic acid, and amoxicillin/clavulanic acid). The co-administration of second-

generation cephalosporins was associated with increased liver event reporting 

frequency (of amoxicillin/clavulanic acid), while the co-administration of third-

generation cephalosporins even decreased the frequency of liver events (of 

amoxicillin/clavulanic acid and of acetaminophen). However, the effect of first-

generation cephalosporins as cefazolin was not reported.    

8.3.4. Hepatotoxicity of clindamycin 

Data for clindamycin-associated hepatotoxicity are scarce. The product 

monograph of the clindamycin-containing drug Dalacin C describes one study with 216 

volunteers who took in 1 or 2 grams of clindamycin daily for four weeks. “Despite one 

patient who developed infectious hepatitis during the study, laboratory tests showed 

no significant aberrations considered drug related. Occasional patients developed 

elevated serum transaminases and serum alkaline phosphatase.”254 Our literature 

search revealed only two case reports in recent years with clindamycin-induced liver 
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injury. In both of them the patterns of liver damage were mixed255,256. In the case 

published by Senanayake255 the symptoms vanished within a few days after 

clindamycin was discontinued, while in the case presented by Aygün et al.256, it took 

eight weeks for liver function tests to return to normal. Two reports from the 1970s also 

describe liver toxicity induced by clindamycin257,258.  

8.3.5. Hepatotoxicity of acetaminophen 

The antipyretic drug acetaminophen is a common cause of ALF. It differs from 

the drugs discussed so far in the way that its hepatotoxicity is dose related and thus a 

type A reaction. The pharmacological principle of hepatotoxicity of acetaminophen is 

the activation of the drug to a toxic metabolite that is preferentially conjugated with 

glutathione. After depletion of glutathione reserves, the toxic metabolite, N-acetyl-p-

benzoquinone imine, binds to nucleophilic groups of macromolecules in the cell, finally 

resulting in cell death of hepatocytes. Therefore, glutathione and its precursors, e.g. 

cysteine, serve as detoxifying agents259. This circumstance may explain why patients 

with decreased glutathione stores, e.g. alcoholics and malnourished patients, may be 

at increased risk of developing DILI associated with acetaminophen260.  

Since the hepatotoxicity of acetaminophen is dose dependent due to the 

described underlying mechanism, acetaminophen is generally regarded as save when 

administered according to the prescribing information233,261–263. To assess whether a 

certain drug is the cause of liver injury, the CIOMS/RUCAM scale (see Figure 8-1) was 

introduced in the 1990s. It is recognized to be the best evaluation system currently in 

use to establish a causal relationship between a potentially liver toxic drug and liver 

damage244,264. It involves a scoring system which categorizes the suspicion into 

"definite or highly probable" (score > 8), "probable" (score 6-8), "possible" (score 3-5), 

"unlikely" (score 1-2) and "excluded" (score ≤ 0)265,266.  

The problem in applying the CIOMS/RUCAM scale in this case is the difficulty 

to determine the onset of liver injury. Since the patient had not shown any  sign of liver 

injury during her stay in the department of otorhinolaryngology but showed highly 

elevated transaminases when she was admitted to our department, we concluded that 

the onset of liver injury occurred during this period, very likely several days before she 

was presented to us. Thus, we cannot exclude one of the administered drugs as 

unrelated due to the temporal relationship (according to CIOMS/RUCAM scale: ≤15 
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days from cessation of the drug). The CIOMS/RUCAM scores for the administered 

drugs are shown in Table 8-1. Thus, according to the CIOMS/RUCAM scale, all of the 

named drugs may be categorized as “probable” causes for the hepatotoxic reaction in 

the present case. 

 Despite acetaminophen being characterized by a CIOMS/RUCAM score of 

seven and thus being categorized as “probable” in this evaluation system, we consider 

it unlikely for acetaminophen as single agent to cause the described hepatotoxic 

reaction. We justify our rating for acetaminophen on the dose-dependent manner of its 

hepatotoxicity and the fact that the patient had no risk factors like alcohol abuse or 

underlying disease, which would make a liver damage by low dose acetaminophen 

(2g/d) more likely. Moreover, the late onset of symptoms together with the clinical 

course and the relatively slow deterioration of liver function make it unlikely that 

acetaminophen was the cause of the liver damage. 

The probability of cefazolin being the cause liver toxicity is also rather small. 

This hypothesis is based on the very small number of reports of liver toxicity caused 

by cefazolin. In the case of our patient, the late onset of symptoms after the cessation 

of cefazolin treatment makes its role as a causative drug even more unlikely. As 

mentioned above, the symptoms of cephalosporin-induced liver injury are reported to 

occur within a few days of treatment235. 

Due to the frequent prescription of this drug, ciprofloxacin hepatotoxicity is well 

known and often described despite its relatively low incidence. As stated before, 

ciprofloxacin-induced liver toxicity is reported to occur only 2.5 days (median) after the 

beginning of the medication249. As with acetaminophen and cefazolin, the late onset 

of symptoms reduces the probability of ciprofloxacin being the causative agent 

for DILI in this case. 

Clindamycin was the last antibiotic given before the liver enzymes began to rise. 

Hence, of all the administered substances, clindamycin shows the best temporal 

correlation between treatment and liver injury. Due to the scarce data of clindamycin-

induced liver injury in the literature, the clinical course could not be relied upon to 

confirm or reject clindamycin as the causative agent. 

In the course of antibiotic treatment, amoxicillin (without clavulanic acid) was the 

first drug administered. Thus, the time interval between treatment and the onset of 
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symptoms was the longest here. As long intervals between amoxicillin administration 

and liver injury are frequently described in the literature, there is a certain likelihood of 

amoxicillin-induced hepatotoxicity in our patient. Another argument indicating 

amoxicillin as the causative agent is the morbilliform exanthema, which developed a 

few days after the discontinuation of amoxicillin, suggesting an allergic reaction to 

amoxicillin. However, whether the documented allergic skin reaction to amoxicillin is 

an indicator for liver reaction or injury cannot be determined. 

As the combination with clavulanic acid raises the risk for DILI versus amoxicillin 

alone, and these combinations often have names such as “amoxy plus,” the possibility 

of an erroneously prescription of amoxicillin-clavulanate was checked and excluded.  

In view of all the findings, none of the administered drugs could reliably be 

excluded and, conversely, none of the substances could be designated as the definite 

cause of the liver toxicity observed. However, we come to the conclusion that 

amoxicillin or clindamycin, possibly with the involvement of acetaminophen, are the 

most probable causes of the described hepatoxicity. 

8.4. Conclusion 

In the case report presented by us, the patient developed ALF consistent with 

antibiotic-induced liver injury. This impressively shows that even well-tolerated 

antibiotics like betalactams or lincosamides may have severe side effects in rare cases 

and thus should be cautiously used and only with a clear indication. When prescribing 

potentially hepatotoxic drugs, clinicians should have a low threshold for checking their 

patients´ liver function, particularly when the clinical condition deteriorates or indicates 

a problem with liver function. 
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Figure 8-1 CIOMS/RUCAM scale266. 
 Hepatocellular type Cholestatic or Mixed type Assessment 

1. Time to onset Reaction occurred before starting the 
drug or >15 days after stopping the 
drug (except for slowly metabolized 

drugs) 

Reaction occurred before starting the drug 
or >30 days after stopping the drug 

(except for slowly metabolized drugs) 
Unrelated 

- Incompatible 

- Unknown No information available to calculate time to onset 
Insufficiently 
documented 

 1st  exposure 2nd exposure 1st  exposure 2nd  exposure Score 

- From drug 
intake 
 

5 to 90 days 1 to 15 days 5 to 90 days 1 to 90 days +2 

<5 or >90 days >15 days <5 or >90 days >90 days +1 

- From drug 
withdrawal 

≤15 days ≤15 days ≤30 days ≤30 days +1 

2. Course 
 
of the reaction 
after cessation of 
the drug 

Difference between the peak of ALT 
und upper limit of normal values 

Difference between the peak of AP (or TB) 
und upper limit of normal values 

 

Decrease 50% within 8 days Not applicable +3 

Decrease 50% within 30 days Decrease 50% within 180 days +2 

Not applicable Decrease <50% within 180 days +1 

Lack of information or no improvement Lack of information or no improvement 0 

Decrease <50% after the 30th  day or 
recurrent increase 

- -2 

3. Risk factors 
Alcohol Alcohol or pregnancy +1 

Age ≥ 55 years Age ≥ 55 years +1 

4. Concomitant 
drug(s) 

None or no information or concomitant drug with incompatible time to onset 0 

Concomitant drug with compatible or suggestive time to onset -1 

Concomitant drug known as hepatotoxin and with compatible or suggestive time to 
onset 

-2 

Concomitant drug with evidence for its role in this case (positive 
re-challenge or validated test) 

-3 

5. Exclusion of non-drug causes 
Group I (6 causes): Recent viral infection with 
hepatitis viruses (1. HAV; 2. HBV; 3; HCV); 4. biliary 
obstruction; 5. alcoholism; 6. acute recent 
hypotension history 
Group II Complications of underlying disease(s); 
clinical and/or biological context suggesting CMV, 
EBV or herpes virus infection 

All causes (group I and group II) 
reasonably ruled out 

+2 

The 6 causes of group I ruled out +1 

5 or 4 causes of group 1 ruled out 0 

Less than 4 causes of group I ruled out -2 

Non-drug cause highly probable -3 

6. Previous 
information on 
hepatotoxicity of 
the drug 

Reaction labeled in the product's characteristics +2 

Reaction published but unlabeled +1 

Reaction unknown 0 

7. Response to 
re-administration 

Doubling of ALT with the drug alone Doubling of AP (or TB) with the drug alone +3 

Doubling of ALT with the drugs already 
given at the time of the first reaction 

Doubling of AP (or TB) with the drugs 
already given at the time of the first 

reaction 
+1 

Increase of ALT but less than N in the 
same conditions as for the first 

administration 

Increase of AP (or TB) but less than N in 
the same conditions as for the first 

administration 
-2 

Other situations Other situations 0 
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Table 8-1  CIOMS/RUCAM scores of administered antibiotics and acetaminophen. 
 

 Amoxicillin Ciprofloxacin Cefazolin Clindamycin Acetaminophen 
1. Time to onset      
- from beginning of the drug 2 2 2 2 2 
- from cessation of the drug 1 1 1 1 1 
      
2. Course      
- after cessation of the drug 2 2 2 2 2 
      
3. Risk factors       
- ethanol 0 0 0 0 0 
- age of the patient < 55 years 0 0 0 0 0 
      
4. Concomitant drugs      
- concomitant drug known as 
hepatotoxin and with 

-2 -2 -2 -2 -2 
      
5. Search for non drug causes       
- all causes reasonably ruled 
out 

2 2 2 2 2 
      
6. Previous information on 
hepatotoxicity of the drug 

     
- reaction labelled in the 
product characteristics 

2 2 2 2 2 
      
7. Response to readministration      
- not done or not interpretable 0 0 0 0 0 

      

Total 7 7 7 7 7 
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9. List of abbreviations 

 

%T percentage of time in a dosing interval  
ACG American College of Gastroenterology  
ADME absorption, distribution, metabolism, and excretion of a drug 
ALF acute liver failure  
ALT alanine transaminase 
AP (or ALP) alkaline phosphatase 
APACHE II (score) Acute Physiology and Chronic Health Evaluation II (score) 
aPTT activated Partial Thromboplastin Time 
AST aspartate transaminase 
AUC area under the concentration-time curve 
AUC24h area under the concentration-time curve over a 24 h interval 
AUC0-∞ area under the concentration-time curve from time of administration up to 

time infinity 
AUC0-t area under the concentration-time curve from zero to the time of the last 

sample collected 
AUCt-∞ area under the concentration-time curve from the last sample collected to 

infinity 
BEACOPP chemotherapy regimen including: bleomycin, etoposide, doxorubicin, 

cyclophosphamide, vincristine, procarbazine and prednisone 
beta-hCG beta subunit of human chorionic gonadotropin 
BMI body mass index 
BP bone penetration 
BPR bone penetration ratio 
c concentration 
CAVH continuous arteriovenous hemofiltration 
CD15 clusters of differentiation molecule 15 
CD30 clusters of differentiation molecule 30 
CD8 clusters of differentiation molecule 8 
CHOP  chemotherapy regimen including: cyclophosphamide, doxorubicin, vincristine 

and prednisone or prednisolone 
CIL cilastatin 

CIOMS Council for International Organizations of Medical Sciences 

CL clearance 

CLCR creatinine clearance 

CLGFR glomerular filtration clearance  

CLGFR(t) time-dependence of glomerular filtration clearance 

CLNR nonrenal clearance 

CLNR,C nonrenal clearance of cilastatin 

CLNR,I nonrenal clearance of imipenem 

CLNR,MER nonrenal clearance of meropenem 

CLR renal clearance 

CLR,MER renal clearance of meropenem  

CLR,MER(t) time-dependence of renal clearance of meropenem 

CLsec tubular secretion clearance  
CLsecC tubular secretion clearance of cilastatin 
CLsecI tubular secretion clearance of imipenem 
CLT total body clearance 
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Cmax peak plasma (or serum) level 

Cmin trough plasma (or serum) level 

CMV cytomegalovirus 
CRP C-reactive protein 
CRRT continuous renal replacement therapy  

ΔCRPINF increase of CRP due to infection 

ΔPCTINF increase of PCT due to infection 
 

 
average concentration after repeated dosing in steady state 

 

 
peak level after repeated dosing in steady state 

 

 
trough level after repeated dosing in steady state 

CT  computed tomography 
CV coefficient of variation 
CVVH continuous venovenous hemofiltration 
CVVHDF continuous venovenous hemodiafiltration 
DHP dehydropeptidase 
DILI drug-induced liver injury 
DNA deoxyribonucleic acid 

EBER (DNA) Epstein-Barr virus early region (deoxyribonucleic acid) 

EBV Epstein-Barr virus 

ELF epithelial lining fluid 
ESI electrospray ionization 
EUCAST European Committee on Antimicrobial Susceptibility Testing 

FFilt glomerular filtration fraction for creatinine 
fT>MIC the time the concentration of the unbound drug is above the minimum 

inhibitory concentration  
fu non-protein bound fraction of drug in plasma 
fuI non-protein bound fraction of imipenem in plasma 
fuC non-protein bound fraction of cilastatin in plasma 
GFR glomerular filtration rate 
GGT gamma-glutamyl transpeptidase 
GLDH glutamate dehydrogenase 
GPRD General Practitioners Research Database  
HIV human immunodeficiency virus 
HLA human leukocyte antigen 

hOAT1 human organic anion transporter 1 

hOAT3 human organic anion transporter 3 
HPLC high performance liquid chromatography 
HSCT hematopoietic stem cell transplantation 
IC initial condition 
ICCRP concentration of C-reactive protein at baseline 

ICPCT concentration of procalcitonin at baseline 

ICU intensive care unit 
IL-2 interleukin-2 

IMI imipenem 

INR international normalized ratio 

IQR inter quartile range 
ke elimination rate constant 
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KM Michaelis-Menten constant 
KMsecC (no sepsis) Michaelis-Menten constant for tubular secretion clearance of cilastatin in 

patients without sepsis 
KMsecC (sepsis) Michaelis-Menten constant for tubular secretion clearance of cilastatin in 

patients with sepsis 
LC Liquid chromatography 
LC-MS/MS Liquid chromatography coupled with tandem mass spectrometry 
LDH lactate dehydrogenase 
logD logarithm of the distribution coefficient 
logP logarithm of the partition coefficient 
LPD lymphoproliferative disorder 
m/z mass-to-charge ratio 
MALT (lymphoma) mucosa associated lymphoid tissue (lymphoma) 
MCH mean corpuscular hemoglobin 
MCHC mean corpuscular hemoglobin concentration 
MCV mean corpuscular volume 
MER meropenem 
MIC minimum inhibitory concentration  
MRM Multiple Reaction Monitoring 
MS mass spectrometry 
NCA non-compartmental analysis 
PAX-5 paired box protein 5 
PCT procalcitonin 

PD pharmacodynamics 

PK pharmacokinetics 

pka acid dissociation constant 
POP-PK population pharmacokinetics 
PTLD post-transplant lymphoproliferative disorder 
q12h every 12 hours 
q24h every 24 hours 
q6h every 6 hours 

q8h every 8 hours 

r Pearson correlation coefficient  

R infusion rate 
R2 Coefficient of determination 

RDW red blood cell distribution width 
RF1/2/3 fractional changes of renal function after the first (RF1) / second (RF2) / third 

change time (RF3) 
RF1/2/3NO fractional change of renal function at time T1/2/3 in patients without sepsis 
RF1/2/3SEP fractional change of renal function at time T1/2/3 in patients with sepsis 

RSE residual standard error  

RUCAM Roussel Uclaf Causality Assessment Method 

SCr serum creatinine level 

SD standard deviation 
SLED sustained low-efficiency dialysis  
SOFA (score) sepsis-related organ failure assessment (score) 
SPC summary of product characteristics 

spp. species 

SSI surgical site infections 
Ƭ dosing interval 
t1/2 half-life 
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T1/2/3 time of first/second/third change of renal function 
t1/2CRP half-life of turnover of CRP 
t1/2PCT half-life of turnover of PCT 

t1/2RF half-life for the rate of change of renal function 

T3  triiodothyronine 

T4  thyroxine 

TB total bilirubin 

TDM therapeutic drug management/monitoring 
TInfect modeled time of infection 
tmax time at which the Cmax is observed 
TRise,Inf delay time between modeled time of infection and rise of CRP and PCT 

TSH thyroid stimulating hormone 

TTURN half-life of change (of renal function) 

UHPLC ultra-high performance liquid chromatography 

V1 volume of distribution of the central compartment  

V1C volume of distribution of the central compartment for cilastatin 

V1I volume of distribution of the central compartment for imipenem 

VAP ventilator associated pneumonia 
Vd volume of distribution  
Vss steady state volume of distribution 
Vz terminal phase volume of distribution 
Γ exponent of relationship between clearance of meropenem and creatinine 
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10. Summary 

In the „Position Paper of the Division of Clinical Pharmacy of the German 

Pharmaceutical Society (DPhG)” clinical pharmacy is defined as the science and 

practice of the rational use of drugs1, which includes the individualization of drug 

therapy. Clinical pharmacists therefore need a profound knowledge of the 

pharmacokinetic properties of relevant drugs, and clinical factors that are influencing 

these properties. 

Against the background of individualizing drug therapy, pharmacokinetic and 

clinical factors are studied in this thesis. 

In order to obtain an overview of the existing data on the pharmacokinetics of 

imipenem / cilastatin and meropenem in critically ill patients, a literature review for each 

of these carbapenem antibiotics was performed. These reviews included studies in 

critically ill patients as well as studies in healthy volunteers. While the reported results 

of studies in healthy volunteers had a small variability, studies in critically ill patients 

show significant differences in the resulting pharmacokinetics. These differences were 

not only between, but also within these studies, resulting in a high variability of the 

pharmacokinetic parameters of the carbapenems in critically ill patients. Furthermore, 

the results of studies in critically ill patients indicate that clinical factors and in particular 

renal function have different effects on the pharmacokinetics of imipenem and 

cilastatin.  

A therapeutic drug monitoring (TDM) program for antibiotics was initiated in an 

intensive care unit. The calculation of the pharmacokinetics of imipenem / cilastatin 

and meropenem was carried out with a population pharmacokinetic approach (POP-

PK) and in addition with a non-compartmental approach (NCA).  

The POP-PK analysis showed that the pharmacokinetics of imipenem and 

cilastatin could be described adequately with a 1-compartment model. The resulting 

mean total body clearance (CL) of imipenem and cilastatin was 11.6 L/h (4.24 to 27.5) 

and 6.14 L/h (0.520 to 26.6 L/h). The nonrenal clearance was estimated to be 5.30 L / 

h (24.9% CV) for imipenem and 0.138 L / h (33.3% CV) for cilastatin.  

The results of the NCA were in good agreement with the results of the POP-PK 

approach, as the NCA resulted in an imipenem clearance of 15.5 ± 7.3 L / hr and 

cilastatin clearance of 10.1 ± 9.9  L / h. The individual clearances resulting from the 
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different pharmacokinetic approaches were in good correlation showing correlation 

coefficients (r) of 0.882 (p <0.001) and 0.908 (p <0.001) for imipenem and cilastatin. 

In summary, this study identified and quantified significant differences between 

the individual clearance mechanisms of imipenem and cilastatin. This is particularly 

true for patients with impaired renal function and sepsis. As imipenem / cilastatin is 

only available in a fixed dose combination, those patients might be treated 

inadequately with this combination. The great variability in the pharmacokinetics of 

imipenem and cilastatin in septic patients underscores the importance of a TDM 

program of both substances. 

For meropenem, a PK/PD model was developed that predicts the concentration 

gradients of meropenem, serum creatinine, C-reactive protein and procalcitonin 

simultaneously. A non-linear relationship between the clearance of creatinine and 

meropenem was identified and the resulting equation for the calculation of the total 

body clearance of meropenem (for a 70 kg patient) was: 0.480 L/h + 9.86 L/h. 

(CLCR/6L/h)0.593, with 0.480 L/h representing the nonrenal clearance of meropenem. 

The resulting mean meropenem clearance of the NCA was 11.9 ± 8.7 L/h. The 

individual clearances resulting from the different pharmacokinetic approaches were 

poorly correlated showing a correlation coefficient (r) of 0.502 (p <0.001). 

In summary, this study showed a non-linear relationship of meropenem 

clearance and creatinine clearance. The model shows that the renal function may 

change rapidly and to a significant extent in patients with sepsis and septic shock, 

which in turn, underscores that creatinine concentrations are not in steady state in 

these patients. Conversely, dose adjustment based on creatinine values might lead to 

inappropriate therapy. This underlines the importance of a TDM program for 

meropenem in critically ill patients. 

The two most important considerations when choosing an antibiotic for the 

prophylaxis of postoperative bone infections are its activity against the whole spectrum 

of bacteria, which might be involved in bone infections, and its ability to penetrate bone 

tissue and thus to achieve concentrations above the minimum inhibitory concentration 

(MIC) of the corresponding pathogens. 

In order to gain information on this data, a study was conducted which 

investigated the pharmacokinetics of ampicillin / sulbactam in plasma, cortical and 
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cancellous bone. Pharmacokinetic parameters in plasma were determined using NCA. 

The bone penetration represents the ratio of the concentration in the bone tissue to 

plasma concentration at the time of bone removal. The resulting half-life of ampicillin 

and sulbactam in plasma was 1.60  0.37 h and 1.70  0.42 h. The elimination of both 

substances was in a good correlation with creatinine clearance and resulted in 

correlation coefficients (r) of 0.729 (p = 0.003) for ampicillin and 0.699 (p = 0.005) for 

sulbactam. The mean clearance and the mean volume of distribution of ampicillin and 

sulbactam were 10.7  3.9 and 10.3  3.3 L/h, and 23.9  7.9 and 24.3  6.8 L. The 

mean concentrations of ampicillin in the cortical and cancellous bone were 6.60  4.22 

and 10.15  7.40 µg/g, resulting in bone penetration ratios of 9.1  5.7 and 16.2  16.9 

%. For sulbactam the corresponding concentrations were 3.91  2.52 and 5.73  4.20 

µg/g, resulting in bone penetration ratios of 10.6  6.3 and 17.5  16.1 %. 

In summary, this study shows that the bone penetration of both substances is 

on average rather unsatisfactory and has a high variability, which can lead to 

inadequate bone concentrations for the prophylaxis of bone infections. One factor that 

could be identified for the penetration of both substances into cancellous bone was the 

period between the application of the drug and the removal of the bone. Therefore, a 

time interval between the administration of the antibiotic and the incision should be 

considered. 

Immunosuppression is a risk factor for the development of various 

malignancies, including hematologic diseases. While the relationship between the use 

of immunosuppressive therapy with methotrexate and the development of an Epstein-

Barr virus (EBV) associated lymphoproliferative disease (LPD) has been well 

established, this connection is less evident for immunosuppressive therapy with 

azathioprine.  

The patient presented by us was immunosuppressed with azathioprine for 

autoimmune hepatitis. The development of an EBV-associated Hodgkin-like lymphoma 

under this immunosuppressive therapy and especially the regression of the lymphoma 

after cessation of azathioprine confirms the relationship between this 

immunosuppressant, EBV-infection and the development of Hodgkin-like lymphoma.  

Therefore, albeit in rare cases, azathioprine-related lymphomas may respond to mere 

cessation of immunosuppressive therapy without need for chemotherapy.  
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Apart from viral infections, drugs are a major cause of acute liver failure. Due to 

the lack of specific symptoms or tests, it is difficult to diagnose a drug-induced liver 

injury. We report a case of a young patient in whom different antibiotics, the analgesic 

and antipyretic acetaminophen or a combination of these drugs may have led to DILI 

resulting in life-threatening ALF. Based on this case report, we describe a procedure 

to exclude non-drug related causes and discuss the hepatotoxic potential of the 

involved drugs in this case. 
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11. Zusammenfassung 

Im Positionspapier der Fachgruppe für Klinische Pharmazie der Deutschen 

Pharmazeutischen Gesellschaft (DPhG) wird Klinische Pharmazie als Wissenschaft 

und Praxis vom rationalen Arzneimitteleinsatz definiert1. Dies schließt auch die 

Therapie- und Dosisindividualisierung ein. Grundlage hierzu sind profunde Kenntnisse 

insbesondere der pharmakokinetischen Eigenschaften eines Arzneimittels, sowie 

klinischer Faktoren, welche diese beeinflussen.   

 In dieser Dissertation werden pharmakokinetische und klinische 

Einflussfaktoren untersucht, welche als Entscheidungsgrundlage für eine Dosis- und 

Therapie- Individualisierung dienen können.  

Um einen Überblick über bereits existierende Daten zur Pharmakokinetik der 

Carbapenem-Antibiotika Imipenem / Cilastatin und Meropenem bei kritisch kranken 

Patienten zu erhalten, wurde für beide Carbapeneme eine Literaturübersicht erstellt, 

welche sowohl Studien an kritisch kranken Patienten, als auch an gesunden 

Probanden einbezieht. Während die Studien an gesunden Probanden zu relativ 

ähnlichen Ergebnissen bei den pharmakokinetischen Parametern führten, ergaben die 

Studien an kritisch kranken Patienten zum Teil erhebliche Unterschiede in der 

resultierenden Pharmakokinetik. Diese Unterschiede zeigten sich nicht nur zwischen, 

sondern auch innerhalb der Studien, was in einer hohen Variabilität der 

pharmakokinetischen Parameter bei kritisch kranken Patienten resultierte. Des 

Weiteren deuten die Ergebnisse der Studien an Patienten mit eingeschränkter 

Nierenfunktion darauf hin, dass klinische Faktoren wie insbesondere die 

Nierenfunktion, einen unterschiedlichen Einfluss auf die Pharmakokinetik von 

Imipenem und Cilastatin haben, welche ausschließlich in fixer Kombination verabreicht 

werden.  

Im Folgenden wurde die Pharmakokinetik von Imipenem und Cilastatin bei 

kritisch kranken Patienten untersucht, deren Imipenem / Cilastatin Blutspiegel im 

Rahmen eines Therapeutischen Drug Monitoring (TDM) Programms bestimmt wurden. 

Die Berechnung der Pharmakokinetik erfolgte hier sowohl mit einem 

populationspharmakokinetischen Ansatz (POP-PK), als auch mit einer nicht-

kompartimentellen Analyse (NCA). Die POP-PK Analyse ergab, dass die 

Pharmakokinetik beider Substanzen mit einem 1-Kompartiment Modell hinreichend 
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beschrieben werden kann. Für die Gesamt-Clearance (CL) ergaben sich Werte von 

11.6 L/h (4.24 – 27.5) für Imipenem und 6.14 L/h (0.520 – 26.6) für Cilastatin. Für die 

nicht-renale Clearance ergab sich ein Wert von 5.30 L/h (24.9% CV) für Imipenem und 

0.138 L/h (33.3% CV) für Cilastatin. Die Ergebnisse der NCA waren in guter 

Übereinstimmung mit den Ergebnissen des POP-PK Ansatzes. Für die Clearance von 

Imipenem und Cilastatin ergaben sich hier 15.5 ± 7.3 L/h bzw. 10.1 ± 9.9 L/h. Aus der 

Korrelation der Clearances beider PK-Analyse-Methoden ergaben sich 

Korrelationskoeffizienten (r) von 0.882 (p<0.001) und 0.908 (p<0.001) für Imipenem 

bzw. Cilastatin. 

In Zusammenfassung identifizierte diese Untersuchung deutliche Unterschiede 

der einzelnen Clearance-Mechanismen von Imipenem und Cilastatin und quantifizierte 

diese. Diese Unterschiede kommen bei Patienten zum Tragen, deren Nierenfunktion 

eingeschränkt ist, insbesondere wenn diese Patienten septisch sind. 

Die große Variabilität der Pharmakokinetik von Imipenem und Cilastatin bei 

septischen Patienten unterstreicht die Bedeutung eines TDM-Programms beider 

Substanzen. Bei Patienten mit stark beeinträchtigter Nierenfunktion kann die 

Verwendung der fixen Kombination von Imipenem / Cilastatin aufgrund der 

unterschiedlichen Pharmakokinetik ungeeignet sein. 

In einem gesonderten Ansatz wurde die Pharmakokinetik von Meropenem bei 

kritisch kranken Patienten untersucht, deren Meropenem Blutspiegel ebenfalls im 

Rahmen des genannten TDM-Programms bestimmt wurden. Wie bei Imipenem / 

Cilastatin erfolgte die pharmakokinetische Analyse hier ebenfalls zuerst mit einem 

POP-PK Ansatz, der dann mit einem NCA-Ansatz nachvollzogen wurde. 

Für Meropenem wurde ein PK/PD-Modell entwickelt, welches gleichzeitig die 

Konzentrationsverläufe von Meropenem, Serumkreatinin, C-reaktivem Protein und 

Procalcitonin vorhersagt. Dadurch konnte ein nicht-linearer Zusammenhang zwischen 

der Clearance von Meropenem und Kreatinin identifiziert werden. Die Gesamt-

Clearance von Meropenem (für einen 70 kg Patienten) lässt sich anhand des Modells 

abschätzen nach: 0.480 L/h + 9.86 L/h . (CLCR/6 L/h)0.593, wobei 0.480 L/h die nicht-

renale Clearance von Meropenem repräsentiert. 
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Der NCA-Ansatz ergab eine Meropenem Clearance von 11.9 ± 8.7 L/h, wobei 

die Korrelation zum POP-PK Ansatz mit einem Korrelationskoeffizienten (r) von 0.502 

(p<0.001) wesentlich schwächer war, als bei Imipenem und Cilastatin.  

In Zusammenfassung zeigte diese Untersuchung einen nicht-linearen 

Zusammenhang der Meropenem-Clearance und der Kreatinin-Clearance. Das 

entwickelte Modell zeigt, dass sich die Nierenfunktion bei Patienten mit Sepsis und 

septischem Schock rapide und in erheblichem Ausmaß verändern kann, was 

wiederum dazu führt, dass sich die Kreatinin-Konzentrationen bei diesen Patienten in 

keinem Steady-State-Zustand befinden. Im Umkehrschluss bedeutet dies, dass eine 

Dosisanpassung anhand der Kreatinin-Werte zu einer inadäquaten Therapie führen 

kann. Dies unterstreicht die Bedeutung eines TDM-Programms für Meropenem bei 

kritisch kranken Patienten.   

Die zwei bedeutsamsten Überlegungen bei der Auswahl eines Antibiotikums zur 

Prophylaxe einer postoperativen Knocheninfektion sind dessen Aktivität gegen das in 

Frage kommende Erregerspektrum, sowie die Fähigkeit des Antibiotikums Gewebe 

und insbesondere Knochengewebe zu penetrieren und damit Konzentrationen zu 

erreichen, welche über der minimalen Hemm-Konzentration (MHK) entsprechender 

Erreger liegen. Um eine Entscheidungsgrundlage für diese Fragestellung zu liefern, 

wurde eine Untersuchung durchgeführt, bei der die Pharmakokinetik von Ampicillin / 

Sulbactam in Plasma, kortikalem und spongiösem Knochen untersucht wurde.  

Die pharmakokinetischen Parameter im Plasma wurden dabei mittels einer 

nicht-kompartimentellen Analyse bestimmt. Die Knochenpenetration stellt das 

Verhältnis der Konzentration im Knochengewebe zur Konzentration im Plasma zum 

Zeitpunkt der Knochenentnahme dar. Im Plasma ergab sich eine Halbwertszeit von 

1.60  0.37 h für Ampicillin und 1.70  0.42 h für Sulbactam. Die Elimination beider 

Substanzen war damit in einer guten Korrelation mit der Kreatinin-Clearance, was in 

Korrelationskoeffizienten (r) von 0.729 (p=0.003) für Ampicillin und 0.699 (p=0.005) für 

Sulbactam resultierte. Die mittlere Clearance und das mittlere Verteilungsvolumen von 

Ampicillin bzw. Sulbactam waren 10.7  3.9 bzw. 10.3  3.3 L/h, und 23.9  7.9 bzw. 

24.3  6.8 L. Die mittleren Konzentrationen von Ampicillin im kortikalen und spongiösen 

Knochen waren 6.60  4.22 und 10.15  7.40 µg/g, was in einer Knochenpenetration 

von 9.1  5.7 und 16.2  16.9 % resultierte. Für Sulbactam betrugen die 
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entsprechenden Konzentrationen 3.91  2.52 und 5.73  4.20 µg/g, was in einer 

Knochenpenetration von 10.6  6.3 und 17.5  16.1 % resultierte.  

In Zusammenfassung zeigt diese Untersuchung auf, dass die 

Knochenpenetration beider Substanzen im Mittel eher ungenügend ist und eine hohe 

Variabilität besitzt, wodurch es zu inadäquaten Knochenkonzentrationen kommen 

kann. Ein Faktor, der zumindest für die Penetration in den spongiösen Knochen 

identifiziert werden konnte, war die Zeitspanne zwischen der Applikation und der 

Entnahme des Knochens, was eine Administration des Antibiotikums in zeitlichem 

Abstand zur Inzision sinnvoll erscheinen lässt.  

Immunsuppression ist ein Risikofaktor für die Entwicklung verschiedener 

maligner Erkrankungen inklusive hämatologischer Erkrankungen. Während der 

Zusammenhang zwischen einer immunsuppressiven Therapie mit Methotrexat und der 

Entwicklung einer Eppstein-Barr-Virus (EBV) assoziierten lymphoproliferativen 

Erkrankung (LPD) durch die Datenlage gut belegt ist, ist dieser Zusammenhang für 

eine immunsuppressive Therapie mit Azathioprin weniger evident. Anhand eines 

Fallberichtes wird die Entwicklung eines Hodgkin-Lymphoms unter Therapie einer 

Auto-Immunhepatitis mit Azathioprin beschrieben, welches durch alleiniges Absetzen 

der immunsuppressiven Therapie reversibel war. 

Neben viralen Erkrankungen sind Arzneimittel eine der Hauptursachen für 

akutes Leberversagen. Aufgrund des Fehlens spezifischer Symptome oder Tests ist 

es jedoch schwierig, eine Arzneimittel-induzierte Lebertoxizität zu diagnostizieren. 

Anhand eines Fallberichtes, welcher die Entwicklung eines akuten Leberversagens 

unter Therapie mit verschiedenen Antibiotika und Paracetamol beschreibt, wird ein 

Vorgehen zum Ausschluss sonstiger Ursachen beschrieben, sowie das lebertoxische 

Potential der beteiligten Arzneistoffe diskutiert.  
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13. Appendix 

13.1. Supplementary information on chapter 5 - Individualizing meropenem 

prolonged infusions in intensive care unit patients via population 

modeling of renal function and infection biomarkers over time 

13.1.1. Population pharmacokinetic modeling  

13.1.1.1. Modeling of serum creatinine concentrations 

Creatinine was modeled as an endogenous compound using a one-

compartment model (see chapter 5, Figure 5-1). We used the Cockcroft & Gault 

equation96 to predict creatinine production rate based on sex, age and body weight. 

Both meropenem and creatinine PK was scaled via an allometric body size 

model267,268. The expected creatinine clearance at baseline was calculated using the 

creatinine concentration at 0 h. We did not assume that creatinine concentrations were 

at steady state at 0 h and therefore allowed for a random deviation of the individual 

creatinine clearance from the creatinine clearance at 0 h predicted by the Cockcroft & 

Gault equation. This random deviation was achieved by multiplying with a factor (FFilt) 

whose mean was estimated to be close to 1.  

Renal function (i.e. CLGFR(t)) could change up to twice during the study. The 

time points of change (i.e. T1 and T1 + T2) as well as the half-life of change of renal 

function (t1/2RF) were estimated for each patient. The factors RF1 and RF2 described 

that extent of change in renal function at times T1 and T2 relative to CLGFR(t=0) at 

baseline (i.e. time zero). These factors were estimated with separate means and 

variability for patients with and without sepsis. 

13.1.1.2. Modeling of meropenem plasma concentrations 

The pharmacokinetics of meropenem was described by a one-compartment 

model with a time-delimited zero-order infusion [rate: R(1)] to represent the 3 h 

meropenem infusion: 

 

     1MERNR,MERR,
1 CCLtCL1R

dt

dX


 Initial condition (IC): 0 Equation 15 

While the nonrenal clearance of meropenem (CLnr,MER) was time-independent, 

renal clearance of meropenem (CLR,MER(t)) was time dependent. The latter was 
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calculated as a function of creatinine clearance (CLGFR(t)) normalized to a standard 

creatinine clearance of 6.0 L/h (equivalent to 100 mL/min). 

    γ

GFR
MERR,MERR, L/h6

tCL
CLtCL 










 

Equation 16 
 

The CLR,MER is the population mean renal clearance of meropenem for a patient 

with standard (6 L/h) CLGFR. As the CLGFR(t) was time dependent, CLR,MER(t) was also 

time dependent. The exponent gamma (γ) can account for nonlinearity in the 

relationship between renal clearance of meropenem and CLGFR. For an estimated γ 

below 1.0, CLR,MER increases less than linearly with CLGFR. 

Modeling of infection biomarkers  

Similar to serum creatinine, the infection biomarkers C-reactive protein and 

procalcitonin were modeled as endogenous compounds using a one-compartment 

model to describe each biomarker (Figure 5-1). Patients with high concentrations of 

these biomarkers at 0 h were assumed to have an infection at initiation of therapy. For 

patients who developed an infection during therapy, we estimated the time of infection 

as well as the delay and extent of increase of the C-reactive protein and procalcitonin 

concentrations. 

13.1.1.3. Population estimation methodology 

Nonlinear mixed-effects modeling of all data simultaneously was performed via 

the importance sampling algorithm (pmethod=4) in S-ADAPT (version 1.57)97. We 

utilized the SADAPT-TRAN facilitator tool for pre- and post-processing98,99. Between 

patient variability was described by log-normal distributions of all model parameters 

and residual error was described by an additive plus proportional model for each 

dependent variable. Model evaluation and selection was performed via standard 

population modeling procedures100. Descriptive statistics were calculated in WinNonlin 

Professional® (version 5.3, Pharsight, Cary, NC).  
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13.1.1.4. Statistical analysis 

Fisher’s exact test was used in the GraphPad Prim software (version 6.05, La 

Jolla, CA) to assess, whether dose adjustment led to an improved probability of 

achieving meropenem trough concentrations within the targeted range of 2 to 16 mg/L. 

 
Table 13-1  Population pharmacokinetic parameter estimates for meropenem, serum 

creatinine, C-reactive protein (CRP) and procalcitonin (PCT). 
 Symbol Unit Population mean 

(relative standard 
error, SE%) 

Between subject 
variability (SE%) 

Volume of distribution of the 
central compartment 

V1 L 27.2 a (6.3%) 0.248 (64.2%) 

Glomerular filtration fraction for 
creatinine 

FFilt  0.979 (5.9%) 0.331 (43.7%) 

Meropenem renal clearance in 
patients with normal renal 
function 

CLR,MER L/h 9.86 a,b (6.2%) 0.380 (22.5%) 

Meropenem nonrenal clearance CLNR,MER L/h 0.480 a (21.5%) 0.226 (161%) 

Exponent of relationship 
between clearance of 
meropenem and creatinine 

γ  0.593 (14.5%) 0.100 (fixed) 

Time of first change of renal 
function 

T1 h 40.7 (8.6%) 0.247 (251%) 

Time between first and second 
change of renal function 

T2-T1 h 73.8 (7.7%) 0.292 (122%) 

Ratio of renal function after the 
first change compared to 
baseline at 0 h 

RF1  
Sepsis: 1.05 (6.9%) 

No Sepsis: 1.04 (3.8%) 
0.329 (80.6%) 
0.041 (236%) 

Ratio of renal function after the 
2nd  change compared to 
baseline at 0 h 

RF2  
Sepsis: 1.23 (14.1%) 

No Sepsis: 1.26 (2.9%) 
0.675 (36.4%) 
0.023 (189%) 

Half-life for the rate of change of 
renal function 

t1/2RF h 0.516 (7.3%) 0.119 (183%) 

Concentration of CRP at 0 h ICCRP mg/dL 13.9 (11.6%) 0.800 (23.0%) 

Concentration of PCT at 0 h ICPCT ng/mL 2.51 (41.1%) 2.49 (24.3%) 

Half-life of turnover of CRP t1/2CRP h 93.1 (10.8%) 0.661 (29.3%) 

Half-life of turnover of PCT t1/2PCT h 46.9 (11.2%) 0.280 (133%) 

Modeled time of infection TInfect h 22.6 (25.1%) 1.41 (30.9%) 

Delay time between modeled 
time of infection and rise of 
CRP and PCT 

TRise,Inf h 26.6 (16.7%) 0.646 (68.5%) 

Increase of CRP due to 
infection 

ΔCRPINF mg/dL 20.0 (10.6%) 0.425 (91.3%) 

Increase of PCT due to infection ΔPCTINF ng/mL 5.11 (49.7%) 1.16 (46.5%) 
 

a:  For a patient of normal body size (i.e. 70 kg total body weight). 
b:  Normalized to a creatinine clearance of 6.0 L/h (equivalent to 100 mL/min). 
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The additive and proportional residual errors were 0.358 mg/L and 20.7% for 

meropenem in plasma, 0.00921 mg/dL and 11.1% for serum creatinine, 0.147 mg/dL 

and 15.4% for C-reactive protein, and 0.0140 ng/mL and 28.7% for procalcitonin. 

 

13.2. Supplementary information on chapter 6 - Pharmacokinetics and 

bone penetration of ampicillin and sulbactam in patients undergoing 

total hip replacement surgery 

13.2.1. Graphical representation of the determination of the elimination rate 

constants (ke)  

Figure 13-1  Determination of ke of ampicillin in plasma in group 1, patient 5. 
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Figure 13-2  Determination of ke of sulbactam in plasma in group 1, patient 5. 

 

 

Figure 13-3  Determination of ke of ampicillin in plasma in group 1, patient 9. 
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Figure 13-4  Determination of ke of sulbactam in plasma in group 1, patient 9. 

 

 

Figure 13-5  Determination of ke of ampicillin in plasma in group 1, patient 14. 

 

  

  



 

201 

 

 

Figure 13-6  Determination of ke of sulbactam in plasma in group 1, patient 14. 

 

 

Figure 13-7  Determination of ke of ampicillin in plasma in group 1, patient 16. 
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Figure 13-8  Determination of ke of sulbactam in plasma in group 1, patient 16. 

 

 

Figure 13-9  Determination of ke of ampicillin in plasma in group 2, patient 1. 
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Figure 13-10 Determination of ke of sulbactam in plasma in group 2, patient 1. 

 

 
Figure 13-11 Determination of ke of ampicillin in plasma in group 2, patient 7. 
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Figure 13-12 Determination of ke of sulbactam in plasma in group 2, patient 7. 

 

 

Figure 13-13 Determination of ke of ampicillin in plasma in group 2, patient 13. 

 

  



 

205 

 

 

Figure 13-14 Determination of ke of sulbactam in plasma in group 2, patient 13. 

 

 

Figure 13-15 Determination of ke of ampicillin in plasma in group 2, patient 20. 
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Figure 13-16 Determination of ke of sulbactam in plasma in group 2, patient 20. 

 

 

Figure 13-17 Determination of ke of ampicillin in plasma in group 3, patient 3. 
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Figure 13-18 Determination of ke of sulbactam in plasma in group 3, patient 3. 

 

 

Figure 13-19 Determination of ke of ampicillin in plasma in group 3, patient 6. 

 

  



 

208 

 

 

Figure 13-20 Determination of ke of sulbactam in plasma in group 3, patient 6. 

 

 

Figure 13-21 Determination of ke of ampicillin in plasma in group 3, patient 12. 
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Figure 13-22 Determination of ke of sulbactam in plasma in group 3, patient 12. 

 

 

Figure 13-23 Determination of ke of ampicillin in plasma in group 3, patient 19. 
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Figure 13-24 Determination of ke of sulbactam in plasma in group 3, patient 19. 

 

 

Figure 13-25 Determination of ke of ampicillin in plasma in group 4, patient 4. 
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Figure 13-26 Determination of ke of sulbactam in plasma in group 4, patient 4. 

 

 

Figure 13-27 Determination of ke of ampicillin in plasma in group 4, patient 8. 
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Figure 13-28 Determination of ke of sulbactam in plasma in group 4, patient 8. 

 

 

Figure 13-29 Determination of ke of ampicillin in plasma in group 4, patient 15. 
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Figure 13-30 Determination of ke of sulbactam in plasma in group 4, patient 15. 

 

 

Figure 13-31 Determination of ke of ampicillin in plasma in group 4, patient 17. 
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Figure 13-32 Determination of ke of sulbactam in plasma in group 4, patient 17. 
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13.2.2. Correlations of clearance and volume of distribution of ampicillin and 

sulbactam with demographical data  

Figure 13-33 Correlation plot of ampicillin clearance and creatinine clearance. 

 

 
Figure 13-34 Correlation plot of sulbactam clearance and creatinine clearance. 
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Figure 13-35 Correlation plot of ampicillin clearance and serum creatinine. 

 

 

Figure 13-36 Correlation plot of sulbactam clearance and serum creatinine. 
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Figure 13-37 Correlation plot of ampicillin volume of distribution and weight. 

 

 

Figure 13-38 Correlation plot of sulbactam volume of distribution and weight. 
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Figure 13-39 Correlation plot of ampicillin volume of distribution and BMI. 

 

 

Figure 13-40 Correlation plot of sulbactam volume of distribution and BMI. 
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Figure 13-41 Correlation plot of ampicillin volume of distribution and lean body mass. 

 

 

Figure 13-42 Correlation plot of sulbactam volume of distribution and lean body mass. 
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Figure 13-43 Correlation plot of ampicillin volume of distribution and height. 

 

 

Figure 13-44 Correlation plot of sulbactam volume of distribution and height. 
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13.2.3. Correlations of ampicillin and sulbactam concentrations and 

penetration into cortical vs. cancellous bone and vs. time elapsed 

between the start of infusion and time of bone resection (t) 

Figure 13-45 Correlation plot of ampicillin concentrations in cortical and cancellous 
bone. 

 

 

Figure 13-46 Correlation plot of sulbactam concentrations in cortical and cancellous 
bone. 
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Figure 13-47 Correlation plot of ampicillin penetration into cortical vs. penetration into 
cancellous bone. 

 

 

Figure 13-48 Correlation plot of sulbactam penetration into cortical vs. penetration into 
cancellous bone. 
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Figure 13-49 Correlation plot of ampicillin concentrations in cortical bone vs. t.  

 

 
Figure 13-50 Correlation plot of sulbactam concentrations in cortical bone vs. t. 
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Figure 13-51 Correlation plot of ampicillin concentrations in cancellous bone vs. t. 

 

 
Figure 13-52 Correlation plot of sulbactam concentrations in cancellous bone vs. t. 
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Figure 13-53 Correlation plot of ampicillin penetration into cortical bone vs. t. 

 

 
Figure 13-54 Correlation plot of sulbactam penetration into cortical bone vs. t. 
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Figure 13-55 Correlation plot of ampicillin penetration into cancellous bone vs. t. 

 

 
Figure 13-56 Correlation plot of sulbactam penetration into cancellous bone vs. t. 
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