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Background: Piperacillin/Tazobactam is frequently used for empirical 

treatment in patients with sepsis. Pathophysiological changes during the early phase 

of sepsis have significant effects on pharmacokinetic/pharmacodynamic (PK/PD) 

behaviors. This study aimed to characterize the population PKs of piperacillin and 

investigate probability of target attainment (PTA) and cumulative fraction of 

response (CFR) of various dosage regimens in critically ill patients during the early 

phase of sepsis. 

Methods: Forty-eight patients treated with piperacillin/tazobactam were 

recruited. Five blood samples were drawn before and during 0-0.5, 0.5-2, 2-4 and 4-

6 or 8 hours after administration. Free piperacillin concentrations were determined 

using HPLC. Population PKs was analyzed using NONMEM
®
. The PTA of 

90%fT>MIC target and CFR were determined by Monte Carlo simulation. 

Results: The two compartment model best described the data. Piperacillin 

clearance (CL), central volume of distribution (V1) and peripheral volume of 

distribution were 5.37 L/h, 9.35 L, and 7.77 L, respectively. Creatinine clearance 

(CLCr) and mean arterial pressure had a significant effect on CL while adjusted 

body weight had a significant impact on V1. The standard regimen, 4-g of 

piperacillin infused over 0.5 hours every 6 hours, achieved the target for susceptible 

organisms with MIC ≤16 mg/L in patients with CLCr 10 to 40 ml/min, but not with 

CLCr 40-120 ml/min. In such patients, prolonged infusion is required. Most 

regimens provided CFR 90% for the E. coli infection while there was no dosage 

regimen achieved a CFR of 90% for the P. aeruginosa infection. 

Conclusions: Due to high CL and V1, subtherapeutic concentrations can 

occur during the early phase of sepsis in critically ill patients with normal renal 

function. Our proposed regimen for the patients with CLCr 40-120 ml/min was an 

extended 4-hour infusion of 4-g of piperacillin every 6 hours. 
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CHAPTER I INTRODUCTION 

1.1 Background and rationale 

Piperacillin/tazobactam is an extended-spectrum hydrophilic antibiotic 

used for empirical treatment in critically ill patients with sepsis.(1) In healthy 

volunteers, piperacillin is distributed into body fluids and tissues.(2) Volume of 

distribution (Vd) ranged between 11.9 and 18.6 L.(3-6) Protein binding is in the 

range of 20-30%.(3, 4) Piperacillin is primarily eliminated through renal 

clearance.(3, 4) The percentage of dose recovered in urine in its unchanged form 

ranged between 57 and 80%.(2-4, 7) The remainder is metabolized and then 

secreted into the bile.(3, 4) Total clearance (CL) ranged between 11.9 and 15.8 

L/h.(3-6) The elimination half-life ranged from 0.83 to 1.22 hour.(3-6) Piperacillin 

is a time-dependent antibiotic and the percentage of time which free drug 

concentrations remain above minimum inhibitory concentration (MIC) during  

a dosing interval (%fT>MIC) has been considered to be the best efficacy 

predictor.(8) Typically, 50% fT>MIC has been required for optimal activity of 

penicillins.(9) Recently, 75% fT>MIC has been proposed for bactericidal activity of 

piperacillin(10), however, higher targets (90 to 100% fT>MIC) have been 

recommended for microbiological success and prevention of bacterial regrowth in 

patients with serious bacterial infections.(11-13)  

Sepsis is defined as life-threatening organ dysfunction caused by  

a dysregulated host response to infection.(14) Sepsis remains a major cause of 

mortality and critical illness.(14-16) The mortality rate in this group of patients 

ranged between 14 and 45%.(15) Early antibiotic administration in patients with 

sepsis could reduce the mortality rate (17) but dosing strategies which enhance 

100% fT>MIC attainment of piperacillin concentrations in these patients especially 

for less susceptible pathogens remains a perplexing issue. Pathophysiological 

changes, particularly during the early phase, have several significant effects on 

pharmacokinetic (PK) behaviors. Sepsis can cause endothelial damage and 

capillary leakage.(18-20) From previous works in patients with sepsis, Vd of 

piperacillin has been found to be larger than those in healthy volunteers and  

non-critically ill patients.(21-26) In addition, patients with sepsis might develop 

renal dysfunction which led to a decrease in piperacillin CL.(21, 23, 25, 27, 28) 
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On the other hand, hemodynamic changes including a high cardiac output(29) 

could lead to an increase in hepatic and renal blood flow.(30) Piperacillin CL 

could be higher in septic patients with normal renal function compared with in 

healthy volunteers.(24, 26) Because of these PK changes, subtherapeutic 

piperacillin concentrations have been found in patients with the first 24 hours of 

sepsis.(23, 27) Thus proper piperacillin dosing in patients with the early phase of 

sepsis persists the important and challenging issue. 

The aims of this study were to estimate population PK parameters and 

variabilities, investigate the probability of target attainment (PTA) of various 

piperacillin dosage regimens and explore the cumulative fraction of response 

(CFR) against pathogens commonly found in critically ill patients with the early 

phase of sepsis. 

1.2. Objectives 

1.2.1. Primary objectives 

 To estimate population PK parameters and variabilities of piperacillin 

in critically ill patients during the early phase of sepsis. 

 To investigate the PTA of various piperacillin dosage regimens and the 

CFR against pathogens commonly found in critically ill patients during the early 

phase of sepsis. 

1.2.2. Secondary objectives 

 To assess clinical responses of critically ill patients with sepsis when 

receiving piperacillin/tazobactam. 

 To explore 28-day mortality rate and the association with individual 

%fT>MIC in critically ill patients with sepsis who were treated with 

piperacillin/tazobactam. 
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CHAPTER II LITERATURE REVIEW 

2.1. Piperacillin 

 

Figure 1 Chemical structure of piperacillin 

2.1.1. Physicochemical properties 

The chemical structure of piperacillin is shown in figure 1. Piperacillin is 

highly water soluble (714 g/L) with pKa value of 4.14 (weak acid). Piperacillin 

will be present as an anionic substance at physiological pH values. (4)  

2.1.2. Pharmacokinetic (PK) and pharmacodynamics (PD) characteristics 

In healthy volunteers, piperacillin is distributed into body fluids and 

tissues including skin, muscle, lung, gall bladder, intestinal mucosa, female 

reproductive tissues, bile and interstitial fluid.(2) Volume of distribution (Vd) 

ranged between 11.9 and 18.6 L as shown in table 1.(3-6) Protein binding is in the 

range of 20-30%.(3, 4) Piperacillin is primarily eliminated through renal 

clearance.(3, 4) The percentage of dose recovered in urine in its unchanged form 

ranged between 57 and 80%.(2-4, 7) The remainder is metabolized and then 

secreted into the bile.(3, 4) Total clearance (CL) ranged between 11.9 and 15.8 

L/h and the elimination half-life (T1/2) ranged from 0.83 to 1.22 hour as shown in 

table 1.(3-6)  

Piperacillin is always administered with tazobactam.  Tazobactam inhibits 

beta-lactamases which destroy beta-lactam structures of piperacillin to broaden 

antimicrobial activity but it has no bactericidal activity by itself. However, when 

they are given together in a ratio of 8 : 1 (Piperacillin 4 g : Tazobactam 0.5 g), the 

PKs of piperacillin remain unaffected by tazobactam. Cheung et al investigated in 
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6 healthy volunteers receiving 3 treatments on 3 different occasions (1 week 

washout period); (i) 4-g of piperacillin, (ii) 0.5-g of tazobactam, and (iii) the 

combination of 4-g of piperacillin  and 0.5-g of tazobactam, they found that mean 

PK parameters of piperacillin when administered with tazobactam were not 

significantly different from those when administered alone.(5) 

Table 1 Pharmacokinetic characteristics of piperacillin in healthy volunteers 

PIP/TAZ, Piperacillin/Tazobactam 

 

  

No Authors, Year Dose  

(Single dose) 

Vd (L) CL (L/h) T1/2 (h) 

1 Tjandramaga et al, 

1978(3) 

Piperacillin 4g 

3-min infusion 

 

18.6 ± 1.1 15.3 ± 1.2 1.02 ± 0.05 

2 Sorgel et al, 

1993(4)  

PIP/TAZ  

4/0.5 g  

5-min infusion 

14.5 ± 2.5 12.3 ± 1.1 0.83 ± 0.23 

PIP/TAZ 

4/0.5 g  

30-min 

infusion 

 

13.7 ± 0.9 15.8 ± 1.2 1.14 ± 0.12 

3 Cheung et al, 

1998(5) 

Piperacillin 4 g 

30-min 

infusion 

11.9 ± 1.4  14.4 ± 2.4 0.87 ± 0.08 

PIP/TAZ 

4/0.5 g  

30-min 

infusion 

 

12.3 ± 0.9 14.5 ± 1.2 0.83 ± 0.11 

4 Bulitta et al, 

2010(6) 

Piperacillin 4g 

5-min infusion 

12.7 ± 2.3 11.9 ± 1.3 1.22 ± 0.46 
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Piperacillin is a time-dependent antibiotic and the percentage of time 

which free drug concentrations remain above minimum inhibitory concentration 

(MIC) during a dosing interval (%fT>MIC) has been considered to be the best 

efficacy predictor.(8) Typically, 50% fT>MIC has been required for optimal activity 

of penicillins.(9) Craig explored the relationship between duration of time which 

beta-lactams above the MIC and survival after day 4 of therapy in animal model 

infected with S. pneumonia. The results showed that when 50%fT>MIC was 

achieved, the survival would be 100%.(31) Recently, 75% fT>MIC has been 

proposed for bactericidal activity of piperacillin.(10) Zelenitsky performed in vitro 

study by simulating P. aeruginosa bacteremia in an immunocompromised host, 

they found that 75% fT>MIC provided bactericidal activity.(10) However, higher 

PK/PD targets (90 to 100% fT>MIC) have been recommended for microbiological 

success and prevention of bacterial regrowth in patients with serious bacterial 

infections.(13)  

2.1.3. Clinical uses 

Piperacillin/tazobactam (PIP/TAZ) is an extended-spectrum beta-lactam 

antibiotic used for empirical treatment in critically ill patients with sepsis.(1) 

Overall, piperacillin antibacterial activity encompasses gram-positive, gram-

negative aerobic and anaerobic bacteria, including many pathogens producing 

beta-lactamases such as Escherichia coli, Klebsiella pneumoniae, and 

Pseudomonas aeruginosa.(32)   

Recommended dosage regimens of PIP/TAZ are 4/0.5 g every 6 hours, 

2/0.25 g every 6 hours, 2/0.25 g every 8 hours for septic patients with creatinine 

clearance (CLCr) more than 40 mL/min, 20-40 mL/min, and less than 20 mL/min, 

respectively.(33) PIP/TAZ is usually administered by short infusion (over 20 to 30 

min). Some clinicians prefer extended infusion; give the first dose over 30 min as 

a loading dose, followed by 4 hours infusion.(33) Extended infusion including 3-

hour and 4-hour infusion, and continuous infusion of PIP/TAZ are increasingly 

proposed to help enhance the probability of target attainment (PTA) in patients 

with severe infections.(24) Previous studies in critically ill patients have 

documented that prolonged infusion strategy of PIP/TAZ showed significantly 

higher clinical cure rate (34, 35) and lower mortality rate in comparison with 
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conventional intermittent strategy.(35-37) However, a randomized control trial 

reported that there was no significant difference in clinical cure and 90 days-

mortality rate between continuous and intermittent infusion group.(38) Likewise, 

Cutro et al. documented that clinical failure and inpatient mortality rate were 

similar between extended and short infusion.(39) Fan et al. also stated that both 

extended and short infusion demonstrated similar 14-day mortality.(40) 

2.1.4. Adverse drug reaction 

 Common adverse drug reactions related to PIP/TAZ treatment include 

urticaria, thrombocytopenia, bone marrow suppression, and neurotoxicity.(41, 42) 

Regarding thrombocytopenia, the mechanism is unclear, however, drug-induced 

thrombocytopenia have three possible mechanisms; (i) immune-mediated 

thrombocytopenia, (ii) direct platelet number decreases, and (iii) bone marrow 

suppression.(43) Chen et al reported that thrombocytopenia occurred 12 hours 

after receiving 4/0.5-g PIP/TAZ every 8 hours. Platelets return to normal level 

within 3-5 days after discontinuation.(44) In addition, bone marrow suppression 

(thrombocytopenia, leukocytopenia, and anemia) could be found in patients 

receiving long-term PIP/TAZ (longer than 2 weeks). There are case reports to 

document PIP/TAZ induced bone marrow suppression.(45, 46) Ruiz-Irastorza et 

al stated that pancytopenia was observed in a patient receiving 4/0.5-g PIP/TAZ 

every 8 hours on day 17, however such condition was rapidly reversible after 

antibiotic cessation.(45) Likewise, Zhong-Fang et al also found that patients 

receiving 4/0.5-g PIP/TAZ every 8 hours had pancytopenia on day 17, and then it 

could be resolved after antibiotic cessation.(46) 
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2.2. Influence of pathophysiological changes in critically ill patients with sepsis 

on PK and PD properties of piperacillin 

Sepsis is defined as life-threatening organ dysfunction caused by  

a dysregulated host response to infection.(14) Pathophysiological changes in 

patients with sepsis have several significant effects on the PK behaviors.  

2.2.1. Change in piperacillin Vd 

There have been several plausible explanations to describe the changes in 

Vd. Initially, the toxin release from pathogens causes the persistent production of 

various endogenous mediators that lead to endothelial damage and subsequently 

increased capillary permeability.(18-20) In addition, fluid retention can be found 

in patients with cardiac or renal failure.(47, 48) The administration of 

resuscitation fluids can also result in an expansion of fluid volume in the 

interstitial space.(13, 47, 48) Moreover, mechanical ventilation used to treat 

respiratory failure can cause an increase in airway and intrathoracic pressure 

leading to a decrease in cardiac filling pressure and cardiac output, 

subsequently.(49, 50) The lower cardiac output can stimulate the renin-

angiotensin system which can cause an increase in antidiuretic hormone leading to 

water retention ultimately.(51) With these reasons, the Vd of hydrophilic drugs is 

likely to enlarge in patients with sepsis.  

From most previous works, Vd of piperacillin in patients with sepsis has 

been found to be larger than those in healthy volunteers as shown in table 2. 

Joukhadar et al. compared pharmacokinetics of 6 septic shock patients with  

6 healthy volunteers, both groups received a single dose of 4/0.5-g of PIP/TAZ 

(10-min infusion). They found that Vd of PIP in septic shock patients (40.7 L, 0.57 

L/kg) was approximately 6 times larger than healthy volunteers (9.6 L, 0.13 

L/kg).(21) Taccone et al. studied pharmacokinetics of 4 beta-lactams (PIP/TAZ, 

cefepime, ceftazidime, and meropenem) in 27 patients with severe sepsis and 

septic shock who received 4/0.5-g of PIP/TAZ (30-min infusion) every 6 or 8 

hours, they reported piperacillin Vd of 0.38 L/kg smaller than meropenem (0.43 

L/kg) and ceftazidime (0.48 L/kg).(23) Roberts et al. studied in 16 patients during 

the early phase of sepsis and normal renal function (8 patients receiving 

intermittent bolus and 8 patients receiving continuous infusion) on day 1 and day 
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2 of therapy. They found that the calculated piperacillin Vd (25.0 L, 0.33 

L/kg).(24) In addition, Udy et al. investigated pharmacokinetics of piperacillin in 

48 patients with sepsis and normal renal function who received 4/0.5-g of 

PIP/TAZ (20-min infusion) every 6 hours, they reported the calculated piperacillin 

Vd of 38.7 L (0.44 L/kg).(26) Recently, Andersen et al. conducted in 22 patients 

with sepsis receiving 4/0.5-g of PIP/TAZ (3-min infusion) every 8 hours, they 

reported the calculated piperacillin Vd of 15.9 L (0.21 L/kg).(52) On the other 

hand, Obrink-Hansen et al. which studied in 15 patients during the early phase of  

septic shock who received 4/0.5-g of PIP/TAZ (3-min infusion) every 8 hours 

found that the calculated piperacillin Vd was relatively small (11.2 L,  

0.14 L/kg).(27) 

2.2.2. Change in piperacillin CL 

Regarding drug elimination, there have been various probable reasons to 

explain the changes in CL of patients with sepsis. Initially, the hemodynamic 

changes including high cardiac output have been observed. Increased cardiac 

output is associated with increased hepatic and/or renal blood flow, leading to 

elevated CL, subsequently. On the contrary, some patients with sepsis could 

develop hepatic and/or renal dysfunction which causes a decrease in CL.(13, 47, 

48, 53, 54) In addition, the use of vasoactive medications in patients with sepsis 

has been required to improve their cardiovascular function.(55) Norepinephrine, a 

commonly employed vasoactive medication, can increase cardiac output, hepatic 

and renal blood flow.(56) Several studies in patients with septic shock have 

revealed that norepinephrine increased CLCr.(57-59) Likewise, a study in critically 

ill patients has shown that dopamine administration significantly increased 

CLCr.(60) Mechanical ventilation can result in lower cardiac output as previously 

described, therefore it can cause a decrease in renal(51) and hepatic blood 

flow(61), leading to a fall in CL.  

With these reasons, piperacillin CL could be higher in septic patients with 

normal renal function compared with in healthy volunteers as shown in table 

2.(24, 26) Robert et al. studied in patients with median CLCr 88 and 97 mL/min for 

intermittent bolus and continuous infusion groups, respectively. They found that 

the piperacillin CL of total population was 17.1 L/h.(24) Likewise, Udy et al. 
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investigated in patients with mean CLCr 122 mL/min, they found that the 

piperacillin CL was 16.3 L/h.(26) On the other hand, some PK studies found that 

piperacillin CL in septic patients could be lower in septic patients compared with 

in healthy volunteers as shown in table 2.(21, 23, 27, 28, 52) When considered by 

the renal function, Andersen et al. which investigated in patients with sepsis 

(excluding severe sepsis and septic shock) and median CLCr 83.9 mL/min found 

that piperacillin CL was 8.6 L/h.(52) Taccone et al which studied in patients with 

severe sepsis and septic shock reported piperacillin CL of 8.4 mL/min.(23) 

Likewise, Tsai et al  which studied in Australian indigenous patients with severe 

sepsis stated that piperacillin CL was 5.6 L/h.(28) Joukhadar et al. and Obrink-

Hansen et al. which conducted in only septic shock patients with plasma 

creatinine 1.8 and 1.9 mg/dL, respectively. They found that piperacillin CL were 

8.2 and 3.6 L/h, respectively.(21, 27)  
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Table 2  Volume of distribution (Vd) and total clearance (CL) of piperacillin in 

critically ill patients with sepsis 

No Authors, Year Patients (N) Dosage regimens  Vd (L) CL (L/h) 

1 Joukhadar et al, 

2001(21) 

Septic shock (6) A single dose of 

PIP/TAZ 4/0.5 g 

(10-min infusion) 

40.7 ± 8.7 

(0.57 L/kg) 

8.2 ± 2.0 

2 Taccone et al, 

2010(23) 

Severe sepsis and  

septic shock (27) 

PIP/TAZ 4/0.5 g 

(30-min infusion) 

every 6 or 8 hours 

0.38 L/kg 8.4 ± NA 

3 Robert et al, 

2010(24)  

Sepsis with normal 

renal function (16) 

(During day 1 and 

day 2 of sepsis)  

 

(i) PIP/TAZ 4/0.5 g 

(20-min infusion) 

every 6 or 8 hours 

(N=8) 

(ii) PIP/TAZ 4/0.5 g  

(20-min infusion) 

followed by  

PIP/TAZ 8/1 g 

continuous infusion 

(N=8) 

25.0 ± NA 

(0.33 L/kg) 

17.1 ± NA 

4 Udy et al, 

2015(26)  

Sepsis with normal 

renal function (48) 

PIP/TAZ 4/0.5 g 

(20-min infusion) 

every 6 hours 

38.7 ± NA 

(0.44 L/kg) 

16.3 ± NA 

5 Obrink-Hansen 

et al, 2015 (27) 

Septic shock (15) 

(During the third 

administration) 

PIP/TAZ 4/0.5 g 

(3-min infusion) 

every 8 hours 

11.2 ± NA 

(0.14 L/kg) 

3.6 ± NA 

6 Tsai et al, 

2016(28) 

Severe sepsis (9) PIP/TAZ 4/0.5 g 

(30-min infusion) 

every 8 hours 

14.5 ± 6.6 

(0.19 L/kg) 

(V1) 

5.6 ± 3.2 

7 Andersen et al, 

2018 (52) 

Sepsis (22) PIP/TAZ 4/0.5 g 

(3-min infusion) 

every 8 hours 

15.9 ± NA 

(0.21 L/kg) 

8.6 ± NA 

PIP/TAZ, Piperacillin/Tazobactam; NA, Not available; V1, Central volume of distribution 
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2.2.3. Change in pharmacodynamics 

Pathophysiological alteration could also have significant effects on the 

achievement of a PK/PD target.(62) Regarding the 50%fT>MIC target at MIC  

16 mg/L, the probability of target attainment (PTA) of PIP/TAZ 4/0.5 g every 6 

hour and 8 hour (usual dosage regimens) in patients with sepsis and normal renal 

function was 33% and 25%, respectively, which are below the accepted PTA of 

90%(24), while the PTA was 100% in morbidly obese patients with sepsis whose 

renal function decreased.(25) Recently, Zelenitsky et al. found a pivotal PD 

relationship between bacterial kill and % fT>MIC with significant threshold of 75% 

fT>MIC for bactericidal activity of piperacillin.(10) A higher PK/PD target  

 (90 to 100% fT>MIC) was proposed as a proper PK/PD target to provide 

microbiological success and prevent bacterial regrowth.(13) Taccone et al. found 

that the PTA (50%fT>4MIC: MIC 16 mg/L) of PIP/TAZ 4/0.5 g every 6 or 8 hour 

was only 44% in patients with the early phase of severe sepsis. Moreover, they 

also found that patients with CLCr less than 50 mL/min had a significantly higher 

PTA than patients with CLCr more than 50 mL/min.(23) In addition, Udy et al. 

found that the PTA (100%fT>MIC: MIC 16 mg/L) of PIP/TAZ 4/0.5 g every 6 hour 

in patients with sepsis and normal renal function was 34%.(26) Obrink-Hansen et 

al and Andersen et al similarly reported that PIP/TAZ 4/0.5 g every 6 and 8 hour 

provided the PTA less than 90% for both targets (50%fT>4MIC, 100%fT>MIC: MIC 

16 mg/L)(27, 52), as shown in table 3. 
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Table 3  The PTA of piperacillin in patients with sepsis at MIC 16 mg/L 

No Authors, Year Patients (N) Dosage 

regimens 

PK/PD 

targets 

ClCr 
(mL/min) 

PTA 

(%) 

1 Taccone et al, 

2010(23) 

Severe sepsis and  

Septic shock (27) 

PIP/TAZ 4/0.5 g 

every 6 or 8 

hours 

 

50% fT>4MIC 56 44 

2 Robert et al, 

2010(24) 

Sepsis with normal 

renal function (16) 

PIP/TAZ 4/0.5 g 

every 6 hours 

50% fT>MIC 92 33 

PIP/TAZ 4/0.5 g 

every 8 hours 

25 

3 Sturm et al, 

2014(25) 

Sepsis with  

Morbidly obese (9) 

[BMI ≥ 40 kg/m
2 

] 

PIP/TAZ 4/0.5 g 

every 6 hours 

50% fT>MIC 75 100 

PIP/TAZ 4/0.5 g 

every 8 hours 

100 

4 

 

Udy et al, 

2015(26) 

Sepsis with normal 

renal function (48) 

PIP/TAZ 4/0.5 g 

every 6 hours 

100% fT>MIC 122 34 

5 Obrink-Hansen 

et al, 2015 (27) 

Septic shock (15) PIP/TAZ 4/0.5 g 

every 6 hours 

50% fT>4MIC SCr 170 

mol/L 
< 90% 

100% fT>MIC < 90% 

PIP/TAZ 4/0.5 g 

every 8 hours 

50% fT>4MIC < 90% 

100% fT>MIC < 90% 

6 Andersen et al, 

2018 (52) 

Sepsis (22) PIP/TAZ 4/0.5 g 

every 6 hours 

50% fT>4MIC 84 < 90% 

100% fT>MIC < 90% 

PIP/TAZ 4/0.5 g 

every 8 hours 

50% fT>4MIC < 90% 

100% fT>MIC < 90% 

PIP/TAZ, Piperacillin/Tazobactam; ClCr, Creatinine clearance; SCr, Serum creatinine  
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2.3. Population pharmacokinetics using nonlinear mixed-effect model approach 

2.3.1. Background 

Population pharmacokinetics is the study of the sources and correlations 

of variability in drug concentrations among the target population receiving 

clinically relevant doses of a drug of interest. Population pharmacokinetics try to 

identify the measurable pathophysiologic features that cause changes in the dose-

concentration relationship and the magnitude of these changes therefore if such 

changes are associated with clinically significant shifts in the therapeutic target, 

dosage can be properly adjusted.(63)  

Nonlinear mixed-effect model approach is the current standard method 

used for population pharmacokinetics. This approach characterizes 

pharmacokinetics taking into account different types of variability such as 

between-subject and within-subject variability. One purpose of a nonlinear mixed- 

effect model is to model the relationship between an independent (time) and  

a dependent (concentration) variable. Another goal is to obtain estimates of the 

model parameters and their associated variance components. The nonlinear mixed-

effect modeling has many advantages including (i) the data do not need to be 

intensive; they could be sparse with as little as one observation per patient or rich 

with many observations per patient, or a combination of both, (ii) the data do not 

have to follow any specific sampling time schedule and may have irregular 

sampling times, (iii) important covariates which explain between-patient variability 

can be identified. However, the limitation should be noted, sciences used in this 

approach are complicated and difficult to understand and implement therefore the 

modeling would be the time consuming process.(64)  

2.3.2. Model development 

Nonlinear mixed effect models consist of 2 components; the structural 

model and the variance model. The structural model is the model which best 

describes the data in the absence of covariates, such as one- and two- compartment 

models. Regarding the variance model, there are usually two main sources of 

variability; interindividual variability (IIV) and residual variability (RV). IIV refers 

to the variance of a parameter across different individuals in the population;  
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it could be described using the additive, proportional, or exponential model, as 

follows: 

Additive IIV model 

 Pi = TVP + i 

Proportional IIV model 

 Pi = TVP (1 + i) 

Exponential IIV model 

 Pi = TVP e
i

 

where Pi is the value of the PK parameter for the i
th

 subject. 

    TVP is the typical value of the population PK parameter. 

i is the value of the deviation from the typical value for the 

i
th

 subject, it is assumed to have normal distribution with zero mean 

and 
2
 variance. 

 RV refers to the unexplained variability in the observed data after 

controlling for other sources of variability; it could be explained using the additive, 

proportional, combination between additive and proportional model or exponential 

model, as follows: 

Additive RV model 

 CO, ij = CP, ij + ij 

Proportional RV model 

 CO, ij = CP, ij(1 + ij) 

Combined additive and proportional RV model 

 CO, ij = CP, ij + 1, ij + (1 + 2, ij) 

Exponential RV model 

 CO, ij = CP, ij e
ij

 

where CO, ij is the observed concentration of the i
th

 subject at time j
th

. 

    CP, ij is the predicted concentration of the i
th

 subject at time j
th

. 

ij is the value of the difference between the observed and 

predicted concentrations of the i
th

 subject at time j
th

, it is assumed to 

have normal distribution; zero mean and 
2
 variance. 
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The base model which consists of the structural, IIV, and RV models was 

chosen by considering the objective function value (OFV), Akaike information 

criterion (AIC), and graphical examination. Next step, covariate model building is 

performed, covariates selected should have some physiological rationale for their 

inclusion in the base model. The relation between a chosen covariate and a 

parameter is graphically explored. Different patterns of relationship are 

investigated, as follows: 

  Continuous covariates 

Linear covariate model 

 TVP = 1 + 2 x (COV - COVMedian) 

Power covariate model 

 TVP = 1 (COV/COVMedian) 
2

  

Exponential covariate model 

 TVP = 1 e 
(2 x (COV/COV

Median
))  

where  TVP is the typical value of the population PK parameter. 

 COV is the value of the continuous covariate. 

 COVMedian is the median of the continuous covariate. 

1 is the PK parameter value when the individual covariate 

is median (for linear and power model), zero (for exponential 

model) 

 2 is the value of the change in PK parameter for unit 

change in covariate for linear model, the value of the change in 

Ln(PK parameter) per unit change in Ln(covariate) for power 

model, and the value of the change in Ln(PK parameter) per unit 

change in covariate for exponential model. 
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 Categorical covariates 

Fractional change covariate model 

 TVP = 1 x (1+(2 x Cov)) 

where  TVP is the typical value of the population PK parameter.

 COV is the value of the continuous covariate.  

1 is the typical PK parameter value without covariate  

 2 is the value of the change in PK parameter when the covariate 

presents 

Then the stepwise forward addition and backward deletion are 

implemented to obtain the final model. Based on the 
2
 test, a decrease in the OFV 

of 3.84 units is considered to be significant (P < 0.05) for forward addition step and 

an increase in the OFV of 6.64 units is considered to be significant (P < 0.01) for  

backward deletion step to avoid any possible false positives.(65)  

2.3.3. Model evaluation 

2.3.3.1. Goodness of fit plots  

Goodness of fit plots are graphically assessed for accuracy of a model. 

Typical goodness of fit plots are shown in table 4. If the model could well 

describe the data, predicted concentrations should correspond to observed 

concentrations (data points are scattered around the identity line) and weighted 

residual errors (the difference between observed and predicted concentration) 

should close to zero (data points are scattered around the horizontal zero line)(66) 
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2.3.3.2. Bootstrap 

Bootstrap is implemented to assess reliability of the model. The primary 

data set was sampled with replacement to obtain various secondary data set, and 

then the model is fitted with all secondary data set. After that PK parameter 

estimates are considered whether they are within the range of 95% confidence 

interval of bootstrap parameter estimates or not. If the model is reliable, PK 

parameter estimates should be in the range of 95% confidence interval of 

bootstrap parameter estimates.(67) 

2.3.3.3. Visual predictive check 

Visual predictive check is used to assess predictive performance. The 

parameter estimates of the model are fixed and used to simulate a number of 

virtual data set, and then observed data is compared to the simulated data. If the 

model has adequate predictive performance, the percentiles of observed data 

should be within the 95% CI of corresponding percentiles of predicted data.(66) 

2.4. Plausible covariates causing change in PK and PD properties of piperacillin 

in critically ill patients with sepsis  

2.4.1. Creatinine clearance 

Piperacillin is primarily eliminated by renal clearance(3, 7) therefore CLCr 

became an obviously reasonable covariate which should be explored.  Previous 

PK studies in critically ill patients with sepsis found that the significant covariate 

of piperacillin CL was CLCr.(23, 26, 28, 52) Taccone et al studied in 27 patients 

with median CLCr 56 mL/min (calculated by Cockcroft and Gault equation). They 

found that there was a significant correlation between CLCr and piperacillin CL. 

Seventy one percent of patients with CLCr < 50 mL/min (n=14) could attain the 

target (50%T>4xMIC, MIC 8 mg/L) while only 15% of  patients with CLCr ≥ 50 

mL/min (n=13) could achieve this target.(23) Udy et al studied in 48 patients with 

mean measured CLCr 122 mL/min (46% of patients had CLCr > 130 mL/min 

(augmented renal clearance (ARC)). They also found that a correlation was 

observed between CLCr and piperacillin CL. In addition, CLCr was found to be the 

only one covariate significantly improved the fit of the PK model (change in the 

objective function value (OFV) of -18.6).(26) Tsai et al studied in 10 indigenous 
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patients with severe sepsis (mean measured CLCr 91 mL/min). They found that 

CLCr was a significant covariate of piperacillin clearance.(28) Andersen et al 

studied in 22 patients with sepsis (excluding severe sepsis and septic shock) and 

median CLCr (calculated by Cockcroft and Gault equation) 83.9 mL/min. They 

found that inclusion of CLCr on piperacillin CL improved the PK model fit (OFV 

of -32.3).(52) In another viewpoint, Obrink-Hansen et al studied in 15 septic 

shock patients with median plasma creatinine of 1.9 mg/dL. They found that 

plasma creatinine was found to be the most significant covariate to piperacillin CL 

by dropping interindividual variability (IIV) of piperacillin CL from 114.3% to 

70.6%.(27)  

2.4.2. Body weight 

Body weight has been considered to be an important covariate for PKs 

and PDs of antibiotics. Regarding obese patients, obesity causes several 

physiological alterations, leading to changes in the Vd. When considering   

appropriate dosage of hydrophilic drugs, the water content in adipose tissue is 

approximately 30%(68), thus use of total body weight (TBW) in dosing a 

hydrophilic drug may result in a significant overdosage. Therefore dose increment 

in obese patients should use adjusted body weight (ABW), dosing weight is in 

proportion to the excess in body weight with use of a dosing weight correction 

factor (DWCF) as follows(69); 

ABW = IBW + [DWCF x (TBW-IBW)] 

where ABW is adjusted body weight (kg) 

  IBW is ideal body weight (kg) 

  DWCF is dosing weight correction factor 

  TBW is total body weight (kg) 

DWCF of hydrophilic drugs ranged between 0.38 and 0.58.(70-74)  

As for beta-lactams, the suggested DWCF is 0.30 however there is no clinical 

studies confirm this value. From previous PK studies of piperacillin in obese 

patients, Sturm et al which studied in 9 critically ill, morbidly obese surgical 

patients found that piperacillin Vd did not relate to any body weight (TBW, 

ABW, idael body weight (IBW), lean body weight (LBW)), probably resulting 

from the small sample size.(25) Alobaid et al investigated PKs of piperacillin in  
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3 groups of critically ill patients; (i) normal weight (n=13), (ii) obese (n=12), and 

(iii) morbidly obese (n=12), they found that body mass index (BMI) was the 

significant covariate for piperacillin V1.(75) In patients with sepsis, TBW was 

found to be the significant covariate of piperacillin CL(24) and V1 (28). The study 

of Robert et al reported that TBW (mean TBW 76 kg, BMI 26 kg/m
2
) was the 

important covariate for piperacillin CL by reducing reduced IIV of 6.2%.(24) 

Likewise, the study of Tsai et al found that TBW (mean TBW 76 kg, BMI 27 

kg/m
2
) also was the significant covariate for V1.(28) However, it should be noted 

that ABW was not investigated in both PK studies. 

2.4.3. Mean arterial pressure 

MAP is the measure of the strength of the blood pushing against the blood 

vessels as the heart pumps blood throughout the body. It is generally used in 

intensive care unit (ICU). MAP helps determine the actual pressure which carries 

oxygenated blood from the heart throughout the body.(76) A MAP  65 mmHg is 

a goal of therapy to maintain perfusion pressure and adequate flow at the arteriolar 

level.(77) 

MAP is an average blood pressure during a single cardiac cycle. It is 

derived to represent the proportion of time in systole and diastole. It is calculated 

using the following equation(77); 

MAP = DBP + (1/3 x (SBP - DBP)) 

where MAP is mean arterial pressure (mmHg) 

 DBP is diastolic blood pressure (mmHg) 

 SBP is systolic blood pressure (mmHg) 

Because MAP is associated with blood perfusion to vital organs such as 

kidney and liver, this may cause changing in PK behaviors. However, none of PK 

study in critically ill patients with sepsis have been documented that MAP had an 

effect on PK parameters of piperacillin.  

2.4.4. Total bilirubin 

Hyperdynamic state is a condition noticed in patients with the early phase 

of sepsis. In this condition, total bilirubin could be increased.(78) A PK study 

reported that total bilirubin was highly associated with piperacillin CL. Shikuma 

et al studied in 9 severely burn patients who had normal renal and hepatic 
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function. They found that total bilirubin had the non-linear relationship with 

piperacillin CL. This finding may result from stress induced hyperdynamic state 

reflected by changes in total bilirubin. The hyperdynamic state could accelerate 

physiologic and metabolic functions and likely lead to rapid piperacillin 

clearance.(78) 

2.4.5. Resuscitation fluids 

In critically ill patients with sepsis, capillary leakage condition and 

administration of resuscitation fluids enhances an expansion of fluid volume in  

the interstitial space and enlarge Vd for hydrophilic antibiotics, subsequently. (48, 

79-82) Udy et al investigated 24-hour fluid balance but they did not mention any 

effect on Vd. Likewise, there is no previous PK studies which have reported a 

significant relation between amount of resuscitation fluids and piperacillin Vd.  

2.4.6. Vasoactive medications 

The use of vasoactive medications has been required to improve 

cardiovascular function in critically ill patients with septic shock.(55) 

Norepinephrine, a commonly employed vasoactive medication, can increase 

cardiac output, hepatic and renal blood flow.(56) Several studies in patients with 

septic shock have revealed that norepinephrine increased CLCr.(57-59) Likewise,  

a study in critically ill patients has shown that dopamine administration 

significantly increased CLCr but dobutamine did not have any effect on CLCr.(60) 

On the other hand, a study in animal has reported that epinephrine was associated 

with a significant decrease in renal blood flow.(83) 

2.4.7. Mechanical ventilation 

Mechanical ventilation can cause an increase in airway and intrathoracic 

pressure leading to a decrease in cardiac filling pressure and cardiac output, 

subsequently.(49, 50) The lower cardiac output can stimulate the renin-

angiotensin system which can cause an increase in antidiuretic hormone leading to 

water retention.(51) There is a population PK study conducted by Georges et al. 

This study revealed that mechanical ventilation was a significant covariate for V1 

of ceftazidime.(84) In addition, mechanical ventilation can result in lower cardiac 

output as previously described, therefore it can cause a decrease in renal(51) and 

hepatic blood flow(61) leading to a fall in CL, subsequently.  
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2.5. Clinical outcomes of piperacillin/tazobactam in patients with sepsis 

In patients with sepsis, clinical response and mortality rate have been 

primarily used to assess clinical outcomes of antibiotic treatment.(34, 35, 38-40)  

There have been several different measures to assess clinical responses. Clinical 

responses (improvement or failure) are usually evaluated from signs and 

symptoms of infection. In addition, microbiological test and changes in antibiotics 

(broadening or de-escalating measures) are also used to assess clinical responses.  

Cutro et al. assessed the clinical failure after 48 hours of administration from  

3 criteria; (i) persistent/worsening systemic inflammatory response syndrome 

(SIRS), (ii) broadening of antibiotics, (iii) persistently positive cultures with same 

pathogens or persistence/worsening of clinical symptoms. They found that the 

clinical failure rate was 19.9% in patients who were administered PIP/TAZ by 

short infusion.(39) Two randomized control trials performed the clinical cure 

evaluation by considering disappearance of all signs and symptoms related to the 

infection at day 14 post antibiotic cessation. (34, 38) Abdul-Aziz et al. and 

Dulhunty et al. reported that the clinical cure rates of beta-lactam antibiotics with 

intermittent bolus were 34%(34) and 50%(38), respectively. In addition, another 

work of Abdul-Aziz et al. evaluated the clinical cure by considering the 

completion of treatment course without change or addition of antibiotics, and with 

no additional antibiotics commenced with 48 h of cessation. They found that 70% 

of patients who treated with PIP/TAZ were assessed as clinical cure.(35)  

Regarding mortality rate, there is high variability of mortality rate in 

patients with sepsis.(85) Using PIP/TAZ to treat presumed or microbiologically 

confirmed infections, Cutro et al. reported that inpatient mortality rate was 14% in 

patients with sepsis (39),while Fan et al. found that 14-day and inpatient mortality 

rate were 14% and 30%, respectively in critically ill patients.(40) Findings from 2 

randomized controlled trials, Abdul-Aziz et al. reported that 30-day survival rate 

was 63% (34) while Dulhunty et al. found that 90-day survival rate was 75% (38) 

in patients with severe sepsis who were treated with beta-lactam antibiotics 

including PIP/TAZ. Additionally, another study of Abdul-Aziz et al. documented 

that 30-day survival rate was 72% in critically ill patients who received PIP/TAZ 

throughout the therapy.(35) Moreover, Acute Physiology and Chronic Health 
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Evaluation II (APACHE II) score has been found to be a significant predictor for 

mortality rate.(36, 40) Robert et al. reported that APACHE II score was 

significantly related to hospital mortality in patients with severe sepsis.(36) 

Likewise, Fan et al. found that APACHE II score of 29.5 or higher was the 

significant predictor for 14-day mortality rate in critically ill patients.(40)  
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CHAPTER III RESEARCH METHODOLOGY 

3.1. Research design 

This study is a prospective open-label study to investigate population 

pharmacokinetics (PKs) and pharmacodynamics (PDs) of piperacillin in critically 

ill patients during the early phase of sepsis using sparse sampling data. 
3.2. Scope 

This study was conducted in critically ill patients with sepsis receiving 

piperacillin/tazobactam in Songklanagarind hospital between March 2014 and 

March 2017. 

3.3. Operational definitions 

 Critically ill patients with sepsis: Patients who are considered 

according to the third international consensus definitions for sepsis and septic 

shock (sepsis-3) (14) 

 The early phase of sepsis: The first 24 hours after sepsis diagnosis and 

piperacillin/tazobactam prescription. 

 Resuscitation fluids: Fluids used to restore intravascular volume.(86)  

In this study, they refer to normal saline solution and albumin colloidal solution. 

 Vasoactive medications: Medications used to improve tissue perfusion 

and oxygen delivery.(87) In this study, they refer to norepinephrine, epinephrine, 

dobutamine, and dopamine. 

 Probability of target attainment (PTA): Probability which the 

pharmacokinetic/pharmacodynamics target is achieved at a certain minimum 

inhibitory concentration (MIC).(88) In this study, the PK/PD target is 90% of 

dosing interval which free drug concentrations are above MIC in the range of 

0.008 to 512 mg/L. 
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 Cumulative fraction of response (CFR): The expected population 

probability of target attainment for a specific drug dose and a specific population 

of microorganisms. It is calculated by multiplying the PTA at each MIC by the 

fraction of organisms susceptible at that concentration of the respective MIC 

distribution.(88) 

 The 28-day all-causes mortality rate: The percentage of dead patients 

with all causes within 28 days after piperacillin/tazobactam administration. 

3.4. Research methods 

3.4.1. Population and sample 

Population 

Critically ill patients with sepsis who were treated with 

piperaciliin/tazobactam 
Sample 
Critically ill patients with sepsis who were treated with 

piperacillin/tazobactam in Songklanagarind hospital  
Inclusion criteria  

1. Patients who aged 15 years or older. 

2. Patients who were treated with piperacillin/tazobactam. 

3. Patients with sepsis defined according to the third international 

consensus definitions for sepsis and septic shock (Sepsis-3).(14) 

4. Patients or their next of kins who consented. 

Exclusion criteria 
1. Patients who were known or suspected hypersensitivity to 

piperacillin/tazobactam. 

2. Pregnant patients. 

3. Patients who used peritoneal dialysis, hemodialysis, or continuous 

renal replacement therapy. 

4. Patients who were expected to death within 48 hours by the 

principle investigator. 
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3.4.2. Data collection 

Demographic and clinical data of patients were recorded including gender, 

age, total body weight (TBW), systolic/diastolic blood pressure (SBP/DBP), ratio 

of partial pressure of oxygen and fraction of inspired oxygen (Pao2/Fio2), serum 

creatinine (SCr), total bilirubin, complete blood count (CBC), acute physiology 

and chronic health evaluation II (APACHE II) score (see appendix A), sequential 

organ failure assessment (SOFA) score (see appendix B), suspected infections, 

microbial cultures, antibiotic therapy, total amount of resuscitation fluids per day, 

the uses of vasoactive medications and mechanical ventilators, concomitant 

medication and diseases. 

3.4.3. Doses and Drug administration 

According to the standard practice of Songklanagarind hospital,  

dose of piperacillin/tazobactam for patients with CLCr > 60 mL/min is 4/0.5 g 

every 6 hours. Dose for patients with CLCr  60 mL/min is 2/0.25 g every 6 hours; 

however, at the physician’s discretion, the dose could be 4/0.5 g every 6 hours in 

case of sepsis. It was reconstituted and diluted with 100 mL of normal saline 

solution before given intravenously as a 30-minute infusion. 

3.4.3. Blood sampling 

This study carried out during the initial 24 hours of sepsis and 

piperacillin/tazobactam administration. Blood samples (5 mL) were obtained at 

the following times: before (time 0) and then during 0 to 0.5, 0.5 to 2, 2 to 4 and  

4 to 6 or 8 hours (depending on the physician’s prescription) after 

piperacillin/tazobactam administration by a trained research nurse. All blood 

samples were added to heparinized tubes and centrifuged at 1000 × g for 10 min 

within 30 min. All samples were stored at -80C and analyzed within 30 days. 

3.4.4. free piperacillin assay 

The free concentrations of piperacillin were determined using a validated 

high-performance liquid chromatography (HPLC) (89) with minor modifications. 

Briefly, 300 L of plasma was subjected to ultrafiltration using a Nanosep 10K 

device with omega membrane (Pall Corp., Ann Arbor, MI, USA); the device was 

centrifuged at 10,000 x g for 15 min at 4 C. A 30 L aliquot of the sample was 
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injected into a Nova-Pack C18 column (150 mm by 3.9 mm inside diameter, 4 m 

particle size; Waters associates) using an automated injection system (Waters 

e2695 Plus autosampler; Waters associates, Milford, MA) at 4 C. Piperacillin 

was eluted from the column in 7.2 min with a gradient of 20 mM KH2PO4 pH 2.4 

(buffer A) and acetonitrile (buffer B) (0-7 min 95%A; 7-7.1 min 50%A; 7.1-10 

min 95%A), at a flow rate of 1.0 mL/min. The column effluent was monitored at 

220 nm with a photodiode array detector (Waters 2996; Waters associates, 

Milford, MA). Peaks were recorded and integrated with a Waters 746 data module 

(Waters associates). The lower limit of quantification for piperacillin was 0.25 

g/mL. The standard curve was linear over the concentration range of 0.25 to 500 

g/mL (r  0.999). The intraassay and interassay reproducibility values, 

characterized by coefficients of variations (CVs), were ranged from 0.31 to 9.79% 

and 0.80 to 12.81%, respectively. The determination of piperacillin concentrations 

was performed by the clinical pharmacology laboratory, department of internal 

medicine, faculty of medicine, Prince of Songkla University. 

3.4.5. Population PK analysis 

Nonlinear mixed effects model building 

The piperacillin concentration versus time data were analyzed by  

a nonlinear mixed-effects modeling approach using NONMEM
®
 version 7.2 

(ICON Development Solutions, Ellicott city, MD, USA) through PDx-Pop
®
 

version 5.1 (ICON Development Solutions, Ellicott city, MD, USA). Data were 

fitted with a structural model and 2 variance models including interindividual 

variability (IIV) and residual variability (RV) models.  

 Structural model (the model that best describes data in the absence of 

covariates): one-compartment model (ADVAN1 TRANS2) and two-compartment 

model (ADVAN3 TRANS4) were examined with the data. 

 Interindividual variability (IIV) model describes the variance of  

a parameter across different individuals in the population. Three IIV models were 

investigated; 
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Additive IIV model 

 Pi = TVP + i 

Proportional IIV model 

 Pi = TVP (1 + i) 

Exponential IIV model 

 Pi = TVP e
i

 

where Pi is the value of the PK parameter for the i
th

 subject. 

    TVP is the typical value of the population PK parameter. 

    i is the value of the deviation from the typical value for the 

i
th

 subject, it is assumed to have normal distribution with zero mean 

and 
2
 variance. 

 Residual variability (RV) model describes the unexplained variability 

in the observed data. Four RV models were investigated; 

Additive RV model 

 CO, ij = CP, ij + ij 

Proportional RV model 

 CO, ij = CP, ij(1 + ij) 

Combined additive and proportional RV model 

 CO, ij = CP, ij + 1, ij + (1 + 2, ij) 

Exponential RV model 

 CO, ij = CP, ij e
ij

 

where CO, ij is the observed concentration of the i
th

 subject at time j
th

. 

    CP, ij is the predicted concentration of the i
th

 subject at time j
th

. 

    ij is the value of the difference between the observed and 

predicted concentrations of the i
th

 subject at time j
th

, it is assumed to 

have normal distribution; zero mean and 
2
 variance. 

The appropriate base model was chosen based on objective function 

value (OFV), Akaike information criterion (AIC), PK parameter estimates, and 

goodness of fit plots. The model which had the lowest OFV and AIC was 

considered that it could best describe the data; however PK parameter estimates 
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of such model had to be reasonable and reliable. Then the chosen base model 

would be added with predefined covariates. 

Covariate exploration 

There were 8 plausible covariates explored as follows: 

1. Total body weight (TBW) 

2. Adjusted body weight (ABW) was calculated by  

ABW = IBW + [0.4 x (TBW-IBW)](69) 

3. Creatinine clearance was calculated by the Cockcroft-Gault equation  

if renal function was stable or the Jelliffe equation(90) (see appendix C) if renal 

function was unstable (an increase in serum creatinine by at least 0.3 mg/dL 

within 24 to 48 hours) 

4. Mean arterial pressure (MAP) was calculated by  

MAP = DBP + (1/3(SBP - DBP)) 

5. Total bilirubin  

6. Total amount of resuscitation fluids per day  

7. The uses of vasoactive medications 

8. The uses of mechanical ventilators  

Collinearities between studied covariates were investigated. Then 

Individual PK parameter estimates from the chosen base model were plotted 

against individual covariate values to assess relationships. After that studied 

covariates were included in the base model with different patterns of relationship 

as follows: 

 Continuous covariates 

Linear covariate model 

 TVP = 1 + 2 x (COV - COVMedian) 

Power covariate model 

 TVP = 1 (COV/COVMedian) 
2

  

Exponential covariate model 

 TVP = 1 e 
(2 x (COV/COV

Median
))  

where  TVP is the typical value of the population PK parameter. 

 COV is the value of the continuous covariate. 

 COVMedian is the median of the continuous covariate. 
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1 is the PK parameter value when the individual covariate 

is median (for linear and power model), zero (for exponential 

model) 

 2 is the value of the change in PK parameter for unit 

change in covariate for linear model, the value of the change in 

Ln(PK parameter) per unit change in Ln(covariate) for power 

model, and the value of the change in Ln(PK parameter) per unit 

change in covariate for exponential model. 

 Categorical covariates 

Fractional change covariate model 

 TVP = 1 x (1+(2 x Cov)) 

where  TVP is the typical value of the population PK parameter.

 COV is the value of the continuous covariate.  

1 is the typical PK parameter value without covariate  

 2 is the value of the change in PK parameter when the 

covariate presents 

The stepwise approach was implemented to obtain the final model. 

Based on the 
2
 test, a decrease in the OFV of 3.84 units is considered to be 

significant (P < 0.05) for forward addition step and an increase in the OFV of 6.64 

units is considered to be significant (P < 0.01) for  backward deletion step to avoid 

any possible false positives. 

Estimation methods 

To obtain accurate and precise PK parameter estimates, the chosen 

estimation method is an important part of a population PK analysis.  

The first-order conditional estimation with interaction (FOCE-I) is a classical 

method commonly used while the stochastic approximation expectation 

maximization (SAEM) is a newer estimation algorithm suggested for better 

performance when applied with complex models and/or sparse data. However, 

Sukarnjanaset et al conducted the work to evaluate the performance (accuracy, 

precision, completed estimations, and runtimes) of FOCEI and SAEM estimation 

methods in population PK analysis using NONMEM
®
 when implemented with the 

simple models (one- and two-compartment models) across rich, medium, and 
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sparse sampling data. (See the appendix D) The work found that FOCEI provided 

comparable performance similar to SAEM but with significantly shorter runtimes 

across sparse, medium, and rich data scenarios.(91) Therefore FOCEI was chosen 

to use in PK parameter estimation of this study. 

Model Evaluation 

Basic goodness-of-fit plots of models were used to evaluate by visual 

inspection; (i) observed and population predicted concentrations versus time, (ii) 

observed and individual predicted concentrations versus time, (iii) individual 

weighted residual errors versus time and (iv) individual weighted residual errors 

versus individual predicted concentrations. In addition, the nonparametric 

bootstrap of 1,000 datasets was performed to assess the model reliability.(67) 

Moreover, visual predictive check was performed by simulating 1,000 subjects to 

assess the predictive performance of the model.(66, 67) Graphical displays of 

basic goodness-of-fit plots and visual predictive check were performed using R 

program version 3.1.0 (Free Software by the R project for statistical computing) 

and Xpose program version 4.4.0 (Free Software by the Xpose development 

team). 

3.4.6. Pharmacodynamic assessment using Monte Carlo simulation (MCS) 

Population PK parameter estimates and their variabilities from the 

validated final model were used to simulate 10,000 patients using Crystal ball 

software (Decisioneering Inc., Denver, CO, USA). Virtual patients were simulated 

in 4 different renal functions (CLCr < 20, 20 to 40, 40 to 60, and 60 to 120 

mL/min). Forty dosage regimens were created based on 4 dosage regimens;  

(i) piperacillin/tazobactam 2/0.25 g every 8 hours (6/0.75 g/day), (ii) piperacillin/ 

tazobactam 2/0.25 g every 6 hours (8/1 g/day), (iii) piperacillin/ tazobactam 4/0.5 

g every 8 hours (12/1.5 g/day), and (iv) piperacillin/tazobactam 4/0.5 g every 6 

hours (16/2 g/day). Each dosage regimen was varied with 6 different infusion 

times including 0.5, 1, 2, 3, 4 hours, and continuous infusion (CI). Concerning 

loading dose (LD), LD 2/0.5 g and 4/0.5 g were added to 3 CI dosage regimens;   

(i) piperacillin/tazobactam 6/0.75 g CI, (ii) piperacillin/tazobactam 8/1 g CI, and 

(iii) piperacillin/tazobactam 12/1.5 g CI (since maximum daily dose is 16/2 g/day, 
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16/2 g CI would not be added with any LD). In addition, 2 dosage regimens;  

(i) piperacillin/tazobactam 2/0.25 g every 6 hours and (ii) piperacillin/tazobactam 

2/0.25 g every 8 hours were implemented with LD 4/0.5 g (because maximum 

dose of each dose should not exceed 4/0.5 g, piperacillin/ tazobactam 4/0.5 g 

every 6 and 8 hours would not be implemented with any LD). Then the 90%fT>MIC 

was observed to determine the PTA for a range of MICs (0.008 to 512 mg/L). 

MIC distributions of Pseudomonas aeruginosa, Klebsiella pneumoniae, 

and Escherichia coli from the European Committee for Antimicrobial 

Susceptibility and Testing (EUCAST) database were used to determine the CFR 

(See appendix E)(92), it should be noted that there has been no published  MIC 

distribution of these pathogens in Thailand. The calculation was done by 

multiplying the PTA at each MIC by the fraction of organisms susceptible at that 

MIC. Then the summation of those results was the CFR for the respective MIC 

distribution. The dosage regimen was considered successful if the CFR value was 

90%. 

3.4.7. Clinical outcomes 

Clinical responses 

Patients with sepsis who received piperacillin/tazobactam more than 48 

hours or less than 48 hours because of broadening antibiotics were eligible for the 

clinical response assessment. The criteria of clinical improvement were  

(i) improved clinical signs and symptoms in relation to the suspected infections or 

(ii) negative repeat culture or (iii) de-escalation of antibiotic therapy (changed to 

antibiotics which the pathogens were susceptible to). The criteria of clinical failure 

were (i) persistent/worsening clinical signs and symptoms in relation to the 

suspected infections or (ii) persistent positive culture with the same pathogen or 

(iii) broadening of antibiotic therapy (changed to carbapenems or added 

vancomycin or aminoglycosides).  

The 28-day all-cause mortality rate 

The percentage of patients who died with all causes within 28 days after 

initiation of piperacillin/tazobactam was recorded and investigated the association 

with individual %fT>MIC. 
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3.5. Studied outcomes 

3.5.1. Primary outcomes  

 Population PK parameter estimates and variabilities of piperacillin in 

critically ill patients during the early phase of sepsis. 

 The PTA of various piperacillin dosage regimens and the CFR against 

pathogens commonly found in critically ill patients during the early phase of sepsis. 

3.5.2. Secondary outcomes 

 Clinical responses of critically ill patients with sepsis when receiving 

piperacillin/tazobactam. 

 Twenty eight-day all-cause mortality rate and the association with 

individual %fT>MIC in critically ill patients with sepsis who were treated with 

piperacillin/tazobactam. 

3.6. Ethical considerations 

Investigators concern about the rights of patients. Before recruitment, 

investigators gave all patients or caregivers both oral and written research 

information until patients or caregivers fully understood and could make a 

decision to participate or not in the study according to their willingness. Patients 

can leave the study anytime without effect on the regular therapy. All data would 

keep confidential and present by concealing patients’ private profiles. The study 

was approved by human subjects institutional review board, faculty of medicine, 

Prince of Songkhla University. (See appendix E)  
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CHAPTER IV RESULTS 

4.1. Demographic and clinical data 

Forty-eight patients with sepsis participated in the study. The demographic 

and clinical data are shown in table 5. Seventy-seven percent of patients were 

male. Median age and total body weight (TBW) were 60 years and 56.6 kg, 

respectively. Most patients had low respiratory function; median ratio of partial 

pressure of oxygen and fraction of inspired oxygen (Pao2/Fio2) was 234 mmHg 

and 60% of patients used mechanical ventilators. In addition, most patients had 

slightly low cardiovascular function; median of mean arterial pressure (MAP) 

was 68 mmHg. Thirty-three percent of patients received vasoactive medications 

(29% of patients progressed septic shock and 4% of patients developed 

cardiovascular shock). Most patients had renal impairment; median creatinine 

clearance (CLCr ) was 54.9 mL/min. Median acute physiology and chronic health 

evaluation II (APACHE II) and sequential organ failure assessment (SOFA) score 

were 22 and 6, respectively. Suspected infection mostly found was respiratory 

tract infection. Thirty-five pathogens were found in 28 patients, 77% of 

pathogens were susceptible to piperacillin/tazobactam. Most patients received 

piperacillin/tazobactam monotherapy. All patients received piperacillin/ 

tazobactam 4/0.5 g 30-min infusion every 6 hours, except for two patients who 

received 4/0.5 g 30-min infusion every 8 hours and two patients who received 

4/0.5 g (first dose) then 2/0.25 g 30-min infusion every 6 hours.  

4.2. Population pharmacokinetic (PK) analysis 

A total of 237 blood samples were available for the analysis (except for  

3 blood samples which could not be drawn because patients underwent surgery). 

Piperacillin plasma concentration versus time and time after dose profiles are 

depicted in figure 2 and 3, respectively.  
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Table 5 Demographic and clinical data 

Data Values (n=48) 

Gender (male), n (%) 37 (77) 

Age (years) 60 (49-78) 

Total body weight (kg) 56.6 (49.6-69.5) 

Ideal body weight (kg) 62.3 (53.8-66.4) 

Adjusted body weight (kg) 56.0 (48.1-65.0) 

Body mass index (kg/m
2
) 21.0 (18.9-25.5) 

PaO2/FIO2 (mmHg) 234 (142-333) 

Mean arterial pressure (mmHg) 68 (61-75) 

Serum creatinine (mg/dL) 1.1 (0.7-1.5) 

Creatinine clearance (mL/min)
a
 54.9 (41.6-86.5) 

Platelets (x10
3
/L) 185 (125-283) 

Total bilirubin (mg/dL) 0.8 (0.4-2.9) 

APACHE II score 22 (18-26) 

SOFA score 6 (5-8) 

Total amount of resuscitation fluids per day (mL) 1,265 (405-2,250) 

Patients with septic shock, n (%) 14 (29) 

The uses of vasoactive medications, n (%) 16 (33) 

The uses of mechanical ventilators, n (%) 29 (60) 

Suspected infections, n (%)
b
 

     Respiratory tract infection 23 (48) 

     Urinary tract infection 10 (21) 

     Septicemia 7 (15) 

     Peritonitis 1 (2) 

     Severe dengue infection 1 (2) 

     No known source of infection 9 (19) 

Data are presented as median (interquartile range) or number (percentage). 
a
Creatinine 

clearance was estimated using the Cockcroft-Gault equation for patients with stable renal 

function and the Jelliffe equation for patients with unstable renal function.
 b
Some patients had 

more than one suspected infection.  
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Table 5 Demographic and clinical data
 
(continue) 

Data Values (N=48) 

Pathogens, n (%)
c
 

     Escherichia coli (ESBL) 7 (20) 

     Escherichia coli 6 (17) 

     Klebsiella pneumoniae (ESBL) 5 (14) 

     Pseudomonas aeruginosa 5 (14) 

     Klebsiella pneumoniae 3 (9) 

     Acinetrobacter baummanii 3 (9) 

     Enterococcus cloacea 3 (9) 

     Streptococcus pneumonia 1 (3) 

     Staphylococcus aureus 1 (3) 

     Enterobacter aerogenes 1 (3) 

Susceptibility of pathogens, n (%) (N=35) 

     Susceptible to piperacillin/tazobactam 27 (77) 

     Not susceptible to piperacillin/tazobactam 6 (17) 

     No known susceptibility 2 (6) 

Comorbidities, n (%)
d
  

     Cancer 19 (37) 

     Diabetic mellitus 6 (12) 

     Hypertension 6 (12) 

     Cirrhosis 5 (10) 

     Myocardial infarction 4 (8) 

     Dyslipidemia 2 (4) 

     Chronic obstructive pulmonary disease 2 (4) 

     Schizoaffective and mood disorder 2 (4) 

Data are presented as median (interquartile range) or number (percentage). 
c
Some patients 

were affected by more than one pathogen. 
d
Some patients had more than one comorbidity. 
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Table 5 Demographic and clinical data
 
(continue) 

Data Values (N=48) 

Comorbidities, n (%)
d
  

     Thyroid 1 (2) 

     Burn 1 (2) 

     Atrial fibrillation 1 (2) 

     Alzheimer disease 1 (2) 

     Lung alectasis 1 (2) 

     Aplastic anemia 1 (2) 

Concomittent antibiotics, n (%) 

     No concomittent antibiotics 43 (90) 

     Vancomycin 3 (6) 

     Metronidazole 2 (4) 

Data are presented as median (interquartile range) or number (percentage). 
d
Some patients 

had more than one comorbidity. 
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Figure 2 Piperacillin plasma concentrations (mg/L) versus time (hour) of critically ill 

patients with sepsis (n=48) 

 
Figure 3 Piperacillin plasma concentrations (mg/L) versus time after dose (hour) of 

critically ill patients with sepsis (n=48) 
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4.2.1. Base models 

Piperacillin plasma concentration-time profiles were fitted with the one 

and two-compartment models with different interindividual variability (IIV) and 

residual variability (RV). Results of objective function value (OFV), Akaike 

information criterion (AIC) and population PK parameter estimates from the one 

and two-compartment models with different IIV and RV models are shown in 

table 6 and 7, respectively. Overall, two-compartment models provided lower 

OFV and AIC than one-compartment models did. Among the two-compartment 

models, exponential IIV models could provide successful estimations 

(minimization successful). Regard as the two-compartment models with 

exponential IIV models, combined RV model provided the least OFV and AIC; 

however, an estimate of additive RV was not reliable (95% CI crossed zero). 

Therefore the two-compartment model with exponential IIV and proportional RV 

models was chosen as the appropriate base model. The goodness-of-fit plots of 

the base model were shown in figure 4. The base model could provide predicted 

concentrations which corresponded to observed concentrations although they 

were not consistent for the high observed piperacillin concentrations (data points 

were scattered around the identity line, excluding high observed piperacillin 

concentrations), as presented in figure 4a and b. In addition, weighted residuals 

(the differences between observed and predicted concentrations) were scattered 

around the horizontal zero line and were within 1 along with all predicted 

concentrations and time, as shown in figure 4c and d. 
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4.2.2. Covariate models and the final model 

The collinearity between studied covariates were explored before covariate 

model building, as shown in figure 5 and 6. There was no collinearity between 

studied covariates except total body weight (TBW) and adjusted body weight 

(ABW). The relationships between plausible covariates and PK parameters 

including piperacillin clearance (CL) and central volume of distribution (V1) are 

shown in figure 7 and 8, respectively. Regarding CL, among 8 studied covariates; 

TBW, ABW, creatinine clearance (CLCr), mean arterial pressure (MAP), total 

amount of resuscitation (RFLU), total bilirubin (TBIL), the uses of vasoactive 

medications (VASO)  and mechanical ventilators (VENT); TBW, ABW, CLCr 

and MAP were likely to have a correlation with CL but their relationship patterns 

were unclear. Concerning V1, 4 covariates; TBW, ABW, RFLU and VENT, were 

examined, the plots show that TBW and ABW tended to have a linear 

relationship with central volume of distribution (V1).  

The impacts of covariates on PK parameters were examined by using 

stepwise forward addition and backward deletion approach. The results of 

forward addition step 1 are shown in table 8. The relationships between CLCr and 

CL (linear), MAP and CL (linear), TBW and V1 (linear) and ABW and V1 (all 

patterns) significantly reduced the OFV of the base model. The relation between 

CLCr and CL (linear) provided the largest decline of the OFV; therefore it was 

firstly added in the base model.  

Based on the base model added with the relation between CLCr and CL 

(linear), the rest covariates were individually included in this model. The results 

of forward addition step 2 are shown in table 9. The relation between MAP and 

CL, TBW and V1, and ABW and V1 significantly decreased the OFV of the 

model regardless patterns of relation. Because the relation between MAP and CL 

(linear) most decreased the OFV, it was included in the model, subsequently.  
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Figure 5 Scatterplot matrix of continuous covariates 

        

        

        
Figure 6 Boxplot matrix of studied covariates 
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Regarding the base model with the 2 linear relations; (i) CLCr and CL, and 

(ii) MAP and CL, the remainder covariates were separately included in this 

model. The results of forward addition step 3 are shown in table 10.  

The association of V1 with TBW and ABW significantly lowered the OFV of the 

model regardless patterns of relationship. ABW was chosen to be in the model 

because ABW provided higher OFV reduction than TBW (ABW fitted with the 

data better than TBW). Among 3 patterns of relations between ABW and V1, the 

linear relationship was applied in the model because it is a simpler way to 

describe the influence of ABW on V1. Then there was no significant relation to 

improve model further as shown in table 11. The full model consisted of  

3 significant linear relations including (i) CLCr and CL, (ii) MAP and CL, and 

(iii) ABW and V1. 

Afterward, the backward deletion was implemented by removing each 

covariate from the full model. There was no insignificant relation as shown in 

table 12. Therefore the final model was represented by equation (1) and (2); 

TVCL = 5.37 + (0.06 x (CLCr - 55)) + (0.05 x (MAP - 68)) (1) 

TVV1 = 9.35 + (0.26 x (ABW - 56))    (2) 

where   TVCL is the typical value of CL.   

TVV1 is the typical value of V1. 

Compared with the base model, the final model could reduce the IIV values 

of CL and V1 of 17.8 and 8.6 %, respectively as shown in table 13. The final 

model showed that population CL and V1 were 5.37 L/h and 9.35 L, respectively. 

CLCr and MAP had the significant effect on CL. In other words, if CLCr increases 

1 mL/min, CL would heighten 0.06 L/h (when MAP is 68 mmHg). Likewise, if 

MAP increases 1 mmHg, CL would escalate 0.05 L/h (when CLCr is 55 mL/min). 

In addition, ABW was found to be the significant covariate for V1, if ABW rises 

1 kg, V1 would increase 0.26 L. 
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Table 8  Change in OFV during forward addition step 1 

Parameters Added 

covariates 

(Patterns) 

Models OFV OFV 

Base model 1811.109  

CL TBW (Lin) CL = 1 + (2 x TBW-57) NA
a
  

 TBW (Pow) CL = 1 x (TBW/57)
2

 1839.817 +28.708 

 TBW (Exp) CL = 1e
(2 x TBW/57)

 1840.549 +29.440 

 ABW (Lin) CL = 1 + (2 xABW-56) NA
a
  

 ABW (Pow) CL = 1 x (ABW/56)
2

 1807.279  -3.830  

 ABW (Exp) CL = 1e
(2 x ABW/56)

 1808.128  -2.981 

 CLCr (Lin) CL = 1 + (2 x CLCr-55) 1785.696 -25.413* 

 CLCr  (Pow) CL = 1 x (CLCr/55) 
2

 1822.629 +11.52 

 CLCr (Exp) CL = 1e
(2 x CL

Cr
/55)

 1823.691 +12.582 

 MAP (Lin) CL = 1 + (2 x MAP-68) 1803.714 -7.395* 

 MAP (Pow) CL = 1 x (MAP/68)
2

 1833.824 +22.715 

 MAP (Exp) CL = 1e
(2 x MAP/68) 

 1834.305 +23.196 

 TBIL (Lin) CL = 1 + (2 x TBIL-0.8) 1810.699 -0.410 

 TBIL (Pow) CL = 1 x (TBIL /0.8)
2

 1810.802 -0.307 

 TBIL (Exp) CL = 1e
(2 x TBIL/0.8) 

 1810.678 -0.431 

 RFLU (Lin) CL = 1+(2 x RFLU-

1300) 

NA
b
  

 RFLU (Pow) CL = 1 x (RFLU/1300)
2

 NA
a
  

 RFLU(Exp) CL = 1e
(2 x RFLU/1300)

 NA
a
  

 VASO (Frac) CL = 1 x(1+(2 x VASO)) 1837.316 +26.207 

 VENT (Frac) CL = 1 x(1+(2 x VENT)) 1842.134 +31.025 
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Table 8 Change in OFV during forward addition step 1 

Parameters Added 

covariates 

(Patterns) 

Models OFV OFV 

Base model 1811.109  

V1 TBW (Lin) V1 = 1 + (2 x TBW-57) 1802.252 -8.857* 

 TBW (Pow) V1 = 1 x (TBW/57)
2

 1834.077 +22.968 

 TBW (Exp) V1 = 1e
(2 x TBW/57)

 1833.301 +22.192 

 ABW (Lin) V1 = 1 + (2 x ABW-56) 1800.391 -10.718* 

 ABW (Pow) V1 = 1 x (ABW/56)
2

 1799.782 -11.327* 

 ABW (Exp) V1 = 1e
(2 x ABW/56)

 1799.017 -12.092* 

 RFLU (Lin) V1 = 1 + (2 x RFLU) NA
a
  

 RFLU (Pow) V1 = 1 x (RFLU/1300)
2

 NA
a
  

 RFLU(Exp) V1 = 1e
(2 x RFLU)

 1841.041 +29.932 

 VASO (Frac) V1 = 1 x(1+(2 x VASO)) 1838.388 +27.279 

 VENT (Frac) V1 = 1 x(1+(2 x VENT)) 1841.553 +30.444 

a
 The

 
model could not estimate parameters at the initial evaluation.

 b
 The model could not 

throughout estimate parameters (minimization terminated). *A decrease in OFV  3.84 

indicates that the covariate has a significant effect on the PK parameter (p-value  0.05). Lin, 

Linear model; Pow, Power model; Exp, Exponential model; Frac, Fractional change model. 
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Table 9  Change in OFV during forward addition step 2 

Parameters Added 

covariates 

(Patterns) 

Models OFV OFV 

Base model added with CLCr CL = 1 + (2 x CLCr-55) 1785.696  

CL TBW (Lin) CL = (1 + (2 x CLCr-55)) 

+ (3 x TBW-57) 

NA
a
  

 TBW (Pow) CL = (1 + (2 x CLCr-55)) 

x (TBW/57)
3

 

1783.981 -1.715 

 TBW (Exp) CL = (1 + (2 x CLCr-55)) 

x e
(3 x TBW/57)

 

1784.519 -1.177 

 ABW (Lin) CL = (1 + (2 x CLCr-55)) 

+ (3 x ABW-56) 

NA
a
  

 ABW (Pow) CL = (1 + (2 x CLCr-55)) 

x (ABW/56)
3

 

1783.969 -1.727 

 ABW (Exp) CL = (1 + (2 x CLCr-55)) 

x e
(3 x ABW/56)

 

1784.440 -1.256 

 MAP (Lin) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

1769.331 -16.365* 

 MAP (Pow) CL = (1 + (2 x CLCr-55)) 

x (MAP/68)
3

 

1770.163 -15.533* 

 MAP (Exp) CL = 1+ (2 x CLCr-55) x 

e
(3 x MAP/68)

 

1769.885 -15.811* 

 TBIL (Lin) CL = (1 + (2 x CLCr-55)) 

+ (3 x TBIL-0.8) 

1784.906 -0.790 

 TBIL (Pow) CL = (1 + (2 x CLCr-55)) 

x (TBIL /0.8)
3

 

1785.229 -0.467 

 TBIL (Exp) CL = (1 + (2 x CLCr-55)) 

x e
(3 x TBIL/0.8) 

 

1784.495 -1.201 

 RFLU (Lin) CL = 1 + (2 x CLCr-55) + 

(3 x RFLU-1300) 

NA
a
  

 RFLU (Pow) CL = 1 + (2 x CLCr-55) x 

(RFLU/1300)
3

 

NA
a
  

 RFLU(Exp) CL = 1+ (2 x CLCr-55) x 

e
(3 x RFLU/1300)

 

1784.715 -0.981 

 VASO (Frac) CL = 1 + (2 x CLCr-55) x 

(1+(3 x VASO)) 

1785.701
b
 +0.005 

 VENT (Frac) CL = 1 + (2 x CLCr-55) x 

(1+(3 x VENT)) 

1785.697
 b
 +0.001 
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Table 9  Change in OFV during forward addition step 2 

Parameters Added 

covariates 

(Patterns) 

Models OFV OFV 

Base model added with CLCr CL = 1 + (2 x CLCr-55) 1785.696  

V1 TBW (Lin) CL = 1 + (2 x CLCr-55) 

V1 = 3 + (4 x TBW-57) 

1777.248 -8.448* 

 TBW (Pow) CL = 1 + (2 x CLCr-55) 

V1 = 3 x (TBW/57)
4

 

1777.111 -8.585* 

 TBW (Exp) CL = 1 + (2 x CLCr-55) 

V1 = 3e
(4 x TBW/57)

 

1776.162 -9.534* 

 ABW (Lin) CL = 1 + (2 x CLCr-55) 

V1 = 3 + (4 x ABW-56) 

1775.148 -10.548* 

 ABW (Pow) CL = 1 + (2 x CLCr-55) 

V1 = 3 x (ABW/56)
4

 

1774.597 -11.099* 

 ABW (Exp) CL = 1 + (2 x CLCr-55) 

V1 = 3e
(4 x ABW/56)

 

1773.942 -11.754* 

 RFLU (Lin) CL = 1 + (2 x CLCr-55) 

V1 = 3 + (4 x RFLU) 

NA
a
  

 RFLU (Pow) CL = 1 + (2 x CLCr-55) 

V1 = 3 x (RFLU/1300)
4

 

NA
a
  

 RFLU(Exp) CL = 1 + (2 x CLCr-55) 

V1 = 3e
(4 x RFLU)

 

1784.481 -1.215 

 VASO (Frac) CL = 1 + (2 x CLCr-55) 

V1 = 3 x(1+(4 x VASO)) 

1785.698
 b

 +0.002 

 VENT (Frac) CL = 1 + (2 x CLCr-55) 

V1 = 3 x(1+(4 x VENT)) 

1785.697
 b

 +0.001 

a
 The

 
model could not estimate parameters at the initial evaluation. 

b
 The model could not 

throughout estimate parameters. *A decrease in OFV  3.84 indicates that the covariate has a 

significant effect on the PK parameter (p-value  0.05). Lin, Linear model; Pow, Power 

model; Exp, Exponential model; Frac, Fractional change model.  
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Table 10 Change in OFV during forward addition step 3 

Parameters Added 

covariates 

(Patterns) 

Models OFV OFV 

Base model added with   

2 linear relations: CLCr and 

CL, MAP and CL 

CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

1769.331  

CL TBW (Lin) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68))  

+ (4 x TBW-57) 

1768.440 -0.891 

 TBW (Pow) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68)) 

x (TBW/57)
4

 

1768.476 -0.855 

 TBW (Exp) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68)) 

x e
(4 x TBW/57)

 

1768.936 -0.395 

 ABW (Lin) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68)) 

+ (4 x ABW-56) 

1768.842 -0.489 

 ABW (Pow) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68)) 

x (ABW/56)
4

 

1768.910 -0.421 

 ABW (Exp) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68)) 

x e
(4 x ABW/56)

 

1769.207 -0.124 

 TBIL (Lin) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68)) 

+ (4 x TBIL-0.8) 

1768.264 -1.067 

 TBIL (Pow) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68)) 

x (TBIL /0.8)
4

 

1768.375 -0.956 

 TBIL (Exp) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68)) 

x e
(4 x TBIL/0.8)

 

1768.041 -1.290 

 RFLU (Lin) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68)) 

+ (4 x RFLU-1300) 

NA
a
  

 RFLU (Pow) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68))  

x (RFLU/1300)
4

 

NA
a
  

 RFLU(Exp) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68)) 

x e
(4 x RFLU/1300)

 

1767.342 -1.989 
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Table 10  Change in OFV during forward addition step 3 

Parameters Added 

covariates 

(Patterns) 

Models OFV OFV 

Base model added with   

2 linear relations: CLCr and 

CL, MAP and CL 

CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

1769.331  

Cl VASO (Frac) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68)) 

x (1+(4 x VASO)) 

1769.335
 b
 +0.004 

 VENT (Frac) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68)) 

x (1+(4 x VENT)) 

1769.333
b
 +0.002 

V1 TBW (Lin) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = 4 + (5 x TBW-57) 

1761.073 -8.258* 

 TBW (Pow) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = 4 x (TBW/57)
5

 

1760.954 -8.377* 

 TBW (Exp) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = 4e
(5 x TBW/57)

 

1760.062 -9.269* 

 ABW (Lin) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = 4 + (5 x ABW-56) 

1759.001 -10.330* 

 ABW (Pow) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = 4 x (ABW/56)
5

 

1758.496 -10.835* 

 ABW (Exp) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = 4e
(5 x ABW/56)

 

1757.903 -11.428* 

 RFLU (Lin) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = 4 + (5 x RFLU) 

NA
a
  

 RFLU (Pow) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = 4 x (RFLU/1300)
5

 

NA
a
  

 RFLU(Exp) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = 4e
(5 x RFLU)

 

1768.302 -1.029 
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Table 10  Change in OFV during forward addition step 3 

Parameters Added 

covariates 

(Patterns) 

Models OFV OFV 

V1 VASO (Frac) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = 4 x(1+(5 x VASO)) 

1769.333
 b

 +0.002 

 VENT (Frac) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = 4 x(1+(5 x VENT)) 

 1769.331
b
 0.000 

a
 The

 
model could not estimate parameters at the initial evaluation. 

b
 The model could not 

throughout estimate parameters. *A decrease in OFV  3.84 indicates that the covariate has a 

significant effect on the PK parameter (p-value  0.05). Lin, Linear model; Pow, Power 

model; Exp, Exponential model; Frac, Fractional change model. 
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Table 11  Change in OFV during forward addition step 4 

Parameters Added 

covariates 

(Patterns) 

Models OFV OFV 

Base model added with   

3 linear relations: CLCr and CL, 

MAP and CL, ABW and V1 

CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = 4 + (5 x ABW-56) 

1759.001  

CL TBW (Lin) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68))  

+ (4 x TBW-57) 

V1 = 5 + (6 x ABW-56) 

1758.021 -0.980 

 TBW (Pow) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68))  

x (TBW/57)
4

 

V1 = 5 + (6 x ABW-56) 

1758.010 -0.991 

 TBW (Exp) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68))  

x e
(4 x TBW/57)

 

V1 = 5 + (6 x ABW-56) 

1758.547 -0.454 

 ABW (Lin) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68))  

+ (4 x ABW-56) 

V1 = 5 + (6 x ABW-56) 

1758.384 -0.617 

 ABW  (Pow) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68))  

x (ABW/56)
4

 

V1 = 5 + (6 x ABW-56) 

1758.451 -0.550 

 ABW (Exp) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68))  

x e
(4 x ABW/56)

 

V1 = 5 + (6 x ABW-56) 

1758.816 -0.185 

 TBIL (Lin) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

+ (4 x TBIL-0.8) 

V1 = 5 + (6 x ABW-56) 

1757.391 -1.610 

 TBIL (Pow) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

x (TBIL /0.8)
4

 

V1 = 5 + (6 x ABW-56) 

1757.417 -1.584 

 TBIL (Exp) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

x e
(4 x TBIL/0.8)

 

V1 = 5 + (6 x ABW-56) 

1757.207 -1.794 
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Table 11 Change in OFV during forward addition step 4 

Parameters Added 

covariates 

(Patterns) 

Models OFV OFV 

Base model added with   

3 linear relations: CLCr and CL, 

MAP and CL, ABW and V1 

CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = 4 + (5 x ABW-56) 

1759.001  

CL RFLU (Lin) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68))  

+ (4 x RFLU-1300) 

V1 = 5 + (6 x ABW-56) 

NA
a
  

 RFLU (Pow) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68))  

x (RFLU/1300)
4

 

V1 = 5 + (6 x ABW-56) 

NA
a
  

 RFLU(Exp) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68))  

x e
(4 x RFLU/1300)

 

V1 = 5 + (6 x ABW-56) 

1757.104 -1.897 

 VASO (Frac) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68))  

x (1+(4 x VASO)) 

V1 = 5 + (6 x ABW-56) 

1759.006
b
 +0.005 

 VENT (Frac) CL = ((1 + (2 x CLCr-55)) 

+ (3 x MAP-68))  

x (1+(4 x VENT)) 

V1 = 5 + (6 x ABW-56) 

1759.003
b
 +0.002 

V1 RFLU (Lin) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = (4 +(5 x ABW-56) ) 

+ (6 x RFLU-1300) 

NA
a
  

 RFLU (Pow) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = (4 +(5 x ABW-56) ) 

x (RFLU/1300)
6

 

NA
a
  

 RFLU(Exp) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = (4 +(5 x ABW-56)) 

x  e
(6 x RFLU/1300)

 

1757.874 -1.127 
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Table 11 Change in OFV during forward addition step 4 

Parameters Added 

covariates 

(Patterns) 

Models OFV OFV 

 VASO (Frac) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = (4 +(5 x ABW-56)) 

x (1+(6 x VASO)) 

1759.002
b
 +0.001 

 VENT (Frac) CL = (1 + (2 x CLCr-55)) 

+ (3 x MAP-68) 

V1 = (4 +(5 x ABW-56)) 

x (1+(6 x VENT)) 

1759.002
b
 0.000 

a
 The

 
model could not estimate parameters at the initial evaluation. 

b
 The model could not 

throughout estimate parameters. Lin, Linear model; Pow, Power model; Exp, Exponential 

model; Frac, Fractional change model. 

Table 12  Change in OFV during backward deletion of the full model 

Parameters Removed 

covariates 

(Patterns) 

Models OFV OFV 

Full model CL = (1 + (2 x CLCr-55))  

+ (3 x MAP-68) 

V1 = 4 + (5 x ABW-56) 

1759.001  

CL CLCr (Lin) CL = 1 + (2 x (MAP-68)) 

V1 = 3 + (4 x (ABW-56)) 

1793.132 34.131* 

CL MAP (Lin) CL = 1 + (2 x (CLCr-55)) 

V1 = 3 + (4 x (ABW-56)) 

1775.148 16.147* 

V1 ABW (Lin) CL = (1 + (2 x (CLCr-55))) 

+ (3 x MAP-68) 

1769.331 10.330* 

*A decrease in OFV  6.64 indicates that the covariate has a significant effect on the PK 

parameter (p-value  0.01). Lin, Linear model. 
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Table 13  Population PK parameter estimates of the base model, final model and 

bootstrap 

CI, confidence interval; CV, coefficient of variation. 

4.2.3. Model evaluation 

The goodness-of-fit plots proved the correctness of the final model, as 

shown in figure 9. The final model could provide predicted concentrations which 

corresponded to observed concentrations (data points were scattered around the 

identity line), as presented in figure 9a and b. In addition, weighted residuals (the 

differences between observed and predicted concentrations) were scattered around 

the horizontal zero line and were within 1 along with all predicted concentrations 

and time, as shown in figure 9c and d. The goodness-of-fit plots confirmed that 

the final model was correctly specified. Moreover, the evaluation based on the 

simulation; bootstrap and visual predictive check (VPC) were performed. The 

results of 1,000 bootstrap runs (the final model was implemented with 1,000 

modified data files) are shown in table 13. All PK parameter estimates were 

similar to bootstrap estimates and within 95%CI of bootstrap runs,  

this finding confirmed that the final model provided accurate and precise PK 

parameter estimates. In addition, the VPC showed that the observed percentiles 

remained within the 95% CI of corresponding predicted percentiles, as displayed 

in figure 10. These results confirmed that the final model had the sufficient 

performance to further simulate concentration-time profiles. 

 

 

 

Parameters 

Base model Final model Bootstrap 

Estimates Estimates Estimates 95% CI 

CL (L/h) 5.65 5.37 5.34 4.83 5.87 

V1 (L) 9.59 9.35 9.34 6.69 12.20 

V2 (L) 7.55 7.77 7.78 5.06 11.30 

Q (L/h) 20.10 21.30 22.31 6.00 47.50 

      

IIV of CL(CV%) 46.3 28.5 27.5 21.1 33.2 

IIV of V1 (CV%) 64.0 55.4 55.3 36.3 73.3 

      

RV (CV%) 22.1 22.3 22.1 17.4 27.1 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6
0

 
   

 

 
F

ig
u

re
 9

 T
h

e 
g
o
o
d
n
es

s-
o

f-
fi

t 
p
lo

ts
 o

f 
th

e 
fi

n
al

 m
o

d
el

. 

  
 (

a)
 O

b
se

rv
ed

 v
er

su
s 

p
o

p
u
la

ti
o
n
 p

re
d
ic

te
d
 p

ip
er

ac
il

li
n
 c

o
n
ce

n
tr

at
io

n
s;

 (
b
) 

O
b
se

rv
ed

 v
er

su
s 

in
d
iv

id
u
al

 p
re

d
ic

te
d
  

p
ip

er
ac

il
li

n
 c

o
n
ce

n
tr

at
io

n
s;

 (
c)

 I
n
d
iv

id
u
al

 w
ei

g
h
te

d
 r

es
id

u
al

s 
v
er

su
s 

in
d
iv

id
u
al

 p
re

d
ic

te
d
 p

ip
er

ac
il

li
n
 c

o
n
ce

n
tr

at
io

n
s;

 

(d
) 

In
d
iv

id
u
al

 w
ei

g
h
te

d
 r

es
id

u
al

s 
v
er

su
s 

ti
m

e.
 D

o
tt

ed
 l

in
es

, 
id

en
ti

ty
 l

in
es

. 

0

1
0

0

2
0

0

3
0

0

4
0

0

5
0

0

0
1
0

0
2
0

0
3
0

0
4
0

0
5
0

0

Observed piperacillin concentrations (mg/L)

P
o

p
u

la
ti

o
n

 p
re

d
ic

te
d

 p
ip

er
ac

il
li

n
 c

o
n

ce
n

tr
at

io
n

s 
(m

g
/L

)

(a
)

0

1
0

0

2
0

0

3
0

0

4
0

0

5
0

0

0
1

0
0

2
0

0
3

0
0

4
0

0
5

0
0

Observed piperacillin concentrations (mg/L)

In
d

iv
id

u
al

 p
re

d
ic

te
d

 p
ip

er
ac

il
li

n
 c

o
n

ce
n

tr
at

io
n

s 
(m

g
/L

)

(b
)

-1
.0

-0
.8

-0
.6

-0
.4

-0
.2

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

0
1
0
0

2
0
0

3
0
0

4
0
0

5
0
0

Individual weighted residuals

In
d

iv
id

u
al

 p
re

d
ic

te
d

 p
ip

er
ac

il
li

n
 c

o
n

ce
n

tr
at

io
n

s 
(m

g
/L

)

(c
) 

-1
.0

-0
.8

-0
.6

-0
.4

-0
.2

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

0
5

1
0

1
5

2
0

2
5

3
0

Individual weighted residuals
T

im
e 

(h
o
u

rs
)

(d
)



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

61 
 
 

 

 

Figure 10 Visual predictive check of the final model.  

Individual points represent observed data. Dashed lines represent 5th, 50th and  

95th percentiles of observed data. The red area represents 95% CI of the 50th 

percentile of predicted data. The black areas represent 95% CI of the 5th and  

95th percentiles of predicted data. 
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4.3. Pharmacodynamic assessment using Monte Carlo simulation (MCS) 

4.3.1. Probability of target attainment (PTA) 

All subsequent Monte Carlo simulations were based on the validated final 

model. Population PK parameter estimates and variabilities were used to simulate 

10,000 virtual patients for each dosage regimens and renal functions.  

PTA (PK/PD target: 90% fT>MIC) at various MIC when using 40 different dosage 

regimens in patients with 4 different renal function groups are shown in figure 11 

to 14 and table 14.  

Regarding patients with CLCr 60 to 120 mL/min and pathogens with MIC 

16 mg/L (for the highest MIC of susceptible pathogens), there were 9 dosage 

regimens which provided  90% PTA; piperacillin 6 g continuous infusion (CI) 

with loading dose (LD) 2 g or 4 g (6 g/day with LD), 8 g CI with LD 2 or 4 g (8 

g/day with LD), 12 g CI without or with LD 2 or 4 g (12 mg/day), and 4 g every 6 

hours by infusion over 4 hours and 16 g CI (16 mg/day), as shown in figure 11c, 

11d, 11e and 11f, respectively. 

Concerning patients with CLCr 40 to 60 mL/min and pathogens with MIC 

16 mg/L, 11 dosage regimens could provide  90% PTA; piperacillin 6 g CI with 

LD 2 g or 4 g (6 g/day with LD), 8 g CI with LD 2 or 4 g (8 g/day with LD), 12 g 

CI without or with LD 2 or 4 g (12 mg/day), and 4 g every 6 hours by infusion 

over 2, 3, or 4 hours and 16 g CI (16 mg/day), as presented in figure 12c, 12d, 12e 

and 12f, respectively. 

As regards patients with CLCr 20 to 40 mL/min and pathogens with MIC 

16 mg/L, there were 19 dosage regimens which provided  90%; piperacillin 6 g 

CI with LD 2 g or 4 g (6 g/day with LD), 2 g every 6 hours by all infusion with 

LD 4 g and 8 g CI with LD 2 or 4 g (8 g/day with LD), 4 g every 8 hours by 

infusion over 4 hours and 12 g CI without or with LD 2 or 4 g (12 mg/day), and 4 

g every 6 hours by all infusion time and 16 g CI (16 mg/day), as shown in figure 

13c, 13d, 13e and 13f, respectively. 

For patients with CLCr < 20 mL/min and pathogens with MIC 16 mg/L, 22 

dosage regimens could provide  90%; piperacillin 2 g every 6 hours by infusion 

over 2 or 3 hours (8 g/day without LD), 6 g CI with LD 2 g or 4 g (6 g/day with 

LD), 2 g every 6 hours by all infusion with LD 4 g and 8 g CI with LD 2 or 4 g  
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(8 g/day with LD), 4 g every 8 hours by infusion over 3 or 4 hours and 12 g CI 

without or with LD 2 or 4 g (12 mg/day), and 4 g every 6 hours by all infusion 

time and 16 g CI (16 mg/day), as presented in figure 14b, 14c, 14d, 14e and 14f, 

respectively. 

4.3.2. Cumulative fraction of response (CFR) 

CFR of 3 major pathogens including P. aeruginosa, K. pneumoniae, E. 

coli when using 40 dosage regimens in patients with 4 different renal function 

groups are described in table 15 to 18.  

Concerning patients with 60 to 120 mL/min, there was no dosage regimen 

which provided CFR ≥ 90% for the P. aeruginosa infection. For the K. 

pneumoniae infection, piperacillin 12 g CI with LD 2 g or 4 g provided CFR of 

90%. Contrarily, there were several dosage regimens to achieve CFR ≥ 90% for 

the E. coli infection; for example, 4 g every 8 hours by infusion over 3 or 4 hours 

or 12 g CI without/with LD (12 g/day), 4 g every 6 hours by infusion over 0.5, 1, 

2, 3, 4 hours or 16 g CI (16 g/day), as shown in table 15. 

When considering patients with 40 to 60 mL/min, there was no dosage 

regimen which provided CFR ≥ 90% for the P. aeruginosa infection. For the 

suspected K. pneumoniae infection, piperacillin 8 g or 12 g CI with LD 2 g or 4 g 

provided CFR ≥ 90%. Inversely, almost all dosage regimens achieved CFR ≥ 90% 

for the suspected E. coli infection, excluding piperacillin 2 g every 8 hours by 

infusion over 0.5, 1, 2 hours without LD, as presented in table 16. 

In case of patients with 20 to 40 mL/min, there was no dosage regimen 

which provided CFR ≥ 90% for the P. aeruginosa infection. As for the suspected 

K. pneumoniae infection, piperacillin 6, 8 or 12 g CI with LD 2 g or 4 g could 

reach CFR  90%. Almost all dosage regimens could achieve CFR  90%, 

excluding piperacillin 2 g every 8 hours by infusion 0.5 or 1 hours without LD for 

the E. coli infection, as shown in table 17.  

Regarding patients with < 20 mL/min, there was no dosage regimen which 

provided CFR ≥ 90% for the P. aeruginosa infection. In part of the  

K. pneumoniae infection, piperacillin 6, 8, or 12 g CI with LD 2 g or 4 g could 

achieve CFR  90. All dosage regimens could reach CFR  90% for the E. coli 

infection, as presented in table 18. 
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Table 14 PTA with the following CLCr and MIC of various dosage regimens 

Dosage regimens MIC 

(mg/L) 

PTA (%) with the following CLCr 

(mL/min) 

60-120  40-60 20-40 <20 

Dose 6 g/day without LD 

  2 g 0.5 h-inf. q 8 h 0.5 95 100 100 100 

 1 74 100 100 100 

 2 39 89 100 100 

 4 11 48 82 99 

 8 0 8 28 58 

 16 0 0 0 1 

  2 g 1 h-inf. q 8 h 0.5 97 100 100 100 

 1 83 100 100 100 

 2 48 95 100 100 

 4 15 56 88 100 

 8 1 11 35 67 

 16 0 0 0 2 

  2 g 2 h-inf. q 8 h 0.5 100 100 100 100 

 1 94 100 100 100 

 2 67 100 100 100 

 4 26 76 98 100 

 8 2 19 54 87 

 16 0 0 0 6 

  2 g 3 h-inf. q 8 h 0.5 100 100 100 100 

 1 100 100 100 100 

 2 88 100 100 100 

 4 45 95 100 100 

 8 5 38 80 99 

 16 0 0 0 14 

  2 g 4 h-inf. q 8 h 0.5 100 100 100 100 

 1 100 100 100 100 

 2 99 100 100 100 

 4 76 100 100 100 

 8 15 70 98 100 

 16 0 0 1 33 

  6 g CI 0.5 100 100 100 100 

 1 100 100 100 100 

 2 100 100 100 100 

 4 100 100 100 100 

 8 96 97 97 98 

 16 43 56 60 64 
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Table 14 PTA with the following CLCr and MIC of various dosage regimens 

(continue) 

Dosage regimens MIC 

(mg/L) 

PTA (%) with the following CLCr 

(mL/min) 

60-120  40-60 20-40 <20 

Dose 6 g/day with LD 

  LD 4 g then 2 g q 8 h 1 95 100 100 100 

 (All infusion time) 2 74 100 100 100 

 4 40 89 100 100 

 8 12 47 82 99 

 16 0 8 28 58 

  LD 2 g  with 6 g CI   1 100 100 100 100 

 2 100 100 100 100 

 4 100 100 100 100 

 8 100 100 100 100 

 16 100 100 100 100 

  LD 4 g  with 6 g CI   1 100 100 100 100 

 2 100 100 100 100 

 4 100 100 100 100 

 8 100 100 100 100 

 16 100 100 100 100 

Dose 8 g/day  without LD 

  2 g 0.5 h-inf. q 6 h 2 95 100 100 100 

   4 62 99 100 100 

 8 14 63 93 100 

 16 0 2 19 55 

  2 g 1 h-inf. q 6 h 2 99 100 100 100 

 4 74 100 100 100 

 8 22 75 98 100 

 16 0 3 28 69 

  2 g 2 h-inf. q 6 h 2 100 100 100 100 

 4 94 100 100 100 

 8 44 96 100 100 

 16 0 11 58 95 
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Table 14 PTA with the following CLCr and MIC of various dosage regimens 

(continue) 

Dosage regimens MIC 

(mg/L) 

PTA (%) with the following CLCr 

(mL/min) 

60-120  40-60 20-40 <20 

Dose 8 g/day  without LD 

  2 g 3 h-inf. q 6 h 2 100 100 100 100 

 4 100 100 100 100 

 8 79 100 100 100 

 16 0 33 87 94 

  2 g 4 h-inf. q 6 h 2 100 100 100 100 

 4 100 100 100 100 

 8 99 100 100 100 

 16 2 68 76 79 

  8 g CI 2 100 100 100 100 

 4 100 100 100 100 

 8 97 98 98 98 

 16 56 63 67 69 

Dose 8 g/day with LD      

  LD 4 g then 2 g q 6 h 4 95 100 100 100 

  (All infusion times) 8 62 99 100 100 

 16 15 61 93 100 

  LD 2 g  with 8 g CI   4 100 100 100 100 

 8 100 100 100 100 

 16 100 100 100 100 

  LD 4 g  with 8 g CI   4 100 100 100 100 

 8 100 100 100 100 

 16 100 100 100 100 
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Table 14 PTA with the following CLCr and MIC of various dosage regimens 

(continue) 

Dosage regimens MIC PTA (%) with the following CLCr 

(mL/min) 

60-120  40-60 20-40 <20 

Dose 12 g/day 

  4 g 0.5 h-inf. q 8 h 1 95 100 100 100 

 2 74 100 100 100 

 4 40 89 100 100 

 8 12 47 82 99 

 16 0 8 28 58 

  4 g 1 h-inf. q 8 h 1 98 100 100 100 

 2 82 100 100 100 

 4 48 94 100 100 

 8 14 55 89 100 

 16 1 10 35 68 

  4 g 2 h-inf. q 8 h 1 100 100 100 100 

 2 94 100 100 100 

 4 68 100 100 100 

 8 26 77 98 100 

 16 2 19 54 87 

  4 g 3 h-inf. q 8 h 1 100 100 100 100 

 2 100 100 100 100 

 4 89 100 100 100 

 8 46 95 100 100 

 16 5 38 79 99 

  4 g 4 h-inf. q 8 h 1 100 100 100 100 

 2 100 100 100 100 

 4 99 100 100 100 

 8 76 100 100 100 

 16 13 70 98 100 

  12 g CI 1 100 100 100 100 

 2 100 100 100 100 

 4 100 100 100 100 

 8 100 100 100 100 

 16 96 97 97 97 
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Table 14 PTA with the following CLCr and MIC of various dosage regimens 

(continue) 

Dosage regimens MIC PTA (%) with the following CLCr 

(mL/min) 

60-120  40-60 20-40 <20 

Dose 12 g/day 

  LD 2 g  with 12 g CI   1 100 100 100 100 

 2 100 100 100 100 

 4 100 100 100 100 

 8 100 100 100 100 

 16 100 100 100 100 

  LD 4 g  with 12 g CI   1 100 100 100 100 

 2 100 100 100 100 

 4 100 100 100 100 

 8 100 100 100 100 

 16 100 100 100 100 

Dose 16 g/day 

  4 g 0.5 h-inf. q 6 h 4 95 100 100 100 

 8 62 99 100 100 

 16 15 61 93 100 

  4 g 1 h-inf. q 6 h 4 98 100 100 100 

 8 74 100 100 100 

 16 21 75 98 100 

  4 g 2 h-inf. q 6 h 4 100 100 100 100 

 8 93 100 100 100 

 16 42 97 100 100 

  4 g 3 h-inf. q 6 h 4 100 100 100 100 

 8 100 100 100 100 

 16 78 100 100 100 

  4 g 4 h-inf. q 6 h 4 100 100 100 100 

 8 100 100 100 100 

 16 100 100 100 100 

  16 g CI 4 100 100 100 100 

 8 100 100 100 100 

 16 97 98 98 98 
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Table 15 CFR in patients with CLCr 60 to 120 mL/min 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dosage regimens 
CFR with the following pathogens (%) 

P. aeruginosa K. pneumoniae E. coli 

Dose 6 g/day without LD 

  2 g 0.5 h-inf. q 8 h 11    28    47  

  2 g 1 h-inf. q 8 h 14    33    54  

  2 g 2 h-inf. q 8 h 20    44    66  

  2 g 3 h-inf. q 8 h 29    57    79  

  2 g 4 h-inf. q 8 h 42    69    87  

  6 g CI 69    84    94  

Dose 6 g/day with LD 

  LD 4 g then 2 g 0.5 h-inf. q 8 h 27    51    71  

  LD 4 g then 2 g 1 h-inf. q 8 h 27    51    71  

  LD 4 g then 2 g 2 h-inf. q 8 h 27    51    71  

  LD 4 g then 2 g 3 h-inf. q 8 h 27    51    71  

  LD 4 g then 2 g 4 h-inf. q 8 h 27    51    71  

  LD 2 g  with 6 g CI   76    87    96  

  LD 4 g  with 6 g CI   77    87    96  

Dose 8 g/day  without LD 

  2 g 0.5 h-inf. q 6 h 37    64    84  

  2 g 1 h-inf. q 6 h 42    69    87  

  2 g 2 h-inf. q 6 h 53    76    90  

  2 g 3 h-inf. q 6 h 61    80    92  

  2 g 4 h-inf. q 6 h 65    82    93  

  8 g CI 71    85    94  

Dose 8 g/day with LD 

  LD 4 g then 2 g 0.5 h-inf. q 6 h 58    79    92  

  LD 4 g then 2 g 1 h-inf. q 6 h 58    79    92  

  LD 4 g then 2 g 2 h-inf. q 6 h 58    79    92  

  LD 4 g then 2 g 3 h-inf. q 6 h 58    79    92  

  LD 4 g then 2 g 4 h-inf. q 6 h 58    79    92  

  LD 2 g  with 8 g CI   77    87    96  

  LD 4 g  with 8 g CI   82    89    97  
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Table 15 CFR in patients with CLCr 60 to 120 mL/min (continue) 

  

Dosage regimens 
CFR with the following pathogens (%) 

P. aeruginosa  K. pneumoniae  E. coli 

Dose 12 g/day 

  4 g 0.5 h-inf. q 8 h 27    51    71  

  4 g 1 h-inf. q 8 h 31    56    76  

  4 g 2 h-inf. q 8 h 41    66    85  

  4 g 3 h-inf. q 8 h 52    75    90  

  4 g 4 h-inf. q 8 h 62    81    92  

  12 g CI 79    88    96  

  LD 2 g  with 12 g CI   82    90    97  

  LD 4 g  with 12 g CI   82    90    97  

Dose 16 g/day 

  4 g 0.5 h-inf. q 6 h 58    79    92  

  4 g 1 h-inf. q 6 h 62    81    92  

  4 g 2 h-inf. q 6 h 69    84    94  

  4 g 3 h-inf. q 6 h 74    86    95  

  4 g 4 h-inf. q 6 h 76    87    96  

  16 g CI 79    88    96  
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Table 16 CFR in patients with CLCr 40 to 60 mL/min  

 

 

 

 

 

 

 

 

 

 

 

 

 

Dosage regimens 
CFR with the following pathogens (%) 

P. aeruginosa  K. pneumoniae  E. coli 

Dose 6 g/day  without LD 

  2 g 0.5 h-inf. q 8 h 30    58    80  

  2 g 1 h-inf. q 8 h 34    63    83  

  2 g 2 h-inf. q 8 h 43    70    87  

  2 g 3 h-inf. q 8 h 52    76    90  

  2 g 4 h-inf. q 8 h 60    80    92  

  6 g CI 71    85    94  

Dose 6 g/day with LD 

  LD 4 g then 2 g 0.5 h-inf. q 8 h 53    75    90  

  LD 4 g then 2 g 1 h-inf. q 8 h 53    75    90  

  LD 4 g then 2 g 2 h-inf. q 8 h 53    75    90  

  LD 4 g then 2 g 3 h-inf. q 8 h 53    75    90  

  LD 4 g then 2 g 4 h-inf. q 8 h 53    75    90  

  LD 2 g  with 6 g CI   80    89    97  

  LD 4 g  with 6 g CI   82    89    97  

Dose 8 g/day  without LD 

  2 g 0.5 h-inf. q 6 h 58    79    92  

  2 g 1 h-inf. q 6 h 61    80    92  

  2 g 2 h-inf. q 6 h 66    82    93  

  2 g 3 h-inf. q 6 h 69    84    94  

  2 g 4 h-inf. q 6 h 73    86    95  

  8 g CI 72    85    95  

Dose 8 g/day with LD 

  LD 4 g then 2 g 0.5 h-inf. q 6 h 72    85    95  

  LD 4 g then 2 g 1 h-inf. q 6 h 72    85    95  

  LD 4 g then 2 g 2 h-inf. q 6 h 72    85    95  

  LD 4 g then 2 g 3 h-inf. q 6 h 72    85    95  

  LD 4 g then 2 g 4 h-inf. q 6 h 72    85    95  

  LD 2 g  with 8 g CI   82    90    97  

  LD 4 g  with 8 g CI   82    90    97  
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Table 16 CFR in patients with CLCr 40 to 60 mL/min (continue) 

  

Dosage regimens 
CFR with the following pathogens (%) 

P. aeruginosa  K. pneumoniae  E. coli 

Dose 12 g/day 

  4 g 0.5 h-inf. q 8 h 53    75    90  

  4 g 1 h-inf. q 8 h 56    78    91  

  4 g 2 h-inf. q 8 h 63    81    93  

  4 g 3 h-inf. q 8 h 69    84    94  

  4 g 4 h-inf. q 8 h 73    86    95  

  12 g CI 79    88    96  

  LD 2 g  with 12 g CI   84    90    97  

  LD 4 g  with 12 g CI   85    91    98  

Dose 16 g/day 

  4 g 0.5 h-inf. q 6 h 72    85    95  

  4 g 1 h-inf. q 6 h 74    86    95  

  4 g 2 h-inf. q 6 h 77    87    96  

  4 g 3 h-inf. q 6 h 78    88    96  

  4 g 4 h-inf. q 6 h 80    89    97  

  16 g CI 80    89    96  
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Table 17 CFR in patients with CLCr 20 to 40 mL/min 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dosage regimens 
CFR with the following pathogens (%) 

P. aeruginosa  K. pneumoniae  E. coli 

Dose 6 g/day  without LD 

  2 g 0.5 h-inf. q 8 h 46    72    88  

  2 g 1 h-inf. q 8 h 50    74    89  

  2 g 2 h-inf. q 8 h 56    78    91  

  2 g 3 h-inf. q 8 h 62    81    92  

  2 g 4 h-inf. q 8 h 65    82    93  

  6 g CI 71    85    94  

Dose 6 g/day with LD 

  LD 4 g then 2 g 0.5 h-inf. q 8 h 65    82    93  

  LD 4 g then 2 g 1 h-inf. q 8 h 65    82    93  

  LD 4 g then 2 g 2 h-inf. q 8 h 65    82    93  

  LD 4 g then 2 g 3 h-inf. q 8 h 65    82    93  

  LD 4 g then 2 g 4 h-inf. q 8 h 65    82    93  

  LD 2 g  with 6 g CI   82    90    97  

  LD 4 g  with 6 g CI   82    90    97  

Dose 8 g/day  without LD 

  2 g 0.5 h-inf. q 6 h 66    83    93  

  2 g 1 h-inf. q 6 h 68    83    94  

  2 g 2 h-inf. q 6 h 72    85    94  

  2 g 3 h-inf. q 6 h 75    87    95  

  2 g 4 h-inf. q 6 h 74    86    95  

  8 g CI 73    85    95  

Dose 8 g/day with LD 

  LD 4 g then 2 g 0.5 h-inf. q 6 h 77    87    96  

  LD 4 g then 2 g 1 h-inf. q 6 h 77    87    96  

  LD 4 g then 2 g 2 h-inf. q 6 h 77    87    96  

  LD 4 g then 2 g 3 h-inf. q 6 h 77    87    96  

  LD 4 g then 2 g 4 h-inf. q 6 h 77    87    96  

  LD 2 g  with 8 g CI   82    90    97  

  LD 4 g  with 8 g CI   85    91    98  
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Table 17 CFR in patients with CLCr 20 to 40 mL/min (continue) 

  

Dosage regimens 
CFR with the following pathogens (%) 

P. aeruginosa  K. pneumoniae  E. coli 

Dose 12 g/day 

  4 g 0.5 h-inf. q 8 h 65    82    93  

  4 g 1 h-inf. q 8 h 67    83    94  

  4 g 2 h-inf. q 8 h 71    85    94  

  4 g 3 h-inf. q 8 h 74    86    95  

  4 g 4 h-inf. q 8 h 76    87    95  

  12 g CI 80    89    96  

  LD 2 g  with 12 g CI   87    92    98  

  LD 4 g  with 12 g CI   87    92    98  

Dose 16 g/day 

  4 g 0.5 h-inf. q 6 h 77    87    96  

  4 g 1 h-inf. q 6 h 78    88    96  

  4 g 2 h-inf. q 6 h 80    89    96  

  4 g 3 h-inf. q 6 h 82    89    97  

  4 g 4 h-inf. q 6 h 81    89    97  

  16 g CI 80    89    97  
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Table 18 CFR in patients with CLCr < 20 mL/min  

 

 

 

 

 

 

 

 

 

 

 

 

 

Dosage regimens 
CFR with the following pathogens (%) 

P. aeruginosa  K. pneumoniae  E. coli 

Dose 6 g/day  without LD 

  2 g 0.5 h-inf. q 8 h 57    78    91  

  2 g 1 h-inf. q 8 h 59    79    92  

  2 g 2 h-inf. q 8 h 63    81    93  

  2 g 3 h-inf. q 8 h 66    83    93  

  2 g 4 h-inf. q 8 h 69    84    94  

  6 g CI 72    85    95  

Dose 6 g/day with LD 

  LD 4 g then 2 g 0.5 h-inf. q 8 h 71    85    94  

  LD 4 g then 2 g 1 h-inf. q 8 h 71    85    94  

  LD 4 g then 2 g 2 h-inf. q 8 h 71    85    94  

  LD 4 g then 2 g 3 h-inf. q 8 h 71    85    94  

  LD 4 g then 2 g 4 h-inf. q 8 h 71    85    94  

  LD 2 g  with 6 g CI   82    90    97  

  LD 4 g  with 6 g CI   82    90    97  

Dose 8 g/day  without LD 

  2 g 0.5 h-inf. q 6 h 71    85    94  

  2 g 1 h-inf. q 6 h 73    86    95  

  2 g 2 h-inf. q 6 h 76    87    95  

  2 g 3 h-inf. q 6 h 76    87    95  

  2 g 4 h-inf. q 6 h 74    86    95  

  8 g CI 73    86    95  

Dose 8 g/day with LD 

  LD 4 g then 2 g 0.5 h-inf. q 6 h 80    89    96  

  LD 4 g then 2 g 1 h-inf. q 6 h 80    89    96  

  LD 4 g then 2 g 2 h-inf. q 6 h 80    89    96  

  LD 4 g then 2 g 3 h-inf. q 6 h 80    89    96  

  LD 4 g then 2 g 4 h-inf. q 6 h 80    89    96  

  LD 2 g  with 8 g CI   85    91    98  

  LD 4 g  with 8 g CI   87    92    98  
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Table 18 CFR in patients with CLCr < 20 mL/min (continue) 

 

 

  

Dosage regimens 
CFR with the following pathogens (%) 

P. aeruginosa  K. pneumoniae  E. coli 

Dose 12 g/day 

  4 g 0.5 h-inf. q 8 h 71    85    94  

  4 g 1 h-inf. q 8 h 73    86    95  

  4 g 2 h-inf. q 8 h 75    87    95  

  4 g 3 h-inf. q 8 h 77    88    96  

  4 g 4 h-inf. q 8 h 78    88    96  

  12 g CI 80    89    96  

  LD 2 g  with 12 g CI   87    92    98  

  LD 4 g  with 12 g CI   87    92    98  

Dose 16 g/day 

  4 g 0.5 h-inf. q 6 h 80    89    96  

  4 g 1 h-inf. q 6 h 80    89    97  

  4 g 2 h-inf. q 6 h 82    90    97  

  4 g 3 h-inf. q 6 h 82    90    97  

  4 g 4 h-inf. q 6 h 81    89    97  

  16 g CI 81    89    97  
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4.4. Clinical outcomes 

  Of 48 patients, 36 patients (75%) were eligible to be assessed the 

clinical improvement. As for 12 ineligible patients, 6 patients were treated with 

piperacillin/tazobactam no more than 48 hours. Six patients presented high body 

temperature from pathophysiology of the concomittent diseases (tumor fever and 

burn). The clinical improvement rate was 55.6% (20/36). Of 20 patients with 

clinical improvement, 17 patients exposed pathogens susceptible to 

piperacillin/tazobactam, most of them showed improved fever within 3 days. There 

were 4 patients who showed no pathogen in repeated cultures. Antibiotic  

de-escalation was implemented with 7 patients who had clinical improvement, as 

shown in Table 19. For 16 patients with clinical failure, 6 patients did not know 

causative pathogens and 6 patients exposed pathogens not susceptible to 

piperacillin/tazobactam. Almost all patients had persistent fever and received  

step-up treatment. Regarding the association between %fT>MIC and mortality rate, 

there were 25 patients (52%) with available susceptibility test to piperacillin/ 

tazobactam (MIC of pathogens could be identified). The 28-day all-cause mortality 

rate was 28% (7/25). Patient characteristics between alive patients and dead 

patients are shown in table 20. There was no significant difference in any factors 

between 2 groups.  
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Table 20 Patient characteristics between alive and dead patients 

Data are presented as median (interquartile range) or number (percentage). 
a
 Mann-Whitney 

U test for continuous variables and Pearson Chi-square test for categorical variables; 
b
 

p-value < 0.05 (2-sided)   

 

 

  

Variables Alive patients 

(N=18) 

Dead patients 

(N=7) 

p-value
a
 

Age (years) 70 (62-87) 60 (46-79) 0.485 

Total body weight (kg) 53.5 (45.0-57.3) 56 (51.8-66.1) 0.317 

Body mass index (kg/m
2
) 19.8 (18.9-21.5) 20.1 (19.3-23.0) 0.785 

Creatinine clearance (mL/min) 56.0 (41.7-84.6) 54.2 (35.6-94.0) 0.949 

APACHE II score 22 (18-23) 22 (20-27) 0.466 

Mean arterial pressure (mmHg) 67 (61-70) 63 (46-68) 0.108 

%fT>MIC (%) 99.7 (98.7-99.7) 99.7 (99.5-99.7) 0.442 

Pathogens susceptible to PIP/TAZ, 

n (%) 

15 (83) 7 (100) 0.250 

Dosage regimens, n(%) 

   4/0.5 g 0.5-h infusion q 6 h 

   4/0.5 g 0.5-h infusion q 8 h 

   4/0.5 g then 2/0.25 g 0.5-h  

    infusion q 6 h 

 

16 (88) 

1 (6) 

1 (6) 

 

6 (86) 

0 (0) 

1 (14) 

 

0.826 

0.524 

0.470 

Concomitant diseases, n(%) 

    Cancer 

    Myocardial infarction 

 

7 (39) 

1 (6) 

 

3 (43) 

2 (29) 

 

0.856 

0.112 

Concomitant antibiotics, n(%) 

   PIP/TAZ monotherapy 

   Vancomycin 

   Metronidazole 

 

16 (88) 

1 (6) 

1 (6) 

 

7 (100) 

0 (0) 

0 (0) 

 

0.358 

0.524 

0.524 
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CHAPTER V DISCUSSION 

This work aimed to characterize population pharmacokinetic (PK) behaviors, 

investigate the probability of target attainment (PTA) of various piperacillin dosage 

regimens and explore the cumulative fraction of response (CFR) against pathogens 

commonly found in critically ill patients with the early phase of sepsis. There have 

been two previous works which studied the population PKs and pharmacodynamics 

(PDs) of piperacillin in patients with the early phase of sepsis.(24, 27) Obrink-Hansen 

et al. collected blood samples during the third administration of 4-g of piperacillin  

(3-min infusion) every 8 hours in 15 patients with septic shock. Of these, 67% (10 

patients) had acute kidney injury (AKI).(27) Roberts et al. studied on Days 1 (first-

dose) and days 2 (steady-state) of therapy in 16 patients with sepsis and normal renal 

function, with 8 patients receiving intermittent bolus and 8 patients receiving 

continuous infusion (CI).(24) In this present study, we explore population PKs of 

piperacillin in 48 patients during their first 24 hours of sepsis. Fourteen patients (29%) 

had septic shock and 14 patients (29%) had unstable renal function. 

Based on our final population PK model, the PK behavior of piperacillin in the 

early phase of sepsis was best described by the two-compartment model, consistent 

with two previous studies.(24, 27) The piperacillin total volume of distribution (Vd) in 

our population (17.12 L) is smaller than that of Roberts et al. (25.0 L) but Vd 

normalized to total body weight (TBW) is quite similar (0.30 vs 0.33 L/kg). This 

finding suggests that the difference in Vd is probably a result of the difference in body 

size (median TBW 56.6 vs 75.7 kg).(24) However, the total Vd in our population is 

much larger than the result of Obrink-Hansen et al. (11.20 L, 0.14 L/kg).(27) The 

plausible explanation is that all patients in Obrink-Hansen et al. had septic shock and 

obtained vasopressor therapy which can cause vasoconstriction and may limit the 

drug distribution, subsequently. In addition, the patients in the present study had 

higher the acute physiology and chronic health evaluation II (APACHE II) score 

(median score of 22 vs 19), indicating higher severity of disease which may relate to 

higher Vd. 

Interestingly we found that piperacillin central volume of distribution (V1) 

(9.35 L) is larger than piperacillin peripheral volume of distribution (V2) (7.77 L) 

similar to that of Obrink-Hansen et al. (7.3 and 3.9 L, respectively).(27) The large V1 
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of piperacillin, a hydrophilic antibiotic, could be due to the increased capillary 

permeability and fluid resuscitation during the early phase of sepsis. Contrarily, 

Roberts et al. reported a smaller V1 (V1 7.2 L and V2 17.8 L).(24) One explanation for 

this discrepancy could be that Roberts et al. included the data during steady state. It 

should also be noted that they did not directly measure free piperacillin 

concentrations. 

The median piperacillin total clearance (CL) was 5.37 L/h which is lower than 

the results of Roberts et al. (17.20 L/h)(24) but higher than that of Obrink-Hansen et 

al. (3.60 L/h)(27). piperacillin is eliminated primarily via renal clearance. These 

differences in CL could be results of the differences in renal function of the studied 

populations of each study. Roberts et al. included patients with normal renal 

function(24), while AKI occurred in 67% of all patients in Obrink-Hansen’s 

study(27). Due to the narrow range of renal function, Roberts et al. did not find 

creatinine clearance (CLCr) as a covariate to predict CL(24) while Obrink-Hansen et 

al. indicated that plasma creatinine was a significant covariate to CL(27).   

When we performed the covariate exploration step, initially we did graphical 

examination of the relationship of CL and different indicators of renal function 

including plasma creatinine, CLCr calculated by Cockcroft-Gault’s, by Jellife’s and by 

MDRD equations. The best potential predictor was CLCr calculation by using the 

Cockcroft-Gault equation if a patient’s renal function was stable or the Jelliffe 

equation if unstable. We think it is a rational approach because 14% of our patients 

had unstable renal function. Apparently, addition of this CLCr as a covariate of CL in 

forward addition step provided the most significantly improvement of the model (a 

change in objective function value (∆OFV) of -25.41). Interestingly; the second most 

significant predictor was mean arterial pressure (MAP), an average blood pressure 

during a single cardiac cycle, as a covariate of CL. An increase in MAP might 

associate with increasing blood perfusion to organs including kidney and liver, 

resulting in rising CL. From the final model, if MAP increases 10 mmHg, CL will 

raise 0.5 L/h, thus piperacillin dosing increment might be necessary. 

In this study, 6.3% of our patients were overweight, 16.7% were obese and 

10.4% were morbidly obese. We explored the relationship of V1 and CL vs 3 types of 

weight; TBW, ideal body weight (IBW) and adjusted body weight (ABW), and we 
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found that ABW is the third most significant predictor as a covariate for V1. Addition 

of ABW reduced the interindividual variability (IIV) of V1 from 64.0% to 55.4%. 

Although many previous studies reported that TBW has been a significant covariate 

for Vd (19, 23-26), ABW has also been suggested to be a plausible size descriptor for 

beta-lactams.(22, 23) Since piperacillin is hydrophilic, using ABW for overweight 

patients seems to be a reasonable approach. Our model indicated that an increase in 

ABW of 1 kg would increase the V1 of 0.26 L. This finding suggests that obese 

patients may need higher-than-usual loading dose (LD). Roberts et al found that TBW 

could reduce IIV of CL but not statistically significance (∆OFV of -2.35).(24) Our 

study also found that weight was not a significant covariate for CL but it should be 

noted that weight were used in CLCr calculation. 

Regarding the PK/PD target, an in vitro study found that 75% fT>MIC could 

provide bactericidal activity of piperacillin.(10) However, higher PK/PD targets (90 to 

100% fT>MIC) have been recommended for microbiological success and prevention of 

bacterial regrowth in patients with serious bacterial infections.(13) From the results of 

the preliminary analysis pertaining to 90 and 100% fT>MIC, 90% fT>MIC was chosen as 

the target in this study. During the early phase of sepsis, this study found that a 

standard dosage regimen; 4 g 30 min-infusion every 6 h could achieve PTA  90% (a 

target of 90% fT>MIC) at MIC 16 mg/L in patients with CLCr 10 to 40 mL/min but 

could not achieved the target in patients with CLCr 40 to 120 mL/min. While another 

standard dosage regimen; 4 g 30 min-infusion every 8 h could not achieve the target 

in patients with all different levels of CLCr. Likewise, Obrink-Hansen et al. found that 

during the early phase of septic shock, 4 g 3 min-infusion every 8 h could not provide 

PTA  90% for both  targets of 100% fT>MIC and 50% fT>4MIC at MIC 16 mg/L in 

patients with all groups of plasma creatinine (80, 150, 250 mol/L).(27) Similarly, 

Robert et al also reported that during the first dose, 4 g 20 min-infusion every 6 h and 

8 h could not provide PTA  90% (a target of 50% fT>MIC) at MIC 16 mg/L in patients 

with sepsis and normal renal function.(24)  

To overcome the non-target attainment problem, prolonged infusion has been 

suggested to increase the PTA. The results of this study show that prolonged infusion 

could achieve PTA  90% more than short infusion in patients with CLCr 40 to 120 
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mL/min similar to previous studies.(24, 27) However, using every-6-hours dosing in 

patients with CLCr < 20 mL/min, the 2 and 3 hours-infusion time provided PTA  

 90% while the 4 hours-infusion time could not achieve PTA  90%. This finding 

can imply that the longer infusion time did not show the better benefit to attain the 

PTA target in patients with CLCr < 20 mL/min who received every-6-hours dosing 

consistent with the study of Abdul-Aziz et al. They reported that  

beta-lactam exposure is more likely to be adequate in patients with significant renal 

impairment, regardless of the drug administration method.(95) Moreover, to achieve 

PTA  90% at MIC 16 mg/L, this study found that LD 2 or 4 g is necessary for 

continuous infusion of dose 6 and 8 mg/day, without the LD, these dosage regimens 

could achieve the target at only MIC 8 mg/L. 

Regarding CFR, all dosage regimens provided CFR  90%  for the E. coli 

infection similar to previous studies.(75) When considering the K. pneumoniae 

infection, 6, 8 and 12 g CI with LD could be useful options for patients with CLCr  

< 40 mL/min, 40 to 60 mL/min, and 60 to 120 mL/min respectively. Different from 

Alobaid et al. using a target of 50%fT>MIC, besides continuous infusion, they also 

found that short and extended infusion could provide PTA achievement.(75) There 

was no dosage regimen provided CFR  90% for P. aeruginosa consistent with 

previous studies.(26, 75) Likewise, Udy et al. also found that 4 g 20 min-infusion 

every 6 h could not provide CFR  90% (both targets of 50% or 100% fT>MIC) for P. 

aeruginosa in septic patients with CLCr 10 to 300 mL/min.(26) Alobaid et al. reported 

that 4 g every 8 or 6 h (all modes of administration) could not achieve CFR  90% 

(50%  fT>MIC) for P. aeruginosa in critically ill patients with CLCr 30, 50, 150 

mL/min.(75) It should be noted that maximum daily dose (16 g of piperacillin/day) in 

this study were based on manufacturer’s licensing dose of piperacillin/tazobactam, 

however, piperacillin alone may be used at higher dose to attain the target. Alternative 

treatment should be considered to achieve effective treatment. Vojtová et al. 

documented that combined therapy between piperacillin/tazobactam and amikacin 

showed the relative safety and usefulness in the treatment of infections caused by P. 

aeruginosa at intensive care unit (96) but such treatment should be carefully used in 
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patients with renal impairment. Another approach proposed is the treatment with 

carbapenem antibiotics.(97)  

Regarding clinical outcomes, there was no predictor shown to be significant. 

Differently, Robert et al. reported that APACHE II score was significantly related to 

hospital mortality in patients with severe sepsis (n=632).(36) Likewise, Fan et al. 

found that APACHE II score of 29.5 or higher was the significant predictor for 14-

day mortality rate in critically ill patients (n=367).(40) The difference in these 

findings may result from the smaller sample size in this study. In addition, %fT>MIC 

was not be found to be a significant factor to predict mortality rate, it might result 

from the homogenous data in both groups of patients. 

The limitation of this study should be noted. This study explored the 

likelihood of target attainment using EUCAST data to improve generalizability for 

empirical dosing, although it limits conclusions about sufficiency of drug exposure in 

any specific patients. In addition, due to the relatively small sample size in each 

subgroup of renal function used in this simulation, expanding sample size in the 

further study may have revealed some interesting findings. 

In conclusions, this work has shown that subtherapeutic concentrations can 

occur in patients with normal renal function, prolonged infusion has been a beneficial 

tool to enhance target attainment. However, in patients with renal impairment, the 

target could be achieved by using shorter infusion. Regarding the susceptibility of 

pathogens, standard dosage regimens should be considered that they might not 

provide enough target attainment for pathogens with MIC ≥16 mg/L, prolonged 

infusion may be needed to increase concentrations for target achievement. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

99 
 
 

 

REFE REN CES 
 

REFERENCES 
 

 

1. Allison MG, Heil EL, Hayes BD. Appropriate Antibiotic Therapy. Emerg Med 

Clin North Am. 2017;35(1):25-42. 

2. Sorgel F, Kinzig M. Pharmacokinetic characteristics of piperacillin/tazobactam. 

Intensive Care Med 1994;20:S14-S20. 

3. Tjandramaga TB, Mullie A, Verbesselt R, Schepper PJD, Verbist L. Piperacillin: 

Human pharmacokinetics after intravenous and intramuscular administration. 

Antimicrob Agents Chemother. 1978;14(6):829-37. 

4. Sorgel F, Kinzig M. The chemistry, pharmacokinetics and tissue distribution of 

piperacillin/tazobactam. J Antimicrob Chemother. 1993;31(Suppl. A):39-60. 

5. Cheung WK, Greene DS, Kuye O, Shin K J, Tonelli AP, Houston A, et al. 

Pharmacokinetics of YTR 830 and piperacillin after intravenous 

coadministration.  Proceedings of the Sixth Mediterranean Congress of 

Chemotherapy; Taormina, Italy1998. Abstr. 159. 

6. Bulitta JB, Kinzig M, Jakob V, Holzgrabe U, Sorgel F, Holford NH. Nonlinear 

pharmacokinetics of piperacillin in healthy volunteers--implications for optimal 

dosage regimens. British journal of clinical pharmacology. 2010;70(5):682-93. 

7. Schepper PJD, Tjandramaga TB, Mullie A, Verbesselt R, Hecken Av, 

Verberckmoes R, et al. Comparative pharmacokinetics of piperacillin in normals 

and in patients with renal failure. J Antimicrob Chemother. 1982;9(Suppl B):49-

57. 

8. Vogelman B, Gudmundsson S, Leggett J, Turnidge J, Ebert S, Craig WA. 

Correlation of antimicrobial pharmacokinetic parameters with therapeutic 

efficacy in an animal model. J Infect Dis 1988;158(4):831-47. 

9. Drusano GL. Antimicrobial pharmacodynamics: critical interactions of 'bug and 

drug'. Nat Rev Microbiol. 2004;2(4):289-300. 

10. Zelenitsky S, Nash J, Weber Z, Iacovides H, Ariano R. Targeted benefits of 

prolonged-infusion piperacillin-tazobactam in an in vitro infection model of 

Pseudomonas aeruginosa. J Chemother 2016;28(5):390-4. 

11. Ariano RE, Nyhlén A, Donnelly JP, Sitar DS, Harding GK, Zelenitsky SA. 

Pharmacokinetics and pharmacodynamics of meropenem in febrile neutropenic 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 

 

patients with bacteremia. Ann Pharmacother. 2005;39:32-8. 

12. McKinnon PS, Paladino JA, Schentag JJ. Evaluation of area under the inhibitory 

curve (AUIC) and time above the minimum inhibitory concentration (T>MIC) as 

predictors of outcome for cefepime and ceftazidime in serious bacterial 

infections. Int J Antimicrob Agents 2008;31(4):345-51. 

13. Pea F, Viale P. Bench-to-bedside review: Appropriate antibiotic therapy in 

severe sepsis and septic shock - does the dose matter? Critical care. 

2009;13(3):214-26. 

14. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer 

M, et al. The Third International Consensus Definitions for Sepsis and Septic 

Shock (Sepsis-3). JAMA. 2016;315(8):801-10. 

15. Fleischmann C, Scherag A, Adhikari NK, Hartog CS, Tsaganos T, Schlattmann 

P, et al. Assessment of Global Incidence and Mortality of Hospital-treated 

Sepsis. Current Estimates and Limitations. Am J Respir Crit Care Med. 

2016;193(3):259-72. 

16. Vincent J-L, Marshall JC, Ñamendys-Silva SA, François B, Martin-Loeches I, 

Lipman J, et al. Assessment of the worldwide burden of critical illness: the 

Intensive Care Over Nations (ICON) audit. Lancet Respir Med. 2014;2(5):380-6. 

17. Seymour CW, Gesten F, Prescott HC, Friedrich ME, Iwashyna TJ, Phillips GS, 

et al. Time to Treatment and Mortality during Mandated Emergency Care for 

Sepsis. New Engl J Med 2017;376(23):2235-44. 

18. Bochud PY, Calandra T. Pathogenesis of sepsis: new concepts and implications 

for future treatment. BMJ. 2003;326:262-6. 

19. Glauser MP, Zanetti G, Baumgartner JD, et al. Septic shock: pathogenesis. 

Lancet. 1991;338(8769):732-6. 

20. Bone RC. The pathogenesis of sepsis. Ann Intern Med. 1991;115(6):457-69. 

21. Joukhadar C, Frossard M, Mayer BX, Brunner M, Klein N, Siostrzonek P, et al. 

Impaired target site penetration of b-lactams may account for therapeutic failure 

in patients with septic shock. Critical care medicine. 2001;29:385-91. 

22. Roberts JA, Roberts MS, Robertson TA, Dalley AJ, Lipman J. Piperacillin 

penetration into tissue of critically ill patients with sepsis--bolus versus 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

101 

 

continuous administration? Critical care medicine. 2009;37(3):926-33. 

23. Taccone FS, Laterre PF, Dugernier T, Spapen H, Delattre I, Wittebole X, et al. 

Insufficient beta-lactam concentrations in the early phase of severe sepsis and 

septic shock. Critical care. 2010;14(4):R126-34. 

24. Roberts JA, Kirkpatrick CMJ, Roberts MS, Dalley AJ, Lipman J. First-dose and 

steady-state population pharmacokinetics and pharmacodynamics of piperacillin 

by continuous or intermittent dosing in critically ill patients with sepsis. Int J 

Antimicrob Agents. 2010;35(2):156-63. 

25. Sturm AW, Allen N, Rafferty KD, Fish DN, Toschlog E, Newell M, et al. 

Pharmacokinetic analysis of piperacillin administered with tazobactam in 

critically ill, morbidly obese surgical patients. Pharmacotherapy. 2014;34(1):28-

35. 

26. Udy AA, Lipman J, Jarrett P, Klein K, Wallis SC, Patel K, et al. Are standard 

doses of piperacillin sufficient for critically ill patients with augmented 

creatinine clearance? Critical care. 2015;19(1):28. 

27. Obrink-Hansen K, Juul RV, Storgaard M, Thomsen MK, Hardlei TF, Brock B, 

et al. Population pharmacokinetics of piperacillin in the early phase of septic 

shock: does standard dosing result in therapeutic plasma concentrations? 

Antimicrob Agents Chemother. 2015;59(11):7018-26. 

28. Tsai D, Stewart P, Goud R, Gourley S, Hewagama S, Krishnaswamy S, et al. 

Pharmacokinetics of piperacillin in critically ill australian indigenous patients 

with severe sepsis. Antimicrob Agents Chemother. 2016;60(12):7402-6. 

29. Parillo JE, Parker MM, Natanson C, Suffredini AF, Danner DL, Cunnion RE, et 

al. Septic shock in humans: advances in the understanding of pathogenesis, 

cardiovascular dysfunction, and therapy.  NIH conference1990. p. 227-42. 

30. Di Giantomasso D, May CN, Bellomo R. Vital organ blood flow during 

hyperdynamic sepsis. Chest. 2003;124(3):1053-9. 

31. Craig WA. Antimicrobial resistance issues of the future. Diagn Microbiol Infect 

Dis. 1996;25:213-7. 

32. Gilbert DN, Chambers HF, Eliopoulos GM, Saag MS, Pavia AT. Antibacterial 

activity spectra. In: Gilbert DN, Chambers HF, Eliopoulos GM, Saag MS, Pavia 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

102 

 

AT, editors. Sanford guide to antimicrobial therapy. 47 ed. Sperryville, VA, 

USA: Antimicrobial Therapy, Inc; 2017. p. 73-5. 

33. Wolters Kluwer Clinical Drug Information, Inc. (Lexi-Drugs) [Internet]. Wolters 

Kluwer Clinical Drug Information, Inc.  [cited August 27, 2018]. 

34. Abdul-Aziz MH, Sulaiman H, Mat-Nor MB, Rai V, Wong KK, Hasan MS, et al. 

Beta-Lactam Infusion in Severe Sepsis (BLISS): a prospective, two-centre, 

open-labelled randomised controlled trial of continuous versus intermittent beta-

lactam infusion in critically ill patients with severe sepsis. Intensive Care Med 

2016;42(10):1535-45. 

35. Abdul-Aziz MH, Lipman J, Akova M, Bassetti M, De Waele JJ, Dimopoulos G, 

et al. Is prolonged infusion of piperacillin/tazobactam and meropenem in 

critically ill patients associated with improved 

pharmacokinetic/pharmacodynamic and patient outcomes? An observation from 

the Defining Antibiotic Levels in Intensive care unit patients (DALI) cohort. J 

Antimicrob Chemother. 2016;71(1):196-207. 

36. Roberts JA, Abdul-Aziz M-H, Davis JS, Dulhunty JM, Cotta MO, Myburgh J, et 

al. Continuous versus intermittent beta-lactam infusion in severe sepsis: a meta-

analysis of individual patient data from randomized trials. Am J Respir Crit Care 

Med 2016;194(6):681–91. 

37. Falagas ME, Tansarli GS, Ikawa K, Vardakas KZ. Clinical outcomes with 

extended or continuous versus short-term intravenous infusion of carbapenems 

and piperacillin/tazobactam: a systematic review and meta-analysis. Clin Infect 

Dis 2013;56(2):272-82. 

38. Dulhunty JM, Roberts JA, Davis JS, Webb SA, Bellomo R, Gomersall C, et al. 

A multicenter randomized trial of continuous versus intermittent beta-lactam 

infusion in severe sepsis. Am J Respir Crit Care Med 2015;192(11):1298-305. 

39. Cutro SR, Holzman R, Dubrovskaya Y, Chen XJ, Ahuja T, Scipione MR, et al. 

Extended-Infusion versus standard-infusion piperacillin-tazobactam for sepsis 

syndromes at a tertiary medical center. Antimicrob Agents Chemother. 

2014;58(8):4470-5. 

40. Fan SY, Shum HP, Cheng WY, Chan YH, Leung SM, Yan WW. Clinical 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

103 

 

outcomes of extended versus intermittent infusion of piperacillin/tazobactam in 

critically ill patients: a prospective clinical trial. Pharmacother 2017;37(1):109-

19. 

41. Finsterer J, Kotzailias N. Thrombocytosis under ciprofloxacin and 

tazobactam/piperacillin. Platelets. 2003;14:329-31. 

42. Anand A, Chauhan HK. Piperacillin and vancomycin induced severe 

thrombocytopenia in a hospitalized patient. Platelets. 2011;22:294-301. 

43. Ramot Y, Nyska A. Drug-Induced Thrombosis - Experimental, clinical, and 

mechanistic considerations. . Toxicol Pathol. 2007;35:208-25. 

44. Chen H, Fan Z, Guo F, Yang Y, Li J, Zhang J, et al. Tazobactam and 

piperacillin-induced thrombocytopenia: A case report. Exp Ther Med. 

2016;11(4):1223-6. 

45. Ruiz-Irastorza G, Barreiro G, Aguirre C. Reversible bone marrow depression by 

high-dose piperacillin/tazobactam. Br J Haematol. 1996;95:611-2. 

46. He ZF, Wu XA, Wang YP. Severe bone marrow suppression and hepatic 

dysfunction caused by piperacillin/tazobactam. Scand J Infect Dis. 

2013;45(11):885-7. 

47. Pea F, Viale P, Furlanut M. Antimicrobial therapy in critically ill patients: a 

review of pathophysiological conditions responsible for altered disposition and 

pharmacokinetic variability. Clin Pharmacokinet. 2005;44(10):1009-34. 

48. Varghese JM, Roberts JA, Lipman J. Antimicrobial pharmacokinetic and 

pharmacodynamic issues in the critically ill with severe sepsis and septic shock. 

Crit Care Clin. 2011;27(1):19-34. 

49. Braunwald E, Bixiox JT, Morgan WL, Sarnoff SJ. Alterations in central blood 

volume and cardiac output induced by positive pressure breathing and 

counteracted by metaraminol (aramine). Circ Res. 1957;5:670-5. 

50. Morgan BC, Crawford EW, Guntheroth WG. The hemodynamic effects of 

changes in blood volume during intermittent positive-pressure ventilation. 

Anesthesiology. 1969;30(3):297-305. 

51. Berry AJ. Respiratory support and renal function. Anesthesiology. 1981;55:655-

67. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

104 

 

52. Andersen MG, Thorsted A, Storgaard M, Kristoffersson AN, Friberg LE, 

Obrink-Hansen K. Population pharmacokinetics of piperacillin in sepsis patients: 

should alternative dosing strategies be considered? Antimicrob Agents 

Chemother. 2018;62(5). 

53. Pinder M, Bellomo R, Lipman J. Pharmacological principles of antibiotic 

prescription in the critically ill. Anaesth Intensive Care. 2002;30(2):134-44. 

54. Blot S, Lipman J, Roberts DM, Roberts JA. The influence of acute kidney injury 

on antimicrobial dosing in critically ill patients: are dose reductions always 

necessary? Diagn Microbiol Infect Dis. 2014;79(1):77-84. 

55. Dellinger RP, Levy MM, Rhodes A, Annane D, Gerlach H, Opal SM, et al. 

Surviving sepsis campaign: international guidelines for management of severe 

sepsis and septic shock: 2012. Critical care medicine. 2013;41(2):580-637. 

56. Di Giantomasso D, May CN, Bellomo R. Norepinephrine and vital organ blood 

flow during experimental hyperdynamic sepsis. Intensive Care Med 

2003;29(10):1774-81. 

57. Desjars P, Pinaud M, Bugnon D, Tasseau F. Norepinephrine therapy has no 

deleterious renal effects in human septic shock. Critical care medicine. 

1989;17(5):426-9. 

58. Martin C, Eon B, Saux P, Aknin P, Gouin F. Renal effects of norepinephrine 

used to treat septic shock patients. Critical care medicine. 1990;18(3):282-5. 

59. Redl-Wenzl EM, Armbruster C, Edelmann G, Fischl E, Kolacny M, Wechsler-

Fordos A, et al. The effects of norepinephrine on hemodynamics and renal 

function in severe septic shock states. Intensive Care Med 1993;19(3):151-4. 

60. Ichai C, Soubielle J, Carles M, Giunti C, Grimaud D. Comparison of the renal 

effects of low to high doses of dopamine and dobutamine in critically ill 

patients: A single blind randomized study. Critical care medicine. 

2000;28(4):921-8. 

61. Richard C, Berdeaux A, Delion F, Riou B, Rimailho A, Giudicelli JF, et al. 

Effect of mechanical ventilation on hepatic drug pharmacokinetics. Chest. 

1986;90(6):837-41. 

62. Roberts JA, Lipman J. Antibiotic dosing in intensive care: Pharmacokinetics, 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

105 

 

degree of disease and pharmacodynamics of sepsis. Clin Pharmacokinet. 

2006;45(8):755-73. 

63. Aarons L. Population pharmacokinetics: Theory and practice. British journal of 

clinical pharmacology.32:669-70. 

64. Bonate. PL. Chapter 7 Nonlinear Mixed Effects Models: Theory.  

Pharmacokinetic-Pharmacodynamic Modeling and Simulation. New York: 

Springer Science Business Media, Inc.; 2006. p. 233-4. 

65. Bonate. PL. Chapter 7 Nonlinear Mixed Effects Models: Theory.  

Pharmacokinetic-Pharmacodynamic Modeling and Simulation. New York: 

Springer Science Business Media, Inc.; 2006. p. 236-51. 

66. Nguyen TH, Mouksassi MS, Holford N, Al-Huniti N, Freedman I, Hooker AC, 

et al. Model evaluation of continuous data pharmacometric models: metrics and 

graphics. CPT: pharmacometrics & systems pharmacology. 2017;6(2):87-109. 

67. Bonate. PL. Model validation.  Pharmacokinetic-pharmacodynamic modeling 

and simulation. 2nd ed. New York: Springer Science Business Media, Inc.; 

2011. p. 279-85. 

68. Gunderson K, Shen G. Total body water in obesity. Am J Clin Nutr. 1966;19:77-

83. 

69. Wurtz R, Itokazu G, Rodvold K. Antimicrobial dosing in obese patients. Clin 

Infect Dis. 1997;25:112-8. 

70. Traynor AM, Nafziger AN, Bertino JS. Aminoglycoside dosing weight 

correction factors for patients of various body sizes. Antimicrob Agents 

Chemother. 1995;39:545-8. 

71. Blouin RA, Mann HJ, Griffen WO Jr, Bauer LA, Record KE. Tobramycin 

pharmacokinetics in morbidly obese patients. Clin Pharmacol Ther. 

1979;26:508-12. 

72. Bauer LA, Bouin RA, Griffen WO, Record KE, Bell RM. Amikacin 

pharmacokinetics in morbidly obese patients. Am J Hosp Pharm. 1980;37:519-

22. 

73. Allard S, Kinzig M, Boivin G, Sorgel F, LeBel M. Intravenous ciprofloxacin 

disposition in obesity. Clin Pharmacol Ther. 1993;54:368-73. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

106 

 

74. Caldwell JB, Nilsen AK. Intravenous ciprofloxacin dosing in a morbidly obese 

patient. . Ann Pharmacother. 1994;28(806). 

75. Alobaid AS, Wallis SC, Jarrett P, Starr T, Stuart J, Lassig-Smith M, et al. 

Population pharmacokinetics of piperacillin in nonobese, obese, and morbidly 

obese critically ill patients. Antimicrob Agents Chemother. 2017;61(3):1-12. 

76. Harmon A. Mean arterial pressure (MAP)2017 Nov 24, 2018. Available from: 

http://ezproxy.car.chula.ac.th/login?url=https://search.ebscohost.com/login.aspx?

direct=true&db=ers&AN=121772971&site=eds-live. 

77. Shapiro DS, Loiacono LA. Mean arterial pressure: therapeutic goals and 

pharmacologic support. Crit Care Clin. 2010;26(2):285-93, table of contents. 

78. Shikuma LR, Ackerman BH, Weaver RH, Solem LD, Strate RG, Cerra FB, et al. 

Thermal injury effects on drug disposition: a prospective study with piperacillin. 

Journal of clinical pharmacology. 1990;30:632-7. 

79. Triginer C, Izquierdo I, Fernandez R, Rello J, Torrent J, Benito S, et al. 

Gentamicin volume of distribution in critically ill septic patients. Intensive Care 

Med 1990;16(5):303-6. 

80. Novelli A, Adembri C, Livi P, Fallani S, Mazzei T, Gaudio ARD. 

Pharmacokinetic Evaluation of Meropenem and Imipenem in Critically Ill 

Patients with Sepsis. Clin Pharmacokinet. 2005;44(5):539-49. 

81. Brink AJ, Richards GA, Schillack V, Kiem S, Schentag J. Pharmacokinetics of 

once-daily dosing of ertapenem in critically ill patients with severe sepsis. Int J 

Antimicrob Agents. 2009;33(5):432-6. 

82. Mahmoudi L, Mohammadpour AH, Ahmadi A, Niknam R, Mojtahedzadeh M. 

Influence of sepsis on higher daily dose of amikacin pharmacokinetics in 

critically ill patients. Eur Rev Med Pharmacol Sci. 2013;17:285-91. 

83. Giantomasso DD, Bellomo R, May CN. The haemodynamic and metabolic 

effects of epinephrine in experimental hyperdynamic septic shock. Intensive 

Care Med. 2005;31:454-62. 

84. Georges B, Conil JM, Seguin T, Ruiz S, Minville V, Cougot P, et al. Population 

pharmacokinetics of ceftazidime in intensive care unit patients: influence of 

glomerular filtration rate, mechanical ventilation, and reason for admission. 

 

http://ezproxy.car.chula.ac.th/login?url=https://search.ebscohost.com/login.aspx?direct=true&db=ers&AN=121772971&site=eds-live
http://ezproxy.car.chula.ac.th/login?url=https://search.ebscohost.com/login.aspx?direct=true&db=ers&AN=121772971&site=eds-live


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

107 

 

Antimicrob Agents Chemother. 2009;53(10):4483-9. 

85. Mohan A, Shrestha P, Guleria R, Pandey RM, Wig N. Development of a 

mortality prediction formula due to sepsis/severe sepsis in a medical intensive 

care unit. Lung India : official organ of Indian Chest Society. 2015;32(4):313-9. 

86. Myburgh JA, Mythen MG. Resuscitation fluids. N Engl J Med. 

2013;369(13):1243-51. 

87. Boerma EC, Ince C. The role of vasoactive agents in the resuscitation of 

microvascular perfusion and tissue oxygenation in critically ill patients. 

Intensive Care Med. 2010;36(12):2004-18. 

88. Mouton JW, Dudley MN, Cars O, Derendorf H, Drusano GL. Standardization of 

pharmacokinetic/pharmacodynamic (PK/PD) terminology for anti-infective 

drugs: an update. J Antimicrob Chemother. 2005;55(5):601-7. 

89. Di Giovamberardino G, Ferrannini M, Testore GP, Federici G, Pastore A. High 

performance liquid chromatographic determination of plasma free and total 

tazobactam and piperacillin. Journal of chromatography B, Analytical 

technologies in the biomedical and life sciences. 2009;877(1-2):86-8. 

90. Jelliffe R. Estimation of creatinine clearance in patients with unstable renal 

function, without a urine specimen. Am J Nephrol. 2002;22:320-4. 

91. Sukarnjanaset W, Wattanavijitkul T, Jarurattanasirikul S. Evaluation of FOCEI 

and SAEM estimation methods in population pharmacokinetic analysis using 

nonmem((r)) across rich, medium, and sparse sampling data. Eur J Drug Metab 

Pharmacokinet. 2018. 

92. European Committee on Antimicrobial Susceptibility Testing. Antimicrobial 

wild type distributions of microorganisms, version 5.26. 2018 [Available from: 

https://mic.eucast.org/Eucast2/]. 

93. Langgartner J, Vasold A, Gluck T, Reng M, Kees F. Pharmacokinetics of 

meropenem during intermittent and continuous intravenous application in 

patients treated by continuous renal replacement therapy. Intensive Care Med. 

2008;34(6):1091-6. 

94. Power BM, Forbes AM, van Heerden PV, Ilett KF. Pharmacokinetics of drugs 

used in critically ill adults. Clin Pharmacokinet. 1998;34(1):25-56. 

 

https://mic.eucast.org/Eucast2/


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

108 

 

95. Abdul-Aziz MH, Dulhunty JM, Bellomo R, Lipman J, Roberts JA. Continuous 

beta-lactam infusion in critically ill patients: the clinical evidence. Ann Intensive 

Care. 2012;2(1):37. 

96. Vojtová V, Kolár M, Hricová K, Uvízl R, Neiser J, Blahut L, et al. Antibiotic 

utilization and Pseudomonas aeruginosa resistance in intensive care units. New 

microbiol. 2011;34:291-8. 

97. Bochud PY, Glauser MP, Carlet J, Calandra T. Empirical antibiotic therapy for 

patients with severe sepsis and septic shock. In: Vincent JL, Carlet J, Opal SM, 

editors. The Sepsis Text. Boston: Kluwer Academic Publishers; 2002. p. 539–

58. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

109 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
1

0
 

   

A
P

P
E

N
D

IX
 A

: 
T

h
e 

a
cu

te
 p

h
y
si

o
lo

g
y
 a

n
d

 c
h

ro
n

ic
 h

ea
lt

h
 e

v
a
lu

a
ti

o
n

 (
A

P
A

C
H

E
) 

II
 s

ev
er

it
y
 o

f 
d

is
ea

se
 c

la
ss

if
ic

a
ti

o
n

 s
y
st

e
m

 

 
    



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

111 
 
 

 

APPENDIX B: The sequential organ failure assessment (SOFA) scoring system 

SOFA score 1 2 3 4 

Respiratory system 

     Pao2/Fio2 (mmHg) <400 <300 <220 <100 

     Sao2/Fio2 221-301 142-220 67-141 <67  

Coagulation 

     Platelet x 10
3
/mm

3
 <150 <100 <50 <20 

Liver system 

     Bilirubin (mg/dL) 1.2-1.9 2.0-5.9 6.0-11.9 >12.0 

Cardiovascular system 

     Hypotension  MAP<70 Dopamine  

≤ 5 or 

Dobutamine 

(any) 

Dopamine  

> 5 or 

Norepinephr

ine ≤ 0.1 

Dopamine  

> 15 or 

Norepinephr

ine > 0.1 

Central nervous system 

     Glasgow Coma    

     Score 

13-14 10-12 6-9 <6 

Renal system 

     Creatinine (mg/dL)  

     or Urine output  

     (mL/day) 

1.2-1.9 2.0-3.4 3.5-4.9 or 

<500 

>5.0 or 

<200 

a 
vasoactive mediations administered for at least 1 hour (dopamine and norepinephrine 

μg/kg/min). Pao2/Fio2, ratio of partial pressure of oxygen and fraction of inspired 

oxygen; Sao2, peripheral arterial oxygen saturation; MAP, mean arterial pressure.   
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APPENDIX C: Jelliffe equation for patients with unstable renal function 

 

For male patients: 

CLCr (mL/min/1.73 m
2
) = {[(IBW x (29.3-(0.203xAge))) x (1.035-(0.0337 x SCr))]  

– [4 x IBW
*
 x (SCr1-SCr2) / t]} / (14.4 x SCr)  

 

For female patients: 

CLCr (mL/min/1.73 m
2
) = {[(IBW x (25.1-(0.175xAge))) x (1.035-(0.0337 x SCr))]  

– [4 x IBW
*
 x (SCr1-SCr2) / t]} / (14.4 x SCr)  

 

*
 Use IBW if TBW > 130% of IBW  
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APPENDIX D: Evaluation of FOCEI and SAEM estimation methods 
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APPENDIX E: Antimicrobial wild type distributions of microorganisms,  

version 5.26. 2018 from European Committee on Antimicrobial Susceptibility  

Testing (EUCAST) 

MIC Pathogens 

Escherichia coli Klebsiella pneumoniae Pseudomonas aeruginosa 

0.002 0 0 0 

0.004 0 0 0 

0.008 8 2 5 

0.016 6 0 1 

0.032 9 3 0 

0.064 47 11 4 

0.125 105 24 23 

0.25 221 46 37 

0.5 2978 444 453 

1 16376 2539 886 

2 20910 7785 3147 

4 5495 5041 10479 

8 1905 1802 5692 

16 1233 1076 3595 

32 801 560 1879 

64 526 397 1506 

128 752 1280 3135 

256 187 336 863 

512 89 209 161 
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APPENDIX F: Ethic Approval 
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