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Pharmacokinetic evaluation of
piperacillin-tazobactam

Yoshiro Hayashi, Jason A Roberts, David L Paterson & Jeffrey Lipman'
"University of Queensland, Burns, Trauma and Critical Care Research Centre,

Brisbane, Australia

Importance of the field: Piperacillin-tazobactam is a frequently prescribed
intravenous antibiotic for moderate to severe infections used in hospital
settings because of its broad activity against many pathogenic bacteria includ-
ing Pseudomonas aeruginosa. However, its pharmacokinetics (PK) can be
significantly altered in a variety of states.

Areas covered in this review: This article provides a comprehensive and critical
review of the PK of piperacillin-tazobactam in different patient populations.
The pharmacodynamics (PD) of piperacillin-tazobactam is also discussed.
What the reader will gain: The importance of appropriate antibiotic dosing in
the context of the global tendency for reduced susceptibility of bacteria,
including P. aeruginosa is emphasized. The interrelationship between PK and
PD is discussed to provide an understanding of methods for procuring dosing
regimens that increase the likelihood of clinical success for individual patients.
Alternative dosing regimens, which may include administration by extended or
continuous infusion of piperacillin-tazobactam as a mechanism to increase the
likelihood of pharmacodynamic target attainment, are described.

Take home message: Where piperacillin-tazobactam is required for
treatment, applying knowledge of PK and PD characteristics can facilitate
optimal outcomes.

Keywords: B-lactamases, pharmacodynamics, pharmacokinetics, piperacillin-tazobactam,

Pseudomonas aeruginosa
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1. Introduction

Piperacillin-tazobactam is the intravenous antibiotic presently with the largest volume
of sales worldwide [1]. Piperacillin-tazobactam is a penicillin and B-lactamase inhibitor
combination product that is preferendally prescribed in the hospital or critical care
setting for the treatment of moderate to severe infections including hospital-acquired
pneumonia (HAP), ventilator-associated pneumonia (VAP), healthcare-associated
pneumonia (HCAP) (2], community-acquired pneumonia (CAP) with risk factors
for Pseudomonas aeruginosa (3], complicated urinary tract infections, catheter-
related blood stream infection (4], complicated skin and soft tissue infections including
diabetic foot and necrotizing fasciitis [5.6], complicated intra-abdominal infection (7],
neutropenic fever [8], and severe sepsis and septic shock [9]. Piperacillin-tazobactam
has the broadest spectrum of activity among the penicillin class of B-lactam antibiotics
and is generally active against most of the typical human pathogens including aerobic
and anaerobic Gram-positive and Gram-negative bacteria.

Knowledge of pharmacokinetics (PK) and pharmacodynamics (PD) are impor-
tant for the development of dosing regimens that can maximize the effects of
antibiotics and conceivably to reduce development of antimicrobial resistance. In
fact, the escalation of antimicrobial resistance is becoming increasingly important
for the treatment of challenging Gram-negative bacilli such as P. aeruginosa.
A great concern for clinicians, however, is the lack of effective antibiotics in the
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Piperacillin-tazobactam

Box 1. Drug summary.

Drug name

Phase

Indication

Pharmacology description

Route of administration
Chemical structure

Pivotal trial(s)

Tazobactam-piperacillin
Launched

Bacterial infection
B-Lactamase inhibitor

Cell wall synthesis inhibitor
Parenteral, intravenous
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o
N/\ o) N
N § .
H H
o o

Piperacilin sodium

Tazobactam sodium

[73,74,78,79,83]

pipeline available to treat such pathogens [10]. Thus, it is sig-
nificantly important to use currently available antibiotics
wisely to maximize their clinical udlity. A simple measure
that can be undertaken and which should be considered essen-
tial is the wider application of PK/PD. The common prescrip-
tion of piperacillin-tazobactam mandates that PK/PD
principles be applied to develop optimal dosing for different
patient populations, especially in critically ill patients whose
PK is prone to be altered by pathology. Therefore, a better
understanding of PK of the drug is essential for successful
management of significant infections.

The principal objective of this review is to identify and
critically evaluate the literature describing PK of piperacillin-
tazobactam. Additionally, we will consider relevant
pharmacodynamic and toxicity issues during this review.

2. Physicochemical

Piperacillin is a semisynthetic ureidopenicillin. Piperacillin
sodium is derived from D(-)-0-aminobenzylpenicillin, and
has a chemical name of sodium (25,58 6R)-6-[(R)-2-(4-ethyl-
2,3-dioxo-piperazine-carboxy-amino)-2-phenylacetamido]-3,
3-dimethyl-7-0x0-4-thia-1-azabicyclo-[3.2.1]-heptane-2-
carboxylate [11]. As a combination product, one vial of piper-
acillin 4.0 g and tazobactam 0.5 g contains 0.536 g
sodium [12].

Tazobactam is a penicillinate sulfone, a synthetic
compound [13]. Tazobactam sodium is derived from

triazolymethyl penicillanic-acid sulfone, and has a chemical
name of sodium (28,38,5R)-3-methyl-7-oxo0-3-(1H,2,3-
triazol-1-ylmethyl)-4-thia-1-azabicyclo-[3.2.0]-heptane-2-
carboxylate-4,4-dioxide. The triazole ring of tazobactam
facilitates its binding to B-lactamases [11].

Piperacillin and tazobactam have acid dissociation constant
(pK,) values of 4.41 and 2.1, respectively, and solubility in
water (g/l) of 714 and > 500 (tazobactam sodium), respec-
tively [14]. This level of hydrophilicity enables distribution in
line with intra- and extra-vascular water, which typically
corresponds with poor penetration of lipid membranes.

The molecular weight of piperacillin (C,3H,,NsO,S) and
tazobactam (C;oH;,N40sS) is 517.6 and 300.3, respectively,
which enables distribution across vascular walls through vessel
fenestrations. The chemical structures of both molecules are
shown in Box 1.

3. Mechanism of action

Piperacillin, as with all other B-lactam antibiotics, interferes
with the final stage of peptidoglycan synthesis by inhibiting
penicillin-binding proteins (PBPs), which crosslink the pepti-
doglycan polymers. Peptidoglycan is an essential component
of the bacterial cell wall, which protects the organism
from osmotic rupture, determines cell shape, and is integral
growth and division. Thus inhibition of PBPs
causes bacteriolysis. Because of increased affinity to PBP-3,

to cell

ureidopenicillins such as piperacillin have increased activity
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against Gram-negative bacilli as compared with other classes
of penicillin [15].

Tazobactam first forms a non-covalent complex with
a [B-lactamase (acyl-enzyme). Subsequently a covalent
acyl-enzyme is produced and the B-lactamase is permanently
inactivated [13,16].

4. Microbiology

4.1 Tazobactam inhibition of B-lactamases

In general, class A serine P-lactamases such as TEM-I,
TEM-2, SHV-1 and PCl are inhibited by tazobactam,
whereas class B metallo-f-lactamases such as IMP-1 and
VIM-1, class C cephalosporinases (e.g., AmpC) and class D
serine oxacillinases (e.g., OXA-1) are not inhibited by tazo-
bactam [13]. However among class A serine P-lactamases,
KPC-2 is not inhibited by tazobactam [17]. By contrast,
OXA-2 and OXA-32 (class D oxacillinases) and CMY (a class
C cephalosporinase) are inhibited by tazobactam in vizro,
although clinical efficacies are unknown [13]. Class A extended
spectrum P-lactamases (ESBLs) of SHV-type, TEM-type and
CTX-Ms are also inhibited by tazobactam in vitro. Hence,
minimum inhibitory concentrations (MICs) of piperacillin-
tazobactam against class A ESBL-producers are lower than
those of piperacillin alone, however, the clinical relevance of
this feature is debated [18-20].

4.2 Susceptibility to piperacillin-tazobactam

Piperacillin (alone) generally has broad spectrum activity
against many Gram-positive and Gram-negative aerobes and
anaerobes including Pseudomonas aeruginosa, Streprococcus
pneumoniae and Enterococcus faecalis. Piperacillin-tazobac-
tam retains the activity of piperacillin and is also active
against class A serine P-lactamase producing organisms
which can include Staphylococcus aureus, Haemophilus influen-
zae, Moraxella catarrhalis, Enterobacteriaceae and Bacteroides
fragilis group. Of note, the addition of tazobactam to pipera-
cillin generally does not increase susceptibility in P. aeruginosa
because resistance to piperacillin in P. aeruginosa is not medi-
ated by class A serine PB-lactamases. Similarly, piperacillin-
tazobactam is not always more effective than piperacillin to
AmpC-producing Enterobacteriaceae such as Enterobacter
spp- and Citrobacter spp. because AmpC is resistant to
tazobactam inhibition as previously mentioned. There are
conflicting reports on the clinical efficacy of piperacillin-
tazobactam for the treatment of class A ESBL-producing
Enterobacteriaceae. ~ Paradoxical  ineffectiveness  despite
low in vitro MIC may be explained by the ‘inoculum effect’ [20].
Currently, the use of piperacillin-tazobactam for the treatment
of ESBL-producers is not generally recommended, especially
for severe infections. Piperacillin-tazobactam is generally
ineffective to Acinetobacter baumannii and Stenotrophomonas
maltophilia due to multiple mechanisms of resistance including
non-class A B-lactamases production. Piperacillin-tazobactam
MICs4 and MICyg values for a range of pathogens, obtained

Hayashi, Roberts, Paterson & Lipman

from nationwide or international surveys are summarized
in Table 1.

5. Pharmacokinetics

5.1 Basic pharmacokinetics
There is ongoing debate as to whether piperacillin has linear
or nonlinear PK. Nonlinear PK has been demonstrated in
dose-ranging studies in healthy volunteers and clinical studies
in patients with cystic fibrosis [21-25]. However, other studies
have only been able to support linear PK models [26-28]. The
possible explanation for this discrepancy between studies is
that the studies that describe linear PK are for one dose
increment only, whereas other dose-ranging pharmacokinetic
studies are more likely to detect nonlinear PK.

There is less data available on this issue for tazobactam,
although current evidence would suggest that it displays
nonlinear PK [29].

5.2 Pharmacokinetics in healthy volunteers
Pharmacokinetic parameters of piperacillin and tazobactam
after administration of piperacillin-tazobactam are shown
in Table 2.

5.2.1 Bioavailability

Neither piperacillin nor tazobactam is absorbed from the
gastrointestinal tract and therefore parenteral administra-
tion is necessary for systemic therapy. The bioavailabilities
of intramuscularly administered piperacillin and tazobac-
tam calculated from the area under the concentration-time
curve (AUC) values are 71 and 84%, respectively. The
maximum concentrations (C,,,) after intramuscular
administration for piperacillin and tazobactam are reached
within 45 and 30 min, respectively [14. However, the
poor solubility of the piperacillin and tazobactam co-
formulation means that intravenous administration is pre-
ferred because of the large volume of fluid required for
solubilization (10 — 20 ml water for injection). Administra-
tion is recommended by the product information as a slow
intravenous injection (3 - 5 min), or a slow intravenous
infusion (20 — 30 min) [12].

5.2.2 Protein binding capacity

Protein binding capacities of piperacillin and tazobactam are
20 - 30% and 20 - 23%, respectively [14]. Data to support
this proportion of protein binding have also been shown in
other patient populations, including critically ill patents
with sepsis [26].

5.2.3 Apparent volume of distribution

Both piperacillin and tazobactam have small apparent
volumes of distribution (V). Following intravenous infusion
of 3.375 g (3 g of piperacillin plus 0.375 g tazobactam) and
4.5 g (4 g of piperacillin plus 0.5 g of tazobactam) of

piperacillin-tazobactam over 5 min, the V4 at steady state
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Table 1. In vitro susceptibility of various organisms to piperacillin-tazobactam.

Organism MICso (mg/l) MICqo (mg/l) Number of isolates Region Year of
publication
Gram-positive
Enterococcus faecalis 2 4 5637 Global 2009 [37]
VR E. faecalis 2 16 159 Global 2009 [37]
E. faecium >32 >32 2008 Global 2009 [37]
VR E. faecium > 32 > 32 921 Global 2009 [37]
Staphylococcus aureus 1 > 32 13,197 Global 2009 [37]
MRSA 16 > 32 5875 Global 2009 [37]
Streptococcus pneumoniae <0.25 2 6456 Global 2009 [37]
B-Hemolytic streptococci <0.12 0.5 397 Global 2005 [90]
Gram-negative
Acinetobacter baumannii 32 > 256 6292 Global 2009 [37]
Burkholderia cepacia 8 > 64 269 Global 2005 [91]
Citrobacter spp. 4 64 147 EU 2009 [38]
AmpC de-repressed Citrobacter spp. 128 > 128 55 us 2008 [39]
Enterobacter cloacae 2 128 8786 Global 2009 [37]
AmpC de-repressed E. cloacae > 128 > 128 103 us 2008 [39]
E. aerogenes 4 32 47 Canada 2008 [92]
Escherichia coli 1 8 13,739 Global 2009 [37]
Non-ESBL E. coli 4 8 1742 us 2008 [39]
ESBL E. coli 4 32 243 AP 2010 [35]
4 64 958 Global 2009 [37]
8 32 194 LA 2008 [40]
Haemophilus influenzae <0.06 <0.06 6070 Global 2009 [37]
Klebsiella pneumoniae 2 128 10,644 Global 2009 [37]
Non-ESBL K. pneumoniae 4 16 1183 us 2008 [39]
ESBL K. pneumoniae 32 > 256 1495 Global 2009 [37]
> 128 > 128 44 us 2008 [39]
64 > 256 280 LA 2008 [40]
K. oxytoca 1 128 2486 Global 2009 [37]
Moraxella catarrhalis <2 <2 78 Canada 2008 [92]
Morganella morganii 0.5 2 119 EU 20009 [38]
Proteus mirabilis 0.5 2 244 EU 2009 [38]
Indole-positive Proteae <1 2 96 us 2007 [93]
Pseudomonas aeruginosa 8 > 64 694 Japan 2010 [34]
8 > 64 426 AP 2010 [35]
8 256 548 China 2010 [36]
4 128 10,825 Global 2009 [37]
8 > 128 728 EU 2009 [38]
8 64 419 Canada 2008 [92]
16 > 128 355 us 2008 [39]
8 128 715 LA 2008 [40]
Salmonella spp. 4 4 530 Global 2005 [90]
Serratia marcescens 1 16 4857 Global 2009 [37]
Stenotrophomonas maltophilia > 64 > 64 2076 Global 2005 [91]
Anaerobes
Bacteroides spp. 0.5 8 522 EU 2010 [94]
B. fragilis group 4 32 824 EU 2010 [95]
Clostridium perfringens <0.06 0.5 86 EU 2010 [94]
Fusobacterium spp. 0.016 1 30 Belgium 2007 [96]
Peptostreptococcus spp. <0.06 0.25 101 EU 2010 [94]
Prevotella spp. < 0.06 1 197 EU 2010 [94]

AP: Asia Pacific; EU: Europe; LA: Latin America; US: United States of America.

(V) of piperacillin was 14.9 and 15.8 |, respectively, and V,  5.2.4 Distribution characteristics (into body
of tazobactam was 19.0 and 19.2 1, respectively (141. This V4 compartments - clinical data)

corresponds well with the volume of extracellular (intravascu-  The distribution characteristics of piperacillin-tazobactam
lar plus interstitial) water (0.2 - 0.3 I/kg) and is similar to data  into different body compartments are described in Table 3.
for other B-lactam antibiotics. Both piperacillin and tazobactam appear to distribute well
1020 Expert Opin. Drug Metab. Toxicol. (2010) 6(8)
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Table 2. Pharmacokinetics of piperacillin in healthy volunteers and patients with renal deficiency after

administration of piperacillin-tazobactam.

Patient Dose, infusion time Cinax (mg/l) AUC (mg-h/l) CL (ml/min) Vq (1) T4/2 (h)
Piperacillin

Healthy volunteers [14] 4.5 g, 30 min 277 278 242 12.3 0.88
Healthy volunteers [14] 3.375 g, 5 min 336 230 219 14.9 1.04
ClLg: > 90 ml/min [97] 3.375 g, 30 min 209 228 225 14.9 0.95
ClLg: 60 = 90 ml/min [97] 3.375 g, 30 min 228 323 159 13.0 1.10
Clg: 40 - 60 ml/min [97] 3.375 g, 30 min 274 417 134 12.5 1.26
ClLg: 20 - 40 ml/min [97] 3.375 g, 30 min 248 462 114 12.4 1.43
Clg: < 20 ml/min [97] 3.375 g, 30 min 253 665 83 13.1 1.92
Tazobactam

Healthy volunteers [14] 4.5 g, 30 min 34.4 41.4 202 12.6 0.78
Healthy volunteers [14] 3.375 g, 5 min 28.9 23.8 267 19.0 0.94
ClLg: > 90 ml/min [97] 3.375 g, 30 min 23.6 29.0 219 15.9 0.89
ClLg: 60 = 90 ml/min [97] 3.375 g, 30 min 27.6 44.6 147 14.7 1.21
Clg: 40 - 60 ml/min [97] 3.375 g, 30 min 30.4 59.1 118 14.4 1.47
Clg: 20 = 40 ml/min [97] 3.375 g, 30 min 29.4 84.0 78.1 14.0 2.09
Clg: < 20 ml/min [97] 3.375 g, 30 min 31.6 146 495 15.2 3.58

Values shown are mean values.

AUC: Area under the concentration curve; CL: Clearance; Crax: The maximum concentration; V4: Volume of distribution; Ty,,: Elimination half-life.

into skin and lung tissues in which both have over 90% pen-
etration [14,30]. Penetration decreases in gastrointestinal tissue
to ca. 50% [30] with < 30% penetration into fatty tissue [30],
muscle [30], cancellous bone [31] and cortical bone [311. Of
note, approximately 5% of piperacillin and 17% of a tazobac-
tam dose will spread into cerebrospinal fluid (CSF) across
non-inflamed meninges [321. There have been no human
data to evaluate intraocular penetration of systemically
administered piperacillin-tazobactam.

It is likely that for infections involving tissue with < 30%
penetration of piperacillin and tazobactam, treatment failure
risk will increase for less susceptible organisms (e.g., P. aerugi-
nosa and class A B-lactamase-producing Enterobacteriaceae)
even if the organisms test susceptible in routine laboratory
tests. It needs to be considered that MICsy, and MICy,
of piperacillin-tazobactam for clinically isolated strains of
P. aeruginosa are generally 8 and > 64 mg/l, respectively, in
most regions worldwide (Table 1) [33-40]. For Enterobacteriaceae
with typical class A B-lactamases such as TEM-1 tazobactam,
concentrations between 1.2 and 8.1 mg/l are required to inhibit
the enzyme [16] and these levels may not be attained in tissues in
which penetration is low (Table 3). Of note, a constant tazobac-
tam concentration of 4 mg/l is employed in the 7% vitro suscep-
tibility testing for piperacillin-tazobactam [41-43]. The strategies
available to combat this possibility of failure are to prescribe
increased doses, use an extended or continuous infusion as a
strategy to increase time above MIC, or to choose an alternative
therapeutic agent.

5.2.5 Clearance mechanisms
Following intravenous administration of 4.5 g of piperacillin-
tazobactam, 49.8 + 4.7 and 56.8 £ 2.7%, of piperacillin and

tazobactam, respectively, were excreted into urine over the

subsequent 24 h [44]. Interestingly, the presence of piperacillin
results in a 10% decrease in tazobactam urinary excretion,
whereas tazobactam does not affect urinary excretion of
piperacillin (44]. Following the administration of 4.5 g of
piperacillin-tazobactam, the biliary recovery of unchanged
piperacillin and tazobactam over 12 h was 0.7 + 0.4 and
0.2 + 0.1% of the dose, respectively [45]. The total clearance,
renal clearance and biliary clearance were 276.0 + 128.0,
96.6 = 52.3 and 1.74 + 1.33 ml/min for piperacillin, respecti-
vely, and 196.0 = 96.0, 129.0 + 90.8 and 0.47 + 0.40 ml/min

for tazobactam, respectively [45].

5.2.6 Metabolism

Metabolism plays a small role in the clearance of piperacillin
and tazobactam. Both molecules undergo cleavage of the
B-lactam ring. Degradation of piperacillin results in the
formation of a minor inactive metabolite (/N-desethyl-
piperacillin) whereas tazobactam is metabolized to an inactive
compound (M;). Up to 26% of tazobactam is recovered as
this inactive metabolite [14].

5.3 Alteration of pharmacokinetics in special
conditions

5.3.1 Renal dysfunction

PK parameters of piperacillin and tazobactam after adminis-
tration of piperacillin-tazobactam in patients with various
levels of renal function are shown in Tables 1 and 2. The
elimination half-life of both piperacillin and tazobactam
increases with diminishing renal function. Compared with
patients with normal renal function, in patients with a creati-
nine clearance (CL¢,) of 10 - 30 ml/min, only 35% of the
administered dose was renally excreted [46]. From an AUC
perspective in a patient with a CL¢, of 20 ml/min, piperacillin
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has 300% larger AUC and tazobactam a 500% higher
AUC [29] than a patient with a CL¢; of > 90 ml/min. Dose
reduction of piperacillin and tazobactam is required in renal
dysfunction although biliary clearance of piperacillin appears
to be upregulated in renal dysfunction (47]. As antibiotics
with time dependent killing, it is preferable to reduce the
dose rather than the frequency of the administration with
decreasing dose requirements. However, this must be under-
taken with reference to the available formulation. It follows
that most commonly the same dose is given less frequently
in renal dysfunction. As a guide, we have found locally with
our therapeutic drug monitoring program that when CLc, is
30 - 50 ml/min, 8-hourly dosing is appropriate;
10 - 30 ml/min, 12-hourly dosing is appropriate
and < 10 ml/min, 24-hourly dosing is appropriate [48].
Maintaining the same dose and reducing the dosing frequency
would also be appropriate if the same f T.pc could
be achieved.

5.3.2 Hepatic dysfunction

There is no data to suggest that dose adjustment for piperacil-
lin or tazobactam is required in patients with mild to severe
hepatic dysfunction [49].

5.3.3 Biliary tract dysfunction

At present, there is no data to suggest that dose adjustment for
piperacillin or tazobactam is required in patients with mild to
severe gastrointestinal tract dysfunction. However, given the
contribution of biliary clearance to total body clearance of
both piperacillin and tazobactam, research is required to
define whether gastrointestinal tract dysfunction may result
in diminished dose requirements.

5.3.4 Vascular pathologies

There is little data to suggest whether patients with vascular
pathologies and concomitant impaired peripheral tissue per-
fusion may require altered dosing strategies. A study by
Legat ¢t al. in patients with inflamed diabetic foot infections
used i vivo microdialysis to determine tissue penetration of
piperacillin and tazobactam [50]. The authors found similar
Cinax and AUC values in plasma and tissue suggesting that
standard dosing approaches are appropriate for this indication
where the site of infection is inflamed.

5.3.5 Critically ill patients

5.3.5.1 Sepsis

Critically ill patients are well known to undergo
pathophysiological changes that can alter PK [51].

A study by Roberts er al investigated the PK of
piperacillin-tazobactam at first dose and at steady state in
critically ill patients with sepsis [27]. The authors found that
the V4 in these patents (25.0 1) was significantly larger
than that found in previous studies in healthy volunteers
- 10.4 1 (521 and 7.4 1 [53]. In this study, the authors also found

Hayashi, Roberts, Paterson & Lipman

that drug clearance was significantly higher (17.2 I/h) than
studies from healthy volunteers - 11.3 I/h (52 and 8.1 1/h [53].

In patients with sepsis due to pneumonia, interstitial lung
tissue concentrations of piperacillin and tazobactam were
measured using microdialysis. Following the administration
of 4.5 g of piperacillin-tazobactam over 20 min, C,,,,, AUC
and elimination half-life (T;/;) in the plasma were 326 +
60.6 mg/l, 470 + 142 mg-h/l and 0.943 + 0.52 h for pipera-
cillin, and 30.7 + 5.88 mg/l, 36.2 + 26.0 mgh/l and
0.656 + 0.456 h for tazobactam, respectively [54. Cpa0
AUC and T;, in interstitial lung tissue were 176 =
105 mg/l, 288 + 167 mg-h/l and 1.47 + 1.28 h for piperacil-
lin, and 20.5 £14.5 mg/l, 45.7 + 44.8 mg-h/land 1.2 + 1.53 h
for tazobactam, respectively [54]. The ratio of AUC in the lung
to AUC in plasma of piperacillin and tazobactam (AUC s/
AUC pma) were 0.63 = 0.29 and 1.93 + 1.56, respectively [54].
Tissue concentrations in the lung exceeded the MIC threshold
for many clinically relevant pathogens for at least 4 — 6 h.
However, the concentrations of piperacillin exceeded the
MIC of P. aeruginosa for a much shorter period. Thus, dosing
modification such as administration by extended or continu-
ous infusion might be beneficial for treating P. aeruginosa
infections that commonly have a higher MIC for piperacillin
than other pathogens in order to achieve the 50% fT. pic
associated with maximal activity [54].

In patients with severe nosocomial pneumonia (presumably
with sepsis) in ICU receiving 4.5 g of piperacillin-
tazobactam over 30 min 8-hourly, plasma concentrations of
piperacillin at steady state were 8.5 + 4.6 mg/I at just before
the subsequent dose (8 h after previous infusion), 55.9 +
13.8 mg/l at 1 h after starting infusion, and 24.0 +
13.8 mg/l at 5 h, when plasma concentrations of tazobactam
were 2.1 + 1.0, 4.8 + 2.1 and 2.4 + 1.2 mg/l, respectively [s5].
Concentrations in epithelial lining fluid (ELF) at 5 h were
13.6 £ 9.4 mg/l for piperacillin and 2.1 + 1.1 mg/l for
tazobactam [55]. ELF/plasma concentration ratios at 5 h were
56.8 + 33.6% for piperacillin and 91.3 + 27.7% for tazobac-
tam [55]. These data suggested that a regimen of piperacillin-
tazobactam 4.5 g 8-hourly might provide insufficient
time above MIC in patients with severe nosocomial pneumo-
nia considering MICyy values of typical nosocomial
pathogens [55].

An alternative dosing strategy to maximize f T, ¢ that
has been subject to research recently, is administration by con-
tinuous infusion of 18 g/day of piperacillin-tazobactam (16 g
of piperacillin plus 2 g of tazobactam) after a loading dose of
4.5 g. The PK of this approach was evaluated in patients with
VAP and without renal dysfunction (mean CLc; 99 ml/min).
At steady state, median concentrations of piperacillin were
38.9 mg/l in plasma and 19.1 mg/l in ELF, and median con-
centration of tazobactam were 5.9 mg/l in serum and 5.0 mg/l
in ELF, and median ELF/serum concentration ratio were
0.43 for piperacillin and 0.84 for tazobactam [56]. Maintain-
ing alveolar concentrations of piperacillin above 16 mg/l
would be suggested empiric targets for administration by
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continuous infusion to cover most of the likely causative
Gram-negative pathogens [57]. Although whether a concentra-
tion 1x MIC or 4 - 5x MIC is the appropriate target for
administration by continuous infusion remains unresolved,
although some studies suggest the latter would be more
appropriate. A dose of 18 g/day of piperacillin-tazobactam
would be likely to consistently achieve this target and would
be an appropriate target for treatment of VAP. In the compar-
ator group receiving 13.5 g/day of piperacillin-tazobactam in
this study, ELF concentration of piperacillin were suboptimal
(12.7 mg/l) (s6).

In patients with sepsis and septic shock, subcutis and mus-
cle concentrations of piperacillin-tazobactam have been mea-
sured using iz vivo microdialysis. Joukhadar ez /. compared
piperacillin concentrations in plasma, subcutis and muscle in
a single dose study in patients with septic shock and healthy
volunteers [58]. The authors found that subcutis interstitial
concentrations of piperacillin were never > 11 mg/l and there-
fore not suitable for treatment of likely pathogens. Muscle
concentrations were slightly higher and the authors concluded
that piperacillin concentrations in subcutaneous tissue may
be subinhibitory, even though effective concentrations are
attained in plasma. Similar results were found by Roberts
et al., who were also able to show that administration by
continuous infusion (13.5 g/day) maintained higher trough
concentrations at steady state (5.2 mg/l) than administration
by intermittent infusion (4.5 g 6- or 8-hourly) over 20 min
(0.8 mg/l) [26].

5.3.5.2 Continuous renal replacement therapy (CRRT)
Although commonly prescribed in ICUs, piperacillin-
tazobactam has not been studied in continuous renal replace-
ment therapy (CRRT) to any significant extent. The early
studies that looked at piperacillin and piperacillin-tazobactam
administered 8 hourly in anuric patients on continuous veno-
venous hemofiltration (CVVHF), generally demonstrated the
accumulation of piperacillin with longer half lives than in
normal subjects [59,60]. The tazobactam component has shown
greater accumulation relative to piperacillin in anuric patients
and this is possibly due to the larger V4 of tazobactam and
the greater reliance on renal clearance mechanisms (59,61].
Alternating doses of piperacillin alone with piperacillin-
tazobactam has been recommended in order to avoid accumu-
lation of tazobactam in CVVHEF particularly as the toxicities
of tazobactam are not known [59,60].

A useful study by Valtonen er 4l examined piperacillin-
tazobactam PK during continuous veno-venous hemodiafil-
tration (CVVHDF) and this study compared dialysate flow
rates of 1 1/h with 2 I/h (61]. The authors found that the higher
dialysate flow rate (2 I/h) displayed greater removal of the
drug (61]. This study also compared CVVHF and CVVHDF
with piperacillin-tazobactam and described different half-
lives (CVVHF 7.7 + 23 hand CVWHDF 1 1/h 6.7 + 1.9 h
and CVVHDF 2 1/h 6.1 + 2.0 h) and decreased clearance
for CVWHF (3.89 + 1.23 I/h) compared with CVVHDF

(1 I/h, 5.0 + 1.68 I/h and CVVHDF (2 l/h, 5.48 =
2.11 I/h). Apart from the difference between dialysis modali-
ties, other factors that have been shown to influence the PK of
piperacillin-tazobactam include membrane type and the
patients’ level of residual renal function. Higher drug removal
during CVVHEF has been observed with the use of the poly-
sulfone hemofilter membrane compared with the acrylonitrile
hemofilter (62]. Patients on CVVHF with a preserved level of
residual renal function displayed significantly enhanced elim-
ination of piperacillin-tazobactam compared to patients with
moderate and total renal failure [63].

5.3.5.3 Burns

PK in patients with burn injuries can differ from those in
other patient populations. Larger V4 and clearances are well
documented. Limited data exist for piperacillin-tazobactam
at this time. A study by Bourget ¢z 4/. in 10 patients with third
degree burns (~ 30% total body surface area) administered the
antibiotic as a 4.5-g dose 6-hourly [64]. The minimum concen-
tration (C,,;n) was > 20 mg/l on Day 1 and Day 3 for piper-
acillin and > 1.0 mg/l on both days for tazobactam. The
authors found that the proportional increase of V4 to clear-
ance was highly significant resulting in a prolongation of
half-life to 1.8 h compared with healthy volunteer data
(~ 1.5 h) for piperacillin and tazobactam (1.7 - 1.4 h).
The authors concluded that dosing of 4.5 g 6-hourly,
which is the currently licensed maximum dosing, is the min-
imum dose required for this patient population without
renal dysfunction.

5.3.6 Obesity

The obese body has a higher proportion of adipose tissue and
lower proportions of tissue water and lean body mass, which
can affect drug distribution and absorption. In a case report
of a 39-year-old man with morbid obesity (weight 167 kg,
body mass index 50 kg/m?) treated with 3.375 g of
piperacillin-tazobactam 4-hourly for cellulitis -~ compared
with population values - had a reduced average serum
steady-state concentration: 39.8 versus 123.6 mg/l, an
increased Vg: 54.3 versus 12.7 1, and an increased half life:
1.4 versus 0.6 h [65].

5.3.7 Cystic fibrosis

The PK of piperacillin-tazobactam in eight patients with cys-
tic fibrosis was investigated by Vinks ez al. [24]. The authors
found that the observed data were best described using a non-
linear model. The parameter estimates for the best nonlinear
model were: the concentration at which the metabolic rate
was half of maximum (Km) 58 + 75 mg/l; the maximum
rate of metabolism (Vm) 1.9 + 1.0 mg/h; and V4 (central
compartment) 14.1 + 3.0 I. This data show that patients
with cystic fibrosis have a moderately increased V4 compared
with healthy volunteers, but have very high clearance
(24.4 1/h) necessitating more aggressive dosing.
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5.3.8 Pregnancy

In a study with patients of 25 - 31 weeks of gestation, following
the administration of 4.5 g of piperacillin-tazobactam, C,,,,,
AUC, Vy at steady state (V,), and half-life (T},,) were
162.6 + 11.2 mg/l, 178.8 + 18.5 mg - h/l, 185 + 1.6 |
(0.27 + 0.02 l/kg), and 0.61 = 0.05 h for piperacillin, and
17.8 + 1.2 mg/l, 22.1 + 1.2 mg-h/l, 21.9 + 2.9 1 (0.31 +
0.44 1/kg), and 0.69 + 0.06 h for tazobactam, respectively.
Compared with previously obtained data in healthy volunteers,
pregnant women had significantly lower C,,,,, smaller AUC,
larger V, and shorter Ty, of both piperacillin and
tazobactam [66].

5.3.9 Pediatric patients

In a study with patients of 2 months to 12 years of
age receiving a single dose of either 50 and 6.25 mg/kg
(body weight) or 100 and 12.5 mg/kg (body weight)
of piperacillin  and tazobactam, respectively, C,.x
and AUC values of piperacillin and tazobactam increased
in a dose-dependent manner, and no difference in
pharmacokinetic parameters other than C,,,, and AUC val-
ues of the drugs was observed between the two doses [67].
PK of piperacillin and tazobactam after administration of
piperacillin-tazobactam in different age groups are shown
in Table 4. With increasing age, elimination of both pipera-
cillin and tazobactam increased, whereas V,, remained
relatively constant.

6. Pharmacodynamics

B-Lactam antibiotics are generally described as time-
dependent antibiotics because bacterial killing is related to
the time for which the antibiotic free (or unbound) concentra-
tion (T) is maintained above the MIC of the infecting patho-
gen (T, mic). An increase in bactericidal activity is noted at
concentrations up to four to five times the MIC, with higher
concentrations providing no added benefit [68]. Data on the
precise T, wmic required for optimal activity for B-lactam anti-
biotics have been obtained from dynamic iz vitro and animal
in vivo models and suggest that /T, yc 50% is required for
Gram-negative bacteria and 40 - 50% for Gram-
positive bacteria [69,70]. A shorter £ T, yc is required for
Gram-positive organisms because of a post-antibiotic effect
that exists against these organisms. The optimal exposure of
B-lactams required for the treatment of infections in different
patient populations and for minimization of the development
of bacterial resistance is yet to be described.
Anti-pseudomonal activity is one of the major advantages
of piperacillin-tazobactam over most other B-lactam antibiot-
ics. Of note, in a current standard susceptibility testing for
P. aeruginosa recommended by Clinical and Laboratory
Standards Institute (CLSI), strains with MICs of < 64 mg/l
to piperacillin-tazobactam are determined as susceptible [42].
However, it seems to be difficult to maintain adequate

f T, mic for strains with MICs of 64 mg/l and possibly

Hayashi, Roberts, Paterson & Lipman

32 mg/l at target tissues, even by the currenty authorized
maximum dosing of 4.5 g 6-houtly (71]. The appropriateness
of the current susceptibility breakpoint setting of piperacillin-
tazobactam for P. aeruginosa requires further debate. In fact,
inconsistency in this issue is highlighted by European Commit-
tee on Antimicrobial Susceptibility Testing (EUCAST)
defining strains of P. aeruginosa with MICs of > 16 mg/l are
resistant to piperacillin-tazobactam (Table 5) [43]. Where
P. aeruginosa with MICs between 32 and 64 mg/l are being
treated, piperacillin (if available) can be administered as a single
agent as much as 4 g 4-hourly (24 g/day), and may be more
appropriate than piperacillin-tazobactam 4.5 g 6-houtly.
Where P. aeruginosa with MICs between 32 and 64 mg/l are
concerned in empirical treatment and other anti-pseudomonal
agents are not reliable according to the local antibiogram, con-
tinuous infusion of the piperacillin-tazobactam (18 g/day) plus
piperacillin (8 g/day) combination may be a possible option
despite a lack of experience.

The PD for tazobactam is certainly less clear. At this time,
it is assumed that for a B-lactam plus B-lactamase inhibitor
combination, the AUC is the important factor [23].

7. Clinical outcome data

There have been a number of randomized controlled trials
(RCTs) of piperacillin-tazobactam comparing with other
antimicrobial regimes in treatment of a variety of infections.
Clinical outcome data of piperacillin-tazobactam versus com-
parators have been extensively reviewed elsewhere [72] and
therefore will not be discussed in detail. Suffice to say,
piperacillin-tazobactam has been shown to be as effective
and safe as imipenem-cilastatin or doripenem for nosocomial
pneumonia [73,74], as imipenem-cilastatin or ertapenem for
complicated intra-abdominal infections [75-78], as meropenem,
cefepime, ceftazidime, or piperacillin-tazobactam plus amika-
cin for febrile neutropenia [79-82], as ertapenem or imipenem-
cilastatin for diabetic foot infection (83,84], as ertapenem for
complicated skin and soft tissue infections [8586], and as
ertapenem for acute pelvic infections [87]. Therefore,
piperacillin-tazobactam has been recommended in various
clinical guidelines for treatment of a wide range of
infections [2-9].

8. Adverse effects

Piperacillin-tazobactam is usually well tolerated. Adverse
events are generally mild to moderate and seldom necessitate
discontinuation of treatment [49]. The type and incidence of
adverse events vary with patient category. In patients with
intra-abdominal infections, diarthea (7.5%) and phlebitis
(3.3%) were observed (78]. In patients with nosocomial
pneumonia, elevation of 7y-glutamyltransferase (1.8%),
thrombocythemia (2.3%), diarrhea (2.3%), elevation of
alanine aminotransferase (0.9%), phlebitis (0.9%), elevation
of asparate aminotransferase (0.5%), and elevation of
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Table 4. Pharmacokinetics of piperacillin

and tazobactam after administration of piperacillin-
tazobactam (56.25 or 112.5 mg/kg) in various age
groups [67].

Age CL CLg/CL Vg4 Tas2
(ml/min/kg) (%) (I’kg)  (h)
Piperacillin
2 - 5 months 3.3 72 0.37 1.4
6 - 23 months 4.7 46 0.36 0.9
2 - 5 years 5.5 66 0.36 0.7
6 - 12 years 5.9 73 0.36 0.7
Tazobactam
2 - 5 months 3.3 80 0.43 1.6
6 - 23 months 49 65 0.42 1.0
2 - 5 years 55 78 0.38 0.8
6 - 12 years 6.2 75 0.40 0.9

Values shown are mean values.
CL: Clearance; CLg: Renal clearance; Vq4: Volume of distribution;
T1s2: Elimination half-life.

Table 5. Comparison of susceptibility breakpoints
of Gram-negative bacilli for piperacillin-tazobactam
between CLSI [42] and EUCAST [43].

CLSI EUCAST

(mg/l)  (mg/l)
Enterobacteriaceae <16 <8
Pseudomonas aeruginosa <64 <16
Pseudomonas spp. other than P. aeruginosa <16 <16
Acinetobacter spp. <16 None*

For susceptibility testing purposes, the concentration of tazobactam is fixed at
4 mg/l.

*EUCAST does not recommend the use of piperacillin-tazobactam for the
treatment of Acinetobacter spp. regardless of MIC values because
susceptibility testing of Acinetobacter spp. to penicillin class antibiotics

is unreliable.

eosinophil count (0.5%) were observed [73. In patients
with diabetic foot infection, diarrhea (14%), nausea (7%),
headache (6%), and adverse laboratory events (10%) were
observed (83]. In patients with febrile neutropenia, skin rash
(29.4%), stomatitis (21.9%), infusion site reaction (21.9%),
epistaxis  (13.2%), diarrhea (34.3%), abdominal pain
(21.9%), nausea (12.5%), vomiting (12.5%), headache
(15.1%), and laboratory abnormalites (48.3%) were
observed [79]. These data were obtained from recent represen-
tative RCTs and these incidences were similar to those
of comparators in the studies. As with other B-lactam anti-
biotics, likely toxicities from excessive dosing include
seizures and confusion, interstitial nephritis and elevation of
Y-glutamyltransferase. Clinicians need to be aware of these
effects if more aggressive dosing is selected for treatment
of infections caused by less susceptible organisms (e.g.,
P. aeruginosa, A. baumannii).

9. Conclusion

The information discussed above details the suitability of
piperacillin-tazobactam for empiric treatment of various
infections. However, use of this broad spectrum antibiotic
should be in line with accepted principles for antibiotic pre-
scription with de-escalation to narrower spectrum antibiotics
undertaken where possible to minimize antibiotic collateral
damage. Where piperacillin-tazobactam is required for treat-
ment, an application of knowledge of PK and PD
characteristics can facilitate optimal outcomes.

10. Expert opinion

The altered PK of piperacillin-tazobactam in various
patient populations has been relatively well described. It is
evident that in patients with increased V4 or clearances
(e.g., critically ill patients with sepsis and/or burns without
renal dysfunction; cystic fibrosis) more aggressive dosing
should be considered. This can be achieved by more frequent
administration of the antibiotic, or administration by
extended or continuous infusion as a mechanism to elevate
the Ci, in line with the PD characteristics of piperacillin-
tazobactam [27,8889]. In patients with renal dysfunction, or
those prescribed with renal replacement therapies, reduced
dosing compared with ‘normal’ patients may be required.
The challenge for clinicians is to identify what level of dose
adjustment should be correctly undertaken. The disparity
between empiric dosing and achievement of therapeutic con-
centrations has been described in a study by Roberts ez al.
that evaluated the need for therapeutic drug monitoring
(TDM) for this antibiotic in critically ill patients [48]. The
authors found that up to 70% of patients did not achieve
optimal concentrations of piperacillin thereby necessitating
dose adjustment. It follows that a need for TDM for pipera-
cillin, as for other B-lactams may be seen as a mechanism to
improve treatment with this antibiotic. The patient popula-
tions likely to benefit from TDM are critically ill patients,
patients with renal dysfunction necessitating renal replace-
ment therapy or patients with difficult-to-predict PK (e.g.,
cystic fibrosis, burns). Dosing should be monitored as
frequently as possible in these patient groups with daily
monitoring advisable.

Consideration of pathogen susceptibility is another pri-
mary indicator for altered dosing of piperacillin-tazobactam,
although this is not well understood. The MICqyy of
organisms for which piperacillin-tazobactam is selected as
treatment can vary from 0.0625 (e.g., Streptococcus pyogenes)
to 16 mg/l (e.g., P. aeruginosa) and therefore the con-
centrations required to achieve the target /T, \c can
vary up to 250-fold. It is logical therefore, that dosing
can be varied according to the MIC of the infecting patho-
gen, and in many cases this would result in a significant
dose reduction and cost saving when treating highly
susceptible pathogens. Of course for many of these more
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susceptible organisms, de-escalation to a narrower-spectrum
agent may be possible.

Administration of piperacillin-tazobactam by extended
or continuous infusion is appropriate in environments
that are considered to be difficult-to-treat due to limited
drug penetration (e.g., osteomyelitis) or high MICs (e.g.,
P. aeruginosa with a MIC of 32 mg/l) [271. Many centers
rarely have such susceptibility problems at present and
therefore, use of extended or continuous infusion as the
sole administration method is not essential at this time.
The other utility of administration by extended or contin-
uous infusion is to increase the tissue distribution of
piperacillin-tazobactam in patients with complicated PK
such as critically ill patients with sepsis [26]. It follows
that standard doses of piperacillin-tazobactam (4.5 ¢
8-hourly) by intermittent infusion remain appropriate
except where a less susceptible organism is suspected, or
in patients with an elevated V4 or clearances at which

Hayashi, Roberts, Paterson & Lipman

time higher doses by intermittent infusion (4.5 g 6-hourly)
or preferably, by extended or continuous infusion
are suggested.
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