
A M E N D E D A B S T R A C T

I N T R O D U C T I O N
I n c reasing antimicrobial resistance among
ex t e n d e d - s p e c t rum ß-lactamase  (ESBL)-
p roducing E s ch e ri chia coli and K l eb s i e l l a
p n e u m o n i a e is a growing concern .1 , 2 I n fe c t i o n
with ESBL-producing E coli or K p n e u m o n i a e
has been associated with a signifi c a n t ly longe r
d u ration of hospital stay and gre ater hospital
ch a rges. Prior cumu l at ive drug ex p o s u re (in
t e rms of number of antimicrobial agents and
total duration of tre atment) has been
d e m o n s t rated to be an independent pre d i c t o r
of ESBL-producing E c o l i or K pneumoniae
i n fe c t i o n .3 Th e re fo re, it is import a n t ,
e s p e c i a l ly in the setting of empirical therapy,
to identify agents with a re l at ive high
p ro b ability of i n v ivo e ffi c a cy against these
p at h oge n s .

N o n clinical (i.e. , in vitro and animal)
p h a rm a c o dynamic models of infection have
been used to establish the conditions under
wh i ch an anti-infe c t ive agent is effe c t ive.4 , 5 , 6

By manipulating drug pharmacokinetics in these
m o d e l s , mean human serum concentrat i o n - t i m e
c o u rses have been simu l ated for many age n t s .
For penicillins and cep h a l o s p o ri n s , ex p e ri m e n t s
h ave shown that antibacterial effects best
c o rre l ate with the duration of time that dru g
c o n c e n t rations exceed the minimu m - i n h i b i t o ry
c o n c e n t ration (MIC) of the micro - o rga n i s m .7 , 8

For enteric Gra m - n egat ive bacilli such as E c o l i
or K p n e u m o n i a e, ß-lactam antibacteri a l
e ffects are observed when fre e - d rug seru m
c o n c e n t rations are ab ove the MIC for as little
as 35% of the dosing interval and are
m a x i m i zed when concentrations are ab ove the
MIC for 60% to 70% of the dosing interva l .9

The assessment of clinical effi c a cy of age n t s
used commonly in the critical care unit has
been hampered due to the lack of a stat i s t i c a l ly
meaningful number of well-documented cases
with ESBL-producing E coli and K pneumoniae.
Monte Carlo simu l ation is a method that 
m ay be used to estimate the pro b ability of 
obtaining optimal pharm a c o dynamic targe t s
by incorp o rat i n g the va ri ability in dru g
ex p o s u re observed in a population of pat i e n t s
and the ra n ge of contempora ry MIC va l u e s
e n c o u n t e red cl i n i c a l ly into a stoch a s t i c
m o d e l .1 0 - 1 3 The purpose of this rep o rt is 2-fo l d :
Fi rs t , to compare the resistance rates and
p at t e rns of ESBL-producing E coli and 
K pneumoniae phenotypes obtained from the
2000 SENTRY A n t i m i c robial Surve i l l a n c e
P rogram for pipera c i l l i n - t a zobactam and
c e fepime; and second, to estimate the
p ro b ability of ach i eving 40% to 70% T > M I C
for pipera c i l l i n - t a zobactam and cefep i m e
against these specified isolates. 
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B a c k g ro u n d : The fre q u e n cy of resistance to ß-lactams among nosocomial isolates has
been increasing due to ESBL-producing enteric bacilli. Although clinical outcome data are
h i g h ly desirabl e, assessment of clinical effi c a cy has been limited due to the lack of a stat i s t i-
c a l ly meaningful number of well-documented cases. T>MIC is the PK/PD parameter that best
c o rre l ates with in vivo activity of ß-lactams, t h e re fo re, a stochastic model was used to fo re c a s t
the PK/PD target hit rates of pipera c i l l i n - t a zobactam (P-T) and cefepime (PIM) against E. coli
(EC) and K p n e u m o n i a e (KP) ESBL phenotypes (NCCLS cri t e ria). M e t h o d s : Monte Carl o
s i mu l ation was used to estimate the pro b ability of P-T or PIM obtaining 40% to 70%
(P70/40) T>MIC against EC and KP obtained from the SENTRY 2000 Program (N.
A m e rica). MIC data we re used to estimate the pro b ability distri bution function (PDF) of
EC and KP. PDFs for PK ve c t o rs we re estimated using mean para m e t e rs from subjects
with CrCl between 60 and 91 mL/min. The model assumed a regimen of 3.375 g Q4 or 6
hr for P-T and a regimen of 1 or 2 g BID for PIM. A 5000-patient simu l ation was done
for each drug-species combination. R e s u l t s : ESBL phenotype rates we re 3.4% among
1909 EC and 5.4% among 743 KP. The P70/40 T>MIC for PIM 2 g BID was 99.0/99.8%
and 96.4/99.8% against EC and KP, re s p e c t ive ly. The P70/40 T>MIC for PIM 1 g BID
was 97.0/99.4% for EC and 92.0/96.6% for KP. For P-T 3.375 g Q4 hrs against EC and
K P, the P70/40 T>MIC was 89.6/94.8% and 63.1/74.5%. For P-T 3.375 g Q6 hrs the
P70/40 T>MIC was 76.8/91.4% and 46.7/63.1% against EC and KP. C o n c l u s i o n s :
These data suggest that T>MIC target hit rates are gre ater for PIM than for P-T aga i n s t
c u rrent ESBL stains when contempora ry dosing regi m e n s , wh i ch minimize fa i l u re ri s k ,
a re used for this IV ß-lactam.

M ATERIALS AND METHODS

M i c robiological data- The SENTRY A n t i m i c robial Surve i l l a n c e
P rogram was established in 1997 to monitor the prominent pat h oge n s
and antimicrobial resistance pat t e rns of nosocomial and commu n i t y -
a c q u i red infections via a broad netwo rk of sentinel hospitals selected
a c c o rding to ge ographic location and bed cap a c i t y. All E coli and K
p n e u m o n i a e i s o l ates re c ove red during 2000 in the North A m e ri c a n
region (United States and Canada) we re analy zed for this study. Th e s e
i s o l ates we re saved on tra n s p o rt swabs and sent to the Unive rsity of
I owa College of Medicine (Iowa City, IA) for storage and furt h e r
i d e n t i fi c at i o n / s u s c eptibility testing. On receipt by the monitor, i s o l at e s
we re subcultured on blood agar to ensure viability and puri t y. Species
i d e n t i fi c ations we re confi rmed with the Vitek System (bioMéri e u x
Vitek) or API (bioMérieux Vitek) products and standard re fe re n c e
m e t h o d s .1 4 I s o l ates we re fro zen at –70ºC until they we re pro c e s s e d. 

A n t i m i c robial susceptibility testing of isolates was perfo rmed by
re fe rence broth microdilution methods as described by the Nat i o n a l
Committee for Clinical Lab o rat o ry Standards (NCCLS).1 5 , 1 6 I n t e rp re t ive
c ri t e ria we re those published by the NCCLS. K pneumoniae and E coli
i s o l ates ex p ressing an ESBL phenotype, as defined by a ceftazidime or
c e f t ri a x o n e, or aztreonam MIC ≥ 2.0 mg/L, we re further ch a ra c t e ri ze d
with ESBL Etest (AB Biodisk, S o l n a , S weden) strips containing
a n t i m i c robial gradients ra n ging from 0.016 to 256 mg/L, p a i red with
s t rips containing the same cep h a l o s p o rin gradient in the presence of 2
mg/L of cl avulanic acid, or with commercial ESBL Etest strips that
contain a stable gradient of ceftazidime (1-32 mg/L) on one half and
ceftazidime plus cl avulanic acid (2 mg/L) on the other half. An 8-fo l d
or gre ater reduction in MIC with cl av u l a n ate acid in comparison with
the MIC with the substrate oxyimino cep h a l o s p o rin alone wa s
c o n s i d e red evidence of a positive ESBL test.1 7

P h a rmacokinetic data- S e rum pharmacokinetic data fo l l ow i n g
i n t ravenous (IV) dosing of pipera c i l l i n - t a zobactam and cefepime we re
obtained from the medical literat u re.1 8 , 1 9 In these studies, 3.375 g
p i p e ra c i l l i n - t a zobactam (3.0 and 0.375 g, re s p e c t ive ly) and cefepime 1
g we re administered over a 30-minute period in patients with estimat e d
c re atinine cl e a rances of 60 to 91 mL/min.

For pipera c i l l i n - t a zo b a c t a m , the elimination T1 / 2 was 1.1 ± 0.23 hours
and the peak serum concentration was 228 ± 25 mg/L. Plasma cl e a ra n c e
was 159 ± 19 mL/min. Renal cl e a rance accounted for 48.4 ± 5.8% of
d rug re m oval. The ave rage volume of distri bution at steady state wa s
13.0 ± 1.4 L. For cefep i m e, the elimination T1 / 2 was 3.33 ± 0.74 hours
and the peak serum concentration was 70.5 ± 20.8 mg/L. Total body
cl e a rance was 75.5 ± 12.9 mL/min. Renal cl e a rance accounted for 80.3
± 10.6% of drug re m oval. The ave rage volume of distri bution at steady
s t ate was 19.6 ± 2.99 L. 

Complete details of the pharmacokinetic modeling methods and re s u l t s
a re ava i l able from the afo rementioned sources. The fraction of unbound
d rug for pipera c i l l i n - t a zobactam and cefepime assumed in these
a n a lyses we re 70% and 84% re s p e c t ive ly. 

P h a rmacodynamic model-P h a rm a c o dynamic analy s e s
we re made using Monte Carlo simu l ation. A 5000-patient populat i o n
s i mu l ation was perfo rmed with Crystal Ball 2000.1 (Decisionerri n g,
I n c. Denve r, C o l o rado) using the afo rementioned pharmacokinetic dat a
in conjunction with the fo l l owing pharmacokinetic model:

T>MIC (hours) =
Ln Dose/(Vs s/fu)-Ln MIC

( 1 )
0.693/ T1 / 2

wh e re Vs s is the volume of distri bution at steady - s t at e, T1 / 2 is the seru m
e l i m i n ation half-life, and fu is the fraction of unbound dru g. The ra n d o m
number ge n e rator routine (mu l t i p l i c at ive congruential ge n e rat o r ) u s e d
the fo l l owing iterat ive fo rmu l a :

r ‹– (630,360,016 · r) mod (23 1 – 1) ( 2 )

The ge n e rator has a period length of 2,147,483,646, meaning that the
cy cle of random nu m b e rs rep e ats after ap p rox i m at e ly 2.15 billion trials. 

For pipera c i l l i n - t a zo b a c t a m , a dosage regimen of 3.375 g IV eve ry 4 or
6 hours was modeled. For cefep i m e, a dosage regimen of 1 or 2 g IV
eve ry 12 hours was modeled. The pro b ability of obtaining T>MIC equal
to 40%, 5 0 % , 6 0 % , and 70% of the dosing interval was estimated fo r
e a ch dosage regimen and micro o rga n i s m .

R E S U LT S
M i c ro b i o l o g i c a l - D u ring the SENTRY study period (2000), 1 9 0 9
E coli and 743 K pneumoniae blood stream isolates we re tested. Of these,
65 (3.4%) E coli and 40 (5.4%) K pneumoniae we re ESBL phenotypes
( i . e. , ceftazidime and/or ceftriaxone and/or aztreonam MIC ≥ 2 mg/L).

The activity of pipera c i l l i n - t a zobactam for the 105 ESBL phenotype
s t rains is shown in Table 1. Pipera c i l l i n - t a zobactam was signifi c a n t ly
m o re active against E coli i s o l ates (MIC5 0, 4 mg/L) compared with K
p n e u m o n i a e s t rains (MIC5 0, 16 mg/L). Also at the NCCLS breakpoint fo r
s u s c eptibility (≤16 mg/mL), 89.1% and 62.5% of E coli and K
p n e u m o n i a e s t rains we re inhibited, re s p e c t ive ly. For cefepime (Table 2),
the ESBL phenotypes we re 16-fold more suscep t i ble to cefepime than to
p i p e ra c i l l i n - t a zo b a c t a m , using MIC5 0 values as a comparison va l u e. Th i s
gre ater potency for cefepime indicated that 92.5% to 98.5% of stra i n s
we re inhibited at ≤8 mg/mL, wh i ch is the NCCLS breakpoint fo r
c e fepime when testing Entero b a c t e ri a c e a e. 

P h a rm a c o d y n a m i c -P i p e ra c i l l i n - t a zobactam and cefep i m e
p h a rm a c o dynamic target attainment rat e s , s t rat i fied by micro - o rga n i s m
and dosage regi m e n , a re presented in Table 3. For the pipera c i l l i n -
t a zobactam regimen of 3.375 g IV eve ry 4 hours ,t a rget attainment rat e s

against ESBL-producing E coli phenotypes ap p ro a ched or ex c e e d e d
90% rega rdless of pharm a c o dynamic target. For the pipera c i l l i n -
t a zobactam regimen of 3.375 g IV eve ry 6 hours ,t a rget attainment rat e s
we re somewh at less, ra n ging between 76.8% and 91.4%.

S i m i l a rly, against ESBL-producing K pneumoniae p h e n o t y p e s , t h e
t a rget attainment rate for pipera c i l l i n - t a zobactam 3.375 g IV eve ry 4
h o u rs ra n ged from 63.1% to 74.5%, d epending on the
p h a rm a c o dynamic target. As would be ex p e c t e d, t a rget attainment rat e s
we re less for 3.375 g IV dosed eve ry 6 hours. For instance, if the
p h a rm a c o dynamic target was T>MIC of ≥ 70% of the dosing interva l ,
the attainment rate was less than 50%.  

In ge n e ra l , PK/PD targets we re more like ly to be ach i eved by cefep i m e
than pipera c i l l i n - t a zobactam rega rdless of the dosing regimen modeled,
PK/PD targe t , or micro o rganism considere d. One ex c eption was aga i n s t
E coli E S B L - p roducing phenotypes when pipera c i l l i n - t a zobactam wa s
dosed eve ry 4 hours. In this instance, PK/PD target attainment rates fo r
both agents we re ap p rox i m at e ly 90% or gre at e r. Cefepime ach i eve d
d e s i red PK/PD targets at a >90% pro b ability rega rdless of dosing
regimen modeled, PK/PD target selected, or micro - o rganism considere d.

Table 3. Probability of attaining T>MIC targets following standard dosage
regimens of piperacillin-tazobactam and cefepime against E coli and 
K pneumoniae ESBL-producing phenotypes

P h a rm a c o dynamic Ta rge ta

O rga n i s m D ru g / R egi m e n 4 0 % 5 0 % 6 0 % 7 0 %

E coli P i p e ra c i l l i n - t a zobactam 3.375 g 9 4 . 8 9 2 . 7 9 1 . 4 8 9 . 6
eve ry 4 hours

P i p e ra c i l l i n - t a zobactam 3.375 g 9 1 . 4 8 8 . 5 8 3 . 7 7 6 . 8
eve ry 6 hours

C e fepime 2 g eve ry 12 hours 9 9 . 8 9 9 . 8 9 9 . 6 9 9 . 0

C e fepime 1 g eve ry 12 hours 9 9 . 4 9 8 . 8 9 8 . 0 9 7 . 0

K pneumoniae P i p e ra c i l l i n - t a zobactam 3.375 g 7 4 . 5 7 1 . 3 6 7 . 3 6 3 . 1
eve ry 4 hours

P i p e ra c i l l i n - t a zobactam 3.375 g 6 3 . 1 6 0 . 2 5 3 . 7 4 6 . 7
eve ry 6 hours

C e fepime 2 g eve ry 12 hour 9 9 . 8 9 9 . 4 9 8 . 0 9 6 . 4

C e fepime 1 g eve ry 12 hour 9 6 . 6 9 5 . 1 9 3 . 6 9 2 . 0
a

Percentage of the dosing interval that serum concentrations remain above the MIC

Table 1. In vitro activity of piperacillin-tazobactam tested against 105 
ESBL phenotype (NCCLS criteria) strains of E coli and K pneumoniae
(SENTRY Antimicrobial Surveillance Program, 2000).

O rga n i s m C u mu l at ive Pe rcent Inhibited at MIC (mg/mL) of :

< 0.5 1 2 4 8 1 6 3 2 6 4 S u s c ep t i bl ea

E coli ( 6 5 ) 3 . 1 6 . 3 2 6 . 6 6 2 . 5 8 1 . 3 8 9 . 1 8 9 . 1 9 2 . 2 8 9 . 1

K pneumoniae ( 4 0 ) 0 . 0 2 . 5 1 2 . 5 3 5 . 0 4 7 . 5 6 2 . 5 7 2 . 5 8 0 . 0 6 2 . 5
a
Susceptibility criteria of the NCCLS 15,16

Table 2. In vitro activity of cefepime tested against 105 ESBL 
phenotype (NCCLS criteria) strains of E coli and K pneumoniae
(SENTRY Antimicrobial Surveillance Program, 2000).

O rga n i s m C u mu l at ive Pe rcent Inhibited at MIC (mg/mL) of :

< 0 . 1 2 0 . 2 5 0 . 5 1 2 4 8 1 6 S u s c ep t i bl ea

E coli ( 6 5 ) 4 9 . 2 6 3 . 1 7 8 . 5 8 4 . 6 8 9 . 2 9 3 . 8 9 8 . 5 1 0 0 9 8 . 5

K pneumoniae ( 4 0 ) 7 . 5 1 2 . 5 3 7 . 5 6 2 . 5 8 2 . 5 9 2 . 5 9 2 . 5 9 5 . 0 9 2 . 5
a
Susceptibility criteria of the NCCLS 15,16

C O N C L U S I O N S
• In vitro s u s c eptibility results show that cefepime is 16 times more potent than

p i p e ra c i l l i n - t a zobactam against ESBL-producing E coli and K pneumoniae
bl o o d s t ream isolates 

• PK/PD targets associated with favo rable clinical outcomes against ESBL-
p roducing E coli and K pneumoniae i s o l ates we re more like ly to be ach i eve d
with cefepime than with pipera c i l l i n - t a zo b a c t a m , rega rdless of dosing regi m e n ,
PK/PD targe t , or micro - o rga n i s m

• PK/PD targets were more likely to be achieved with piperacillin-tazobactam
by dosing every 4 hours compared with dosing every 6 hours
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