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ABSTRACT Piperacillin-tazobactam has been proposed as an alternative to carbap-
enems for the treatment of infections caused by extended-spectrum-�-lactamase
(ESBL)-producing Enterobacteriaceae. However, limited understanding of optimal dos-
ing strategies for this combination may curtail its utility. In this study, we correlated
various exposures of piperacillin-tazobactam to efficacy, using a modified pharmaco-
kinetic/pharmacodynamic index. Using a clinical Klebsiella pneumoniae isolate ex-
pressing CTX-M-15, piperacillin MIC values were determined with increasing tazobac-
tam concentrations and fitted to a sigmoid inhibitory maximum effect (Emax) model.
A hollow-fiber infection model (HFIM) was used to evaluate the efficacy of escalating
tazobactam dosing with a fixed piperacillin exposure. Simulated drug concentrations
from the HFIM were incorporated in the Emax model to determine the percentage of
free time above instantaneous MIC (%fT�MICi) associated with each experimental
exposure. The target %fT�MICi associated with growth suppression was prospec-
tively validated using an SHV-12-producing isolate of Escherichia coli and 2 other
CTX-M-15-producing K. pneumoniae isolates. Based on our reference isolate,
piperacillin-tazobactam exposures of %fT�MICi of �55.1% were associated with
growth suppression. Despite underlying differences, these findings were consistent
with prospective observations in 3 other clinical isolates. Our modeling approach
can be applied relatively easily in the clinical setting, and it appeared to be robust
in predicting the effectiveness of various piperacillin-tazobactam exposures. This
modified pharmacokinetic/pharmacodynamic index could be used to characterize re-
sponse to other �-lactam/�-lactamase inhibitor combinations.
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The production of �-lactamases is a commonly encountered mechanism of resis-
tance in Gram-negative bacteria (1). In health care settings, extended-spectrum-�-

lactamase (ESBL)-producing Enterobacteriaceae are of particular concern. The CDC has
estimated that ESBL-producing Enterobacteriaceae account for 19% of health care-
related infections annually; infections implicated by these bacteria are also associated
with increased mortality and cost of care (2). ESBLs limit treatment options because
they hydrolyze most �-lactams, including penicillins and third-generation cephalospo-
rins (e.g., ceftazidime). Currently, carbapenems are the mainstay therapy for ESBL-
producing Enterobacteriaceae infections, but their widespread use may have contrib-
uted to the rapid dissemination of carbapenem resistance (3). Consequently, there is
growing interest in alternatives to carbapenem therapy, such as piperacillin-
tazobactam and other �-lactam/�-lactamase inhibitor combinations (4).

Piperacillin-tazobactam is a �-lactam/�-lactamase inhibitor combination widely
used in clinical practice. Piperacillin is a semisynthetic ureidopenicillin with antibiotic
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activity against both Gram-positive and Gram-negative pathogens (5). When adminis-
tered alone, piperacillin is susceptible to inactivation by �-lactamases. To circumvent
this problem, it is coadministered with tazobactam, a penicillanic acid �-lactamase
inhibitor. While tazobactam lacks appreciable intrinsic antimicrobial activity, it helps to
preserve the activity of piperacillin in the presence of both narrow and extended-
spectrum (such as TEM-, SHV-, and CTX-M-type) �-lactamases (5, 6). Several clinical
studies have suggested that piperacillin-tazobactam might be as efficacious as carbap-
enem therapy against ESBL-producing Enterobacteriaceae (7–10). Nonetheless, the
utility of piperacillin-tazobactam in this context remains controversial in view of reports
of treatment failure and poor characterization of the pharmacokinetics/pharmacody-
namics (PK/PD) of the combination (11, 12).

Pharmacokinetic/pharmacodynamic indices, such as the maximum concentration of
drug in serum divided by the MIC (Cmax/MIC), the area under the 24-h concentration-
time curve divided by the MIC (AUC/MIC), and the free time above the MIC (fT�MIC) are
commonly used to characterize killing profiles for various antibiotics. �-Lactams such as
piperacillin are described as exhibiting time-dependent killing, and thus their efficacy
is closely correlated to fT�MIC (13). While older inhibitors (such as tazobactam) lack
intrinsic antimicrobial activity, they alter susceptibility (MIC) to the partner �-lactam in
a concentration-dependent manner over the dosing interval. As a result, the conven-
tional approach for establishing PK/PD indices is not directly applicable to these
�-lactam/�-lactamase inhibitor combinations. Additionally, the rationale for clinically
dosing piperacillin-tazobactam in a fixed ratio of 8:1 (piperacillin to tazobactam)
remains unclear.

Our laboratory previously proposed a modeling framework to account for the effect
of �-lactamase inhibitors by using a novel PK/PD index, the time above instantaneous
MIC (T�MICi) (14). Extending from this framework, the objective of this study was to
discern the efficacy of alternative dosing strategies of piperacillin-tazobactam against
ESBL-producing Enterobacteriaceae. Given the variability of clinical responses to
piperacillin-tazobactam, we hypothesized that the conventional fixed dosing ratio
might not be ideal against a diverse group of ESBL-producing Enterobacteriaceae. We
anticipate that the outcomes of this study may provide insights to evaluate efficacy
targets for �-lactam/�-lactamase inhibitor combinations and to guide rational dosing
decisions.

RESULTS
Bacteria. The susceptibility profiles and known mechanisms of resistance for the

four isolates examined are shown in Table 1. All isolates were resistant to ceftazidime,
and all but EcF65 were also resistant to piperacillin-tazobactam. Functional expression
of the ESBL genes was confirmed. However, the rates of nitrocefin hydrolysis were
dramatically different (data not shown), suggesting different enzyme expression levels
of the isolates and/or the presence of other enzyme(s).

Effect of inhibitor on MIC. A tazobactam concentration-dependent reduction in
piperacillin MIC was observed. The relationship between susceptibility and inhibitor
concentrations was reasonably characterized by the sigmoid inhibitory maximum
effect (Emax) model for all 4 isolates (r2 � 0.94). The model best-fit parameter

TABLE 1 ESBL genes detected, susceptibility (MIC in �g/ml), inhibitory Emax parameter
estimates, and model fit for clinical isolates

Bacterial species (isolate) ESBL gene

MICa Model estimates and fit

CAZ PIP-TAZ log2 (MIC0) Imax IC50 H r2

K. pneumoniae (Kp3) CTX-M-15 64b 32/4 9.32 6.52 2.60 1.57 0.94
K. pneumoniae (KpK91) CTX-M-15 64 32/4 9.03 4.75 1.36 4.00 0.97
K. pneumoniae (Kp2301) CTX-M-15 >512 >512/4 9.09 6.23 35.25 2.67 0.97
E. coli (EcF65) SHV-12 >512 4/4 8.67 6.99 2.71 3.41 0.98
aCAZ, ceftazidime; PIP-TAZ, piperacillin-tazobactam. TAZ MIC values for all isolates were �256 �g/ml.
bBoldface denotes resistant phenotype according to CLSI breakpoints.
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estimates (Table 1) illustrate differences in isolate sensitivity to tazobactam, with
Kp3, KpK91, and EcF65 displaying lower 50% inhibitory concentration (IC50) values
than that of Kp2301. Additionally, maximum effect conferred by the inhibitor (Imax)
values indicate a more drastic reduction in MIC values for Kp3, EcF65, and Kp2301
than that for KpK91. A representative model fitting of the MIC data for Kp3, along
with an associated MICi profile, is shown in Fig. 1.

Pharmacokinetics and effect of drug exposures on bacterial burden. The tar-
geted piperacillin and tazobactam pharmacokinetic profiles were reasonably well
simulated in the hollow-fiber infection model. Typical profiles for 4 g piperacillin and
0.5 g tazobactam are shown in Fig. 2. For the reference isolate (Kp3), the bacterial
burden declined initially for all treatment exposures. The clinical regimen of 4 g
piperacillin and 0.5 g tazobactam was associated with a %fT�MICi of 39.6 and resulted
in bacterial regrowth after 8 h. An escalated tazobactam exposure of 1.5 g every 8 h
resulted in a %fT�MICi of 55.1 and in growth suppression. For the other isolates, the
estimated %fT�MICi and predicted outcomes associated with different dosing expo-
sures are summarized in Table 2.

Experimental validations. Our model reliably predicted the outcomes of various
piperacillin-tazobactam exposures for each validation isolate (EcF65, KpK91, and
Kp2301), as shown in Table 2. The clinical dosing regimen of 4 g piperacillin and 0.5 g
tazobactam was predicted to result in regrowth of all 3 isolates. For EcF65 (which was
considered susceptible to piperacillin-tazobactam by the standard susceptibility testing
method), the clinical regimen would achieve a %fT�MICi of 43.8; regrowth was noted
by 8 h, and the development of resistance was observed over time, as shown in Fig. 3b.
Instead, an elevated exposure equivalent to 4 g piperacillin and 1.0 g tazobactam
(%fT�MICi � 60) was necessary to suppress growth below the starting inoculum (Fig.
3c). Further reduction of bacterial density (below the limit of detection) was observed
with 4 g piperacillin and 1.5 g tazobactam (%fT�MICi � 65), as shown in Fig. 3d. For
KpK91, the clinical dosing regimen achieved a %fT�MICi of 44.5, and bacterial regrowth
was observed. This isolate would be considered equally susceptible to piperacillin-

FIG 1 Representative model fit and instantaneous MIC profile. Model fit to piperacillin MIC data for Kp3
in the presence of escalating tazobactam concentrations (r2 � 0.94) (a). Open circles indicate experi-
mental data, and the continuous line represents the best-fit model. MICi profile using 0.5 g tazobactam
every 8 h is shown (b).
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tazobactam compared to the reference isolate Kp3, but owing to the attenuated Imax

value for this isolate, higher exposures of tazobactam were predicted to be insufficient
to suppress growth. At the highest tazobactam exposure evaluated (4 g every 8 h), the
%fT�MICi (50.9) remained below the target exposure threshold and regrowth was
seen. Finally, for Kp2301, the efficacy threshold was predicted to be unattainable at the
doses explored, due to the high IC50 value of the isolate. Simulated dosing regimens as
high as 4 g piperacillin with 4 g tazobactam every 8 h (%fT�MICi � 36.8) resulted in
regrowth (data not shown).

DISCUSSION

Limited options for the treatment of ESBL-producing Enterobacteriaceae infections
have prompted growing interest in reevaluating �-lactam/�-lactamase inhibitor com-
binations. ESBL enzymes are inhibited in vitro by �-lactamase inhibitors, such as
tazobactam. Thus, ESBL producers may be susceptible to the combination of pipera-
cillin with tazobactam. However, in vitro susceptibility may not always correlate to
clinical efficacy, especially for severe nosocomial infections. This is due (at least in part)
to technical limitations in susceptibility testing. Currently, MIC testing recommenda-
tions involve use of a single inhibitor concentration (e.g., 4 �g/ml of tazobactam), which
lacks adequate correlation to the fluctuating inhibitor concentrations observed in vivo.
Reservations regarding the use of combinations like piperacillin-tazobactam also stem
from observations of reduced bactericidal activity in the presence of high inocula
(�1 � 107 CFU/ml) (15). Similarly, overexpression of �-lactamases by some Enterobac-
teriaceae at the standard inoculum may also overcome the inhibitor, and hence
conventional dosing may not reliably achieve efficacious drug exposures. Additionally,
characterization of inhibitor activity and subsequent dose optimization remain a chal-

FIG 2 Typical simulated pharmacokinetic profile of 4 g piperacillin (target Cmax � 240 �g/ml; r2 � 0.97)
(a) and 0.5 g tazobactam (target Cmax � 30 �g/ml; r2 � 0.99) (b) administered every 8 h. An elimination
half-life of 1 h was simulated for both agents. Open squares represent observed concentrations, and
continuous lines represent the best-fit model.
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lenge because traditional PK/PD indices are not directly applicable. For these reasons,
there is a dire need for a more robust platform to optimize the dosing of �-lactam/�-
lactamase inhibitor combinations.

Several clinical studies have highlighted discrepancies with the classical concerns
regarding �-lactam/�-lactamase inhibitor combinations. In a pivotal post hoc analysis of
bloodstream infections due to ESBL-producing Escherichia coli, piperacillin-tazobactam
and amoxicillin-clavulanic acid were comparable in efficacy to carbapenems when
isolates were susceptible in vitro (10). It is, however, noteworthy that a majority of the
bloodstream infections were secondary to urinary or biliary infections, which are

TABLE 2 Predicted and observed outcomes associated with different piperacillin-
tazobactam exposures

Isolate Tazobactam dose (g)a %fT>MICi

Outcomeb

Predicted Observed

Kp3 0.5 39.6 NA Regrowth
1 51.6 NA Regrowth
1.5 55.1 NA Suppression
2 58.6 NA Suppression

EcF65 0.5 43.8 Regrowth Regrowth
1 60.0 Suppression Suppression
1.5 65.0 Suppression Suppression

KpK91 0.5 44.5 Regrowth Regrowth
1 50.9 Regrowth ND
1.5 50.9 Regrowth ND
2 50.9 Regrowth ND
4 50.9 Regrowth Regrowth

Kp2301 0.5 13.5 Regrowth Regrowth
1 19.9 Regrowth ND
1.5 25.5 Regrowth ND
2 29.8 Regrowth ND
4 36.8 Regrowth Regrowth

aCoadministered with piperacillin, 4 g every 8 h.
bNA, not applicable; ND, not determined.

FIG 3 Killing profiles for EcF65. Shown are placebo control (a) and with killing profiles for 4 g piperacillin
and 0.5 g tazobactam (%fT�MICi � 43.8) (b), 4 g piperacillin and 1.0 g tazobactam (%fT�MICi � 60.0) (c),
and 4 g piperacillin and 1.5 g tazobactam (%fT�MICi � 65.0) (d). Data are displayed as means � standard
deviation (SD).

Piperacillin-Tazobactam Dosing Strategies Antimicrobial Agents and Chemotherapy

February 2019 Volume 63 Issue 2 e01906-18 aac.asm.org 5

 on January 29, 2019 by guest
http://aac.asm

.org/
D

ow
nloaded from

 

https://aac.asm.org
http://aac.asm.org/


considered to be low-inoculum infections. These findings were supported by a recent
meta-analysis of ESBL-producing Enterobacteriaceae bloodstream infections (of differ-
ent sources), in which there was no statistically significant difference in mortality
between patients treated with carbapenems and �-lactam/�-lactamase inhibitor com-
binations (16). Nonetheless, there was apparent variability in response to �-lactam/�-
lactamase inhibitor therapy based on the type of pathogen and severity of illness.

To resolve the inconsistencies between observed in vitro effects and clinical out-
comes, Nicasio et al. delineated the PK/PD index that best predicts the efficacy of
tazobactam as the time above a threshold concentration (%time�threshold) (17). This
threshold signified a critical concentration at which enzyme inhibition was maximized,
and was shown to rise with increasing enzyme transcription levels. Notably, these
findings suggested a need to customize tazobactam exposures (based on differences in
enzyme expression) to achieve efficacy targets. However, by overlooking inhibitor
effects below and above this critical value, this approach was subject to inherent
limitations similar to those of the current paradigm. Other investigators have used a
semimechanistic model to describe the combined activities of aztreonam-avibactam,
another �-lactam/�-lactamase inhibitor combination. In their approach, Sy et al. incor-
porated data from time-kill studies to develop a model that characterized bacterial
killing with varying �-lactamase inhibitor and �-lactam concentrations (18). Although
informative, this model is limited in its application, since its implementation is depen-
dent on time-kill data that is not readily available in clinical settings. Additionally, the
model validations were limited to only 24 h, and thus the effect of �-lactam/�-
lactamase inhibitor exposures during an extended time frame (beyond that of the initial
experimentation) was not explored.

In our previous work, we captured the fluctuations in pathogen susceptibility
associated with intermittent dosing of a �-lactamase inhibitor (14). A similar trend in
pathogen susceptibilities was observed for tazobactam and the isolates in this study.
Modeling of the susceptibility reversibility profiles revealed unique characteristics
related to inhibitor affinity and the maximum inhibition achievable for each unique
inhibitor-pathogen combination. Based on conventional susceptibility breakpoints,
Kp3, KpK91, and Kp2301 were all resistant to piperacillin-tazobactam, and thus clinical
dosing regimens would be expected to yield inadequate exposures. However, we
demonstrated that each isolate responded distinctly to escalating tazobactam expo-
sures, and a tailored tazobactam dosing approach could facilitate meeting the efficacy
target. For instance, Kp3 and KpK91 shared an identical piperacillin MIC (using 4 �g/ml
of tazobactam), and hence would be expected to respond similarly to piperacillin-
tazobactam. However, a more nuanced effect was observed and could be attributed to
differences in Imax values. Consequently, growth suppression was achieved with a more
aggressive dosing approach for Kp3, but it was unattainable for KpK91 (using �4 g
tazobactam). Consistent with our expectations, the efficacy threshold was also unat-
tainable for Kp2301, due to high level of enzymatic activity, as reflected by the
comparatively high IC50 for this isolate. With EcF65, our model further illustrated the
shortcomings of predicting efficacy with a fixed tazobactam concentration. Although
regarded as susceptible by current interpretation criteria, our findings indicated that
dosing with 4 g piperacillin and 0.5 g tazobactam every 8 h would be inadequate
against this isolate. Instead, a higher tazobactam exposure (equivalent to 1.0 g) was
needed to achieve the efficacy target.

Our approach is novel for the following two reasons: (i) we attempted to address the
drawbacks in conventional susceptibility testing with limited efficacy predictions, and
(ii) we explored the adequacy of the standard 8:1 dosing ratio of piperacillin to
tazobactam for different scenarios. Instead of characterizing the activity of piperacillin-
tazobactam based on a single tazobactam concentration, we described this relationship
more comprehensively using a range of concentrations. This approach was more
informative, as it better reflected the changing �-lactamase inhibitor concentrations
observed in vivo. It resulted in a more robust model framework in assessing the efficacy
of various piperacillin-tazobactam dosing regimens against commonly encountered
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clinical isolates of Klebsiella pneumoniae and E. coli that produced ESBL enzymes. Our
proof-of-concept data illustrated that a fixed dosing ratio may not be appropriate in all
scenarios, and we advocate the development of multiple piperacillin-tazobactam dose
ratio formulations, as seen with amoxicillin-clavulanic acid.

There were several limitations to our study. First, our model only focused on
ESBL-mediated resistance, and the effects of additional mechanisms of resistance
(including porin deficiency) in our isolates were not explored. Our proposed method is
most relevant in strains for which the production of �-lactamases contributes signifi-
cantly to the observed resistance phenotype. If other mechanisms of resistance coexist
alongside the production of �-lactamases, optimized dosing of the �-lactamase inhib-
itor alone may not enhance the efficacy of the �-lactam. The hollow-fiber studies were
limited to 72 h, and thus the predictive value of the model for longer durations of
exposure is unknown. Additionally, since we only investigated the effect of piperacillin-
tazobactam exposure on a moderate inoculum (�1 � 106 CFU/ml), the impact on a
high inoculum remains unclear. Given our limited sample size, our model warrants
further validation against a larger collection of clinical isolates. Last, since the study was
confined to combining escalating tazobactam exposures with a fixed piperacillin
backbone regimen, further investigations are required to determine generalizability to
other dosing options (e.g., prolonged/continuous piperacillin infusion or escalating
piperacillin exposures with a fixed tazobactam backbone regimen) and �-lactam/�-
lactamase inhibitor combinations. Future studies will evaluate whether a threshold for
efficacy may be proposed across bacterial strains harboring other �-lactamases, and for
other �-lactam/�-lactamase inhibitor combinations. Evaluation of the safety of elevated
tazobactam dosing in humans should also be undertaken.

In summary, we demonstrated that the efficacy of a �-lactam/�-lactamase inhibitor
combination could be correlated to the concentration-response relationship between
the inhibitor and the ESBL-producing bacteria using a modified PK/PD index. This
platform is relatively easy to implement clinically and may be instrumental to the
optimal dosing of old and newer �-lactam/�-lactamase inhibitor combinations.

MATERIALS AND METHODS
Antimicrobial agents, chemicals, and reagents. Piperacillin was purchased from Sigma-Aldrich (St.

Louis, MO). Tazobactam and ceftazidime were obtained from Chem-Impex International (Wood Dale, IL).
Liquid chromatography-mass spectrometry (LC-MS)-grade water and acetonitrile were purchased from
EMD Millipore Corporation (Billerica, MA). Stock solutions of piperacillin, tazobactam, and ceftazidime
were prepared in sterile water, aliquoted, stored at �80°C, and thawed immediately before use.

Bacteria. Four representative clinical isolates commonly encountered in serious nosocomial infec-
tions were studied. Two CTX-M-15-producing K. pneumoniae isolates (Kp3 and KpK91) and one SHV-12
producing E. coli isolate (EcF65) were obtained from a reference microbiology laboratory (Madrid, Spain).
An additional CTX-M-15-producing K. pneumoniae isolate (Kp2301) was obtained from our local surveil-
lance study (19). These isolates were selected based on their MICs and susceptibility reversibility profiles
in the presence of tazobactam. From the modeling perspective, these diverse isolates would enhance the
robustness (i.e., predictive ability) of our approach. The methods for the detection of resistance
mechanisms in these isolates were detailed previously (20–23). �-Lactamase activity was assessed for all
4 isolates, using a nitrocefin degradation assay as described previously (19). The isolates were stored in
Protect storage vials (Key Scientific Products, Round Rock, TX) at �80°C and subcultured twice on 5%
blood agar plates (Hardy Diagnostics, Santa Maria, CA) for 24 h at 35°C before use.

Susceptibility and effect of inhibitor on MIC. Initial piperacillin-tazobactam susceptibilities (MICs)
were determined by the broth dilution method recommended by the Clinical and Laboratory Standards
Institute (CLSI) (24). Piperacillin MICs were further determined for each isolate using escalating concen-
trations of tazobactam (0 to 256 �g/ml). All MIC experiments were performed in triplicate and repeated
at least once on a different day. The MIC reductions in the presence of tazobactam were modeled using
the following previously described sigmoid inhibitory Emax model (14):

log2(MIC) � log2(MIC0) � Imax � IH ⁄ (IH 	 IC50
H)

wherein MIC represents the MIC with the addition of an inhibitor, MIC0 (intrinsic MIC) is the MIC in the
absence of inhibitor, Imax represents the maximum effect conferred by the inhibitor, H describes the
sigmoidicity coefficient, I represents the concentration of inhibitor, and IC50 represents the inhibitor
concentration required for 50% of the maximal inhibitory effect. The Emax model was conditioned with
fluctuating tazobactam concentrations associated with different dosing regimens (e.g., 0.5 g every 8 h).
A theoretical instantaneous MIC (MICi) profile, which represents changing pathogen susceptibility in the
presence of changing inhibitor concentrations (over a dosing interval), was then simulated using the
best-fit parameter estimates for each isolate. Finally, each MICi profile was superimposed on a simulated

Piperacillin-Tazobactam Dosing Strategies Antimicrobial Agents and Chemotherapy

February 2019 Volume 63 Issue 2 e01906-18 aac.asm.org 7

 on January 29, 2019 by guest
http://aac.asm

.org/
D

ow
nloaded from

 

https://aac.asm.org
http://aac.asm.org/


free (unbound) piperacillin pharmacokinetic profile to determine the percentage of fT�MICi.
Hollow-fiber infection model. The schematics of the experimental setup have been described

previously (25). Fresh colonies of each isolate were inoculated in cation-adjusted Mueller-Hinton broth
(CA-MHB) and grown to the late log phase. Based on the absorbance at 630 nm, the bacterial suspension
was adjusted to �1 � 106 CFU/ml. Simulated unbound exposures of piperacillin and tazobactam (dosed
over 30 min) were given every 8 h for up to 72 h. For both piperacillin and tazobactam, 30% protein
binding and a 1-h elimination half-life were used to simulate the free-drug exposures (26). Serial samples
were obtained from the internal circulating loop over 4 dosing intervals to verify the pharmacokinetic
simulations. Once collected, samples were stored at �80°C until analysis. The simulations were deemed
acceptable if the best-fit peak concentrations and elimination half-lives were both within 20% of target
values. To determine changes to bacterial burden, serial samples (500 �l) were obtained from the
bioreactor cartridges in duplicate. Samples were centrifuged at 10,000 � g at 4°C for 15 min, reconsti-
tuted with sterile saline to minimize drug carryover, and plated quantitatively on Mueller-Hinton agar
plates. Additionally, drug-supplemented agar plates (using 3� the baseline piperacillin-tazobactam MIC)
were used selectively (e.g., in the susceptible isolate) to detect regrowth associated with the develop-
ment of resistance over time.

Drug assay and pharmacokinetic modeling. Piperacillin and tazobactam concentrations were
assayed using a validated liquid chromatography-tandem mass spectrometry (LC-MS/MS) method. The
LC-MS/MS system consisted of a Waters Acquity ultraperformance liquid chromatograph (UPLC) with a
Waters ethylene bridged hybrid (BEH) column (1.7 �m, 2.1 � 50 mm) and an API5500 Qtrap triple
quadrupole mass spectrometer (Applied Biosystems/MDS SCIEX, Foster City, CA) equipped with a
TurboIonSpray source. Each aliquot (5 �l) of sample was diluted with 895 �l LC-MS-grade water and 100
�l of ertapenem (320 ng/ml) as the internal standard. The resulting sample mixture was then injected (5
�l for piperacillin and 10 �l for tazobactam) into the LC-MS/MS system for analysis. The analytes were
eluted by a gradient at 45°C consisting of mobile phase A (0.1% vol/vol formic acid in water) and mobile
phase B (0.1% vol/vol formic acid in acetonitrile) at 0.35 ml/min. Tazobactam and piperacillin peaks were
detected at 1.4 and 3.2 min, respectively. The linear range of quantification was 0.0625 to 128 �g/ml for
both analytes. The intraday and interday variabilities for both agents were �9.4% and �13.4%,
respectively. A one-compartment model with zero-order infusion input was fitted to the observed
piperacillin and tazobactam concentration-time profiles using ADAPT 5 (27).

Identification of target exposure. Using Kp3 as the (arbitrary) reference isolate, a clinical dosing
regimen of 4 g piperacillin every 8 h was evaluated alongside escalating exposures of tazobactam
(equivalent to 0.5 g, 1 g, 1.5 g, and 2 g) in our hollow-fiber model. With a %fT�MICi identified for each
exposure, the threshold for efficacy was defined as the lowest %fT�MICi associated with bacterial growth
suppression (i.e., bacterial burden below the baseline inoculum) at the end of the experiment. This
threshold target exposure was subsequently validated in 3 other clinical isolates.

Experimental validations. For the remaining isolates, predictions were made on the efficacy of
different tazobactam exposures based on the corresponding %fT�MICi. Piperacillin-tazobactam regi-
mens that exceeded the threshold value were expected to suppress growth. Conversely, exposures that
failed to achieve the target %fT�MICi were predicted to result in bacterial regrowth over time. The
%fT�MICi for 4 g piperacillin and 0.5 g tazobactam (every 8 h) was first determined for each isolate. If this
initial exposure failed to achieve the threshold %fT�MICi, escalating experimental tazobactam exposures
up to 4 g were then simulated to meet the target %fT�MICi (27). The hollow-fiber model was subse-
quently used to experimentally validate the predicted outcomes of the standard dosing regimen and
either (i) exposure(s) that exceeded the target %fT�MICi or (ii) the highest exposure evaluated if the
target %fT�MICi was unattainable.
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