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Abstract
Background and Objective  Standard piperacillin–tazobactam (P-T) dosing may be suboptimal in obesity, but high-dose 
regimens have not been studied. We prospectively evaluated the pharmacokinetics and pharmacodynamics of standard- and 
high-dose P-T in obese adult inpatients.
Methods  Those receiving standard-dose P-T with BMI ≥ 30 kg/m2 weighing 105–139 kg or ≥ 140 kg were given up to 
6.75 g or 9 g every 6 h, respectively. Patients were monitored closely for safety. Elimination phase blood samples were drawn 
for 28 patients on standard and high doses to calculate the pharmacokinetic values using a one-compartment model. The 
likelihood of pharmacodynamic target attainment (100% fT > 16/4 mg/L) on various P-T regimens was calculated using 
each patient’s own pharmacokinetic values.
Results  Piperacillin and tazobactam half-lives ranged from 0.5–10.6 to 0.9–15.0 h, while volumes of distribution ranged 
from 13.6–54.8 to 11.5–60.1 L, respectively. Predicted dose requirements for target attainment ranged from 2.25 g every 6 h 
in hemodialysis patients to a 27 g/24-h continuous infusion in a patient with a short P-T half-life. An amount of 4.5 g every 
6 h would have met the target for only 1/12 (8%) patients with creatinine clearance ≥ 80 mL/min and 13/28 (46%) for all 
enrolled patients. One patient (3%) experienced an adverse event deemed probably related to high-dose P-T.
Conclusion  Some patients required high P-T doses for target attainment, but dosing requirements were highly variable. Doses 
up to 6.75 g or 9 g every 6 h may be tolerable; however, studies are needed to see if high dosing, prolonged infusions, or 
real-time therapeutic drug monitoring improves outcomes in obese patients.
Clinical trial registration (clinicaltrials.gov)  NCT01923363.
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1  Introduction

Obesity, defined by the World Health Organization as a body 
mass index (BMI) ≥ 30 kg/m2, is increasing worldwide [1]. 
From 2011–2014, approximately 36% of adults in the United 

States were obese, which may grow to 40–50% by 2030 [2, 
3]. Limited data exist regarding optimal antibiotic dosing 
in this population, which is problematic because obesity is 
associated with increased mortality in the critically ill and 
may be a predictor of treatment failure [4–8].

Piperacillin–tazobactam (P-T) is commonly prescribed at 
3.375 g or 4.5 g every 6 h [9]. However, clinical studies eval-
uating this dosing either did not specify weight or enrolled 
mostly non-obese patients [10–13]. One study in patients 
with complicated intra-abdominal infections found a 21% 
lower cure rate for those with BMI ≥ 30 kg/m2 treated with 
P-T 3.375 g every 6 h [14]. Several studies and case reports 
have described low P-T concentrations in obese patients, 
yet higher dosing regimens remain to be evaluated [15–19]. 
Therefore, the objective of our study was to investigate the 
pharmacokinetics, pharmacodynamics, and safety of stand-
ard- and high-dose P-T in obese patients at our institution.

http://crossmark.crossref.org/dialog/?doi=10.1007/s13318-021-00677-1&domain=pdf
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Key Points 

The pharmacokinetics, pharmacodynamics, and safety of 
piperacillin–tazobactam doses up to 9 g every 6 h were 
evaluated in obese adults.

Some patients required high P-T doses for target attain-
ment, but dosing requirements were highly variable.

Doses up to 6.75 g or 9 g every 6 h may be tolerable.

protocol: up to 6.75 g (6 g piperacillin and 0.75 g tazobac-
tam) for patients 105–139 kg, and up to 9 g (8 g piperacillin 
and 1 g tazobactam) for patients ≥ 140 kg (50% and 100% 
higher than the highest approved dose, 4.5 g, respectively). 
Lower doses could be chosen at the discretion of the attend-
ing physician (e.g., increasing a dose of 2.25 to 4.5 g). Doses 
were capped at 6.75 g for CrCl ≤ 10 mL/min or hemodialy-
sis patients. After administration of the first high dose, blood 
samples were collected at 1, 3, and 5 h after the 30-min 
infusion. Patients were then continued on a high-dose regi-
men (every 6 h infused over 30 min) until the primary team 
stopped P-T or switched to another antibiotic.

2.3 � Safety

Each patient was monitored daily for adverse events for 
2 weeks after P-T was discontinued or until hospital dis-
charge. Laboratory values were obtained at the discretion 
of the primary team: serum creatinine, blood urea nitrogen, 
white blood cell count, hemoglobin, hematocrit, platelets, 
aspartate aminotransferase, alanine aminotransferase, total 
bilirubin, and alkaline phosphatase (when available) were 
followed up for signs of acute abnormalities. Adverse events 
were promptly reported to the primary team and the IRB. 
The Naranjo scale was used to determine the likelihood of 
high-dose P-T having caused the adverse event [21]. The 
primary team could reduce the P-T dose or discontinue P-T 
at their discretion.

2.4 � Sample Processing and Storage

All blood samples were allowed to clot for 10 min and were 
centrifuged at 4000 rpm for 10 min at room temperature. 
Serum was extracted and stored at − 80°C until analyzed. 
All samples were frozen within 90 min of the blood draw.

2.5 � Assay

Samples were thawed at room temperature. Penicillin G 
internal standard was added to the patient sample and loaded 
onto a HyperSep C8 extraction cartridge (Thermo Scientific, 
Waltham, MA, USA), which was pre-conditioned with 1 mL 
analytical grade methanol, then 1 mL nanopure water. Car-
tridges were centrifuged at 1500 rpm for 1 min at room tem-
perature, and the eluent was collected for analysis by high-
performance liquid chromatography (HPLC). Samples were 
analyzed for P-T concentrations by a single assay using a 
previously validated HPLC method [22]. The lower limits of 
quantitation and detection were 1.0 and 0.4 mg/L for pipera-
cillin and 0.78 and 0.20 mg/L for tazobactam, respectively. 
The coefficient of variation for intra- versus inter-day preci-
sion ranged from 1.4–3.4% versus 2.8–4.8% for piperacillin 
and from 3.4–4.2% versus 3.9–4.3% for tazobactam. Each 

2 � Patients and Methods

Approval was obtained from Loma Linda University Medi-
cal Center’s Institutional Review Board (IRB) prior to study 
commencement (study #5130259). The trial was registered 
and maintained on clinicaltrials.gov (NCT01923363).

2.1 � Patients

Adult patients 18–89 years of age at Loma Linda University 
Medical Center (LLUMC) who were obese (BMI ≥ 30 kg/m2)  
and receiving P-T for a suspected or confirmed infection 
were eligible for enrollment. Dedicated vascular access (cen-
tral or arterial line) was required for blood draws. Patients 
with pre-existing seizure or hematologic disorders, hepatic 
insufficiency (cirrhosis with Child–Pugh class B or above), 
β-lactam allergy, or who were pregnant were excluded. 
Approval was obtained from the primary care team attend-
ing physician, and written informed consent was obtained 
from each patient or legally authorized representative prior 
to study enrollment. Demographic and laboratory data were 
collected at baseline. Acute Physiology and Chronic Health 
Evaluation II (APACHE II) and Sequential Organ Failure 
Assessment (SOFA) scores were calculated for those in an 
intensive care unit (ICU). Creatinine clearance (CrCl) was 
calculated using a lean body weight estimate formula in 
the Cockcroft–Gault equation based on its performance in 
morbid obesity [20]. Patients were divided into four groups 
based on their CrCl at study enrollment: > 80 mL/min 
(Group I), 40–80 mL/min (Group II), < 40 mL/min (Group 
III), and hemodialysis (Group IV).

2.2 � Antibiotic Regimen and Blood Sampling

Patients were receiving standard P-T dosing (every 6 h 
infused over 30 min per institutional order sets) at the dis-
cretion of the primary care team upon enrollment. Following 
enrollment, blood samples were obtained surrounding the 
next standard dose: a sample before, then three consecu-
tive samples at 1, 3, and 5 h after the 30-min infusion. The 
following dose was then increased according to the study 
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sample was run in duplicate, and an average concentration 
was calculated from the two runs.

2.6 � Pharmacokinetic Calculations

Log-linear plots were made in Microsoft Excel. Elimina-
tion rate constants (Kel) were determined from the three P-T 
concentrations after each standard and high dose using least 
squares regression. R2 values < 0.90 for the regression line 
prompted evaluation for erroneous blood samples, defined 
as: first level drawn in the distribution phase (Kel for concen-
trations 1 and 2 different than 2 and 3); concentration lower 
than expected (e.g., from fluid bolus); or significant interfer-
ence on the HPLC chromatograph. Concentrations judged 
to be erroneous were excluded from the analysis. Half-lives 
were calculated using Eq. 1:

Extrapolated peaks and troughs for standard- and high-
dose P-T were calculated with Eq. 2 using standard- and 
high-dose Kel values, respectively (C1 is concentration 1, C2 
is concentration 2, and t is time):

Volumes of distribution (Vd) were calculated using the 
Sawchuk–Zaske method [23]. Standard versus high-dose Kel 
and Vd were compared for each patient using least squares 
regression to see if any relationship between dose and phar-
macokinetic values could be determined.

2.7 � Pharmacodynamic Calculations

Piperacillin free trough concentrations >  16  mg/L and 
tazobactam free trough concentrations > 4 mg/L (100% 
fT > 16/4 mg/L) were chosen as a pharmacodynamic tar-
get based on in vitro and clinical studies [24–35], a worst-
case scenario for susceptible Enterobacteriaceae (break-
point  =  16/4  mg/L) [9], and Gram-negative minimum 
inhibitory concentration (MIC)90 values from the SENTRY 
Antimicrobial Surveillance Program (Table S1 in Supple-
mental material). P-T free steady state trough concentrations 
(Cmin,ss) were calculated using Eq. 3, where tinf is the infu-
sion time, tau is the dosing interval, and 0.7 is the average 
unbound fraction for both piperacillin and tazobactam [9, 
23]:

Various standard- and high-dose P-T regimens admin-
istered via standard infusion (30 min), extended infusion 
(3 h), and continuous infusion (24 h) were simulated for each 

(1)Half-life = 0.693∕Kel.

(2)C2 = C1 × e
−Kel×t

(3)Cmin,SS =
0.7 × Dose

(

1 − e
−Kel×tinf

)

× e
−Kel(tau−tinf)

tinf × Kel × Vd × (1 − e−Kel×tau)

patient using their own pharmacokinetic values to calculate 
the likelihood of target attainment.

3 � Results

3.1 � Patients

A total of 434 obese patients receiving P-T were screened 
prospectively between June 2013 and January 2016. Of 
these, 63 met the inclusion criteria, of whom 12 declined 
study participation, 9 were excluded by the primary care 
team, and 13 had P-T switched or discontinued prior to 
enrollment. The remaining 29 unique patients were enrolled. 
All 29 received at least one high dose of P-T and were 
included in the safety analysis. One patient had her central 
line removed after giving informed consent. She was still 
given high-dose P-T (9 g every 6 h) but no blood samples 
were obtained. This left 28 patients in the final pharmacoki-
netic/pharmacodynamic analysis. The median duration of 
standard-dose P-T prior to enrollment was 2 days (range 
1–8 days), and the median duration of high dose P-T was 
2 days (range 1–12 days). Baseline patient characteristics 
stratified by CrCl are shown in Table 1.

3.2 � Safety

Of 29 patients, 1 (3%) experienced an adverse event deemed 
probably attributable to high-dose P-T. Adverse events in 
an additional nine patients (31%) were deemed possibly 
attributable due plausible alternative explanations (Table 2). 
Average high-dose peak and trough concentrations were not 
significantly different between those who experienced an 
adverse event and those who did not, although this analysis 
was limited by the small sample size. Specific trough con-
centrations for patients experiencing an adverse event are 
displayed in Table 2.

3.3 � Pharmacokinetic Analysis

P-T concentration-time profiles within each Group are dis-
played in the Supplemental material (Figures S1–S5). P-T 
half-lives were highly variable, ranging from 0.5 to 10.6 h 
for piperacillin and 0.9–15.0 h for tazobactam (Table 3). 
Average half-life generally increased with decreasing CrCl 
across Groups I–IV; however, individual half-lives could 
not be predicted based on CrCl (R2 = 0.62 for least squares 
regression). Vd was also highly variable, ranging from 13.6 
to 54.8 L for piperacillin, and from 11.5 to 60.1 L for tazo-
bactam. The average Vd for piperacillin was 24.1 ± 8.8 L 
(0.19 ± 0.08 L/kg), which was larger than the population 
mean of 18 L (0.24 L/kg × 75 kg) [9]. Average Vd for tazo-
bactam was 27.0 ± 10.6 L (0.21 ± 0.09 L/kg). Individual 
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Vd could not be predicted based on weight (R2 = 0.30 for 
least squares regression). Average P-T peak and trough con-
centrations generally increased by dose across Groups I–IV 
(Table 3), except for the four patients receiving 9 g (three 
in Group I and one in Group II), who had higher peaks but 
lower troughs than those receiving 6.75 g. This could be 
explained by their shorter P-T half-lives relative to patients 
receiving 6.75 g.

No relationship was found between pharmacokinetic 
values and ICU status, APACHE II score, or SOFA score, 
but these analyses were limited by the small sample size. 
Comparing standard- and high-dose pharmacokinetic values 
for each patient, the half-lives were similar (R2 = 0.91 for 
zero-intercept least squares regression line), but significant 
variability was seen in Vd (R2 = 0.06). No relationship was 
observed between increasing P-T dose and half-life or Vd.

3.4 � Pharmacodynamic Analysis

Each patient’s standard-dose pharmacokinetic values were 
used for target attainment calculations because they were 
mostly drawn under steady-state conditions (see Supplemen-
tal Material) and pharmacokinetic values were not found 
to be dose-dependent. Predicted versus measured high-dose 
concentrations were then compared for validation. The 
highest approved dose, 4.5 g every 6 h infused over 30 min, 
would have met the pharmacodynamic target for only one 
patient (8.3%) in Group I, five (62.5%) in Group II, and 
four (80%) in Group III (Table 4). Predicted free steady-
state piperacillin troughs on 4.5 g every 6 h are displayed in 
Fig. 1, which shows that Group I patients (CrCl > 80 mL/
min) were especially prone to low troughs. Indeed, this was 
reflected in the measured concentrations for patients receiv-
ing this dose (and lower doses) upon study enrollment. ICU 
status did not appear to impact target attainment in Group I 

[0/6 (0%) for non-ICU vs. 1/6 (17%) for ICU, p = 1.0], but 
this analysis was limited by the small sample size.

Of the simulated regimens, continuous infusions would 
have achieved the highest percent target attainment across 
all groups [25/28 (89%) for 13.5 g, 27/28 (96%) for 18 g, 
and 28/28 (100%) for 27 g over 24 h]. Among the extended 
infusion regimens, 9 g every 6 h would have led to target 
attainment for the most patients, except for 4/12 patients 
(33%) in Group I (Fig. 1). Three of these four patients had 
calculated CrCl values suggestive of augmented renal clear-
ance [(> 130 mL/min), range 149–205 mL/min]. All four 
had piperacillin half-lives less than 1 h (range 0.5–0.8 h), 
and their volumes of distribution ranged from 14.1 to 21.5 L. 
A continuous infusion would have been needed for target 
attainment in these patients.

4 � Discussion

It is important to consider optimal pharmacokinetic/pharma-
codynamic targets when dosing P-T. Regarding tazobactam, 
percent time over a threshold concentration is best associated 
with P-T efficacy. Identified thresholds have ranged from 
0.25 to 2 mg/L, yet re-growth or a minimum killing effect 
was seen even at 2 mg/L for some isolates [24–26]. In vitro 
data also suggest that higher tazobactam concentrations 
enhance piperacillin activity against Gram-negative isolates 
[27–29]. Regarding piperacillin, studies evaluating β-lactams 
have found that 100% fT > MIC (not the more traditional 
50% fT > MIC) is associated with improved outcomes, and 
that free troughs ≥ 4–5 times the MIC may optimize efficacy 
[30–35]. True MICs would often be unknown in clinical 
practice, but the SENTRY data revealed an MIC90 value of 
16/4 mg/L for Enterobacteriaceae isolates, and even higher 
values for Pseudomonas aeruginosa and Acinetobacter spp. 

Table 1.   Baseline characteristics

Group definitions by creatinine clearance were: Group I: > 80 mL/min, Group 2: 40–80 mL/min, Group III: < 40 mL/min, and Group IV: hemo-
dialysis. Values are expressed as mean (range), or number (percent)
Indications for P-T included: Pneumonia (n = 17), Intra-abdominal infection (n = 4), Skin and soft tissue infection (n = 3), Urinary tract infec-
tion (n = 3), and Bone and Joint infection (n = 1)
BMI body mass index, ICU intensive care unit, APACHE II acute physiology and chronic health evaluation II, SOFA sequential organ failure 
assessment
a APACHE II and SOFA scores were only calculated for ICU patients

Group n Creatinine 
clearance (mL/
min)

Age (years) Weight (kg) BMI (kg/m2) Total bilirubin 
(mg/dL)

ICU patients
n (%)

APACHE II 
Scorea

SOFA Scorea

I 12 122 (82–205) 46 (19–68) 127 (105–151) 41 (32–57) 0.6 (0.2–1.5) 6 (50.0%) 16 (9–26) 6 (5–7)
II 8 55 (42–72) 57 (43–79) 142 (118–205) 47 (34–65) 0.8 (0.4–1.9) 7 (87.5%) 17 (4–42) 7 (0–14)
III 5 29 (22–36) 60 (48–74) 121 (109–137) 38 (33–50) 1.3 (0.3–3.0) 5 (100%) 23 (16–28) 9 (6–11)
IV 3 Hemodialysis 42 (29–61) 136 (118–156) 49 (40–55) 0.5 (0.3–0.9) 3 (100%) 26 (21–29) 9 (7–11)
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Table 3.   Pharmacokinetics of piperacillin and tazobactam

Rows in roman type represents standard dose upon study enrollment for all patients within the Group. Rows in bold face represents high dose for 
the same Group of patients. All doses were infused over 30 min every 6 h unless otherwise noted
Group definitions by creatinine clearance were: Group I: > 80 mL/min, Group 2: 40–80 mL/min, Group III: < 40 mL/min, and Group IV: hemo-
dialysis. All values are expressed as mean (range)
Cmax maximum concentration (peak), Cmin minimum concentration (trough)
a Values represent total drug. High dose Cmax and Cmin do not necessarily represent steady state conditions
b Trough concentrations were undetectable for two patients
c n = 5 represents a combination of low and high dose—2 patients were receiving 4.0 g upon enrollment and were increased to 6.75 g, while 3 
patients were receiving either 2.25 g or 3.375 g and increased to 4.5 g
d Pharmacokinetic values were calculated between HD sessions. Pre- and post-HD concentrations and intra-HD half-life are not displayed here
e 1 patient was receiving 2.25 g every 12 h upon enrollment, but half-life and Vd were unable to be calculated because the blood samples were 
drawn surrounding hemodialysis. Values were still displayed for Cmax and Cmin

Piperacillin Tazobactam

Group n Half-life (h) Volume of dis-
tribution (L)

Cmax (mg/L)a Cmin (mg/L)a Half-life (h) Volume of dis-
tribution (L)

Cmax (mg/L)a Cmin (mg/L)a

I
3.375 g 7 1.2 (0.5–2.7) 19.0 (14.1–

24.7)
136 (107–

179)
8.9 (0.0–

44.1)b
2.4 (1.1–3.0) 28.0 (15.6–

34.1)
15.8 (9.6–

28.2)
3.7 (0.3–8.2)

4.5 g 5 1.5 (0.8–2.4) 20.9 (13.6–
27.6)

190 (149–
247)

11.1 (1.4–
18.2)

2.4 (2.1–2.8) 27.0 (17.1–
33.4)

21.5 (17.7–
29.1)

4.5 (2.9–7.2)

6.75 g 9 1.8 (1.1–3.0) 27.7 (14.9–
61.0)

237 (96.4–
368)

27.0 
(8.6–72.6)

2.6 (1.3–5.0) 33.0 (17.6–
58.7)

28.7 (16.0–
42.9)

5.5 (1.9–8.5)

9 g 3 0.9 (0.6–1.4) 20.1 (17.3–
22.3)

332 (283–
417)

10.3 (0.57–
29.4)

1.6 (0.9–2.2) 32.0 (25.4–
38.5)

30.1 (21.8–
38.5)

2.9 (0.2–5.5)

II
3.375 g 6 3.9 (1.9–6.8) 31.6 (20.4–

54.8)
144 (99.1–

184)
47.4 (24.1–

75.4)
4.6 (1.5–7.7) 33.3 (15.3–

60.1)
20.8 (10.4–

27.6)
8.5 (2.1–16.9)

4.5 g 2 2.7 (2.6–2.9) 20.3 (19.3–
21.3)

214 (211–
215)

52.5 (49.4–
55.6)

2.8 (1.7–4.0) 17.1 (11.5–
22.7)

39.7 (28.3–
51.1)

8.1 (5.3–10.9)

6.75 g 7 3.8 (2.2–9.4) 31.7 (18.3–
54.5)

244 (172–
350)

72.6 (37.5–
128)

4.8 (2.2–13.5) 36.5 (16.5–
74.0)

31.7 (19.7–
44.2)

11.1 (5.6–19.0)

9 g 1 2.5 48.8 191 54.1 – – – –
III
2.25 g 2 4.3 (2.0–6.5) 22.9 (16.9–

28.8)
176 (94.6–

258)
78.8 (14.5–

143)
– – – –

3.375 g 1 10.7 30.5 296 207 11.1 21.4 46.3 32.8
4.5 g 5c 6.2 (2.3–10.6) 26.3 (20.0–

32.9)
265 (163–

327)
142 (31.1–

223)
8.6 (4.8–15.0) 23.2 (15.5–

30.9)
45.9 (38.8–

51.2)
26.9 (20.8–

37.0)
6.75 g 2 5.5 (5.1–5.8) 29.9 (23.5–

36.3)
299 (287–

312)
148 (135–162) 7.2 (6.7–7.7) 36.2 (27.3–

45.2)
39.7 (38.0–

41.4)
23.2 (23.1–

23.3)
IVd

2.25 ge 2 9.8 34.9 158 (142–
173)

99 (79.6–118) – – – –

3.375 g 1 8.6 28.9 223 143 14.3 25.3 35.3 27.1
4.5 g 1 9.1 24.6 275 181 – – – –
6.75 g 2 7.4 (6.5–8.4) 34.0 (29.7–

38.3)
397 (304–

490)
234 (193–274) 5.3 (3.1–7.6) 20.8 (12.1–

29.5)
72.1 (52.7–

91.6)
29.5 (27.1–

31.8)

Therefore, we chose 100% fT > 16/4 mg/L as a worst-case 
scenario pharmacodynamic target for susceptible Enterobac-
teriaceae, recognizing that true MICs are often lower and 
would have required lower doses than those calculated for 
target attainment.

Achieving optimal P-T concentrations in obese patients 
is challenging, and studies have had conflicting recommen-
dations for best dosing practices. Alobaid et al. suggested 
weight-based dosing in one study [19] and more frequent 
dosing (4 g every 4 h) or prolonged infusions in another 
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[36] based on low piperacillin concentrations in critically 
ill obese patients. Hites et al. suggested higher P-T dosing 
regimens based on concentrations in 31 non-critically ill 
obese patients [16]. All three studies identified CrCl as a 
key predictor of failure to meet pharmacodynamic targets. 
This was similar to our data, which showed that patients 
with CrCl > 80 mL/min (and particularly those with CrCl 
> 120–130 mL/min) were prone to subtherapeutic concen-
trations. Authors of multiple studies have also concluded 
that P-T therapeutic drug monitoring (TDM) should be 
routinely performed in critically ill obese patients based 
on the significant pharmacokinetic variability observed 
[36, 37]. We observed similar variability with a wide range 
of pharmacokinetic values that could not be predicted by 

patient characteristics. Conversely, two studies concluded 
that standard P-T doses achieved adequate concentrations in 
obese patients [38, 39]; however, both studies chose lower 
targets of 50% fT > MIC, which may be suboptimal.

Standard P-T doses were sufficient for some obese 
patients in our study. However, higher doses were needed 
for others, which raises the question of safety. Of the five 
patients receiving 9 g every 6 h, only one experienced an 
adverse event, which did not require a dose reduction. We 
captured all adverse events (regardless of cause) for trans-
parency, but in nine of ten cases it was unclear if high-dose 
P-T was responsible for the adverse event due to plausi-
ble alternative explanations. Four of the ten experienced 
AKI while on concomitant vancomycin [40], but they had 

Table 4.   Predicted piperacillin–tazobactam pharmacodynamic target attainment

Values represent number (percent) of patients in each group meeting the target (100% fT > 16/4 mg/L) at each theoretical dosing regimen using 
each patient’s own Kel and Vd. Bolded values represent 100% target attainment for a given dosage regimen. Patients for whom tazobactam data 
were missing were assumed to have met the tazobactam pharmacodynamic target and were evaluated based on piperacillin concentrations only. 
Group definitions by creatinine clearance were: Group I: > 80 mL/min, Group 2: 40–80 mL/min, Group III: < 40 mL/min, and Group IV: hemo-
dialysis
CrCl creatinine clearance, fT free trough concentration,  Kel elimination rate constant, Vd volume of distribution, q6h every 6 h
a The one Group III patient not meeting the target on 4.5 g q6h had a short piperacillin half-life of 2.0 h (despite an estimated CrCl of 27 mL/
min), and a large Vd of 28.8 L

Dosage regimen Standard infusion over 30 min Extended infusion over 3 h Continuous infusion over 
24 h

2.25 g q6h 3.375 g q6h 4.5 g q6h 6.75 g q6h 9 g q6h 4.5 g q6h 6.75 g q6h 9 g q6h 13.5 g 18 g 27 g

Group I (n = 12) 1 (8.3) 1 (8.3) 1 (8.3) 2 (16.7) 4 (33.3) 3 (25) 5 (41.7) 8 (66.7) 9 (75) 11 (92) 12 (100)
Group II (n = 8) 4 (50) 5 (62.5) 5 (62.5) 7 (87.5) 7 (87.5) 7 (87.5) 8 (100) 8 (100) 8 (100) 8 (100) 8 (100) 
Group III (n = 5) 4 (80) 4 (80) 4 (80)a 5 (100) 5 (100) 5 (100) 5 (100) 5 (100) 5 (100) 5 (100) 5 (100) 
Group IV (n = 3) 3 (100) 3 (100) 3 (100) 3 (100) 3 (100) 3 (100) 3 (100) 3 (100) 3 (100) 3 (100) 3 (100) 

Fig. 1   Predicted free piperacillin steady-state trough concentrations 
for the same patients on two different dosing regimens: Piperacillin–
tazobactam (P-T) 4.5 g every 6 h infused over 30 min (filled circle), 
and P-T 9  g every 6  h infused over 3  h (open triangle). Creatinine 

clearance (CrCl) was calculated via the Cockcroft-Gault equation 
using a lean body weight estimate formula. The three hemodialysis 
patients were assigned an arbitrary CrCl of 5 mL/min due to inability 
to calculate an accurate CrCl. MIC minimum inhibitory concentration
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numerous other risk factors, including IV contrast, diuret-
ics, vasopressors, and septic shock. Our data suggest that 
high-dose P-T with appropriate clinical monitoring may be 
feasible if needed to overcome low concentrations in obese 
patients. Administration of standard-dose P-T via extended 
or continuous infusion may also improve target attainment 
in these patients based on our pharmacodynamic analysis.

Our study had some notable limitations. First, high-dose 
P-T was often switched or discontinued after a short time. 
This necessitated drawing blood samples after the first high 
dose (instead of waiting until steady state). It also made an 
impact on clinical outcomes less likely; thus, outcomes asso-
ciated with high-dose P-T were not assessed. Second, the 
short duration of high-dose therapy may have prevented us 
from finding adverse drug events. Third, the small number 
of patients was subject to selection bias and prevented us 
from performing multivariate analysis to identify predictors 
of pharmacokinetic values, pharmacodynamic target attain-
ment, or adverse events. Larger prospective studies powered 
for clinical and safety endpoints are needed to optimize dos-
ing recommendations in obese patients. Fourth, the P-T con-
centrations obtained from each patient only reflect a brief 
picture of a population whose pharmacokinetic profiles are 
highly variable. We also calculated unbound P-T concentra-
tions based on population averages, when plasma protein 
binding is known to be variable [41]. Direct measurement of 
unbound concentrations may allow for better individualiza-
tion of dosing. Fifth, we lacked access to modeling software 
to evaluate pharmacokinetic parameters using compartmen-
tal versus noncompartmental methods or linear versus non-
linear models. While we consider our data to be robust, such 
modeling may have strengthened our findings. Finally, we did 
not perform predictive population pharmacokinetic modeling 
or use concentrations to make real-time adjustments in dos-
ing; however, given the large degree of inter-patient variabil-
ity, an intervention such as real-time TDM could be valuable.

5 � Conclusions

Our data suggest that some obese patients may need higher 
P-T doses to meet pharmacokinetic/pharmacodynamic 
targets; however, a wide range in dose requirements was 
observed, which was not predictable from baseline charac-
teristics alone. We found that doses up to 9 g every 6 h may 
be tolerable with close monitoring, although the utility of 
such aggressive dosing (compared to extended or continuous 
infusions of standard doses) remains unknown. Prospective 
randomized studies are needed to determine if interventions 
such as higher P-T doses, prolonged infusions, or real-time 
TDM lead to improved outcomes in obese patients, espe-
cially in those with rapid elimination and infections due to 
less-susceptible organisms.
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