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ABSTRACT Piperacillin-tazobactam (TZP) is frequently used to treat severe hospital-
acquired infections in children. We performed a single-center, pharmacokinetic (PK)
trial of TZP in children ranging in age from 2 months to 6 years from various clinical
subpopulations. Children who were on TZP per the standard of care were prospec-
tively included and assigned to receive a dose of 80 mg/kg of body weight every 6
h infused over 2 h (ages 2 to 5 months) or a dose of 90 mg/kg every 8 h infused
over 4 h (ages 6 months to 6 years). Separate population PK models were developed
for piperacillin and tazobactam using nonlinear mixed-effects modeling. Optimal
dosing was judged based on the ability to maintain free piperacillin concentrations
above the piperacillin MIC for enterobacteria and Pseudomonas aeruginosa for �50%
of the dosing interval. Any untoward event occurring during treatment was col-
lected as an adverse event. A total of 79 children contributed 174 PK samples. The
median (range) age and weight were 1.7 years (2 months to 6 years) and 11.4 kg
(3.8 to 27.6 kg), respectively. A 2-compartment model with first-order elimination
best described the piperacillin and tazobactam data. Both final population PK mod-
els included weight and concomitant furosemide administration on clearance and
weight on the volume of distribution of the central compartment. The optimal dos-
ing regimens in children with normal renal function, based on the piperacillin com-
ponent, were 75 mg/kg/dose every 4 h infused over 0.5 h in infants ages 2 to �6
months and 130 mg/kg/dose every 8 h infused over 4 h in children ages �6 months
to 6 years against bacteria with MICs up to 16 mg/liter. A total of 44 children (49%)
had �1 adverse event, with 3 of these (site infiltrations) considered definitely associ-
ated with the extended infusions.

KEYWORDS children, pediatrics, pharmacokinetics, piperacillin-tazobactam,
population pharmacokinetics, sepsis

Piperacillin-tazobactam (TZP) is a combination of ureidopenicillin and a beta-lactamase
inhibitor frequently used to treat severe hospital-acquired infections in infants and

children. Similar to other beta-lactams, the piperacillin component exerts bactericidal
activity in a time-dependent manner. Consequently, the percentage of time that the
free piperacillin concentration remains above the MIC (fT�MIC) is the surrogate phar-
macodynamic (PD) parameter that best correlates with efficacy (1). Optimal results are
observed when the fT�MIC is �50% (2, 3). In critically ill adults, a higher threshold of an
fT�MIC of 100% was correlated with greater efficacy (4, 5).

The treatment of sepsis is increasingly challenged by the emergence of bacterial
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resistance. As bacteria become resistant, evidenced by higher MICs, it is more
difficult to achieve appropriate exposure and meet the surrogate PD target for
efficacy (fT�MIC � 50%) with a traditional short infusion (0.5 h). Extended TZP infusions
are associated with better PD target attainment and decreased mortality (6, 7), im-
provement in clinical cure (8–10), and cost reductions in adults (11, 12). Data on
extended infusions in children are scarce, and this alternative dosing strategy may
compromise the administration of other therapies by occupying intravenous access for
prolonged periods. This is particularly important in children with limited vascular
access. Therefore, the efficacy, safety, and pharmacokinetics (PK) of extended TZP
infusions need to be better established.

Piperacillin and tazobactam are both eliminated by the kidneys through a combi-
nation of glomerular filtration and tubular secretion (13). These elimination pathways
undergo maturation during childhood, suggesting differences in TZP drug disposition
in infants and young children relative to adults. In children, published results suggest
benefits from using extended TZP infusions, but studies are mostly limited to simula-
tion analyses in small specific populations (14–20), with only one PK study prospectively
evaluating dosing regimens with extended infusions (21). In neonates, short TZP infusions
were sufficient to achieve the PD target, suggesting no additional advantages of
extended infusions in this population (22). The optimal dosing regimens with extended
infusions and the age threshold at which those are beneficial are unknown. Our study
aimed to better characterize the PK and safety of TZP when administered with extended
infusions in children �2 months to 6 years old and to provide dosing recommendations in
this age group.

RESULTS
Study population. A total of 89 children received extended TZP infusions. Their

median (range) age and body weight (WT) were 1.5 years (2 months to 6 years) and
11.4 kg (3.8 to 27.6 kg), respectively (Table 1). The distribution of children according to
hospitalization units was as follows: 42 (47%) were from general pediatrics/surgery
units, 19 (21%) were from hematology-oncology units, and 28 (31%) were from the
pediatric intensive care unit (PICU). The median (range) duration of treatment with
extended TZP infusions was 3.4 days (0 to 15 days). Microbiology cultures were sent for
80 (90%) children, and 32 (36%) children had at least one positive culture. The main foci
of infection were intra-abdominal (27%), respiratory (22%), and urinary tract (22%), and
the most commonly isolated pathogens were Staphylococcus aureus (28%), Enterobacter
cloacae (25%), and Klebsiella species (25%).

PK specimens. Of the 89 children enrolled, 79 (89%) had PK samples, with a median
(range) of 2 (1 to 4) PK samples per subject. TZP was discontinued before PK samples
were collected in 10 (11%) children. A total of 174 PK samples were collected, with 9
(5%) and 11 (6%) samples having values below the quantification limit (BQL) for
piperacillin and tazobactam, respectively. Samples with values BQL were excluded from
analysis.

Piperacillin population PK (PopPK) model. A two-compartment PK model with
first-order elimination fitted the data well (Fig. 1). Saturable elimination was evaluated
using a Michaelis-Menten equation and resulted in an objective function value (OFV)
similar to that achieved with first-order elimination. Estimated allometric exponents
resulted in a better fit to characterize body WT in relationship to PK parameters and
were estimated to be 1.40 for clearance (CL) and intercompartmental clearance (Q) and
1.26 for the volume of distribution of the central compartment (Vc) and the volume of
distribution of the peripheral compartment (Vp) (Table 2). After accounting for WT, the
concomitant administration of furosemide (as a dichotomous variable) on CL resulted
in a significant reduction in the OFV (see Table S4 in the supplemental material). No
other covariates reached statistical significance. Thus, the final model included WT and
concomitant furosemide administration for CL and WT only for Vc, Vp, and Q (Table 2
and Table S4). Between-subject variability (BSV) was 46% for CL and was fixed to 0 for
Vc, Vp, and Q, as it could not be precisely estimated (failed to converge, unsuccessful
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covariance step, or high shrinkage). A proportional residual error model characterized
the unexplained residual variability and was estimated to be 46%. Diagnostic plots,
bootstraps, and a visual predictive check (VPC) showed a good fit for the final model,
with underprediction for piperacillin concentrations of �100 mg/liter (Table 2, Fig. 2,
and Fig. S1).

Tazobactam population PK model. A two-compartment PK model with first-order
elimination best described the data (Fig. 1). After accounting for WT using an estimated
exponent (1.24 on CL and Q and 1.06 on Vc and Vp) allometric relationship, concomitant
administration of furosemide as a dichotomous variable on CL resulted in a significant

TABLE 1 Clinical characteristicsa

Characteristic

Value

All children (n � 89) Children with PK samplesb (n � 79)

No. (%) of male patients 51 (57) 43 (54)
No. (%) of Caucasian patients 78 (88) 69 (87)
Median (range) age (yr) 1.5 (0.2–6.3) 1.7 (0.2–6.3)

No. (%) of children in the following age group:
�2–5 mo 15 (17) 13 (16)
�6 mo–6 yr 74 (83) 66 (84)

Median (range) wt (kg) 11.4 (3.8–27.6) 11.4 (3.8–27.6)

No. (%) of children in the following hospitalization unit:
General pediatrics/surgery 42 (47) 35 (44)
Hematology-oncology 19 (21) 18 (23)
PICU 28 (31) 26 (33)

Median (range) PICU scorec

PIM2 2.6 (0.2–60) 2.6 (0.2–60)
PELOD 1.5 (0–41) 2 (0–41)

Median (range) duration of TZP extended-infusion treatment (days) 3.4 (0–14.7) 3.7 (0–14.7)

No. (%) of children receiving the following comedication:
Furosemide 22 (25) 20 (25)
Vancomycin 17 (19) 13 (16)
Tobramycin 25 (28) 23 (29)

Median (range) peak serum creatinine value (�mol/liter) 38 (21–69) 38 (21–69)
aPELOD, pediatric logistic organ dysfunction; PICU, pediatric intensive care unit; PIM2, pediatric index of mortality 2; PK, pharmacokinetics; TZP, piperacillin-
tazobactam.

bSubjects with at least one PK sample collected.
cData are for 28 of all children and 26 children with PK samples.

FIG 1 Piperacillin (A) and tazobactam (B) concentrations versus time.
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reduction in the OFV. No other covariates reached statistical significance. Thus, the final
model included WT and concomitant furosemide administration for CL and WT only for
Vc (Table 3 and Table S5). BSV was 39% for CL and was fixed to 0 for Vc, Vp, and Q. A
proportional residual error model characterized the unexplained residual variability and

TABLE 2 Final piperacillin model and bootstrap analysisa

Parameter

Final model Bootstrap analysis (n � 1,000)

Point
estimate RSE (%) 95% CI Shrinkage (%)

2.5th
percentile Median

97.5th
percentile

Typical value
CL (liters/h) 3.92 17.4 2.58 to 5.26 2.74 3.72 5.35
Vc (liters) 4.87 27.2 2.28 to 7.46 2.47 4.35 8.24
Q (liters/h) 0.25 86.2 �0.17 to 0.68 0.05 0.21 1.24
Vp (liters) 0.49 47.9 0.03 to 0.95 0.19 0.66 8.46

Covariate effect
WT on CL and Q (exponent) 1.40 13.2 1.03 to 1.76 0.95 1.36 1.78
Furosemide on CL �0.28 97.7 �0.83 to 0.26 �0.64 �0.29 �0.06
WT on Vc and Vp (exponent) 1.26 23.4 0.68 to 1.84 0.32 1.16 1.95

Variance model
IIV (CL) 0.44 17.6 0.29 to 0.59 4.8 0.27 0.42 0.57
IIV (Vc)
IIV (Q)
IIV (Vp)

Proportional error 0.46 10.5 0.37 to 0.56 15 0.36 0.45 0.53
aCI, confidence interval; CL, clearance; IIV, interindividual variability; Q, intercompartmental clearance; RSE, residual standard error; Vc, volume of distribution of the
central compartment; Vp, volume of distribution of the peripheral compartment; WT, body weight.

FIG 2 Goodness-of-fit plots for the final piperacillin model. The final piperacillin diagnostic plots are of
the observed versus individual predicted concentrations (A) or population predicted concentrations (B)
and the conditional weighted residuals versus the population predicted concentration (C) or the time
after the dose (D).
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was estimated to be 43%. Diagnostic plots, bootstrap analyses, and VPC showed a good
fit for the final model (Table 3, Fig. 3, and Fig. S2).

Assessment of dose-exposure relationship. Using the final piperacillin PK model
derived in the current study, simulations were conducted by assuming the absence of
concomitant furosemide therapy. At a MIC of 16 mg/liter, the dosing regimens used in
our study reached probabilities of target attainment (PTAs) of 82% in infants �2 to 5
months of age and 70% in infants and children from �6 months to 6 years of age for
our primary PD target of an fT�MIC of �50%. The optimal dosing regimens for a MIC of
16 mg/liter were 75 mg/kg of body weight/dose every 4 h infused over 0.5 h in infants
ages 2 to �6 months (total daily dose, 450 mg/kg/day; total infusion time, 3 h) and
130 mg/kg/dose every 8 h infused over 4 h in children ages �6 months to 6 years (total
daily dose, 390 mg/kg/day; total infusion time, 12 h) (Fig. 4). Alternatively, 80 mg/kg/
dose every 8 h infused over 4 h may be considered in infants 2 to �6 months of age
because of its lower total daily dose (240 mg/kg/day), although it implies a longer daily
infusion time (12 h). At a MIC of 32 mg/liter, 120 mg/kg/dose every 6 h given over 3 h
was the optimal dosing regimen in infants 2 to �6 months of age (total daily dose,
480 mg/kg/day; total infusion time, 12 h), while none of the tested dosing regimens
were optimal in children ages �6 months to 6 years. Continuous infusions were
necessary to reach our secondary PD target of an fT�MIC of 100% at a MIC of 16 mg/liter,
i.e., a dose of 300 mg/kg/24 h in infants ages 2 to �6 months and a dose of
400 mg/kg/24 h in children ages �6 months to 6 years.

Using the final tazobactam PK model derived in the current study, simulations were
conducted in our population to assess free tazobactam exposure using our recom-
mended dosing regimens. The median (range) percentage of the time that the free
tazobactam concentrations were greater than 4 mg/liter was 100% (80 to 100%).

Safety. A total of 44 children (49%) experienced at least 1 adverse event (AE), with
10 children (11%) experiencing at least 1 severe AE. Thirty-two clinical AEs occurred in
28 children, and 42 laboratory AEs occurred in 32 children (Tables S2 and S3). Three of
the observed AEs were considered to be definitely associated with TZP (infusion site
infiltration). Isolated eosinophilia was observed in 1 (1%) child and was the only laboratory
AE considered to be probably associated with TZP. The clinical picture was not compatible
with a drug reaction with eosinophilia and systemic symptoms (DRESS), and eosino-
philia resolved while continuing TZP treatment. In 2 children, TZP treatment was
stopped prematurely because of a possible association with an AE (cellulitis and severe

TABLE 3 Final tazobactam model and bootstrapa

Parameter

Final model Bootstrap analysis (n � 1,000)

Point
estimate RSE (%) 95% CI Shrinkage (%)

2.5th
percentile Median

97.5th
percentile

Typical value
CL (liters/h) 3.15 12.7 2.37 to 3.93 2.34 3.10 4.15
Vc (liters) 3.79 19.7 2.33 to 5.25 2.25 3.69 5.97
Q (liters/h) 0.20 45.0 0.02 to 0.38 0.06 0.20 0.48
Vp (liters) 3.65 46.6 0.32 to 6.98 0.30 3.19 7.85

Covariate effect
WT on CL and Q (exponent) 1.24 16.1 0.85 to 1.62 0.77 1.24 1.69
Furosemide on CL �0.29 66.3 �0.66 to 0.09 �0.55 �0.30 �0.04
WT on Vc and Vp (exponent) 1.06 31.4 0.41 to 1.71 0.30 1.09 1.85

Variance model
IIV (CL) 0.37 19.8 0.23 to 0.52 6 0.23 0.37 0.51
IIV (Vc)
IIV (Vp)
IIV (Q)

Proportional error 0.43 10.1 0.34 to 0.52 16 0.11 0.17 0.24
aCI, confidence interval; CL, clearance; IIV, interindividual variability; Q, intercompartmental clearance; RSE, residual standard error; Vc, volume of distribution of the
central compartment; Vp, volume of distribution of the peripheral compartment; WT, body weight.
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rash). Fifty (72%) AEs resolved without clinical consequence, and 19 (28%) were
ongoing at discharge from hospital or 30 days following the last extended-infusion
dose if the child was still hospitalized.

DISCUSSION

This is the largest population PK study performed using extended TZP infusions in
infants and children and also the first to include children from different clinical
subpopulations. A two-compartment model best described our data, as previously
reported in adults and children (14, 15, 17, 23, 24). A two-compartment model was
preferred, as it resulted in a lower OFV and more plausible PK parameter estimates
compared with those achieved with a one-compartment model relative to those
previously published in the literature. Although of debatable significance, expressing
CL estimates per kilogram of body weight was our only way to compare our results with
those previously published in the literature. Given this limitation, we found that our
population estimate for piperacillin CL (0.34 liters/h/kg) was in the upper range of the
values previously reported in children (0.20 to 0.33 liters/h/kg) (14–17, 21, 25). A
potential explanation for this difference includes a younger median age in our study
population. Previous studies included older children and cohorts with a wider age
range (up to 18 years versus up to 6 years in our study population) (15, 21). Renal
tubular secretion and glomerular filtration mature rapidly following birth. Renal tubular
secretion and glomerular filtration reach maturation at 1 and 2 years of age, respec-
tively (26). Therefore, when expressed per kilogram of body weight, CL appears to be
higher in young children than in older children and adults (27), although the actual CL
(expressed in liters per hour) remains lower. Finally, our observed higher CL-per-
kilogram estimate may also be due to the absence of significant organ dysfunctions in

FIG 3 Goodness-of-fit plots for the final tazobactam model. The final tazobactam diagnostic plots are of
the observed versus individual predicted concentrations (A) or population predicted concentrations (B)
and the conditional weighted residuals versus the population predicted concentration (C) or the time
after the dose (D).
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our population, as shown by a low median pediatric logistic organ dysfunction (PELOD)
score, despite enrollment in the PICU. Our population estimates for piperacillin Vc and
Vp were in the upper range of the values previously reported in children (14–16, 21, 25).

Our population estimate for tazobactam CL (0.28 liters/h/kg) was consistent with
previously reported values in older children (0.19 to 0.33 liter/h/kg) (17, 21, 25). Our
population estimates for Vc and Vp were higher than those previously described by De
Cock et al. (17) using a two-compartment model (0.33 and 0.32 liter/kg, respectively, in
our study versus 0.13 and 0.11 liter/kg, respectively, in the study by De Cock et al. [17]).
Because tazobactam is highly hydrophilic, a higher volume of distribution per kilogram
of body weight is expected in children less than 1 year of age, where the relative
proportion of body water to fat is higher than that in older children (28). Our studied
population’s young age may therefore explain our higher observed tazobactam total
volume of distribution.

Age, either part of a maturation function or not, was previously found to be a
significant covariate for piperacillin CL in neonates (22) and children (age range, 2
months to 15 years) (17). Although age was not a significant covariate in our model, we
believe that fitted allometric exponents captured the influence of body size as well as
that of renal maturation. When exploring different PK models with fixed allometric
exponents, we found that age as part of a sigmoid maturation model was a significant
covariate on CL. However, estimated allometric exponents resulted in a better fit and
a more parsimonious model than fixed allometric exponents with maturation as a
covariate. This is consistent with the available literature, supporting the inaccuracy of
fixed allometric exponents in young infants and children undergoing organ maturation
(29, 30). Our estimated allometric exponents for WT on CL were greater than 1 (1.40 and
1.24 for piperacillin and tazobactam, respectively), suggesting that CL increased more
rapidly than WT in this young population. These results are consistent with renal
maturation occurring at a higher rate relative to body WT in young children.

Our results suggest that both piperacillin and tazobactam CL decrease when
furosemide is administered concomitantly. Furosemide was associated with a 25%
reduction in the piperacillin and tazobactam CL. To our knowledge, this association has
not been previously described. Despite normal serum creatinine (SCR) values, furo-
semide may be a surrogate for renal failure, leading to decreased piperacillin and
tazobactam excretion, as the SCR value is an unreliable marker of acute kidney injury
in children (31). Indeed, furosemide is often used in children with acute kidney injury,
as it typically leads to reduced urine output, prompting clinicians to administer

FIG 4 Target attainment rates by MIC of free piperacillin concentrations for 50% of the dosing interval in 1,000 simulated
children ages 2 to 6 months (A) and 6 months to 6 years (B). The solid horizontal black lines represent the 90% target
attainment rate. q4h, q6h, and q8h, every 4, 6, and 8 h, respectively.
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diuretics in an attempt to force diuresis. Therefore, the observed association between
furosemide and decreased CL may in fact represent an association between acute
kidney injury and decreased CL. The decreased CL in children on concomitant furo-
semide therapy may also be explained by drug-drug interactions at the organic anion
transporter (OAT) level. Piperacillin, tazobactam, and furosemide are partly eliminated
via active tubular secretion via OAT1/3 (32, 33). It is possible that furosemide has a
higher affinity for the OAT1/3 transporter and creates a competitive inhibition, limiting
the excretion of piperacillin and tazobactam. Given the wide TZP therapeutic index, we
do not believe that concomitant furosemide administration requires routine TZP dose
adjustments. However, it may contribute to the achievement of higher TZP concentra-
tions.

Our piperacillin dose-exposure simulations indicated that the standard maximum
dose of 300 to 400 mg/kg/24 h with 0.5-h infusions does not reach the surrogate PD
target for efficacy in infants and children without acute kidney injury and in the
absence of concomitant furosemide therapy. In infants 2 to 6 months of age, daily
doses of 450 mg/kg divided every 4 h with 0.5-h infusions were required against
bacteria with MICs of 16 mg/liter. Of note, no safety data are available on such higher
doses in this age group, and the alternative lowest total daily doses of 240 mg/kg
divided every 8 h with 4-h infusions should be considered if venous access allows it.
Daily doses of up to 600 mg/kg were found to be safe for the treatment of pulmonary
exacerbations in children with cystic fibrosis, although they were potentially associated
with a reversible serum sickness-like syndrome (34, 35). The safety of high piperacillin
doses has not been evaluated in children �2 years of age. The AEs most commonly
associated with TZP include gastrointestinal disturbances and cutaneous reactions (36).
Severe AEs, such as seizures and significant transaminitis, were also described using
standard dosing regimens but were not reported with high piperacillin doses in
children (34, 35). More safety data on high piperacillin dosing regimens are needed.

Regarding MICs beyond the susceptibility breakpoint (16 mg/liter) for Enterobacte-
riaceae and Pseudomonas aeruginosa, we found that higher doses (up to 480 mg/kg/
day) achieved the target for a MIC of 32 mg/liter (intermediate susceptibility) in infants
2 to �6 months of age. However, none of the tested regimens were optimal in children
�6 months of age at MICs of �16 mg/liter. These results support Clinical and Labora-
tory Standards Institute (CLSI) and European Committee on Antimicrobials Susceptibil-
ity Testing (EUCAST) guidelines fixing the susceptibility breakpoint at �16 mg/liter (37,
38). Continuous infusions were necessary to reach our more stringent PD target of a
fT�MIC of 100% and could be considered to treat infections in critically ill children
caused by bacteria with MICs up to 16 mg/liter. Moreover, significant variability in PK
parameters remained in our model, and therapeutic drug monitoring may be consid-
ered to optimize TZP exposure in critically ill children with severe infections.

PK/PD target values are based on antimicrobial efficacy, which relies on the pipera-
cillin component for TZP. Therefore, simulations were performed using the final pip-
eracillin PK model and PK/PD targets referred to piperacillin concentrations (39).
Tazobactam has little antimicrobial activity itself, but through irreversible beta-
lactamase inhibition, it allows piperacillin activity by preventing its breakdown (40). The
PK/PD index associated with tazobactam efficacy is the fraction of time that the free
concentration is above a threshold. This threshold depends on the amount of beta-
lactamases produced but has been shown to be less than 4 mg/liter (40). In our
population, simulations showed that free tazobactam concentrations were above
4 mg/liter for the whole dosing interval, supporting the efficacy of our recommended
dosing regimens with regard to the tazobactam component.

Nearly half of our population had an AE (44 children; 49%). However, most of these
events were considered mild (83%) and unrelated or unlikely to have been related to
TZP (82%). Infusion site infiltration was the only AE definitely associated with extended-
infusion TZP. Site infiltration is a well-known complication of peripheral catheter use,
and the incidence (3%) that we observed using extended infusions was comparable to
that previously described by investigators using standard dosing regimens (36, 41).
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Gastrointestinal discomfort (diarrhea, abdominal pain) was the most commonly ob-
served clinical AE (13%) and was considered probably associated with TZP, but its
incidence was similar to the previously described incidence with standard dosing
regimens (36).

Our study has limitations. Our final models include significant between-subject and
residual variabilities, possibly because of our sparse sampling approach and opportu-
nistic design. Our final piperacillin model also shows underprediction for piperacillin
concentrations of �100 mg/liter, most likely due to the limited number of samples with
very high concentrations. However, this should not impact our dosing recommenda-
tions, as those are not based on maximal concentrations (Cmax) but are based on the
percentage of the time that concentrations remain above the MIC (fT�MIC). Although
we included children from different hospitalization units, our PICU population was not
extremely ill and had low PELOD and pediatric index of mortality 2 (PIM2) scores. This
may have prevented us from characterizing specific changes in PK parameters associ-
ated with the early phase of severe sepsis (i.e., renal hyperfiltration with increased CL)
and with significant organ dysfunction (i.e., decreased CL). Similarly, the exclusion of
children with stage 2 acute kidney injury or greater prevents us from applying our
results to children with impaired renal function. Lastly, our safety assessment is limited
by the short duration of treatment with extended TZP infusions (median, 3.4 days).
However, our study also has considerable strengths. It is the largest study evaluating
the PK and safety of extended TZP infusions in infants and children. Extended TZP
infusions were feasible and well tolerated. It also is the first study to describe a potential
drug-drug interaction between furosemide and TZP. Both are very commonly admin-
istered medications in children, especially in intensive care units (ICUs), and our findings
warrant further studies.

Conclusion. Based on PD target achievement, the optimal dosing regimens in
children with normal renal function were 75 mg/kg/dose every 4 h infused over 0.5 h
in infants 2 to �6 months of age (total daily dose, 450 mg/kg/day; total infusion time,
3 h) and 130 mg/kg/dose every 8 h infused over 4 h in children �6 months to 6 years
of age (total daily dose, 390 mg/kg/day; total infusion time, 12 h) against bacteria with
MICs of up to 16 mg/liter. Infants and children over 6 months of age need extended TZP
infusions for optimal PD target achievement. Further data on the safety of high-dose
piperacillin regimens are needed.

MATERIALS AND METHODS
Design and study population. We conducted a single-center, open-label opportunistic PK and

safety study of TZP administered per standard of care to infants and children �2 months to 6 years of
age with suspected or confirmed infection. Enrollment occurred from January 2016 to December 2017.
Based on available PK parameters in the literature (25) and on a previous simulation study conducted by
our group (20), enrollment was stratified by (i) age group (cohort 1, �2 months to 5 months of age;
cohort 2, �6 months to 6 years of age) and (ii) clinical subpopulations (general pediatrics/surgery units,
hematology-oncology units, and pediatric intensive care unit [PICU]). Children were excluded if they had
insufficient venous access to allow extended infusion, a history of anaphylaxis to beta-lactams, stage 2
acute kidney injury or greater (defined as a doubling of the baseline serum creatinine [SCR] concentra-
tion, when available, or doubling of the normal value for age [42]), chronic renal insufficiency, or cystic
fibrosis or if they were supported either by extracorporeal membrane oxygenation (ECMO) or by renal
replacement therapy. In addition to baseline demographics, we collected results from laboratory tests if
they were done per the standard of care (e.g., complete blood count and blood urea nitrogen [BUN], SCR,
alanine aminotransferase [ALT], aspartate aminotransferase [AST], and albumin concentrations), concom-
itant medication of interest (the renally excreted and/or nephrotoxic compounds vancomycin, tacroli-
mus, amphotericin B, gentamicin, tobramycin, furosemide, and acyclovir), and microbiological laboratory
assessments. The pediatric logistic organ dysfunction (PELOD) (43) and pediatric index of mortality 2
(PIM2) (44) scores were also collected for children in the PICU. PELOD was measured on day 1 of
extended TZP infusion, using the most severe values over the 24 h. PIM2 was measured at ICU admission,
using the first value of each variable measured within the period of time from first contact by the ICU
team (in either the ICU, emergency department, or hospital ward or outside the hospital) to ICU
admission. The CHU Sainte-Justine Institutional Review Board approved our protocol (approval number
NCT32987). Written informed consent was obtained from the parents or legal guardian of each child, and
oral assent was obtained from the child when the child was �5 years old and able to understand.

Drug dosing. Once the participant was enrolled, the TZP dosing regimen was adjusted to meet the
study protocol: 80 mg/kg/dose every 6 h infused over 2 h in infants from cohort 1 (age, �2 to 5 months)
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and 90 mg/kg/dose every 8 h infused over 4 h in infants and children from cohort 2 (age, �6 months to
6 years). Study dosing regimens were determined following previous PK simulations using nonlinear
mixed-effect modeling (Phoenix NLME and Trial Simulator software) and piperacillin clearance (CL) and
volume of distribution (V) parameters from the available literature (25). These dosing regimens aimed to
optimize PD target achievement (fT�MIC � 50%) for bacteria with MICs up to 16 mg/liter, which
represents the piperacillin MIC for enterobacteria and P. aeruginosa (37, 38).

Sample collection, analytical method, and PK analysis. A maximum of 4 PK samples per patient
was collected using an opportunistic approach, where timing was dependent on standard-of-care
laboratory assessments. Blood was collected (200 �l of whole blood/sample) in EDTA-containing
microcontainers and placed on ice for a maximum of 1 h before processing. Plasma was then separated
via centrifugation (3,000 rpm for 10 min at 4°C) and transferred to polypropylene tubes. Plasma was
frozen in a �80°C freezer for a maximum of 15 months before analysis.

Piperacillin and tazobactam concentrations were quantified using validated liquid chromatography-
tandem mass spectrometry assays. The chromatography system and mass spectrometer used were an
Agilent 1200 series high-performance liquid chromatography system and an Agilent 6400 series triple-
quadrupole mass spectrometer, respectively. The linear concentration ranges of piperacillin and tazo-
bactam were 0.3 to 275 mg/liter and 0.1 to 32.9 mg/liter, respectively. The lower limit of quantification
(LLOQ) was 0.1 mg/liter for both piperacillin and tazobactam. The intra-assay accuracies of the quality
control samples (0.1, 0.3, 4, 160, and 400 mg/liter) ranged from 96.0% to 102.0% for piperacillin and from
92.5% to 99.2% for tazobactam.

Piperacillin and tazobactam PK data were analyzed separately with nonlinear mixed-effect modeling
using the software NONMEM (version 7.3). One- and two-compartment models were evaluated. The
potential effects of covariates were evaluated if a relationship was first suspected based on physiological
plausibility. A lognormal distribution was assumed for modeling the interindividual variabilities of the PK
parameters. The relationship between the interindividual variability of the PK parameters and covariates
was assessed using visual inspection of scatter and box plots (continuous and categorical variables,
respectively). Body weight (WT) was assumed to be a significant covariate and was included in the model
as a starting point using an exponent allometric relationship normalized on our population median WT.
Both estimated and fixed (0.75 for CL and 1 for V) allometric exponents were evaluated. The following
covariates were evaluated: age, sex, concomitant medications (vancomycin, tacrolimus, amphotericin B,
gentamicin, tobramycin, furosemide, and acyclovir), hospitalization units, maturation (Hill equation) for
renal glomerular filtration (45) and active tubular secretion (46), and SCR, BUN, and albumin concentra-
tions. The Hill equation was also evaluated using both estimated and fixed parameters (Hill coefficient
and maturation half-life [TM50]) based on the literature (17, 47). Inclusion of covariates in the model was
performed using a stepwise forward additive approach using a P value of 0.05 (change in OFV
[ΔOFV] � 3.84 for 1 degree of freedom) and a backward elimination approach using a P value of 0.01
(ΔOFV � 6.63 for 1 degree of freedom). Missing values were imputed to be the last value carried forward.
All models were run with the first-order conditional estimation with interaction (FOCEI). The model fit
was evaluated using successful minimization, goodness-of-fit plots, plausibility, the precision of param-
eter estimates, and a visual predictive check (VPC).

Assessment of dose-exposure relationship. The final piperacillin PK model was used to assess the
dose-exposure relationship, as TZP dosing is based on the piperacillin component (48). A virtual
population of 1,000 children with baseline characteristics similar to those of our study population was
used to simulate a variety of dosing regimens and measure the proportion of simulated children who
achieved the PD target. The free piperacillin concentration was calculated as 70% of the total predicted
concentration (13). Simulated dosing regimens ranged from 50 to 150 mg/kg/dose given every 4 to 8 h
infused over 0.5 to 4 h, with the maximum total daily dose being 600 mg/kg/day (34, 35) (see Table S1
in the supplemental material). Continuous infusions from 300 mg/kg/day to 600 mg/kg/day were also
simulated. The bactericidal property of TZP is attributed to its piperacillin component, and therefore,
target values are based on free piperacillin concentrations and MICs refer to those of piperacillin (39). An
fT�MIC of �50% was defined as the primary PD target for efficacy. Additionally, probabilities of target
attainment (PTAs) were calculated for a more stringent PD target of an fT�MIC of 100%, as this target has
been proposed in the literature and is increasingly used in critically ill patients (4). PTAs were calculated
across MICs of 4 to 32 mg/liter. Optimal dosing regimens were stratified by age group and selected
according to their capacity to reach a �90% PTA for a MIC of 16 mg/liter while using minimal total daily
doses and infusion times. These optimal dosing regimens were then simulated in our population to
assess tazobactam exposure, based on our final tazobactam model. The free tazobactam concentration
was calculated to be 70% of the total predicted concentration (13).

Safety. An adverse event (AE) was defined as any untoward event, regardless of the relationship to the
study drug, which occurred more than 24 h following the first extended TZP infusion dose up to 3 days
following the last extended TZP infusion dose. Clinical and laboratory events were defined a priori, based on
the available literature (Tables S2 and S3) (49). Each AE was followed until resolution or, if ongoing, until
discharge from the hospital or 30 days following the last extended TZP infusion dose, whichever came first.
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