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ABSTRACT
Background There continues to be uncertainty about whether piperacillin/tazobactam (TZP) increases the
risk of AKI in critically ill pediatric patients. We sought to compare rates of AKI among critically ill children
treated with TZP or cefepime, an alternative frequently used in intensive care units, with and without
vancomycin.

Methods We conducted a retrospective cohort study assessing the risk of AKI in pediatric intensive care
unit patients after exposure to vancomycin, TZP, and cefepime, alone or in combination, within 48 hours of
admission. The primary outcomewas development of stage 2 or 3 AKI or an increase in AKI stage from 2 to
3 within the 6 days after the 48-hour exposure window. Secondary outcomes included lengths of stay,
need for RRT, and mortality.

ResultsOf 5686 patients included, 494 (8.7%) developed stage 2 or 3 AKI. The adjusted odds of developing
AKI after medication exposure were 1.56 for TZP (95% confidence interval [95% CI], 1.23 to 1.99), 1.13 for
cefepime (95% CI, 0.79 to 1.64), and 0.86 for vancomycin (95% CI, 0.69 to 1.07). The adjusted odds of
developing AKI for vancomycin plus TZP versus vancomycin plus cefepime was 1.38 (95% CI, 0.85 to 2.24).

ConclusionsObservational data in critically ill children show that TZP use is associatedwith increased odds
of AKI. A weaker, nonsignificant association between vancomycin plus TZP and AKI compared with van-
comycin plus cefepime, creates some uncertainty about the nature of the association between TZP and
AKI. However, cefepime is an alternative not associated with AKI.
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AKI is prevalent and associated with serious con-
sequences in critically ill children. The rate of se-
vere AKI was measured at 11.6% of intensive care
unit (ICU) admissions in a recent international
study, with adjusted increased odds of death by
1.77 (95% confidence interval [95% CI], 1.17 to
2.68).1 Furthermore, multiple studies have dem-
onstrated association between AKI and prolonged
mechanical ventilation, hospital and ICU length
of stay, delay in recovery of other organ systems,
and increased health care costs.2–7 Aside from
supportive care, the dearth of effective treatment

has led to research focused on AKI prevention,
including avoidance of nephrotoxins that cause
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or contribute to AKI. Medication-associated AKI is common
in critically ill children, with the odds of developing AKI
increasing by 2.3 after administration of a b-lactam antibi-
otic in one study.6 The combination of vancomycin (glyco-
peptide antibiotic) and piperacillin/tazobactam (b-lactam
antibiotic) is often given to provide broad antibiotic cover-
age in children with a suspected bacterial infection until a
pathogen can be identified and coverage narrowed. Recent
evidence suggests an increased risk of AKI when these med-
ications are given concomitantly,8–14 but the pediatric crit-
ically ill population remains understudied. Furthermore,
available evidence has been limited by small sample size
and inadequate control for indication bias. It is prudent to
understand the risk of AKI when vancomycin and piperacillin/
tazobactam (TZP) are coadministered in these children and
assess possible alternative agents to TZP while still provid-
ing antipseudomonal coverage. Cefepime, another b-lactam
antibiotic, may serve this purpose in the appropriate clinical
setting. Thus, we sought to compare rates of AKI among crit-
ically ill children treated with TZP or cefepime, with and
without vancomycin, while controlling for various suscepti-
bilities, severity of illness, and other common exposures in the
ICU. We also used a propensity score to analyze the effect of
indication bias.

METHODS

Study Design and Patient Population
We conducted a retrospective, inception cohort study, assess-
ing the risk of AKI in pediatric critically ill patients after
exposure to vancomycin, TZP, and cefepime, alone and
in combination. We used the Peds HiDenIC (pediatric
high-density intensive care) database,which includes patients
aged $60 days admitted to the pediatric or cardiac ICUs at
the UPMC Children’s Hospital of Pittsburgh between 2010
and 2014. Patients were excluded if they had ESRD, baseline
eGFR,15 ml/min per 1.73 m2, or baseline serum creatinine
$3.5 mg/dl, history of a renal transplant, ICU admission
,60 minutes, stage 3 AKI on admission, age .18 years, or
did not have sufficient information to categorize AKI status
during days 3–8 of hospital stay. We also excluded patients
whowere given both TZP and cefepime within the first 2 days
of ICU stay, given the risk of confounding with the pri-
mary medications being evaluated. Additionally, we ex-
cluded those who received sulfamethoxazole/trimethoprim
because it can cause an artifactual increase in serum creat-
inine by inhibiting creatinine secretion in the proximal
convoluted tubule. Other studies commonly exclude it
as a nephrotoxin.15,16

Exposures
Primary exposures included each individual medica-
tion (vancomycin, TZP, and cefepime), as well as compar-
ison of combination medications (vancomycin plus

TZP [V+TZP] versus vancomycin plus cefepime [V+C]),
administered within the first 48 hours of ICU admission.
In the analyses assessing combination medications, patients
in the cohort were designated as V+TZP or V+C if they
received both vancomycin and TZP or vancomycin and ce-
fepime, respectively, within the first 48 hours of ICU admis-
sion. This exposure window was chosen to reflect the time
period when most children are placed on broad-spectrum
antibiotics before antibiotic coverage is narrowed according to
clinical evaluation.

Covariates
All parenteral or enteral antibiotics were included in the
analysis, aside from erythromycin and neomycin, which
are more often used for noninfectious indications in our
ICU, and sulfamethoxazole/trimethoprimas described above
(see Supplemental Table 1). Aside from antibiotics, addi-
tional nephrotoxic medications were accounted for if a pa-
tient was given three or more in the first 48 hours of ICU
admission (see Supplemental Table 2).16,17 Additional vari-
ables that have been associated with the development of AKI
were included: age (universal covariate), history of heart
failure, liver failure, CKD, malignancy, nonrenal transplant,
epilepsy, congenital heart disease, electronic Pediatric Index
of Mortality 2 score, abdominal compartment syndrome,
vasopressor use, mechanical ventilation, suspected bacterial
sepsis, thrombocytopenia, hypoalbuminemia, anemia, and
major surgery.

Outcomes
The primary outcome was development of stage 2 or 3 AKI, or
an increase in AKI stage from 2 to 3, within the 6 days after
the 48-hour exposure window (i.e., days 3–8). The primary
exposure and outcome were designed to establish a tempo-
ral relationship between initial medication administration
and subsequent development of AKI. AKI stage was de-
fined using the Kidney Disease: Improving Global Outcomes
criteria,18 utilizing the maximum daily serum creatinine
and/or a decrease in urine output over a 6-hour rolling win-
dow within the first 72 hours of ICU admission.19 The

Significance Statement

Antibiotic-associated AKI is prevalent and contributes to sub-
stantial morbidity and mortality in critically ill pediatric patients.
Little is known about how empiric use of broad-spectrum anti-
biotics affects development of AKI. The authors show that
treatment of critically ill children with piperacillin/tazobactam
within the first 48 hours of intensive care unit admission is asso-
ciated with subsequent development of AKI. They demonstrate a
weaker, nonsignificant association between AKI and piperacillin/
tazobactam used in combination with vancomycin in this pop-
ulation. This second finding adds to uncertainty about the
nephrotoxicity of piperacillin/tazobactam in this highly suscep-
tible population. Cefepime, a potential alternative antibiotic,
which was not associated with AKI in the study, may be a suitable
alternative for some indications.
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secondary outcomes were lengths of stay, need for RRT, and
mortality.

Statistical Analyses
Statistical comparison of categorical and continuous vari-
ables were performed using chi-squared or Fisher exact tests
and Wilcoxon rank-sum tests, respectively. For model devel-
opment, all variables were assessed for univariate significance
level of 0.2 followed by variable selection using LASSO regu-
larization (least absolute shrinkage and selection operator).
After clinical assessment in the final step, adjusted multivari-
able logistic regression for binary outcomes was performed to
derive model inferences. All variables in the final model were
considered significant at the 0.05 level. Model fit was tested
using Hosmer–Lemeshow methodology20 and discriminative
ability (area under the curve [AUC] receiver operating curves).
Secondary outcomes of mortality and need for RRT were
assessed using univariate unadjusted logistic regression. For
count data such as length of stay, zero-truncated negative bi-
nomial regression methods were applied and rate ratios were
reported. For antibiotic combination analysis using propen-
sity score matching, propensity score was generated while
matching on baseline characteristics. We used 1:1 nearest
neighbor matching between patients exposed to V+TZP and
patients exposed to V+C. Variables included in the 1:1 match-
ing were age, year of hospital admission, sex, race, history of
heart failure, CKD, nonrenal transplant, malignancy, seizure/
epilepsy, congenital heart disease, mechanical ventilation, ma-
jor surgery, baseline serum creatinine, suspected bacterial sepsis,
and use of vasopressors. Matches were created without replace-
ment using computational geometry on the basis of distance
between propensity scores (caliper 0.025). Conditional logistic
regression was performed after propensity matching. All analy-
ses were performed using SAS version 9.4 (SAS Institute, Cary,
NC) and STATA version 15.1 (Stata Corp, College Station, TX).

RESULTS

Atotal of 5686 patient encounters were included in the analysis
(Figure 1, Supplemental Table 3). Of these patient encounters,
494 (8.7%) developed stage 2 or 3 AKI in days 3–8 of hospital
stay. There was no significant difference in age, sex, race, or
year of admission between those who developed stage 2 or 3
AKI and those who did not (Table 1). Those who developed
the primary outcome had a higher in-hospital mortality (5.9%
versus 1.3%; P,0.001), longer ICU length of stay (8 days ver-
sus 4 days; P,0.001), and longer hospital admission (13 days
versus 7 days; P,0.001).

Primary Outcome
Multivariable logistic regression that included individual an-
tibiotic administration in the first 48 hours of admission
showed good fit and reasonable discrimination (AUC,
0.71). A total of 1024 patients were exposed to TZP, 381
patients were exposed to cefepime, and 1902 patients were
exposed to vancomycin. TZP (adjusted odds ratio [aOR],
1.56; 95% CI, 1.23 to 1.99) was associated with increased
odds of developing stage 2 or 3 AKI or progression from stage
2 to stage 3 subsequent to administration (Table 2). Con-
versely, Cefepime was not associated with AKI (aOR, 1.13;
95% CI, 0.79 to 1.64), nor was vancomycin (aOR, 0.86; 95%
CI, 0.69 to 1.07). The other individual antibiotics that re-
mained in the adjusted model were levofloxacin, rifampin,
and tobramycin, none of which were significantly associated
with AKI.

Within the first 48 hours of ICU admission, there were 785
patient encounters exposed toV+TZPand265patient encoun-
ters exposed to V+C. For patients exposed to V+TZP, 16.7%
developedAKIcomparedwith 10.6%of thepatients exposed to
V+C (P=0.02). Patients who received V+TZP were younger
(3.58 years versus 6.75 years; P,0.001), had higher prevalence

12,806 Patient Encounters

5,686 Patient Encounters

Exclusions:

•  Insufficient information to classify AKI status on days 3-8: 5,011
•  >18 years of age: 1,023
•  Exposed to sulfamethoxazole/trimethoprim: 437
•  Missing medication information: 296
•  End stage renal disease, baseline eGFR < 15 mL/min/1.73m2, or
   baseline serum creatinine ≥ 3.5: 113
•  Stage 3 AKI on admission: 92
•  ICU Stay < 60 minutes: 67
•  History of Renal Transplant: 35
•  Received both TZP and cefepime within the first 48 hours of ICU
   admission: 28
•  Admitted prior to 1/1/2010: 18

Figure 1. Flow diagram of study cohort with exclusions.
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of liver failure (3.9% versus 0.8%; P=0.01), lower prevalence
of malignancy (5.5% versus 21.1%; P,0.001), were more
likely to be suspected of bacterial sepsis (63.1% versus
54.7%; P=0.02), and had higher rates of mechanical ventila-
tion within the first 24 hours of ICU admission (73% versus
52.5%; P,0.001) (Table 3). There was no difference in mean
vancomycin trough levels between the two groups (9.31 ver-
sus 9.06; P=0.57). We found no statistical interaction between
either of these two medication combinations, and the inter-
action terms did not modify the effect of individual drugs in
the model.

Multivariable logistic regression was performed for expo-
sure to V+TZP versus V+C, with subsequent development of

stage 2or 3AKIor increase inAKI stage from2 to 3, and showed
goodfit anddiscrimination (AUC, 0.70). In comparingV+TZP
to V+C, the adjusted odds for development of AKI was not
significant (aOR, 1.38; 95% CI, 0.85 to 2.24) (Table 4). Uti-
lizing one-to-one propensity score matching, V+TZP showed
an increased hazard for development of AKI (odds ratio [OR],
1.84; 95% CI, 1.11 to 3.05) compared with V+C (Supplemen-
tal Figure 1).

Secondary Outcomes
Patients who developed stage 2 or 3 AKI, compared with those
whodidnot, had increasedmortality (OR, 4.63; 95%CI, 2.97 to
7.22), increased need for RRT (OR, 18.46; 95% CI, 11.00 to

Table 1. Patient characteristics by AKI status

Characteristic
Maximum AKI Stage 0 or 1,

n=5192 (91.3%)
Maximum AKI Stage 2 or 3,

n=494 (8.7%)
P Value

Age (yr), median (Q1–Q3) 3.92 (1.08–11.17) 4.09 (0.92–12.17) 0.58
Males, n (%) 2965 (57.1%) 291 (58.9%) 0.44
Year of hospital admission 0.96
2010 805 (15.5%) 79 (16%)
2011 977 (18.8%) 91 (18.4%)
2012 1085 (20.9%) 107 (21.7%)
2013 1151 (22.2%) 112 (22.7%)
2014 1174 (22.6%) 105 (21.3%)

Race, n (%) 0.83
White 4169 (80.8%) 399 (80.8%)
Black 800 (15.4%) 72 (14.6%)
Other 223 (4.4%) 23 (4.7%)

Heart failure, n (%) 286 (5.5%) 57 (11.5%) ,0.001
Liver failure, n (%) 94 (1.8%) 26 (5.3%) ,0.001
Nonrenal transplant, n (%) 224 (4.3%) 22 (4.5%) 0.88
Malignancy, n (%) 338 (6.5%) 22 (4.5%) 0.07
Suspected bacterial sepsis within first 24 h of ICU admission, n (%) 1406 (27.1%) 196 (39.7%) ,0.001
CKD, n (%) 36 (0.7%) 13 (2.6%) ,0.001
Congenital heart disease, n (%) 914 (17.6%) 82 (16.6%) 0.57
Epilepsy/seizures, n (%) 1030 (19.8%) 134 (27.1%) ,0.001
Baseline serum creatinine, mean (SD) 0.37 mg/dl (0.22) 0.38 mg/dl (0.4) 0.62
Major surgery, n (%) 2219 (42.7%) 196 (39.7%) 0.19
Cardiopulmonary bypass, n (%) 565 (10.9%) 50 (10.1%) 0.60
Severe anemia, n (%) 849 (16.4%) 144 (29.1%) ,0.001
Thrombocytopenia, n (%) 1149 (22.1%) 211 (42.7%) ,0.001
Hypoalbuminemia, n (%) 1014 (19.5%) 199 (40.3%) ,0.001
Contrast exposure, n (%) 138 (2.7%) 21 (4.3%) 0.04
Exposure to $3 other nephrotoxins, n (%) 335 (6.5%) 45 (9.1%) 0.03
Vancomycin trough, mean (SD)a 8.41 mcg/ml (5.55) 10.04 mcg/ml (6.97) ,0.001
ePIM2 risk of mortality
Median (Q1–Q3) 1% (0%–3%) 2% (1%–5%) ,0.001

Vasopressor use, n (%) 1345 (25.9%) 158 (32%) 0.003
Mechanical ventilation, n (%)
Within first 24 h of ICU admission 2284 (44%) 311 (63%) ,0.001

Hospital mortality, n (%) 69 (1.3%) 29 (5.9%) ,0.001
Length of ICU stay in d, median (Q1–Q3) 4 (2–7) 8 (4–14) ,0.001
Length of hospital stay in d, median (Q1–Q3) 7 (5–13) 13 (8–22) ,0.001

Suspected bacterial sepsis: ordering of blood cultures and a new antibiotic within 24 hours of each other. Severe anemia: children aged ,5 years, hemoglobin
,7g/dl on two consecutive occasions; children aged$5 years, hemoglobin,8g/dl on two separate occasions. Thrombocytopenia: platelet count,1503109/L on
two consecutive occasions. Hypoalbuminemia: albumin level ,3 g/dl on two consecutive occasions. Q, quartile; ePIM2, electronic Pediatric Index of Mortality 2.
aMean vancomycin trough values are provided for those exposed to the medication.
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30.97), and longer lengths of stay in the ICU (rate ratio, 2.11;
95%CI,1.84 to2.42) andhospital (rate ratio, 8.42; 95%CI,5.90
to 10.94) (Table 5).

Patients exposed to TZP who developed stage 2 or 3 AKI,
compared with those who did not develop AKI, had higher
mortality (OR, 3.42; 95%CI, 1.53 to 7.69), increased need for
RRT (OR, 7.08; 95% CI, 2.59 to 19.30), and longer lengths of
stay in the ICU (rate ratio, 1.55; 95% CI, 1.26 to 1.90) and
hospital (rate ratio, 1.40; 95% CI, 1.19 to 1.64). Patients
exposed to vancomycin and V+TZP who developed stage 2
or 3 AKI similarly had higher mortality, higher need for
RRT and longer lengths of stay (Table 5). In contrast, those
exposed to cefepime who developed stage 2 or 3 AKI had
increased need for RRT, but did not have statistically signif-
icant increase in mortality or longer lengths of stay. Lastly,
patients exposed to V+C had increased ICU length of stay
and need for RRT but no increase in hospital length of stay or
mortality.

Additional Sensitivity Analyses
To further explore individual antibiotic exposure, an addi-
tional sensitivity analysis was performed to compare no AKI
to stages 1, 2, or 3 AKI, and results remained consistent.
Vancomycin and cefepime were not statistically significantly
associated with any stage AKI, whereas TZP had an aOR
of 1.70 (95% CI, 1.41 to 2.06) for development of any stage
AKI (Supplemental Table 4). In another sensitivity analysis
with the cohort limited to patients exposed to cefepime
or TZP (n=1405), multivariable logistic regression
showed a statistically insignificant adjusted odds of 1.34

(95% CI, 0.93 to 1.94) for development of stage 2 or 3 AKI
with exposure to TZP compared with cefepime (Supplemen-
tal Table 5).

DISCUSSION

Nephrotoxic medication use is common in critically ill chil-
dren,8–10,21,22 and the effect on associated risk for developing
AKI remains poorly understood. In addition to individual
medications, coadministration of vancomycin and TZP is fre-
quent in the pediatric critically ill population, particularly
early in the course of ICU stay given the need for broad anti-
biotic coverage while evaluating a suspected bacterial infec-
tion. Adult and pediatric studies suggest that administration of
vancomycin and TZP simultaneously confers an increased risk
of AKI compared with vancomycin alone, TZP alone, and
when compared with use of vancomycin and another
b-lactam antibiotic.8–14,22–27 Assessment of this medication
combination has shown varying results in the critically ill pop-
ulation.28–30 Our study is the largest to date that spe-
cifically evaluates the association between individual and
concomitant administration of vancomycin, TZP, and cefe-
pime with subsequent development of AKI in critically ill chil-
dren (Figure 2).

Although other studies have generally looked at pro-
longed exposure to the medications of interest, we focused
on exposure to antibiotics within the first 48 hours of ICU
admission in an effort to examine the effect of the use of
empiric antibiotic coverage (before a pathogen has been
identified) on the association with subsequent development
of AKI in days 3–8. This establishes the temporal relation-
ship between exposure and outcome. A recent pediatric
study retrospectively compared the risk of AKI with con-
comitant administration of vancomycin and TZP versus
concomitant administration of vancomycin and another
antipseudomonal b-lactam antibiotic.9 Although this mul-
ticenter study had many strengths, only 30% of their patients
required ICU-level care, and severity of illness was not cap-
tured. The results also grouped cefepime with meropenem,
imipenem, and ceftazidime. We made a direct comparison
between vancomycin with TZP and vancomycin with cefe-
pime, so that an alternative to TZP is clearer when evaluating
the risk for AKI.

Our analyses suggest that administration of TZP individ-
ually is associated with increased AKI risk in critically ill
children. Exposure to TZP in the first 48 hours of ICU ad-
mission increased the odds of developing AKI in days 3–8 of
hospitalization, with an aOR of 1.56 (95% CI, 1.23 to 1.99),
whereas the other individual antibiotics did not reach sta-
tistical significance, which held true in a sensitivity analysis.
In patients only exposed to TZP or cefepime, the ad-
justed odds of developing stage 2 or 3 AKI in those exposed
to TZP alone compared with those exposed to cefepime
alone was 1.34, but did not reach statistical significance

Table 2. Regularized multivariable logistic regression for
development of stage 2 or 3 AKI, individual medications

Exposure aOR (95% CI) P Value

Cefepime, n=381 1.13 (0.79 to 1.64) 0.50
Levofloxacin, n=25 2.20 (0.65 to 7.46) 0.20
TZP, n=1024 1.56 (1.23 to 1.99) ,0.001
Rifampin, n=18 1.85 (0.54 to 6.34) 0.33
Tobramycin, n=180 1.30 (0.86 to 1.95) 0.21
Vancomycin, n=1902 0.86 (0.69 to 1.07) 0.18
Agea 1.03 (0.93 to 1.13) 0.61
Heart failure 1.48 (1.03 to 2.12) 0.03
Liver failure 1.40 (0.83 to 2.37) 0.20
CKD 2.06 (0.97 to 4.37) 0.06
Malignancy 0.54 (0.33 to 0.88) 0.01
Seizures/epilepsy 1.29 (1.04 to 1.61) 0.02
Major surgery 0.85 (0.70 to 1.05) 0.13
Severe anemia 1.53 (1.06 to 2.20) 0.02
Thrombocytopenia 1.65 (1.30 to 2.08) ,0.001
Hypoalbuminemia 1.33 (1.03 to 1.72) 0.03
Mechanical ventilation 1.52 (1.23 to 1.88) ,0.001
Exposure to $3 other nephrotoxins 1.35 (0.94 to 1.93) 0.10
Contrast exposure 1.21 (0.69 to 2.14) 0.50
Suspected bacterial sepsis 1.65 (1.21 to 2.24) ,0.001
aAge was standardized to its mean and SD.
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(P=0.12). Therefore, although TZP shows increased odds
of AKI when used alone, there is not a clear benefit with
regards to nephrotoxicity to use of cefepime over TZP
individually.

Interestingly, although the rate of stage 2 or 3 AKI in the
V+TZP group was higher at 16.7% compared with the V+C
group at 10.6% (P=0.02), V+TZP versus V+C had an aOR of
1.38 for development of stage 2 or 3 AKI that did not reach
statistical significance (P=0.19), similar to the findings report-
ed by Schreier et al.30 On the other hand, one-to-one propen-
sity score matching showed an increased hazard of developing
AKI when using V+TZP versus V+C (OR, 1.84; 95% CI, 1.11

to 3.05). Additionally, there was no statistical interaction ob-
served between vancomycin and TZP in our analysis. Thus,
although there is evidence of nephrotoxicity of TZP, with dif-
fering risk of AKI when assessing TZP individually versus in
combination with vancomycin suggests ongoing uncertainty
about a definitive association.

It is particularly interesting that vancomycin alone had
adjusted odds for stage 2 or 3 AKI of 0.86 (95% CI, 0.69 to
1.07).Wenote, however, that vancomycin trough levels in our
cohort averaged 9.18 mcg/ml, which is relatively low com-
pared with adult populations, possibly explaining this lack
of association.Other studies have suggested similarfindings

Table 3. Patient characteristics for combination medication exposure

Characteristic Vancomycin+TZP, n=785 Vancomycin+Cefepime, n=265 P Value

Age (yr), median (Q1–Q3) 3.58 (1.33–10.42) 6.75 (2.33–12.75) ,0.001
Males, n (%) 433 (55.2%) 157 (59.2%) 0.25
Year of hospital admission 0.03
2010 150 (19.1%) 35 (13.2%)
2011 183 (23.3%) 48 (18.1%)
2012 161 (20.5%) 63 (23.8%)
2013 148 (18.9%) 58 (21.9%)
2014 143 (18.2%) 61 (23%)

Race, n (%) 0.17
White 629 (80.1%) 212 (80%)
Black 128 (16.3%) 37 (14%)
Other 28 (3.6%) 16 (6%)

Heart failure, n (%) 70 (8.9%) 16 (6%) 0.14
Liver failure, n (%) 31 (3.9%) 2 (0.8%) 0.01
Nonrenal transplant, n (%) 35 (4.5%) 19 (7.2%) 0.08
Malignancy, n (%) 43 (5.5%) 56 (21.1%) ,0.001
Suspected bacterial sepsis, n (%)
Within first 24 h of ICU admission 495 (63.1%) 145 (54.7%) 0.02

CKD, n (%) 10 (1.3%) 7 (2.6%) 0.13
Congenital heart disease, n (%) 107 (13.6%) 29 (10.9%) 0.26
Epilepsy/seizures, n (%) 219 (27.9%) 62 (23.4%) 0.15
Baseline serum creatinine, mean (SD) 0.35 (0.29) 0.37 (0.28) 0.50
Major surgery, n (%) 212 (70%) 78 (29.4%) 0.44
Cardiopulmonary bypass, n (%) 30 (3.8%) 11 (4.2%) 0.81
Severe anemia, n (%) 204 (26%) 95 (35.8%) 0.002
Thrombocytopenia, n (%) 296 (37.7%) 117 (44.2%) 0.06
Hypoalbuminemia, n (%) 318 (40.5%) 83 (31.3%) 0.008
Contrast exposure, n (%) 36 (3.3%) 12 (4.5%) 0.36
Exposure to $3 other nephrotoxins, n (%) 60 (7.6%) 15 (5.7%) 0.28
ePIM2 risk of mortality median (Q1–Q3) 3.3% (1%–5%) 3.1% (1%–5%) 0.39
Vasopressor use, n (%) 252 (32.1%) 90 (34%) 0.58
Mechanical ventilation, n (%)
Within first 24 h of ICU admission 573 (73%) 139 (34%) ,0.001

Need for RRT, n (%) 14 (1.8%) 6 (2.3%) 0.62
Hospital mortality, n (%) 20 (2.5%) 10 (3.8%) 0.3
Length of ICU stay in d, median (Q1–Q3) 6 (4–13) 5 (2–9) ,0.001
Length of hospital stay in d, median (Q1–Q3) 11 (6–21) 10 (6–17) 0.09
Vancomycin trough level, mean (SD) 9.31 (6.17) 9.06 (5.76) 0.57
Stage 2 or 3 AKI 131 (16.7%) 28 (10.6%) 0.02

Suspected bacterial sepsis: ordering of blood cultures and a new antibiotic within 24 h of each other. Severe anemia: children aged,5 years, hemoglobin
,7 g/dl on two consecutive occasions; children aged $5 years, hemoglobin ,8 g/dl on two separate occasions. Thrombocytopenia: platelet count
,1503109/L on two consecutive occasions. Hypoalbuminemia: albumin level,3 g/dl on two consecutive occasions. Q, quartile; ePIM2, electronic Pediatric
Index of Mortality 2.
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with relative infrequency of AKI associated with vancomy-
cin in pediatric patients, and often AKI is associated with
exposure to multiple medications simultaneously.31 In a
subanalysis of critically ill adults, a meta-analysis showed
that compared with vancomycin alone, V+TZP had an in-
creased odds of AKI, but not when compared with V+C or
TZP alone.11 It is possible that vancomycin could play a
role in impaired AKI recovery more so than development
of AKI itself; the debate about nephrotoxicity of vancomy-
cin remains ongoing.

Some authors have suggested that TZP has a pseudoneph-
rotoxic effect with an increase in serum creatinine due to re-
duced creatinine secretion in the renal tubular organic anion
transport system.32 Disparate rates of AKI and the need for
dialysis after exposure to TZP has supported this claim in
another retrospective study of adult critically ill patients.29

On the contrary, Ostermann et al.33 has shown an increase
in urinary biomarkers associated with renal tubular injury

after exposure to TZP. Commensurate with the overall cohort
that developed stage 2 or 3 AKI, exposure to TZP with sub-
sequent development of stage 2 or 3 AKI is associated with
longer lengths of stay, higher need for RRT, and increased
mortality. Thus, our data suggest a potential true nephro-
toxicity of TZP, although further research utilizing urinary
biomarkers may provide clarity regarding renal stress after
exposure to TZP.

There are limitations to our study, including that it is a
single-center analysis with limited power. However, the fre-
quency of severe AKI in our cohort is commensurate with the
11.6% of patients from the international Worldwide AKI,
Renal Angina and, Epidemiology study.1 We did not assess
longer exposure to each antibiotic, nor were we able to clas-
sify all potential concurrent medication nephrotoxicities
(e.g., single nephrotoxic antibiotic with single additional
nephrotoxic medication). Our analysis cohort excluded
5011 patients because of lack of data available to distinguish
AKI in days 3–8 of the hospitalization, although is not en-
tirely unexpected given the previously published relative-
ly low rates of serum creatinine measurement between
Pediatric Intensive Care Unit stay and hospital discharge.34

Additionally, we cannot rule out indication bias contributing
to the presented results and are limited by the nature of ob-
servational research. Lastly, it is important to note that we did
not assess the potential side effects or detrimental outcomes
that could be associated with using cefepime instead of TZP.
These could include neurotoxicity in younger children as well
as delayed coverage of anaerobic infections. Prospective stud-
ies could be helpful in deciphering the overall risk and benefit
of using each of these antibiotics, and our data suggest the
ongoing need for further analysis of TZP as a nephrotoxic
medication in a robust manner with a potential future need
for a randomized, controlled trial comparing TZP to
cefepime.

Observational data in critically ill children show an associ-
ation of TZP use with increased odds of AKI. A weaker, non-
significant association is observed when TZP plus vancomycin
is compared with cefepime plus vancomycin, resulting in re-
sidual uncertainty about whether the association of TZP with
AKI reflects its use in a high-risk population. Cefepime is an
alternative without association with AKI.

Table 4. Regularized multivariable logistic regression for
development of stage 2 or 3 AKI, medication combinations

Exposure aOR (95% CI) P Value

V+TZP versus V+C 1.38 (0.85 to 2.24) 0.19
Azithromycin, n=467 1.19 (0.74 to 1.93) 0.47
Cefazolin, n=1329 0.35 (0.10 to 1.20) 0.09
Doxycycline, n=23 3.48 (0.64 to 18.85) 0.15
Metronidazole, n=190 0.64 (0.28 to 1.48) 0.30
Agea 1.22 (0.99 to 1.52) 0.07
Heart failure 1.52 (0.80 to 2.88) 0.20
Liver failure 1.63 (0.62 to 4.27) 0.32
Malignancy 0.63 (0.28 to 1.40) 0.26
Seizures/epilepsy 1.49 (0.97 to 2.29) 0.07
Suspected bacterial sepsis 1.21 (0.55 to 2.65) 0.64
Major surgery 1.07 (0.63 to 1.81) 0.81
Cardiopulmonary bypass 2.24 (0.74 to 6.81) 0.15
Severe anemia 1.07 (0.66 to 1.74) 0.77
Thrombocytopenia 1.45 (0.93 to 2.27) 0.10
Hypoalbuminemia 1.33 (0.81 to 2.18) 0.26
ePIM2 scorea 0.87 (0.66 to 1.14) 0.30
Vasopressors 1.20 (0.78 to 1.83) 0.41
Mechanical ventilation 2.42 (1.54 to 3.79) ,0.001

ePIM2, electronic Pediatric Index of Mortality 2.
aAge and ePIM2 score were standardized to their mean and SD.

Table 5. Unadjusted secondary outcomes in patients with stage 2 or 3 AKI among cohorts of varying exposures

Exposure Cohort
Stage 2 or
3 AKI, n (%)

ICU LOS, rate
ratio (95% CI)

Hospital LOS, rate
ratio (95% CI)

Need for RRT,
OR (95% CI)

Mortality,
OR (95% CI)

Entire cohort, n=5686 494 (8.7%) 2.11 (1.84 to 2.42)a 8.42 (5.90 to 10.94)a 18.46 (11.00 to 30.97)a 4.63 (2.97 to 7.22)a

Cefepime, n=381 42 (11%) 1.48 (0.95 to 2.29) 1.17 (0.89 to 1.54) 5.82 (1.58 to 21.63)a 2.82 (0.74 to 10.86)
Vancomycin, n=1902 234 (12.3%) 1.63 (1.37 to 1.94)a 1.41 (1.23 to 1.57)a 17.23 (7.75 to 38.00)a 2.86 (1.55 to 5.28)a

TZP, n=1024 164 (16%) 1.55 (1.26 to 1.90)a 1.40 (1.19 to 1.64)a 7.08 (2.59 to 19.30)a 3.42 (1.53 to 7.69)a

V+TZP, n=785 131 (16.7%) 1.52 (1.22 to 1.91)a 1.42 (1.19 to 1.72)a 7.03 (2.40 to 20.60)a 2.78 (1.09 to 7.12)a

V+C, n=265 28 (10.6%) 1.87 (1.12 to 3.12)a 1.18 (0.85 to 1.64) 9.36 (1.80 to 48.90)a 3.95 (0.96 to 16.21)

LOS, length of stay.
aValues are statistically significant.
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