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Abstract

Acute kidney injury (AKI) is a commonly reported adverse effect of administration of antimicrobials. While AKI can be
associated with poorer outcomes, there is little information available to understand rates of AKI in children exposed to various
antimicrobials. We performed a structured review using the PubMed and Embase databases. Articles were included if they
provided an AKI definition in patients who were < 19 years of age receiving an antimicrobial and reported the frequency
of AKI. Author-defined AKI rates were calculated for each study and mean pooled estimates for each antimicrobial were
derived from among all study participants. Pooled estimates were also derived for those studies that reported AKI accord-
ing to pRIFLE (pediatric risk, injury, failure, loss, end stage criteria), AKIN (acute kidney injury network), or KDIGO
(kidney disease improving global outcomes) creatinine criteria. A total of 122 studies evaluating 28 antimicrobials met the
inclusion criteria. Vancomycin was the most commonly studied drug: 11,514 courses across 44 included studies. Among
the 27,285 antimicrobial exposures, the overall AKI rate was 13.2% (range 0-42.1% by drug), but the rate of AKI varied
widely across studies (range 0-68.8%). Cidofovir (42.1%) and conventional amphotericin B (37.0%) had the highest pooled
rates of author-defined AKI. Eighty-one studies used pRIFLE, AKIN, or KDIGO AKI criteria and the pooled rates of AKI
were similar to author-defined AKI rates. In conclusion, antimicrobial-associated AKI is reported to occur frequently in
children, but the rates of AKI varies widely across studies and drugs. Most published studies examined hospitalized patients
and heterogeneity in study populations and in author definitions of AKI are barriers to a comparison of nephrotoxicity risk

among antimicrobials in children.
Key Points

Among published pediatric studies, acute kidney injury
(AKI) complicated more than 10% of antimicrobial
courses given to children, but there was substantial vari-
ation in this rate by drug. Individual drugs’ AKI rate
estimates vary widely between different studies reflect-
ing differing AKI definitions, patient populations, and
study designs.
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1 Introduction

Acute kidney injury (AKI) is defined by declining renal
function, traditionally signaled by increases in serum bio-
markers, such as creatinine, and/or decreased urine output
[1]. The pathophysiology and mechanisms of AKI are com-
plex and frequently multifactorial but can involve pre-renal
causes such as impaired perfusion of the kidneys, intra-renal
causes such as pyelonephritis or myoglobin deposition, and
post-renal causes such as urinary tract obstruction [1]. Drugs
are among the most common causes of AKI exerting their
harmful effects through a number of mechanisms including
acute tubular injury, acute interstitial nephritis, and crystal-
line deposition [2]. Drug-related AKI is often denoted with
the term nephrotoxicity, although the precise mechanisms
of injury differ across agents [3].

Anti-infectives are among the most commonly implicated
medications associated with AKI and are also among the
most frequently prescribed medications in pediatrics [4—6].
Acute kidney injury impacts roughly 1 in 1000 children per
year in the community and 6-50% of hospitalized children
[7-9], and it is associated with a number of adverse out-
comes including increased mortality, increased length of
hospital and intensive care unit admission, and the subse-
quent development of chronic kidney disease [10]. Further,
dosing of drugs can be challenging in patients with AKI,
which may lead to a failure to achieve pharmacodynamic
goals, an increased risk of non-renal drug toxicities, and
the potential for sub-optimal outcomes [11]. Therefore, it is
paramount that clinicians understand the risk of AKI asso-
ciated with different antimicrobial medications so that they
can make informed antibiotic decisions that account for not
only the infection being treated, but the risk of toxicity.

However, drug-associated AKI is seldom solely due to
drug toxicity. There are several identified risk factors for the
development and severity of AKI related to the patient and
their disease process, as well as the treatment prescribed.
Patient-related factors, such as the presence of chronic pre-
existing conditions including chronic kidney disease, diabe-
tes mellitus, and heart disease, may make patients more sus-
ceptible to the nephrotoxic effects of drugs. Acute conditions
such as sepsis, trauma, or hypovolemia may independently
lead to AKI secondary to decrease renal blood flow/perfu-
sion. These conditions are also more common in patients
with underlying diseases, further compounding nephrotoxic-
ity risks. Particularly when it comes to antimicrobial-associ-
ated AKI, patients and disease-related risk factors for AKI
are often contributory, making it difficult to tease out the role
of the medication. Yet, there are important factors related to
the medications that are known to influence AKI risk: the
agent, dose, and duration of use [12, 13]. In this review, we
focus solely on the agent, but it is important to recognize

A\ Adis

nephrotoxicity is most often dose and duration dependent.
Administration of higher dosages, as may be indicated for
the treatment of more serious or drug-resistant infections,
confers an increased risk of direct cellular injury compared
with prophylactic or lower dosage regimens. Similarly,
although it is hard to investigate the influence that treatment
duration has on nephrotoxicity risk (i.e., whether toxicity is
related to cumulative drug exposure), it is certain that longer
durations of exposure provide an increased opportunity for
nephrotoxicity to occur.

In the past, there was no singular definition for pediatric
AKI and, thus, comparing rates reported across studies was
challenging. However, over the last 15 years, efforts have
been made to standardize AKI definitions, resulting in the
development of several commonly used criteria including
pRIFLE (pediatric risk, injury, failure, loss, end stage crite-
ria), AKIN (acute kidney injury network), and KDIGO (kid-
ney disease improving global outcomes) [14—16]. These
definitions focus on changes in kidney function manifesting
as changes in creatinine and urine output, rather than more
novel kidney damage biomarkers that may indicate glomeru-
lar or tubular cell injury. Increased awareness of the clinical
significance of AKI has also led to the implementation of
protocols designed to detect and mitigate AKI in hospital-
ized children [17]. However, there are a dearth of studies
directly comparing AKI rates among different antimicrobials
to inform prescribing decisions.

The goals of this study were to summarize the rates of
antimicrobial-associated AKI reported across drugs in order
to gauge the relative nephrotoxic potential of different anti-
microbials in children. We also sought to assess the vari-
ability in AKI rates across studies for a given drug and the
heterogeneity in AKI definitions used.

2 Methods
2.1 Data Source and Search

The PubMed database was queried for articles published
on/after the year 2000 using the following search terms:
(English[Language]) AND (((antibiotic OR antiviral OR
antifungal OR antimicrobial OR anti-infective OR anti-
bacterial) AND (pediatr* OR paediatr* OR child* OR infant
OR neonat*)) AND (renal OR kidney) AND (nephrotox*
OR injur* OR toxic* OR safet*)). The query took place on
18 November, 2022. The Embase database was also searched
on the same day with the terms: (antibiotic OR antiviral OR
antifungal OR antimicrobial OR ‘anti infective’ OR ‘anti
bacterial’) AND (pediatr* OR paediatr* OR child* OR
infant OR neonat*) AND (renal OR kidney) AND (nephro-
tox* OR injur* OR toxic* OR safet*) AND [english]/lim.
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2.2 Study Selection and Data Extraction

Abstracts were collated and a study was selected for a full
review if it included: (a) hospitalized pediatric patients (< 19
years of age); (b) evaluated a systemic (i.e., enteral, intrave-
nous, or intramuscularly administered) antimicrobial; and
(c) reported on AKI or nephrotoxicity. Non-English arti-
cles, case reports, review articles, correspondences, and pre-
clinical studies were excluded. For both screening and data
extraction, each study was reviewed by a single author (TJ,
MH, or KD).

Studies were included for complete data collection if:
(a) the authors reported the AKI/nephrotoxicity definition
clearly; (b) exposure to antimicrobial agent(s) was delin-
eated; and (c) the number of children sustaining AKI/
nephrotoxicity could be accurately determined. If an arti-
cle included both pediatric and adult patients, the pediatric
population was included in the analysis only if AKI in chil-
dren could be specifically identified from the data reported,
otherwise these studies were also excluded. If questions
around appropriateness for inclusion occurred, the article
was reviewed by all three primary reviewers (TJ, MH, KD)
and a consensus was reached.

For each study, we recorded the type of study (e.g.,
clinical trial, retrospective cohort study), the study setting
(e.g., intensive care unit, hospital ward), and study popula-
tion details (e.g., age range, indication of drug [treatment,
prophylaxis, not specified]). We collected all information
about the criteria used to define AKI/nephrotoxicity in each
study. The primary criteria reported in the manuscript were
considered “author-defined AKI.” We abstracted the number
of exposures to each antimicrobial agent and the number of
courses that resulted in author-defined AKI while receiving
that agent. If children were receiving combination therapies
(i.e., multiple antimicrobials), we recorded AKI separately
for each agent, as possible. When concomitant antimicrobi-
als were not uniquely described (e.g., a study of ampho-
tericin where concurrent administration of antibacterials was
not individually reported), we only recorded AKI for the
primary drug under study. This approach was taken because
most studies evaluated a specific antimicrobial agent but did
not separately report AKI development with all possible
combinations of concomitant antimicrobial use.

In addition, we abstracted the number of antimicrobial
courses that were reported to have led to AKI according to
KDIGO, AKIN, or pRIFLE criteria for each drug [14—16];
these three definitions use comparable creatinine-based cri-
teria and so AKI rates with each can be more directly com-
bined. This was done to try to create a more standardized
AKI definition for a comparison of AKI rates across studies.

Studies that specifically used one of these three classification
schemes, or whose author-defined AKI definition consisted
of a >50% increase in serum creatinine or a decrease in
serum creatinine-based estimated glomerular filtration rate
of > 25%, were considered for this subanalysis.

Where possible, the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines
for systematic reviews were followed for this study [18]. The
risk of bias for individual studies was not assessed; however,
given the number of studies evaluated and the goals of this
review, we aimed to minimize bias by collecting data sys-
tematically and applying specific definitions for AKI. This
review was not registered on PROSPERO.

2.3 Outcomes

The primary outcome of this study was the pooled author-
defined AKI rate for each antimicrobial. This was deter-
mined by first identifying the number of children that met
each study’s definition of AKI among all children who
received that drug. If patients in a study had multiple drug
exposures (e.g., vancomycin and piperacillin/tazobactam),
AKl rates were calculated for each drug separately. A pooled
AKl rate for each drug was then calculated by summating all
antimicrobial courses of a given drug across all studies and
dividing the number leading to AKI by all of those treated
with that agent. To summarize the nephrotoxic potential of
agents, drugs were classified as having a low, medium, or
high risk of AKI if the pooled author-defined AKI estimate
was < 10%, 10-20%, or > 20%, respectively. This was only
done for drugs that had AKI rates reported in two or more
studies.

Secondary analyses generated pooled AKI rates per drug
using KDIGO/AKIN/pRIFLE criteria. As above, pooled
AKI rates were generated and the range of AKI rates across
studies were recorded. Only studies that used one of these
definitions were included in this analysis.

Modified forest plots were generated to display the pooled
AKI rates across drugs. Only drugs that were evaluated in
multiple studies were included in these plots. Rather than
plotting confidence intervals around the pooled estimate of
AKI per drug, the minimum and maximum AKI rates (i.e.,
range) reported among the included studies were used. The
minimum and maximum AKI rates reported across studies
were used to calculate an absolute variability in AKI rates
for each drug that was the subject of multiple publications.
Separate plots were constructed using author-defined AKI
and KDIGO/AKIN/pRIFLE AKI rates.
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3 Results
3.1 Literature Search

The initial search terms yielded 7935 unique articles of
which 1052 were selected for a full review. One hundred
and twenty-two articles met study inclusion criteria and were
included in the final analysis (Fig. 1).

3.2 Study Characteristics

Among the 122 studies that met inclusion criteria, AKI/
nephrotoxicity was reported for 28 unique antimicrobials.
The most commonly studied drugs were vancomycin (n =
44 studies, 11,514 courses), colistin (n = 19 studies, 1222
courses), gentamicin (n = 17 studies, 3429 courses), piper-
acillin/tazobactam (n = 12 studies, 2517 courses), and
liposomal amphotericin B (n = 8 studies, 438 patients).
Ten drugs (ampicillin, cefotaxime, ceftazidime, clinda-
mycin, fluconazole, foscarnet, ganciclovir, imipenem, lin-
ezolid, valganciclovir) were evaluated in only one included
study, while 18 antimicrobials were evaluated in at least
two included studies.

Across all included studies, there were a total of 27,285
antimicrobial courses (one or more doses) given. The total
number of courses assessed for a particular antimicrobial
ranged from 4 (foscarnet) to 11,514 (vancomycin) with a
mean of 974. Of the 122 studies, 81 (66%) used pRIFLE,
AKIN, or KDIGO criteria. The remaining 41 studies used
other author-defined AKI definitions. Study characteris-
tics including patient populations, setting, and the author-
defined AKI definition used are shown in Table 1 of the
Electronic Supplementary Material (ESM).

3486 Results
from Pubmed

4449 Results
from Embase

. e

7935 Total
articles

\‘
'
1060
Duplicates
Removed
6875 Articles |
for Screening 5823 Articles Removed
L -2597 Antimicrobial not evaluated
N ~1401 Review/Correspondence
~~ - -718 Case Report
-499 Preclinical Study
-306 No AKI
-297 Not pediatric
-5 Article not availzble inEnglsh J
1052 Articles |
for Full Review | 930 Articles Removed
g 273 removed pre 2000
-2Inhaled only
| -Remaining654 removed (not exclusive)
-126 no fulltext

-113 antimicrobial exposure per patient not clear
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122 Articles -236 cannot separetechildrenfromadults

Included

Fig.1 Study flow diagram. AKT acute kidney injury
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3.3 Author-Defined AKI

The pooled rate of author-defined AKI was 13.2% across
all patients who received at least one antimicrobial.
Among the 18 drugs that were evaluated in multiple
included studies, the pooled AKI rate varied from 1.5%
(ceftriaxone, two studies) to 42.1% (cidofovir, three stud-
ies); Fig. 2. For the ten drugs that were evaluated in only a
single included study, the author-defined AKI rates were:
ampicillin (n = 44/313; 14.1%), cefotaxime (n = 13/32,
40.6%), ceftazidime (n = 17/295; 5.8%), clindamycin (n
= 0/100, 0%), fluconazole (n = 46/262, 17.6%), foscarnet
(n = 1/4, 25%), ganciclovir (n = 4/30, 13.3%), imipenem
(n = 24/268, 9.0%), linezolid (n = 1/179, 0.6%), and val-
ganciclovir (n = 44/163, 27.0%).

Of the 18 drugs evaluated in at least two studies, six were
determined to be low risk for causing AKI (< 10% pooled
AKI rate across studies): caspofungin, cefepime, ceftriax-
one, meropenem, micafungin, and teicoplanin. Eight drugs
were classified as medium risk (10-20% pooled AKI rate):
acyclovir, amphotericin B (lipid formulation), amphotericin
B (liposomal formulation), colistin, gentamicin, piperacillin/

Ceftriaxone (2) -o——

Caspofungin (2) —e=

Cidofovir (3 _——

(
(
Micafungin (2) —0—:—-
Teicoplanin (3) —0—:-
Cefepime (7) -—0—"
Meropenem (4) -—0:—-
Gentamicin (17) -—0:—-
Acyclovir (7) -—0{—-
= Vancomycin (44) |
o Colistin (19) I“
Lipid amphotericin B (3) ~ ————®
Tobramycin (6) ~ ————-——
Liposomal amphotericin B (8) -—:0—-
Piperacillin/tazobactam (12) :
Amikacin (8) q
Trimethoprim/sulfamethoxazole (2) : —_——
Conventional amphotericin B (7) | —————
1
(3) :

0 10 20 30 40 50 60 70
Percent with AKI

Fig.2 Forest plot of author-defined acute kidney injury (AKI) by
drug. Only drugs that multiple studies evaluated were included in this
figure (total number of studies is shown in parentheses). Black cir-
cles represent the proportion of AKI summarized across all studies
for a given drug (e.g., 24 of 57 patients [42.1%] treated with cidofovir
had author-defined AKI across three studies). The tails of bars reflect
the minimum and maximum proportions of AKI among the studies
included (e.g., 31.0% and 68.8%, respectively, for cidofovir). The dot-
ted vertical line represents the proportion of AKI across all studies
(i.e., number of patients with AKI across all studies divided by the
number of patients included in all studies)
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tazobactam, tobramycin, and vancomycin. Four were clas-
sified as high risk (> 20% pooled AKI rate): amikacin,
conventional amphotericin B, cidofovir, and trimethoprim/
sulfamethoxazole. In both studies evaluating trimethoprim/
sulfamethoxazole, treatment was the indication for antimi-
crobial receipt.

For most drugs, there was substantial variability in the
absolute rates of AKI reported across included studies,
varying from 5.4% (across the two studies that evaluated
caspofungin) to 59.6% (across the 44 studies that evaluated
vancomycin). The mean absolute variability in AKI rates
across the 18 drugs evaluated in multiple studies was 29.9%.

3.4 KDIGO/AKIN/pRIFLE AKI

Two thirds of included studies (n = 81) utilized pRIFLE,
KDIGO, or AKIN AKI criteria. These studies spanned 22
unique antimicrobials and 22,958 antimicrobial exposures.
The pooled AKI rate across all studies that evaluated AKI
using one of these definitions was 13.7% (n = 3134). Four-
teen drugs were evaluated in multiple studies using one of
these AKI definitions (Fig. 3); the pooled AKI rate ranged
from 5.5% (meropenem) to 53.6% (cidofovir). The variabil-
ity in AKI using these definitions was similar to that for

Meropenem (2) —— :
I
Teicoplanin (2) —
1
Cefepime (6) ~ —e— |
1
Liposomal amphotericin B (5) —
1
I
Acyclovir (6) —_—
]
Gentamicin (11) .
I
o Vancomycin (32)
=) 1
a] Lipid amphotericin B (3)  ————®

Tobramycin (6)

Piperacillin/tazobactam (11)

1
Colistin (12) :
Amikacin (4) i —_—
Conventional amphotericin B (5) : —
I
Cidofovir (2) : —_————————
1

0 10 20 30 40 50 60 70
Percent with AKI

Fig.3 Forest plot of acute kidney injury (AKI) using KDIGO, PRI-
FLE, or AKIN criteria. Only drugs that multiple studies evalu-
ated were included in this figure (total number of studies is shown
in parentheses). Black circles represent the proportion of AKI sum-
marized across all studies for a given drug. The tails of bars reflect
the minimum and maximum proportions of AKI among the studies
included. The dotted vertical line represents the proportion of AKI
across all studies

author-defined AKI (29.6%) and ranged from 7.8 to 57.4%
across drugs.

3.5 AKI Criteria Comparisons

For most drugs, the pooled AKI rates were lower in studies
that utilized an author-defined AKI definitions other than
KDIGO/AKIN/pRIFLE criteria. For instance, the pooled rate
of AKI for amikacin was 41.3% across four studies that used
KDIGO/AKIN/pRIFLE criteria versus 10.4% across four
studies that used different author-defined criteria. Similarly,
for conventional amphotericin B, the pooled rate of AKI was
47.5% across five studies that used KDIGO/AKIN/pRIFLE
criteria and 24.0% across the two studies that did not. The
pooled rate of AKI for cidofovir was 53.6% across two studies
that used the KDIGO/AKIN/pRIFLE criteria versus 31.0% in
the one study that did not. Cidofovir (53.6% [two studies] vs
31.0% [one study]), liposomal amphotericin B (11.8% [five
studies] vs 7.5% [three studies]), acyclovir (12.3% [six studies]
vs 2.2% [one study]), gentamicin (12.7% [11 studies] vs 4.9%
[six studies]), and colistin (17.3% [12 studies] vs 9.1% [seven
studies]) all had higher rates of AKI reported among studies
that utilized KDIGO/AKIN/pRIFLE criteria. The pooled AKI
rates for vancomycin were similar (13.2% vs 11.0%) regardless
of the definition used, as they were for cefepime (7.2% [six
studies] vs 7.9% [one study]). Meanwhile, piperacillin/tazo-
bactam (15.9% [11 studies] vs 25.9% [one study]) had higher
pooled AKI rates among studies that did not use KDIGO/
AKIN/pRIFLE criteria.

4 Discussion

In this review, which included 122 studies and 27,285 anti-
microbial courses in hospitalized children, we found that
AKI during antimicrobial treatment was common. Across all
of the studies, which included numerous classes of drugs and
varying patient populations, more than one in eight children
developed AKI while receiving antimicrobial treatment. In
total, there were 12 drugs that qualified for our definition of
medium-risk or high-risk agents, associated with AKI devel-
opment in more than 10% and 20% of pediatric recipients,
respectively. While we cannot ascribe the AKI to receipt of
antimicrobials directly, as AKI in children being treated for
infections is often multifactorial, we believe that the findings
of our review are noteworthy.

First, while most of the drugs in the medium-risk and
high-risk groups are agents traditionally felt to be nephro-
toxic (e.g., vancomycin, aminoglycosides, amphotericin,
colistin, acyclovir), only a handful are routinely subjected
to therapeutic drug monitoring (TDM): vancomycin and
aminoglycosides. Most of the other higher risk drugs do
not regularly undergo TDM in children, which creates
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challenges for clinicians, despite dose-dependent toxicities
and known toxicity thresholds [19]. For instance, many of
these drugs have important indications for use in immu-
nocompromised individuals: colistin (multidrug-resistant
Gram-negative infections), amphotericin (invasive fungal
disease), trimethoprim/sulfamethoxazole (Prneumocystis
Jiroviecii infections), and cidofovir (cytomegalovirus infec-
tion). Furthermore, these drugs are often used in the set-
ting of severe or life-threatening infections, resulting in the
use of high dosages to mitigate the risk of treatment failure.
Without TDM, however, there is a significant risk of the
administration of toxic dosages, which may contribute to
the high rates of AKI seen with these agents. Therefore,
implementation of TDM may provide benefits and improve
the safety of some of these higher risk medications.

Second, piperacillin/tazobactam has become a drug of
particular interest in the AKI research field of late. It is
frequently co-administered with vancomycin and several
studies have found an increased rate of AKI in recipients
of vancomycin plus piperacillin/tazobactam compared with
vancomycin plus other f-lactam agents [20-22]. The pooled
AKI rate for piperacillin/tazobactam was noticeably higher
than for other p-lactams in our summative review, as well,
which is consistent with these reports. Yet, recent studies
have called into question the validity of this association as
the mechanism of the added nephrotoxicity risk has yet to
be defined and some experts theorize that much of the AKI
seen during concomitant vancomycin and piperacillin/tazo-
bactam may be a product of a false elevation of creatinine
rather than true kidney injury [23, 24], similar to what can
be seen with trimethoprim, which can inhibit tubular secre-
tion of creatinine. All studies evaluating AKI in recipients
of piperacillin/tazobactam in our review included a change
in serum creatinine as part of the definition. Regardless of
whether this finding reflects true or false AKI, changes in
serum creatinine impact clinical care. As vancomycin is
a known nephrotoxin, clinicians cannot ignore creatinine,
unless an alternative renal function biomarker is used. It
would be potentially dangerous to ignore a doubling of cre-
atinine in a patient receiving vancomycin simply because
they are also taking piperacillin/tazobactam. Until methods
to clinically distinguish true from false elevations in cre-
atinine are implemented (i.e., use of alternative urinary or
plasma biomarkers), vancomycin plus piperacillin/tazobac-
tam remains a precarious combination of drugs.

One of the goals of our review was to summarize the
incidence of AKI among pediatric recipients of various anti-
microbials. A significant challenge to this work is that the
majority of studies did not report concomitant medication
exposure with sufficient detail to tease out the unique con-
tribution of an antimicrobial to AKI development. Receipt
of other nephrotoxins, including secondary antimicrobials,
is common among hospitalized children being treated for
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infection [20]. Future studies examining pediatric antimi-
crobial-associated AKI should report concomitant medica-
tions to better assess the intrinsic and additive effects of
combination therapies on the development of AKI. Although
some studies examined specific combination therapies (e.g.,
vancomycin plus cefepime), many studies lumped second-
ary antimicrobials together, making it impossible to isolate
all antimicrobial use across studies. For instance, within the
12 included studies that evaluated AKI during piperacillin/
tazobactam treatment, all 2500+ children received concomi-
tant vancomycin, as well as other treatments. There were
no included studies that evaluated AKI among recipients
of piperacillin/tazobactam monotherapy. Thus, we cannot
conclude that 16% of all piperacillin/tazobactam recipi-
ents develop AKI. The study by Lu et al. [25] was the only
piperacillin/tazobactam study included that focused on
AKI during piperacillin/tazobactam treatment (as opposed
to vancomycin plus piperacillin/tazobactam). Although the
AKlT rate in this study was 7.7%, 89% of recipients received
concomitant nephrotoxins including vancomycin, acyclo-
vir, aminoglycosides, amphotericin, meropenem, or other
non-antimicrobial agents. Ultimately, as very few studies
reported AKI incidence separately for all combinations of
antimicrobials, we opted not to try to distinguish AKI during
monotherapy from AKI during combination treatments and
summarized AKI for each drug reported. This highlights the
difficulty in gauging the true nephrotoxicity risk associated
with any given drug.

Finally, we encountered substantial variability in AKI
rates across different studies of the same antimicrobial. This
was not unexpected and was, in part, due to the use of differ-
ent AKI definitions among studies. However, even among
studies that used similar AKI definitions (KDIGO, AKIN,
or pRIFLE criteria), the AKI rates reported varied widely
across studies of the same drug. This is likely because of
the substantial heterogeneity of patient populations studied
(i.e., neonates, general ward patients, critically ill), as well
as ascertainment bias. As detailed above, AKI is a hetero-
geneous process influenced by many factors. Nephrotoxic
medication exposure is just one contributory component to
the development of AKI in hospitalized children. While we
generated pooled estimates for AKI across numerous stud-
ies, the range of AKI rates reported across studies is also a
valuable piece of information. In many instances, clinicians
can gauge the risk of AKI based on the number of factors
present in an individual patient (e.g., severity of illness,
underlying comorbidities, concurrent medication exposure)
and the range of reported rates may allow better estima-
tion of the likelihood of AKI development than a single
point estimate. However, ascertainment bias also plays into
the range of AKI rates. Most studies of antimicrobial AKI
were retrospective such that detection of AKI was limited
based on when creatinine was measured clinically. A lack
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of a standardized approach to creatinine monitoring across
patients, institutions, and drugs can significantly influence
the capture rate of AKI across studies. Multinational reg-
istries that utilize both standardized and defined entry and
outcome criteria can also be used to help estimate AKI rates
across antimicrobials.

There are several important limitations to this work. First,
we intentionally summarized AKI rates across studies that
used different AKI definitions. This was done to explore
variability in the rates reported. However, even when sum-
marizing data among studies with similar AKI definitions,
heterogeneity in the study designs and biases within studies
likely contributed to variability in the AKI rates reported.
Thus, the pooled AKI rates should be interpreted with cau-
tion. Second, as mentioned above, concomitant medication
exposure was common but seldomly reported with sufficient
detail to reliably tease out unique antimicrobial exposures.
We summarized data for drugs that were explicitly reported,
but it is likely that many of the children studied had addi-
tional antimicrobial treatments that could not be accounted
for. Third, we did not attempt to determine the relative risk
of AKI during treatment with any antimicrobial agent. The
goal of our review was primarily descriptive, so that cli-
nicians could understand the range of AKI rates reported
among children treated with different drugs. Readers should
not use the pooled estimates nor the ranges reported in our
figures to compare the risk of toxicity from one agent to
another. The studies included in our review were highly vari-
able and our analytic approach was insufficient to inform
direct comparisons. Further, pooling of different popula-
tions (e.g., neonatal, critically ill) may obscure differences
in toxicity rates among various patient groups and disease
states. As data amass, future studies should focus on these
subpopulations. Last, like any structured review, the results
of this study are limited by the underlying data available.
Several of the antimicrobials were evaluated in <100 chil-
dren or only in a small number of studies. This likely reflects
our study’s strict selection criteria and limited research on
antimicrobial-associated AKI in children. However, the cer-
tainty around the AKI point estimates is limited, which is
why we opted not to generate confidence intervals surround-
ing the pooled estimates.

5 Conclusions

Among published studies, antimicrobial-associated AKI
occurred commonly in children exposed to antimicrobials.
Over 10% of the more than 27,000 antimicrobial courses
included in our review led to AKI. To our knowledge, this
is the first review to systematically evaluate rates of antimi-
crobial-associated AKI in pediatric patients. However, the

substantial heterogeneity in AKI definitions, patient popula-
tions, and study designs contributed to significant variability
in AKI rates across studies and drugs. Further, while we
evaluated all eligible published studies, AKI rates were less
commonly reported for drugs deemed to be “safer.”
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