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Abstract

Purpose of Review We aim to systematically review the literature on the effectiveness of pediatric antimicrobial stewardship
programs (ASPs) and antimicrobial stewardship (AS) strategies in the United States (US) inpatient setting. Furthermore, we
review current gaps and challenges for unique pediatric populations and those in ambulatory settings.

Recent Findings Misuse and overuse of antimicrobials have been identified as key factors for antimicrobial resistance (AR).
Multiple professional organizations support the implementation of hospital-based ASPs to decrease antimicrobial consumption,
improve patient outcomes, and reduce healthcare costs. There is limited data on the effectiveness of inpatient pediatric ASPs and
AS strategies in unique populations. Furthermore, there is a paucity of evidence on ASPs in ambulatory settings.

Summary This review contributes to the growing body of evidence that supports the use of pediatric ASPs to optimize antimi-
crobial therapy in the inpatient setting as well as in unique patient populations and ambulatory settings. Active stewardship is
critical and antimicrobial consumption is a key outcome metric for programs.

Keywords Pediatrics - Pediatric antimicrobial stewardship - Pediatric antimicrobial stewardship program - Antimicrobial

stewardship - Antimicrobial resistance

Introduction

Misuse and overuse of antimicrobials have been identified as
key factors for antimicrobial resistance (AR). In the setting of
limited new antimicrobial agents, AR is recognized as a crit-
ical public health threat to the United States (US) and is a
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growing global concern threatening the achievements of mod-
ern medicine [1, 2]. From 1999 to 2012, there has been a
significant increase in the prevalence of multidrug-resistant
(MDR) and carbapenem-resistant Pseudomonas aeruginosa
isolates in US children [3¢]. The Infectious Diseases Society
of America (IDSA) published landmark guidelines for the
development of an effective hospital-based stewardship pro-
gram based on evidence that antimicrobial stewardship pro-
grams (ASPs) reduce antimicrobial use, improve patient out-
comes, and reduce healthcare costs [4]. Recommendations
were largely based on studies and interventions on adult pop-
ulations. Core ASP strategies identified in the guideline in-
cluded formulary restriction with preauthorization and pro-
spective audit with feedback (PAF). Antimicrobial use in hos-
pitalized patients has been identified as an important measure
of ASP effectiveness [See].

Hospitalized pediatric and adult patients both commonly
receive antimicrobials, and ample opportunities exist to opti-
mize therapy in both patient populations. Gerber et al. [6]
found that 60% of children discharged from 40 freestanding
US children’s hospitals received at least one antimicrobial
agent. Similarly, Pakyz et al. [7] found that 63.5% of adults
discharged from 35 US academic health centers received an
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antimicrobial agent during hospitalization. The authors also
found that antimicrobial prescribing in adult patients was in-
creasing over time. In pediatric acute care settings, significant
variation in prescribing patterns exists for conditions such as
pneumonia, appendicitis, cystic fibrosis, and skin and soft tissue
infections [8]. The Centers for Disease Control and Prevention
(CDC) estimated that 30-50% of all antimicrobials prescribed
in hospitals are suboptimal or unnecessary; however, this is
primarily based on adult data [9].

A pediatric-focused ASP is imperative given the specific
needs of children, which diverges from adults by varying anti-
microbial dosing considerations, adverse events not commonly
seen in adults, and the potential for resistance in the setting of a
lifetime of antimicrobial exposure. Additionally, pharmacists
and physicians with specialized training in pediatrics will likely
provide more nuanced and informed antimicrobial recommen-
dations than those without. The number of pediatric centers
with formal ASPs is growing, although these programs differ
widely in structure and function [10]. Hersh et al. [11¢] ob-
served an overall decrease in antimicrobial use, defined as days
of therapy (DOT) per 1000 patient days (PD), across 31 free-
standing children’s hospitals with or without formal ASPs, al-
though the rate of decline was highest in those with a formal-
ized ASP. There are limited data on the effectiveness of
hospital-based pediatric ASPs. Formal recommendations do
exist for ambulatory settings, although evidence on the effec-
tiveness of these strategies is limited [12¢]. A systematic review
of studies published through March 2014 evaluated the effec-
tiveness of inpatient pediatric ASPs and other supplemental
antimicrobial stewardship (AS) interventions based on the fol-
lowing outcome measures: antimicrobial utilization, antimicro-
bial or healthcare costs, prescribing errors, antimicrobial resis-
tance, patient harm, or physician satisfaction [13+]. A reduction
in antimicrobial utilization was most commonly found, and
where evaluated, no short-term adverse patient outcomes were
identified within the study periods.

Herein, we aim to systematically review the literature on
the effectiveness of pediatric ASP and AS strategies in the US
inpatient setting published since 2014 using similar outcome
measures to those utilized in the systematic review published
by Smith et al. in 2015 [13+]. We also aim to summarize the
most recent literature on AS strategies for unique pediatric
populations and those in ambulatory settings as well as review
current gaps and challenges for these groups.

Methods
Search Strategy
A PubMed search was performed to identify studies from April

1, 2014 to September 8, 2017 published in the English lan-
guage. Search terms used alone and in combination included
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“antimicrobial,” “stewardship,” and “pediatric.” This was sup-
plemented by review of references for relevant studies to iden-
tify additional articles. Searches were combined and duplicates
were removed.

Study Review and Selection

We included studies that focused on specific outcomes of pedi-
atric ASPs implemented in inpatient settings including antimi-
crobial utilization, healthcare costs, patient harm, or antimicro-
bial resistance. Studies were excluded if these were conducted
outside the US, if no intervention was implemented, or if an
assessment of the intervention was not completed. We divided
our inpatient analysis into those studies examining comprehen-
sive ASPs and those evaluating specific AS strategies. Studies
on neonatal intensive care unit and hematology-oncology pop-
ulations were not divided and were discussed separately due to
the small number of studies and to review current knowledge,
gaps, and challenges in these unique groups. Studies in ambu-
latory settings were not systematically reviewed, but pertinent
current knowledge, gaps, and challenges were also summarized.

Results
Literature Search and Study Selection

Our literature search yielded 258 articles, of which 17 met the
inpatient inclusion criteria, of which nine described ASPs,
three described AS-based strategies, four focused solely on
NICU ASPs and AS strategies, and one focused solely on an
AS intervention in hematology-oncology patients (see Fig. 1).
Two studies described ASPs in ambulatory settings and were
used to summarize current gaps and challenges.

Inpatient Setting: Studies Focused on Formal ASP
and AS Strategies

Table 1 provides major findings of nine studies analyzing
specific outcomes of inpatient pediatric-ASP interventions
(excluding studies focused solely on NICU or hematology/
oncology populations). Studies originated from single centers,
two of which were non-freestanding children’s hospitals:
Randall Children’s Hospital and New York University
Langone Center; the remaining studies originated from free-
standing children’s hospitals: Children’s Hospital Colorado
Anschutz Medical Campus, Children’s Hospital of
Pittsburgh, Children’s Hospital of Philadelphia, Monroe
Carell Jr. Children’s Hospital at Vanderbilt, Le Bonheur
Children’s Hospital, Children’s Hospital of Detroit, and
Alfred DuPont Hospital for Children. All studies evaluated
PAF, while 6/9 studies evaluated a component of antimicrobial
restriction.
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Fig. 1 Literature flow diagram

258 articles identified °
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Articles excluded:
Studies on adults (24)
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* Reviews, letters, notes, conference

abstracts (68)

66 studies reviewed .

* Not related to outcome measures
(84)
Case reports or series (6)

\4

Articles excluded:

19 studies reviewed

e Adult/pediatric not reported
separately (1)
¢  Not related to outcome measures

(36)
e NoASP (1)

4 NICU

17 studies met inpatient criteria
e 12 general population

* 1 hematology/oncology
* (2 ambulatory included for
global review)

¢ Conducted outside US (9)

Antimicrobial Utilization

Seven studies reported reductions in antimicrobial utilization,
measured in DOT per 1000 PD. Two studies focused on ASPs
in non-freestanding children’s hospitals. Turner et al. [14¢] re-
ported on the impact of a 72-h automated PAF on antimicrobial
use. Authors highlight a 16.8% overall decrease in antimicro-
bial DOT per 1000 PD and a 38% decrease in vancomycin use
(38 to 23 DOT per 1000 PD). Lighter-Fisher et al. [15¢] imple-
mented a formal ASP with clinical practice guidelines (CPGs),
a 48-72-h automated PAF, and restriction of six antimicrobials
(daptomycin, polymyxin B sulfate, linezolid, tigecycline,
flucytosine, and voriconazole) in a non-freestanding children’s
hospital. They found a decrease in the overall aggregate medi-
an monthly antimicrobial use from 803 to 761 DOT per 1000
PD. Furthermore, an additional metric, length of therapy
(LOT), was used and showed similar results.

Hurst et al. [16°] also reported on antimicrobial utilization
using a unique ASP strategy. The authors implemented a
“handshake stewardship” program defined by lack of restric-
tion and preauthorization, review of all prescribed antimicro-
bials, and a rounding-based, in-person approach to provide
feedback by a pharmacist-physician team. This approach ef-
fectively reduced hospital-wide antimicrobial consumption by
10.9% (942 to 839 DOT per 1000 PD). Furthermore, the au-
thors observed a 25.7% reduction in vancomycin use (105 to
78 DOT per 1000 PD) and a 22.2% reduction in meropenem
use (45 to 35 DOT per 1000 PD).

Willis et al. [17¢] implemented an ASP primarily focused on
PAF, but that also included elements of prior authorization and
CPG development that led to an 11.1% reduction of all paren-
teral antimicrobial DOT per 1000 PD. Prior to implementation,
antimicrobial consumption was decreasing at a rate of 3.7%/
year, which was similar to other freestanding hospitals in a large

comparator group (median decline, 3.4%/year). After imple-
mentation, the median decline for the study hospital was
11.1%/year compared to 5.6%/year for other hospitals over the
same time period. The authors observed that the ASP’s impact
was greater than would have been expected based on secular
trends.

Two studies focused on vancomycin reduction. The first
study observed a 21.9% decrease in vancomycin use (114 to
89 DOT per 1000 PD) after implementation of an ASP pro-
gram focused on automated PAF at 72 h [18¢]. When com-
pared with utilization at similar children’s hospitals with and
without established ASPs, the authors found a significant re-
duction, although there was no difference in the slope of
change of vancomycin DOT compared to children’s hospitals
with ASPs. The second study reported a 45% decline in van-
comycin use (378 to 208 DOT per 1000 PD) after implemen-
tation of PAF [19¢]. Nguyen et al. [20¢] observed a 25% re-
duction in vancomycin use (138.2 to 104.2 DOT per 1000 PD)
and 31% reduction in meropenem use (20 to 13.8 per 1000
PD) after implementation of PAF, restriction, and CPGs.

Antimicrobial Costs

Three studies reported changes in antimicrobial costs after
introduction of ASPs; all three studies showed decreases, al-
though there was a variation in what the costs were attributed
to. Turner et al. [14¢] reported a decrease of $67,000/year in
drug acquisition costs over the 2-year post-intervention peri-
od. Gillion et al. [18¢] observed a reduction of pharmacy costs
associated with the use of vancomycin by 41% over the 2-year
post-intervention period. No quantitative monetary value was
provided. Willis et al. [17¢] also reported on their cost savings.
After ASP implementation, monthly median expenditures for
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Table 1 Description of ASP-based studies and specific outcomes assessed

Study ASP strategy Study design Study Outcomes  Findings

years measured

Turner [14¢] 72 h PAF ITS with control 20122015 U, H,C U: reduction in overall antimicrobial use by 16.8%

group (exclude (DOT per 1000 PD); vancomycin use decreased
NICU/ED) by 38% (38 to 23 DOT per 1000 PD)

H: no change in hospital LOS or mortality rates

C: drug acquisition costs savings of $67,000/year
over 2-year post-intervention

Lighter-Fisher [15¢]  PAF, restriction, Retrospective 20112015 U,R U: total antimicrobial DOT decreased

CPGs cohort R: no overall change in susceptibility profiles of
common bacterial pathogens

Hurst [16°] PAF, “handshake Retrospective 20102014 U U: total antimicrobial DOT decreased by 10.9%

stewardship” cohort (942 to 839 DOT per 1000 PD), vancomycin
DOT decreased by 25.7% (105 to 78 DOT per
1000 PD), meropenem DOT decreased by 22.2%
(45 to 35 DOT per 1000 PD)
Willis [17¢] PAF, restriction, ITS with control 20092013 U, C U: total antimicrobial DOT decreased by 11.1%;
CPGs group was decreasing at rate of 3.7% (similar to 3.4%
across children’s hospitals)

C: monthly median expenditures for all parenteral
antimicrobials decreased by $42,647 ($136,121
to $93,474)/month

Gillion [18] PAF ITS with control 2009-2014 U, C U: vancomycin DOT decreased by 21.9% (114 to

group 89 DOT per 1000 PD); no difference in use of
vancomycin compared to institutions with ASP;
use of vancomycin was lower compared to
hospitals without ASP

C: pharmacy costs associated with the use of
vancomycin decreased 41%

Chan [19¢] PAF, restriction ITS 2007-2013 U U: vancomycin DOT decreased by 45% (378 to
208 DOT per 1000 PD) after PAF; no further
significant reduction after implementation of
restriction

Nguyen [20¢] Restriction, 72 Quality 2008-2013 U U: vancomycin DOT decreased by 25% (138.2 to

h PAF, CPGs improvement: 104.2 DOT per 1000 PD); meropenem DOT
ITS decreased by 31% (20 to 13.8 DOT per 1000 PD)

Molloy [21¢] PAF, restriction ITS 2013-2014 H H: no change in mean LOS, all-cause in hospital
mortality, and all-cause readmission

Ross [22¢] Restriction with Retrospective 20092013 H H: no change in in-hospital mortality, LOS, or

automated EMR Cohort readmission rates

stop order, PAF

ASP, antimicrobial stewardship program; PAF, prospective audit with feedback; /7S, interrupted time series; NICU, neonatal intensive care unit; £D,
emergency department; U, utilization; H, harm; C, cost; DOT, days of therapy; PD, patient days; LOS, length of stay; CPG, clinical practice guidelines; R,

resistance; EMR, electronic medical record

all parenteral antimicrobials decreased by $42,647/month
over the 2-year post-intervention period.

Patient Harm

Three studies reported on potential adverse outcomes associat-
ed with ASP interventions; none of the studies reported any
adverse outcomes. Turner et al. [14¢] did not observe any dif-
ference in hospital length of stay (LOS) or in-hospital mortality
2 years following implementation of a formal ASP. Molloy et
al. [21¢] found similar results in addition to no change in all-
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cause readmission after ASP implementation of a formalized
ASP. Ross et al. [22¢] implemented an antimicrobial restriction
strategy with an automated electronic medical record (EMR)
stop order and did not observe a change in hospital mortality,
LOS, or readmission rates during the study period.

Antimicrobial Resistance

One study reported on AR. Lighter-Fisher et al. [15¢] observed
overall stability in susceptibility patterns of common patho-
gens over the 4-year study period with some decreases in
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antimicrobial resistance in gram-negative organisms. Rates of
susceptibility to piperacillin-tazobactam increased among
Enterobacter cloacae and Klebsiella pneumoniae isolates
pre and post implementation of a formal ASP. Authors also
observed increased susceptibility rates of P. aeruginosa to
gentamicin and Escherichia coli to cefoxitin.

Inpatient Settings: Studies Focused on Supplemental
Strategies

Three studies analyzed specific outcomes of AS supplemental
strategies; all three focused on CPGs. One study used an
interrupted time series (ITS) analysis, while two conducted
retrospective cohort studies. Two studies evaluated utilization
and cost, while one study evaluated harm and cost.

Antimicrobial Utilization

Rutman et al. [23¢] described the impact of a community-
acquired pneumonia (CAP) CPG at an institution without a
formal ASP. The CPG recommended the use of ampicillin as
the preferred empiric therapy for patients hospitalized with
uncomplicated CAP. Among children with uncomplicated
CAP, the authors report an increase in ampicillin use from
8% pre-CPG to 63% post-CPG (DOT per 1000 PD). The
CPG was also associated with an increase in CPG-
recommended diagnostic testing with an increase in blood
cultures and respiratory viral testing among admitted patients.

Prior to implementation of a formal ASP, Lee et al. [24¢]
developed multiple CPGs for patients in their institution’s pe-
diatric, NICU, and cardiac intensive care units (ICUs) and
evaluated antimicrobial utilization. Post guideline implemen-
tation, overall antibiotic use decreased by 41, 21, and 18%
(DOT per 1000 PD), and targeted broad-spectrum antibiotic
use decreased by 99, 75, and 61% (DOT per 1000 PD) in the
pediatric, NICU, and cardiac ICUs.

Antimicrobial Costs

The CAP CPG study [23¢] did not observe any change in costs
of care for admitted patients and for patients discharged from
the emergency department (ED) before and after CPG imple-
mentation. Hurst et al. [25] evaluated costs associated with a
new guideline in an institution with a formal ASP. The authors
described a simplified once-daily regimen of ceftriaxone and
metronidazole in perforated, non-perforated, and abscessed
cases of appendicitis compared to the historic regimen of
cefoxitin or ertapenem. Over the 3-year study period, total
antibiotic savings were over $110,000. After implementation
of multiple ICU-specific guidelines, Lee et al. [24¢] observed
a 62% decline in yearly purchases of the most common broad-
spectrum antibiotics from $230,059 to $86,887.

Patient Harm

The CAP CPG study assessed potential negative outcomes of
implementing new guidelines. Rutman et al. [23<] did not
observe any significant change in mean ED LOS, percentage
of CAP admissions, or mean inpatient LOS 12 months before
and after implementation of a CAP CPG. The appendicitis
CPG study also assessed potential adverse effects of
implementing a new guideline. Hurst et al. [25] found no
difference in hospital LOS or post-operative abscess rates be-
fore and after implementation.

Unique Patient Populations
Neonatal Intensive Care Unit Patients

Antimicrobials are the most commonly prescribed medica-
tions in NICUs [26]. The majority of antimicrobials prescribed
are empiric and narrow-spectrum, with only a small fraction
directed toward culture-proven infection [27]. Due to an im-
mature immune system and frequent need for invasive medi-
cal devices, these patients are at significant risk for infection;
however, antimicrobial overuse may lead to MDR, invasive
candidiasis, or necrotizing enterocolitis (NEC) [28-30].
Optimization of antimicrobial therapy is challenging due to
the high risk of infection coupled with the significant adverse
outcomes associated with antimicrobial use. Furthermore,
identifying infection in this patient population is difficult due
to non-specific symptoms.

Formalized ASP recommendations are lacking for the NICU
setting, although expert guidance has been published [31] and
international collaborations among NICUs exist [32]. Shulman
et al. [33] observed a 40-fold variation in antimicrobial use
among 127 California NICUs, with an overall antimicrobial
utilization rate [AUR], as defined by the total number of PD
that infants were exposed to one or more antibacterial or anti-
fungal agents per 100 PD, which varied from 2.4 to 97.1%.
Suggested stewardship interventions include optimization of
culture techniques, guidelines for empiric therapy based on
NICU-specific antibiograms, use of ancillary laboratory tests,
and prompt discontinuation of therapy if infection is no longer
suspected [34]. Pneumonia and “culture-negative sepsis’ have
been identified as frequent reasons for prolonged antimicrobial
therapy and potential target areas to reduce treatment duration
[27].

Table 2 provides major findings of four studies analyzing
specific outcomes of core and supplemental AS interventions.
Studies originated from six centers: Yale-New Haven
Children’s Hospital, Parkland Hospital, Children’s Memorial
Hermann Hospital, Brigham and Women’s Hospital,
Massachusetts General Hospital, and New York-Presbyterian
Hospital. Two studies used PAF and four studies implemented
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U: 12.8% reduction in ampicillin use (119 to 103 DOT per 1000 PD)

Single-center,

2011-2016

Quasi-experimental,

Multidisciplinary team,

Nzegwu [35¢]

Level 1V, 54-bed

Single center,

ITS
Quasi-experimental

CPGs, PAF, restriction

CPGs for pneumonia,

U: total antimicrobial DOT decreased by 27% (343 to 252 DOT per

U,H,R

20112014

Cantey [36¢]

1000 PD)
H: no difference in safety outcomes (reinstitution of antibiotic within

level IIC, 90-bed

culture-negative sepsis

and 48-h sepsis rule out

14 days, length of hospital stay, composite of late-onset sepsis,

NEC, or mortality)

R: no differences in proportion of infants colonized with

multidrug-resistant organisms
U: number of vancomycin episodes decreased from 118 to 35 with

U, H

Single-center,

20122014

Quality improvement:

CPGs for late-onset sepsis

Holsman-Pazgal [37]

guideline; no change in episodes after implementation of PAF

level II-1V, 118-bed
H: no change in 30-day mortality

ITS

and NEC, PAF

U: vancomycin DOT decreased by 35% (6.9 to 4.5 DOT per 1000 PD)

U,H

Multicenter,

2005-2008

Quality improvement:

CPG for late-onset sepsis

Chiu [38]

at site 1 and 62% (17 to 6.4 DOT per 1000 PD) at site 2
H: no change in incidence of late-onset sepsis, cases of meningitis, or

level IIIB-C,

quasi-experimental

guideline

68-bed (combined)

death due to late-onset sepsis

AS, antimicrobial stewardship; CPG, clinical practice guideline; PAF, prospective audit with feedback; /7S, interrupted time series, U, utilization; DOT, days of therapy; PD, patient days; R, resistance; H,

harm; NEC, necrotizing enterocolitis

CPGs for common infections. One study used antibiotic re-
striction. Most outcomes focused on antimicrobial utilization.

Nzegwu et al. [35¢] created a formal NICU ASP using PAF
and CPGs, which was led by a multidisciplinary team (includ-
ing a pediatric infectious disease physician and a pediatric
clinical pharmacist). Prior to implementation, this institution
was using formulary restriction for select antimicrobials. After
implementation, there was a 12.8% reduction in ampicillin use
(119 to 103 DOT per 1000 PD). The number of attending-
specific late-onset sepsis evaluations and antimicrobial pre-
scription events per 100 days of NICU service was assessed.
There was an average reduction of 2.65 late-onset sepsis eval-
uations and prescription events per year per provider. The
authors attribute their success to effective PAF.

Cantey et al. [36¢] implemented AS interventions targeted
at three areas accounting for a high proportion of antimicrobial
consumption at their institution. Interventions included
implementing an electronic “hard stop” for rule-out sepsis
courses beyond 48 h and limiting treatment duration of culture
negative sepsis and suspected pneumonia to 5 days. After
implementation, overall antimicrobial utilization decreased
by 27% (343 to 252 DOT per 1000 PD) without any short-
term adverse outcomes. There was no change in the preva-
lence of MDR organism colonization between the two study
periods.

Two studies focused on CPGs to reduce vancomycin utili-
zation. Holzmann-Pazgal et al. [37] recommended the use of
nafcillin instead of vancomycin for initial therapy of late-onset
sepsis evaluation, unless a patient was known to be colonized
with MRSA, and substitution of ampicillin instead of vanco-
mycin for NEC. Antimicrobial administration episodes were
collected and defined as initiation of an antimicrobial for any
infant undergoing a late-onset sepsis evaluation; episodes
were considered discrete if separated by prior antimicrobial
use by 3 days. Observed administration episodes of vancomy-
cin decreased from 118 to 35 over a 5-month period with no
change in 30-day mortality. After implementation of PAF,
there was no further reduction in episodes. Chiu et al. [38]
implemented a narrow-spectrum late-onset sepsis guideline.
There were 35 and 62% decreases in vancomycin use (6.9 to
4.5 per 1000 PD and 17 to 6.4 per 1000 PD) across two
centers. There was no change in cases of meningitis or death
due to late-onset sepsis across the two centers.

Oncology, Bone Marrow Transplant, and Solid Organ
Transplant Patients

Oncology and transplant patients frequently utilize antifungal
and antiviral therapy for both treatment and prophylaxis for
high-risk conditions. In 2016, IDSA and SHEA recommended
an expansion of stewardship activities to include antifungal
therapy [4]. Goldman et al. [39¢] observed significant variabil-
ity in antifungal and antiviral therapy prescribing in high-risk
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children among 47 freestanding children’s hospitals. These
agents serve as important targets in pediatric stewardship be-
cause they are costly, have a high rate of adverse drug effects,
and require therapeutic drug monitoring, their inappropriate
use can drive resistance, and they are often used for prophy-
laxis or treatment of high-risk infections.

A cross-sectional survey of AS practices in pediatric oncol-
ogy across over 100 institutions in North America and
Australasia revealed that 41/45 (91%) institutions had a for-
mal ASP [40]. Commonly reported ASP activities in hospitals
with formal ASPs included CPGs (80%), dose optimization
(78%), resistance monitoring (76%), PAF (71%), monitoring
of cultures (7%), clinician education (64%), and intravenous
to oral strategies (62%).

There are few studies evaluating AS specifically for pedi-
atric hematology-oncology patients. Only one study was iden-
tified. Wattier et al. [41] observed mixed long-term effects on
ciprofloxacin and tobramycin DOT per 1000 PD after imple-
mentation of a febrile neutropenia guideline. After establish-
ment of a formal ASP using PAF as their core strategy, they
observed a sustained decrease in DOT per 1000 PD of
tobramycin and ciprofloxacin. There was no change in fre-
quency of resistance to ciprofloxacin among gram-negative
isolates during the study period.

Ambulatory Settings
General Pediatric Practice

Antimicrobials are the most commonly prescribed medi-
cations for children [42] and are prescribed in 17-18.7%
of all pediatric outpatient visits [42—44]. The most com-
mon reason for prescribing antimicrobials in the ambula-
tory setting is treatment of acute respiratory tract infec-
tions (ARTIs) [45]. The five most common childhood
ARTIs are acute otitis media (AOM), sinusitis, bronchitis,
upper RTIs, and pharyngitis. Significant variation exists
across various primary care practices in prescribing rates,
in preference for broad-spectrum agents, and in diagnosis
and treatment choices for individual ARTIs [44]. In the
post-pneumococcal conjugate vaccine era, an estimated
27.4% of US children with ARTIs have bacterial illness,
although antimicrobials are prescribed twice as often dur-
ing outpatient visits for evaluation of ARTIs [46]. Patients
and physicians share concerns regarding a missed bacterial
infection and the development of serious sequelae, al-
though the major benefits of antibiotics for sinusitis and
AOM are limited to symptom resolution [45].
Furthermore, in 2011, the Pediatric Infectious Diseases
Society (PIDS) and the IDSA developed evidence-based
CPGs for CAP in infants and children [47]. Handy et al.
[48+] observed wide variation in antimicrobial choice for
CAP across 31 primary care pediatric practices,

independent of microbiologic etiology. Despite current
guidelines recommending amoxicillin for most children
with CAP, the majority of patients in this retrospective
cohort were prescribed macrolides.

Formal AS recommendations exist for ambulatory set-
tings and encompass four core elements: commitment, ac-
tion for policy and practice, tracking and reporting, and
education and expertise [12¢]. Outpatient providers should
commit to optimize antimicrobial prescribing by creating
at least one policy or practice targeted to improve utiliza-
tion. Unfortunately, there are limited studies evaluating the
effectiveness of AS in this setting. Only one study was
identified in our review. A cluster randomized trial across
18 community-based pediatric care practices of an outpa-
tient AS intervention focused on PAF and led to a 50%
relative reduction in prescribing rates for broad-spectrum
antimicrobials [49]. Authors observed a 12.5% reduction
in broad-spectrum prescribing (DOT per 1000 PD) among
intervention practices vs 5.8% (DOT per 1000 PD) in con-
trols. A follow-up survey assessing physician perceptions
of the PAF intervention and antimicrobial use found that
many physicians believed antimicrobial use was a prob-
lem, but the intervention was viewed with skepticism [50].
Gerber et al. [51] continued to study sites for an additional
18 months beyond the intervention and antimicrobial pre-
scribing increased from 16.7 to 27.9% (DOT per 1000 PD)
in the intervention group and from 25.4 to 30.2% (DOT
per 1000 PD) in controls.

Emergency Department

No studies assessing the effectiveness of ED-based pediatric
ASPs have been conducted. The ED has unique challenges in
stewardship due to the fast-paced setting, frequent need for
empiric antimicrobial therapy in the absence of a confirmatory
diagnosis, and essential role in obtaining relevant cultures
before therapy is started [52]. In a retrospective cohort at a
single ED, Watson et al. [53] observed that half of patients less
than 21 years of age prescribed empiric antimicrobial therapy
for a presumed urinary tract infection (UTI) did not have a
positive urine culture to confirm the UTI diagnosis. This study
highlights an opportunity for diagnostic test stewardship.
Mistry et al. [54¢] conducted a cross-sectional survey of 37
children’s hospitals participating in the Sharing Antimicrobial
Resistance Practices (SHARPs) collaboration and found that
production of antibiograms (77.8%) and creation of CPGs for
pneumonia (83.3%) were the two main AS activities reported
for the ED. In this multicenter study, no hospital ASPs actively
monitored outpatient ED prescribing. Most ED leaders pre-
ferred a clinical decision support tool integrated into the elec-
tronic medical record (EMR) for implementation of an ED-
based ASP.
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External regulatory pressures (such as compliance with
sepsis management metrics) can be at odds with AS in EDs.
Multiple studies have demonstrated improved mortality in se-
vere sepsis and septic shock with timely antimicrobial admin-
istration [55, 56]. Current surviving sepsis guidelines recom-
mend administration of broad-spectrum antimicrobial therapy
within 1 h of recognition of septic shock and severe sepsis
without septic shock whether they are located in the general
ward, in the ED, or in the ICU [57¢¢]. The Centers for
Medicare and Medicaid Services (CMS) issued core measures
for the management of sepsis on October 1, 2015, including
the administration of broad-spectrum antimicrobial therapy
within 3 h of presentation of severe sepsis [58]. A large sys-
tematic review and meta-analysis in adult patients did not find
a significant mortality benefit of administering antibiotics
within 3 h of ED triage or within 1 h of shock recognition in
severe sepsis and septic shock [59]. The diagnosis of sepsis is
multifactorial and complex, and there is no gold standard def-
inition for sepsis, severe sepsis, or septic shock in pediatric or
adult patients. Adult patients presenting to an academic ED
with suspected sepsis based on the evidence of two or more
systemic inflammatory response syndrome (SIRS) criteria
were found to have a confirmed bacterial infection 36% of
the time, while 35% were classified as suspected bacterial
infection without microbiologic evidence. Despite the absence
of proven bacterial disease in 29% of the patients, median
antimicrobial duration was 7 days [60]. The initial antimicro-
bial choice made by the ED may have significant influence on
what therapy is continued on the inpatient setting and repre-
sents an important opportunity for AS intervention.

Outpatient Parenteral Antimicrobial Therapy

Osteomyelitis is the most common condition managed by out-
patient parenteral antimicrobial therapy (OPAT), and there is a
significant variation in OPAT use for this condition [61].
Furthermore, complications with OPAT are common [62],
and there is increasing evidence that OPAT is overused and
misused. A retrospective cohort study at a large academic
children’s hospital revealed that OPAT episodes without infec-
tious disease consultation were most commonly: intra-abdom-
inal infections (29%), central line infections/bacteremia
(28%), cystic fibrosis exacerbations (9%), and UTI/pyelone-
phritis (7%) [63]. Of these OPAT cases, the authors deter-
mined that 40% of the time OPAT was not indicated.
Goldman et al. [64¢] studied OPAT in a large population of
US children enrolled in Medicaid and found a high rate of
adverse events coupled with administration of systemic agents
that are highly bioavailable that could be given orally.
Traditionally, ASP involvement in OPAT has been limited.
One study described one ASP’s experience in including
OPAT. Hersh et al. [65¢] implemented multiple strategies to
detect and review cases of patients being discharged with an
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OPAT prescription. The number of children discharged on
OPAT with infectious disease consultation increased from 47
to 87%, and OPAT use (defined as the number of patients per
month discharged with OPAT per 1000 hospital discharges)
decreased by from 23.4 to 17.8 per 1000 discharges during the
intervention period.

Other Considerations
Metrics

Traditionally, volume-based metrics, such as DOT per 1000
PD, have been used to compare antimicrobial use in hospital-
ized patients [66°¢]. This method provides a standard measure-
ment to compare antimicrobial consumption data across hos-
pitals, but it does not take into account the antimicrobial spec-
trum of drug exposure. A hospital that uses more narrow-
spectrum antimicrobials may have the same overall DOT per
1000 PD as a hospital that uses broader-spectrum antimicro-
bials. Furthermore, an AS intervention to change from broad-
spectrum monotherapy to two more narrow antimicrobials
would result in higher overall DOT per 1000 PD. To address
these issues, Gerber et al. [67¢] developed an antibiotic spec-
trum index (ASI) to measure and compare the broad spectrum
of antimicrobial use across US children’s hospitals. This met-
ric, based on spectrum of activity against clinically relevant
pathogens, provides a new opportunity to assess ASPs along
with the standard metric of DOT per 1000 PD. The authors
created a novel scoring system, which assigns a point value
based on the spectrum of activity of antimicrobials against
clinically important isolates. For example, amoxicillin’s ASI
is 1, while vancomycin and meropenem have ASIs of 5 and
10, respectively. Aggregate ASIs for a single day are obtained
by calculating and summing the ASI of all antimicrobials
prescribed and reported as ASI per antibiotic day. Using the
Pediatric Health Information System (PHIS), the authors iden-
tified children across 44 freestanding US children’s hospitals
discharged with the diagnosis of CAP. Examining the impact
of AS strategies targeting CAP to choose more narrow-
spectrum empiric therapy revealed no change in DOT per
1000 PD, but did reveal a reduction in ASI per antibiotic
day indicating an overall change from broader to more narrow
antimicrobial therapy. This metric may be helpful in evaluat-
ing the effectiveness of ASP at decreasing the utilization of
broad-spectrum antimicrobials.

Discussion

A growing body of evidence suggests the use of ASPs to
optimize antimicrobial therapy. In 2014, the CDC recom-
mended that all acute care hospitals implement an ASP [68].
Effective on January 1, 2017, the Joint Commission required
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all hospitals to have an ASP based on current scientific liter-
ature [69¢¢]. Furthermore, CMS has proposed that hospitals
and critical access hospitals be required to implement ASPs
for appropriate use of antimicrobials [70].

ASPs have been formally recommended since 2007 by the
IDSA, but there are few studies evaluating the effectiveness of
pediatric ASPs. A previous systematic review [13¢] of inpa-
tient ASPs found nine studies evaluating comprehensive
ASPs and eight studies evaluating AS strategies. The nine
studies on formal ASPs originated from only four centers.
This review found nine additional studies on formal ASPs in
the inpatient setting. Each study originates from a different
institution, including two non-freestanding children’s hospi-
tals. In comparison, a systematic review of inpatient adult
ASPs from years 2000 to 2013 found 37 articles evaluating
the effectiveness of AS strategies [71]. Despite the small num-
ber of pediatric studies, these data suggest that pediatric ASPs
are expanding to institutions of various sizes and resources.

Inpatient pediatric ASPs within larger institutions have a
unique opportunity to create programs specific for the needs
of the population they serve. In two studies in non-
freestanding children’s hospitals [14¢, 15¢], PAF was an effec-
tive intervention in reducing antimicrobial utilization. After
implementation of a pediatric-specific ASP, Turner et al.
[14-] did not observe a change in antimicrobial consumption
at the attached adult facility (that did not participate in ASP),
suggesting that hospital-wide policy did not play a role in
reduction of antimicrobial consumption within the children’s
hospital.

The majority of inpatient pediatric-specific ASPs focused
primarily on PAF with or without restriction. One study effec-
tively reduced vancomycin usage with PAF alone, and the
addition of restriction did not lead to any further significant
reduction [19+]. Hurst et al. utilized a “handshake steward-
ship” that utilized PAF but not restriction [16¢]. This approach
was effective at reducing total antimicrobial consumption (in
DOT per 1000 PD). PAF alone may be an effective strategy to
decrease antimicrobial use and healthcare costs in pediatric
ASP.

No formalized AS recommendations exist for the NICU
setting, but some expert guidance has been published [31].
A high proportion of narrow-spectrum antimicrobials account
for overall antimicrobial prescribing in the NICU and are un-
likely to be monitored by most hospital-based ASPs. Review
of'the four published NICU-based studies indicates that CPGs
for common infections and targeted interventions have been
effective at decreasing antimicrobial utilization in this setting
and may serve as starting points for NICU-specific AS
strategies.

Despite the high utilization of antifungal and antiviral ther-
apy in pediatric hematology-oncology patients, there are lim-
ited published studies of targeted ASP interventions in this
unique population. Both NICU and hematology/oncology

patient populations likely fall under the scope of an inpatient
ASP, but each vulnerable population has unique challenges
necessitating nuanced, tailored AS strategies. Recently, the
CDC adapted core elements of hospital-based ASPs to expand
AS activities to a vulnerable adult population: residents of
nursing homes (NHs) [72]. A systematic review of ASPs in
NHs found evidence that suggests NH ASPs can reduce anti-
microbial prescriptions and improve provider adherence to
proposed AS guidelines [73¢]. Unique pediatric populations
may also benefit from specific AS activities, and more studies
to evaluate effective strategies in these unique pediatric groups
are needed.

There are limited data on ASP in ambulatory settings. A
cluster randomized trial [49] across multiple pediatric clinics
was effective at decreasing utilization of broad-spectrum anti-
microbials, but the impact was not sustained after the AS
intervention ended [51]. Extending ASP activities to ambula-
tory settings can be effective, but sustained efforts are critical.
There has also traditionally been limited ASP involvement in
the ED. The ED has many unique challenges, and further
studies are needed to determine which AS strategies are most
effective in this setting. Lastly, Hersh et al. [65¢] demonstrated
that OPAT stewardship can be successfully integrated into an
ASP with a reduction in patients discharged inappropriately
on OPAT.

Conclusions

Most of the formal inpatient ASPs reviewed conducted an
interrupted time series analysis (ITS) and were multiface-
ted, each with a slightly different approach. Few had com-
parison groups (no randomized control trials, and only
three ITS studies had control groups), and no study direct-
ly compared one intervention with another. Although the
current literature is limited, existing evidence indicates
that inpatient pediatric ASPs can reduce antimicrobial uti-
lization and costs without short-term adverse patient out-
comes. Data to support a link between ASPs and reduced
antimicrobial resistance are lacking. It is not possible to
outline a universally optimal pediatric ASP structure with
associated activities based on the current literature. Using
published national guidelines as a framework, pediatric
ASPs need to tailor their structure and activities based
on local resources and needs. The literature does suggest
that active stewardship is critical and that antimicrobial
consumption is a key outcome metric for programs.
There is a paucity of evidence on the effectiveness of
ASP strategies in the NICU and pediatric hematology/
oncology patients. To date, the majority of AS efforts
targeted the inpatient setting. However, outpatient settings
and emergency departments are important future targets
for ASPs.
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