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Introduction: Bloodstream infections (BSI) represent a common cause of sepsis and mortality in children. Early and adequate%
pirical antimicrobial therapy is a critical component of successful treatment of BSI. Rapid PCR-based diagnostic technologies, such
as nucleic acid microarrays, can decrease the time needed to identify pathogens and antimicrobial resistance and have the poten-
tial to ensure patients are started on adequate antibiotics as early as possible. However, without appropriate processes to support
timely and targeted interpretation of these results, these advantages may not be realized in practice. Methods: Our Antimicrobial
Stewardship Program (ASP) implemented a quality improvement initiative using the Institute for Healthcare Improvement’s Model for
Improvement to decrease the time between a nucleic acid microarray result for Gram-positive bacteremia and the time a patient was
placed on adequate antimicrobial therapy. The primary effective intervention was a near real-time natification system to the man-
aging physicians of inadequate antimicrobial therapy via a call from the ASP team. Results: Following the intervention, the average
time to adequate antimicrobial therapy in patients with Gram-positive BSI and inadequate coverage decreased from 38 hours with
the nucleic acid microarray result alone to 4.7 hours when results were combined with an ASP clinical decision support intervention,
an 87% reduction. Conclusions: The positive effects of rapid-detection technologies to improve patient care are enhanced when
combined with clinical decision support tools that can target inadequate antimicrobial treatments in near real time. (Pediatr Qual Saf

2019;4:e191; doi: 10.1097/pg9.0000000000000191; Published online August 5, 2019.)

INTRODUCTION

Bloodstream infections (BSI) represent a common
cause of sepsis and mortality in children,!-
with a high rate of morbidity and mortality ,0\\
in the United States.** An important factor $
in achieving the best outcomes from sepsis S
and bacteremia is early antimicrobial -«
therapy that properly targets the causa- =
tive pathogenic organism.%’” Delays in ap- &
propriate therapy lead to increased mor- %
tality and morbidity and increased length 7,
of hospitalization and healthcare costs.* %
Previous pediatric quality improvement proj-

ects in sepsis demonstrate that decreasing the
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time to adequate antimicrobial therapy leads to improve-
ments in care outcomes.'%!!
Antimicrobial resistance increasingly chal-
lenges our ability to provide adequate empir-
% ical coverage in patients with BSI even when
> using multiple, broad-spectrum agents.
The 24- to 72-hour delay inherent in tradi-
tional biological amplification techniques
for pathogen identification and suscep-
tibility testing leaves a large window
for inadequate antimicrobial therapy to
N continue undetected. Recently developed
rapid pathogen detection and identification
technologies attempt to narrow that window by
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providing this information to clinicians up to 42 hours
earlier through the use of nucleic acid microarrays.'>'? In
practice, reductions in actual time to adequate antimicro-
bial agents can be improved through partnerships with
antimicrobial stewardship teams' and direct communi-
cation with medical staff.”’

At Cincinnati Children’s Hospital Medical Center
(CCHMC), the Verigene Gram-Positive Blood Culture
(BC-GP) assay (Nanosphere Inc., Northbrook, IL) was
utilized for all initial blood cultures with Gram-positive
organisms starting in October, 2013. After implementa-
tion, the results were validated locally.'® Subsequently, the
Antimicrobial Stewardship Program (ASP) determined
that 1 of every 40 patients with a BC-GP result was on in-
adequate antimicrobial therapy. Interviews with care pro-
viders and diagnostic clinical laboratory staff indicated
that despite implementing the technology, our clinical
teams frequently did not act upon this new information
when it was available.

Based on these observations, our ASP undertook a
quality improvement initiative with a global aim of har-
nessing rapid pathogen identification technology to re-
duce adverse outcomes in patients receiving antimicro-
bial therapy. Adverse outcomes include effects related to
both overuse and underuse of appropriate antimicrobial
agents, including adverse drug reactions, prolonged in-
fection, and promotion of resistant bacterial overgrowth.
Our specific aim for this quality improvement project
was to reduce the time to adequate antimicrobial therapy
from 38 to 12 hours by June 1, 2016, for patients who
were on inadequate antimicrobial therapy at the time of
BC-GP results. We theorized that optimizing this pro-
cess would reduce the time to first negative blood cul-
ture through earlier initiation of adequate antimicrobial
therapy in patients with Gram-positive cocci bacteremia
who were receiving inadequate empirical antimicrobial
therapy.

METHODS

Context

CCHMC is a large, quaternary care pediatric center
with >700 beds spread over 2 inpatient facilities and
16 outpatient facilities. The health system has ~33,000
admissions, 170,000 emergency and urgent care visits,
and 1 million outpatient visits annually including many
patients at high-risk for bacteremia due to indwelling
central lines and immune compromise. The Diagnostic
Infectious Diseases Testing Laboratory has an average
of 57 positive blood cultures each month, with an av-
erage of 84% of these blood cultures collected from
inpatients. Before our improvement project, nurses
were notified of any BC-GP results and subsequently
notified providers. The ASP is led by an infectious dis-
eases physician and a clinical pharmacist with 0.5 FTE
each dedicated to stewardship activities. The ASP com-
mittee is composed of multidisciplinary representatives
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from the divisions of Infectious Disease and Hospital
Medicine as well as representatives from Infection
Control, the Diagnostic Infectious Diseases Testing
Laboratory, and data analyst support from the James
M. Anderson Center for Health Systems Excellence.
The ASP utilizes a clinical decision support system
(Vigilanz Corp, Chicago, IL), which provides nearly
instantaneous monitoring and notification of culture
results and antimicrobial orders to facilitate automated
and targeted interventions. In addition, CCHMC has
a quality improvement infrastructure coordinated via
the James M. Anderson Center for Health System’s
Excellence which has shaped institutional culture and
acceptance of improvement initiatives.

Planning the Intervention

The ASP team used the Institute for Healthcare
Improvement Model for Improvement!” as the frame-
work for this QI project. First, the team evaluated the
baseline scope of the problem by reviewing all cases of
Gram-positive cocci bacteremia in our clinical decision
support system from May 1, 2015 to April 27,2016. The
team identified patients without adequate antimicro-
bial therapy ordered at the time of any BC-GP result as
opportunities for intervention. Team members reviewed
the electronic medical records (EMR) for qualifying pa-
tient encounters and interviewed front-line providers
to understand the systems failures that led to delays
in changing to adequate antimicrobial therapy after
BC-GP results indicated a patient was on inadequate
therapy. The ASP team mapped the process of deliver-
ing BC-GP results to frontline providers to understand
key decision and failure points (Fig. 1). In addition to
understanding these provider-level factors, the ASP team
reviewed aggregated institutional microbiologic suscepti-
bility data to inform future interventions. A pareto chart
of the initial baseline cultures was created to display the
most common pathogens with inadequate antimicrobial
therapy in our baseline period (see Supplemental Digital
Content, available at http:/links.lww.com/PQ9/A110)
and baseline data were evaluated to establish the cur-
rent time to adequate therapy for the study population.
Finally, a review of current evidence on the risk of BSI
and implementation of rapid pathogen diagnostic tech-
nology was performed.

Based on this review, the ASP team developed a clinical
decision support pathway to identify and rapidly miti-
gate patients with BSI who were on inadequate therapy.
Using evidence-informed consensus building among key
stakeholders, the ASP team defined adequate therapy
for individual pathogen and resistance genes from the
BC-GP results (Table 1). These definitions were based
on published spectra against wild-type organisms modi-
fied by genotypic resistance markers.'® A previous study
at our institution had validated these genotypic mark-
ers against traditional phenotypic testing.'® Notably, the
team categorized vancomycin as inadequate therapy for
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Fig. 1. Gram-positive cocci bacteremia decision algorithm. Process map of the communication algorithm created to respond to a
BC-GP result with inadequate antimicrobial coverage and rapidly notify front-line clinical providers of the need to change antimicrobial
coverage. Flow diagram is organized by three clinical domains: Clinical Laboratory processes, Clinical Staff processes, and Vigilanz
Clinical Decision Support processes. New process steps created through this improvement project are located within the dashed line
box. Of note, the notification of bedside nurse by clinical laboratory of results was a part of standard workflow both before and after

the algorithm implementation.

Table 1. Criteria for Actionable Results

Organism

Resistance Genes

Adequate Therapy Definition

Staphylococcus aureus
Staphylococcus aureus

Staphylococcus lugdunensis or N/A
Coagulase-negative Staphylococci

Streptococcus pyogenes N/A

Streptococcus agalactiae N/A

Enterococcus faecalis N/A

Enterococcus faecium
Enterococcus faecium

mecA gene detected
mecA gene not detected

vanA or vanB genes not detected
vanA or vanB genes detected

Vancomycin; daptomycin; ceftaroline; linezolid

Cefazolin; nafcillin; piperacillin/tazobactam;
cefuroxime; ampicillin/sulbactam; cefepime

Vancomycin; daptomycin; ceftaroline; linezolid

Ampicillin; penicillin; cefazolin; cephalexin

Ampicillin; penicillin; cefazolin; cephalexin;
cefotaxime

Ampicillin; penicillin; piperacillin/tazobactam

Vancomycin

Daptomycin; linezolid; tigecycline

List of specific organisms and resistance genes found on the BC-GP diagnostic test. Adequate therapy was defined via a process of evidence-informed consensus
building. Specifically, an institutional antibiogram that indicated > 90% susceptibility to an antimicrobial agent and nanosphere correlation with phenotypic susceptibility

supported listing the agent as “adequate therapy.”

methicillin-susceptible Staphylococcus aureus (MSSA)
based on literature indicating that a beta-lactam anti-
microbial generally achieves more rapid clearance of the
bloodstream via increased bactericidal activity.”?° An
actionable result was defined as any patient who was
not on adequate therapy at the time a BC-GP result be-
came available. An algorithm was created to utilize our
clinical decision support tool to actively identify cases
of actionable results and create an automatic notifica-
tion to the designated ASP-team-member via a text mes-
sage using the hospital paging system (Fig. 1). This text
message was sent immediately regardless of the time of
day or if it was a weekend or holiday. After notification,

the ASP person-on-call would directly notify the primary
care team of the inadequate antimicrobial therapy. If ad-
equate antimicrobial therapy was not achieved after this
notification, the case was flagged for review at future ASP
meetings.

This quality improvement project was considered ex-
empt from formal review by the Cincinnati Children’s
Hospital Medical Center institutional review board.

Improvement Activities

Improvement activities are presented below in chronolog-
ical order and were implemented for the entire institution
unless otherwise noted.
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Initiating the Algorithm

To better understand any potential problems with algo-
rithm implementation, the ASP team first implemented
the algorithm for a single organism, MSSA. Automated
alerts were created in the clinical decision support
system. These alerts scanned all BC-GP results that were
positive for MSSA, specifically a species identified as S.
aureus and no mecA gene detected. If these patients did
not have an active order for a beta-lactam with activity
against MSSA, designated ASP team members were noti-
fied via a text page. No process errors were identified
for this subset of BC-GP results for 3 patients over a
1-month period, so the ASP team expanded the clinical
decision support algorithm to include all Gram-positive
organism BC-GP results. Results were reviewed by the
ASP team at weekly meetings when new data were
available.

Ongoing Review of Patient Cases and Special
Cause

After initial roll-out of the notification system, the ASP
group reviewed cases and special cause variations at on-
going meetings to assess the effectiveness of the interven-
tion and any potential gaps in the current notification
process. Specifically, after a series of patient encounters
for patients with actionable results that demonstrated
prolonged time to adequate antimicrobials, a system of in-
termittent case review was established to routinely review
outliers and better understand failures of the algorithm.

Provider Group Education

We performed 3 ramps of educational interventions.
Initially, we provided just-in-time information to indi-
vidual providers via a notification call from the ASP per-
son-on call. We subsequently provided large-group pre-
sentations with the Division of Hospital Medicine and the
Division of Infectious Disease.

Measures

We defined our primary outcome measure as time to ade-
quate therapy, the time difference between when a blood
culture within our study population became positive to
the time when an order for an adequate antimicrobial
agent was placed in the electronic order entry system. To
evaluate the impact of our interventions on patient-level
outcomes, we also measured time to first negative blood
culture, defined as the time difference between when a
blood culture became positive and the time when the first
subsequent culture was drawn which demonstrated no
bacterial growth with no further positive cultures within
7 days. This measure was evaluated individually for each
pathogen, as specific species had widely divergent times to
negative blood cultures. As our institution does not rou-
tinely collect multiple blood cultures from children, there
is some chance that growth from a blood culture may
represent contamination by skin flora. One population
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which was excluded from the measure due to an anecdo-
tally high false-positivity rate were patients with epider-
molysis bullosa.

Analysis

Measures were evaluated using statistical process control
charts and run charts,>?> and the Western Electric rules
for determining special cause variation were employed.
Time to adequate antimicrobial therapy and time to first
negative blood culture were evaluated using an XMR
control chart.*!

RESULTS

Over the course of 28 baseline cultures, the mean time
to adequate antimicrobial therapy was 38 hours (Fig. 2).
Following the initiation of our clinical decision support
algorithm interventions, we saw a sustained reduction of
mean time to adequate antimicrobial therapy to 4.7 hours
and a significant reduction in the variation of time to ad-
equate antimicrobial therapy (Fig. 2). In general, time to
adequate antimicrobial therapy declined dramatically
after our algorithm was rolled out, with several notable
exceptions. Early after our algorithm was introduced, 3 el-
igible patient encounters demonstrated increased time to
adequate therapy. Case reviews of these encounters iden-
tified unique patient-specific factors that led to delayed
initiation of adequate antimicrobials. These patient fac-
tors included (1) a patient with a polymicrobial infection
where an Infectious Diseases consult team recommended
continuation of combination therapy that did not meet
the technical definitions for adequate therapy in our al-
gorithm, (2) an EMR downtime that led to a delay in our
algorithm notification of the ASP person-on-call, and (3)
a patient who was identified with bacteremia after being
discharged leading to a delay to initiation of therapy due
to travel time back to the hospital. Following the shift in
the mean time to adequate antimicrobial therapy, 2 other
patient encounters were identified as special cause related
to patient-specific factors during this time period. Specific
organisms identified by BC-GP throughout the project are
found on Table 2.

For our secondary measure, time to first negative blood
culture, only MSSA and MRSA had a sufficient sample
size to evaluate trends via run charts. For MSSA, chart
review determined that 1 patient who was admitted after
an outpatient blood culture became positive led to a pro-
longed time before the first dose of adequate antibiotics.
Outside of this encounter, there was a notable decrease in
the variation in time to first negative blood culture dis-
played on the run chart compared with the baseline pe-
riod. (Fig. 3). There was no observed shift in the center-
line for the time to first negative blood culture for MSSA
(54 hours). For MRSA, there was no observable special
cause variation in the median time to first negative blood
culture (32 hours) (Fig. 4).
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Fig. 2. Time to adequate therapy. (A), Statistical process control X-chart displaying the time to adequate therapy and (B) moving
range chart displaying the point-to-point variation in time to adequate therapy. Green arrow in upper right-hand corner indicates
desired direction of change of the measure. Yellow boxes indicate PDSA interventions. Green boxes indicate the results of specific
case reviews detailed in the table to the right. After sustaining the intervention, both the time to adequate therapy and the variation in

the time to adequate antibiotic therapy decreased significantly.

DISCUSSION

The use of improvement science methods, rapid bacterial
identification technology, and a real-time decision support
tool supported by ASP reduced the time to adequate anti-
microbial therapy by 33 hours, an 87% reduction from
baseline. In addition, the encounter-to-encounter varia-
tion in the time to adequate therapy was also significantly
reduced. Previous studies have shown significant reduc-
tions in the time to organism identification and suscep-
tibility reporting using rapid diagnostic technologies as

well as decreased time to adequate antibiotic therapy.?*->°

Our project succeeded in nearly eliminating this time lag
between the test result and the clinical response. Our ini-
tial experience demonstrated that implementation of the
laboratory test alone did not effectively impact clinical
outcomes. Targeted clinical decision support with ap-
propriate supporting education was required to trans-
late the potential of the new test into meaningful patient
outcomes. This result is consistent with a recent system-
atic review indicating that the use of rapid diagnostic
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Table 2. Description of Organisms Flagged by Algorithm

Preintervention Postintervention

Organism Frequency Frequency
Methicillin-resistant

Staphylococcus aureus

(MRSA) 4 12
Methicillin-sensitive 9 21

Staphylococcus aureus

(MSSA)
Enterococcus faecium 1 1
Enterococcus faecalis 12 3
Streptococcus pneumoniae 1 0
Streptococcus pyogenes 0 2
Multiple organisms 1 0

A description of the specific organisms identified on BC-GP without adequate
antimicrobial treatment at the time of BC-GP result and the corresponding fre-
quency that occurred preinterventions and after the first intervention.

technology may have minimal effect without support
and education from antimicrobial stewardship teams.?
In particular, the real-time notification of front-line cli-
nicians that is integrated into our algorithm may provide
significant advantages over other reporting algorithms
which rely on specific non-real time mechanisms, such
as a consultation with an infectious disease physician or

Pediatric Quality and Safety

phone call notifications that only occur during the day-
time hours.

In addition, our study suggests that consistent earlier
initiation of adequate antimicrobial agents could be asso-
ciated with earlier clearance of organisms from the blood
and reduced variation in this clearance time. The time to
first negative culture for MSSA measure demonstrated no
special cause variation, but demonstrated decreased var-
iation and potentially an early trend towards a modest
decrease in the time to first negative culture in this pa-
tient population. Because this is a rare event and a small
sample size in this study, we believe that additional fol-
low-up data will be needed to strengthen this finding.
Studies of rapid diagnostic technology in adults have
identified reduced length of stay and mortality related to
implementation of this technology,*® and it is likely that
earlier treatment and clearance of bacteremic organisms
may be a substantial part of these improved outcomes.
In pediatric populations, mortality is rare, and the com-
plex patient populations and small sample size of this
study limit our ability to measure changes in length of
stay; however, we speculate that modest improvements
in the time to organism clearance might improve patient
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After initiation of the algorithm, no clear change in the time to first negative culture or variation was seen with blood cultures growing

MRSA.

outcomes. With time, further evaluation of diagnosis spe-
cific times to negative culture may allow a more granular
understanding of the impact of this technology.

Use of computer-based surveillance and decision sup-
port is considered a key element to effective ASP teams.?”
Clinical decision support, if implemented correctly, can
offer great benefits to front-line clinicians.?® Systems that
can contact appropriate providers in “real-time”, as soon
as S-minutes after a result is posted in the EMR, may offer
benefits for conditions like BSI that are time sensitive. In
addition, while pop-up reminders that occur in the EMR
require a provider to be logged into the system, a clinical
decision support system with an ability to directly commu-
nicate with providers can further reduce any delays. With
broadening adoption of this technology, there is also a risk
that providers can be overwhelmed with excessive notifica-
tions, in a similar manner to the widely described phenom-
enon of “alert fatigue.” As few as 4%—-10% of medication
pop-ups contain salient information that leads to changes
in patient management.?’ Our algorithm was designed to
minimize this fatigue through only offering clinical deci-
sion support notifications for a targeted group of patient
encounters where the benefits of a change in management
are clear. This strategy of focused clinical decision support
communicated in a rapid manner has the potential to offer
great impact while not impeding clinical efficiency and can
likely be applied to multiple clinical scenarios.

LIMITATIONS

Our study had several important limitations. The inter-
ventions occurred at a quaternary care children’s hospital
with a strong improvement science division, an active

antimicrobial stewardship team, a clinical decision sup-
port program that is integrated with its EMR, and a his-
tory of multiple successful quality improvement projects,
which may affect generalizability to other environments.
Also, our patient population includes multiple diagnoses
associated with frequent bacteremia which may affect the
degree of variation displayed by the time to negative cul-
ture; however, it is unlikely to explain the sustained large
reductions in time to adequate antibiotics. Retrospective-
prospective data collection poses a risk of selection bias
but we used objective inclusion criteria. Because there
is no control group to account for secular trends, it is
possible the results were affected by slow adoption of
the alert system over time, rather than our interventions
but the time-series nature of our data and the close tem-
poral association of the shift with the intervention argues
against this interpretation.

NEXT STEPS

The next steps for our improvement team are to expand
on the learnings from creating an algorithm for Gram-
positive bacteremia and create a similar pathway for
Gram-negative bacteremia. In addition, our current pro-
cess involves notification of a member of the ASP team,
which is another task burden with limited FTE support for
our ASP. We are planning to remove this potentially unnec-
essary step using a notification system that integrates with
Vigilanz to directly contact front-line providers through
a secure messaging app, and only notifies designated ASP
team members if appropriate changes to antimicrobials do
not occur in a timely fashion. Finally, our current algorithm
focuses on adequate antibiotics, however achieving the



Accelerating Initiation of Adequate Antimicrobial Therapy

most appropriate therapy by reducing overuse of overly
broad antibiotic coverage and reducing antibiotic use for
skin contaminants is also possible through a similar mech-
anism and aligns with future ASP goals.

CONCLUSIONS

We reduced the relative time to the use of adequate anti-
microbial therapy by over 87% for patients with Gram-
positive cocci bacteremia who are on inadequate therapy.
In addition, we witnessed a reduction in variation in both
the time to adequate antimicrobial therapy and the time
to first negative blood culture for our patient population.
These results add to the evidence that rapid-detection
technologies may improve patient care by targeting inter-
ventions to patients receiving inadequate antimicrobial
treatments, especially when combined with near real-time
clinical decision support tools and oversight by antimi-
crobial stewardship teams.

DISCLOSURE

The authors have no financial interest to declare in rela-
tion to the content of this article.

REFERENCES

1. Watson RS, Carcillo JA, Linde-Zwirble WT, et al. The epidemiology
of severe sepsis in children in the United States. Am | Respir Crit
Care Med. 2003;167:695-701.

2. Larru B, Gong W, Vendetti N, et al. Bloodstream infections in hos-
pitalized children: epidemiology and antimicrobial susceptibilities.
Pediatr Infect Dis ]. 2016;35:507-510.

3. Zingg W, Hopkins S, Gayet-Ageron A, et al; ECDC PPS study
group. Health-care-associated infections in neonates, children,
and adolescents: an analysis of paediatric data from the European
centre for disease prevention and control point-prevalence survey.
Lancet Infect Dis. 2017;17:381-389.

4. Balamuth F, Weiss SL, Neuman MI, et al. Pediatric severe sepsis in
U.S. children’s hospitals. Pediatr Crit Care Med. 2014;15:798-805.

5. Kutko MC, Calarco MP, Flaherty MB, et al. Mortality rates in pe-
diatric septic shock with and without multiple organ system failure.
Pediatr Crit Care Med. 2003;4:333-337.

6. Zasowski EJ, Claeys KC, Lagnf AM, et al. Time is of the essence:
the impact of delayed antibiotic therapy on patient outcomes in
hospital-onset enterococcal bloodstream infections. Clin Infect Dis.
2016;62:1242-1250.

7. Natarajan G, Monday L, Scheer T, et al. Timely empiric antimicro-
bials are associated with faster microbiologic clearance in preterm
neonates with late-onset bloodstream infections. Acta Paediatr.
20145 103:e418-e423.

8. Rhodes A, Evans LE, Alhazzani W, et al. Surviving sepsis campaign.
Crit Care Med. 2017;45(3):486-552.

9. Hamdy RF, Hsu AJ, Stockmann C, et al. Epidemiology of meth-
icillin-resistant  Staphylococcus aureus bacteremia in children.
Pediatrics. 2017;139(6):¢20170183.

10. Jobson M, Sandrof M, Valeriote T, et al. Decreasing time to antibi-
otics in febrile patients with central lines in the emergency depart-
ment. Pediatrics. 2015;135:e187-e195.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Pediatric Quality and Safety

Melendez E, Bachur R. Quality improvement in pediatric sepsis.
Curr Opin Pediatr. 2015;27:298-302.

Samuel LP, Tibbetts R], Agotesku A, et al. Evaluation of a microar-
ray-based assay for rapid identification of Gram-positive organisms
and resistance markers in positive blood cultures. | Clin Microbiol.
2013;51:1188-1192.

Beal SG, Ciurca J, Smith G, et al. Evaluation of the nanosphere
verigene gram-positive blood culture assay with the VersaTREK
blood culture system and assessment of possible impact on selected
patients. | Clin Microbiol. 2013;51:3988-3992.

Box MJ, Sullivan EL, Ortwine KN, et al. Outcomes of rapid iden-
tification for gram-positive bacteremia in combination with an-
tibiotic stewardship at a community-based hospital system.
Pharmacotherapy. 2015;35:269-276.

Buehler SS, Madison B, Snyder SR, et al. Effectiveness of practices
to increase timeliness of providing targeted therapy for inpatients
with bloodstream infections: a laboratory medicine best prac-
tices systematic review and meta-analysis. Clin Microbiol Rev.
2016;29:59-103.

Beckman M, Washam MC, DeBurger B, et al. Reliability of the veri-
gene system for the identification for Gram-positive bacteria and
detection of antimicrobial resistance markers from children with
bacteremia. Diagn Microbiol Infect Dis. 2019;93:191-195.
Langley G, Moen R, Nolan K, et al. The Improvement Guide: A
Practical Approach to Enbancing Organizational Performance. 2nd
ed. San Francisco, CA: Jossey-Bass: A Wiley Imprint; 2009.

Long S, Pickering L, Prober C. Principles and Practice of Pediatric
Infectious Disease. 4th ed. St. Louis, MO: Elsevier Churchill
Livingstone; 2012.

Wong D, Wong T, Romney M, et al. Comparative effectiveness of
[-lactam versus vancomycin empiric therapy in patients with meth-
icillin-susceptible Staphylococcus aureus (MSSA) bacteremia. Ann
Clin Microbiol Antimicrob. 2016;15:27.

Wong D, Wong T, Romney M, et al. Comparison of outcomes in
patients with methicillin-susceptible Staphylococcus aureus (MSSA)
bacteremia who are treated with $-lactam vs vancomycin empiric
therapy: a retrospective cohort study. BMC Infect Dis. 2016;16:224.
Brady PW, Tchou M], Ambroggio L, et al. Quality improvement
feature series article 2: displaying and analyzing quality improve-
ment data. | Pediatric Infect Dis Soc. 2018;7:100-103.

Benneyan JC, Lloyd RC, Plsek PE. Statistical process control as a
tool for research and healthcare improvement. Qual Saf Health
Care. 2003;12:458-464.

Beuving J, Wolffs PE, Hansen WL, et al. Impact of same-day anti-
biotic susceptibility testing on time to appropriate antibiotic treat-
ment of patients with bacteraemia: a randomised controlled trial.
Eur | Clin Microbiol Infect Dis. 2015;34:831-838.

Eby JC, Richey MM, Platts-Mills JA, Mathers AJ, Novicoff WM,
Cox HL. A healthcare improvement intervention combining nu-
cleic acid microarray testing with direct physician response for
management of Staphylococcus aureus bacteremia. Clin Infect Dis.
2018;66(1):64-71.

Beal SG, Thomas C, Dhiman N, et al. Antibiotic utilization im-
provement with the manosphere verigene Gram-Positive blood cul-
ture assay. Proc (Bayl Univ Med Cent). 2015;28:139-143.
Timbrook TT, Morton JB, McConeghy KW, et al. The effect of mo-
lecular rapid diagnostic testing on clinical outcomes in bloodstream
infections: a systematic review and meta-analysis. Clin Infect Dis.
2017;64:15-23.

Barlam TF, Cosgrove SE, Abbo LM, et al. Executive summary:
implementing an antibiotic stewardship program: guidelines by the
Infectious Diseases Society of America and the Society for Healthcare
Epidemiology of America. Clin Infect Dis. 2016;62:1197-1202.
Utidjian L, Kirkendall E, Shelov E. Clinical decision support
in the pediatric hospital setting. Curr Treat Options Pediatr.
2015;1(1):48-58.

Kirkendall ES, Kouril M, Minich T, et al. Analysis of electronic
medication orders with large overdoses. Appl Clin Inform.
2014;5(1):25-45.



