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Abstract

Background: Electronic health record-based clinical decision support (CDS) is a promising
antibiotic stewardship strategy. Few studies have evaluated the efficacy of antibiotic CDS in the
pediatric emergency department (ED).

Methods: We conducted a randomized clinical trial comparing CDS vs. usual care for promoting
guideline-concordant antibiotic prescribing for pneumonia in the ED at two children’s hospitals.
Within each site, CDS or usual care was randomly assigned during 4-week periods. The CDS
intervention provided antibiotic recommendations tailored to each encounter and in accordance
with national guidelines. The primary outcome was exclusive guideline-concordant antibiotic
prescribing within the first 24 hours of care. Safety outcomes included time to first antibiotic
order, encounter length of stay, delayed intensive care, and 3- and 7-day revisits.

Results: 1,027 encounters were included, encompassing 478 randomized to usual care and 549
to CDS. Exclusive guideline-concordant prescribing did not differ at 24 hours (CDS, 51.7% vs.
usual care, 53.3%; odds ratio [OR] 0.94 [95% CI: 0.73, 1.20]). In pre-specified stratified analyses,
CDS was associated with guideline-concordant prescribing among encounters discharged from the
ED (74.9% vs. 66.0%; OR 1.53 [95% CI: 1.01, 2.33]), but not among hospitalized encounters.
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Mean time to first antibiotic was shorter in the CDS group (3.0 vs 3.4 hours; p=0.024). There were
no differences in safety outcomes.

Conclusions: Effectiveness of ED-based antibiotic CDS was greatest among those discharged
from the ED. Longitudinal interventions designed to target both ED and inpatient clinicians

and to address common implementation challenges may enhance the effectiveness of CDS as a
stewardship tool.

INTRODUCTION

Pneumonia is a common childhood infection and accounts for more days of antibiotic

use in children’s hospitals than any other condition.13 For bacterial community-acquired
pneumonia (CAP), narrow-spectrum antibiotics (i.e., amoxicillin or ampicillin) are
recommended for most children.* Less-effective and often broader-spectrum antibiotics,
however, are commonly prescribed.>8 Appropriate prescribing is critical to slowing
antimicrobial resistance and improving outcomes. While hospital-based stewardship
programs have demonstrated effectiveness,’~9 their implementation in the ED environment
poses unique challenges.10-12

Electronic health record (EHR)-based clinical decision support (CDS) is one strategy for
addressing the ED antibiotic stewardship gap.13-15 EHR-based CDS has proven effective,
although the magnitude of benefit varies widely.16-20 Few evaluations of CDS have been
conducted in the pediatric ED. Herein, we report the results of a pragmatic, randomized
clinical trial comparing EHR-based antibiotic CDS versus usual care for promoting
guideline-concordant antibiotic prescribing for CAP in the ED at two children’s hospitals.

METHODS

Study Population

Encounters for children six months to <18 years presenting to the ED at the Monroe
Carell Jr. Children’s Hospital at Vanderbilt in Nashville, TN and the Children’s Hospital
of Pittsburgh in Pittsburgh, PA with clinician-confirmed radiographic pneumonia were
potentially eligible.

Screening was custom-developed within each site’s EHR — Epic (Epic Systems Corporation,
Verona, WI) at Vanderbilt and Cerner Millennium (Cerner Corporation, Kansas City, MO)
at Pittsburgh. At Vanderbilt, screening was initiated using a real-time, natural language
processing classification tool that screened text from chest radiograph reports (based

on a random forest model’s predicted likelihood of pneumonia).2! Technical challenges
prohibited this approach at the Pittsburgh site. Instead, screening was triggered when a chest
radiograph was ordered for encounters with a chief complaint reflecting acute respiratory
iliness (e.g. fever, cough, fast breathing).22 At both sites, screening was restricted to

ED encounters. A positive screen prompted an alert to the clinician (faculty and trainee
physicians and nurse practictioners) upon chart opening to confirm the pneumonia diagnosis
and study eligibility. Children with tracheostomy, cystic fibrosis, or immunosuppression
were excluded, as were those hospitalized within the preceding seven days or previously
enrolled in the trial within the preceding 28 days. Treating clinicians could choose to
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acknowledge the alert, to be reminded later, or to opt themselves or the entire encounter

out of the trial for any reason. Once eligibity was confirmed, the encounter was considered
enrolled. Enrollments occurred continuously from December 17, 2018 to September 9, 2020.
The study was approved with a waiver of informed consent at both sites.

Randomization

To minimize contamination and align with trainee rotation schedules, CDS or usual care
was assigned to qualifying encounters in four-week periods using randomly determined
sequences for each site. Permuted block randomization (block size=4 or 6) was chosen to
balance periods of low and high pneumonia prevalence.

CDS Intervention

The EHR-based antibiotic advisor was developed using an iterative, user-centered design
process,23:24 including observations, interviews, and usability testing with ED clinicians
(faculty and trainee physicians, as well as nurse practitioners) at both sites in accordance
with current CDS design principles.1%2526 Key findings emphasized the need for the
CDS tool to support efficiency, workflow alignment, and transparency. The resulting
recommendations addressed the content and timing of the tool’s user inquiries, triggering
alerts, and mechanisms of CDS access embedded in the EHR. Education regarding the
trial and the planned CDS intervention was provided in multiple formats, including ED
and resident educational conferences, email, and one-on-one discussions. ED clinician
champions and study staff shared regular reminders throughout the conduct of the trial.

During CDS periods, tailored antibiotic recommendations were provided for each encounter
based on ED clinician input regarding: anticipated ED disposition (home, inpatient, ICU),
likelihood of bacterial etiology, beta-lactam antibiotic use within the preceding 48 hours,
history of severe penicillin allergy, concern for aspiration, and concern for complicated or
severe pneumonia (e.g., moderate to large effusion, necrotizing pneumonia, or suspicion for
Staphylococcus aureus). (eFigure 1). Recommendations were in accordance with national
and local clinical practice guidelines.* During usual-care periods, no CDS was provided. In
both arms, clinicians had usual access to local clinical practice guidelines and retained all
decision-making authority regarding antibiotic prescribing.

Primary Outcome

The primary outcome was exclusive guideline-concordant antibiotic prescribing during

the first 24 hours of care. Concordance was pre-specified and emphasized use of narrow-
spectrum antibiotics. Withholding antibiotics was presumed to be concordant because
childhood pneumonia is frequently viral,*27 and clinicians were considered highly unlikely
to withhold antibiotics in those with suspected bacterial pneumonia. Macrolides were
excluded from concordance assessments because clinical equipoise exists regarding use

of macrolide therapy for pediatric CAP.28:29 Otherwise, all systemic antibiotics prescribed
during the first 24 hours of care were used to determine concordance.
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Secondary Outcomes

Secondary outcomes included any guideline-concordant antibiotic prescribing, defined as
prescribing any antibiotic recommended by the guideline, during the first 24 hours of care,
as well as exclusive and any guideline-concordant prescribing during the entire encounter.
For example, a child hospitalized with uncomplicated CAP and prescribed ampicillin
monotherapy during the first 24 hours of care, but later prescribed clindamycin, would

be considered concordant for exclusive and any guideline-concordant prescribing during
the first 24 hours, discordant for exc/usive guideline-concordant prescribing during the
entire encounter, and concordant for any guideline-concordant prescribing during the entire
encounter. Safety outcomes included time to first antibiotic, length of encounter (calculated
in hours from triage to discharge), delayed ICU transfer (transfer of inpatients to ICU

after first 24 hours) ED revisits and hospitalizations within three or seven days following
discharge, and death within 30 days.

Statistical Analysis

Logistic regression was used to model CDS effects on guideline-concordant prescribing
overall, and by ED disposition (discharge, inpatient, ICU), age (<6 years and =6 years), and
site, as well as restricted to children receiving antibiotics. These same analyses were applied
to secondary outcomes. Post hoc analyses were conducted using multivariable logistic
regression, adjusting for enrolling site and pneumonia severity score. The severity score
estimates risk probabilities for severe pneumonia (e.g., respiratory failure or shock) using
age, gender, race and ethnicity, and triage vital signs (systolic blood pressure, respiratory
rate, heart rate, and SpO2:FiO2 ratio).3 To examine durability of CDS effects in the
transition from the ED to inpatient settings, we also examined exclusive concordance among
inpatient encounters separately for the first eight hours of care (a proxy for ED care)

and after the first eight hours of care (a proxy for inpatient care). Safety outcomes were
compared using Wilcoxon rank sum and Pearson’s chi-squared tests. We also explored
alternative models to account for clustering effects by site, although results were unchanged
owing to very low intraclass correlation coefficient (0.009 for primary model; not shown).
To evaluate for potential contamination effects, we explored the prevalence of guideline-
concordant prescribing by arm over time (collapsed into three month blocks) for the primary
outcome.

To examine CDS effectiveness under ideal conditions, an exploratory per-protocol analysis
was performed at Vanderbilt, which had detailed CDS usage data. For this, multivariable
analyses were repeated after restricting the population to encounters that completed

the study according to protocol (i.e., confirmation that clinicians viewed treatment
recommendations in the CDS group and no protocol deviations in either group).

We anticipated enrolling 750 encounters in each arm of the trial. The study was designed
to detect an absolute difference of 26.8% in concordant prescribing at an alpha level of
0.05 with 80% power. All analyses were conducted using R version 4.04 (https://www.R-
project.org).

J Hosp Med. Author manuscript; available in PMC 2024 June 01.


https://www.r-project.org/
https://www.r-project.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Williams et al.

RESULTS

Page 5

Study Population

The study included 1,027 ED encounters (median age 4.2 years) with 478 randomized to
usual care and 549 to CDS (Figure 1). Children from usual care encounters were older, more
likely to be of Black race or Hispanic ethnicity, and more likely to receive public insurance
(Table 1). There were no differences in ED disposition.

Empiric Antibiotic Prescribing and Selection

Antibiotics were prescribed in 825 (80.3%) encounters during the first 24 hours of care
(Figure 2). Antibiotic initiation was similar between arms (CDS 82.9% vs usual care 77.4%;
p=0.256). Of those receiving antibiotics, 302 (36.6%) received amoxicillin or ampicillin

+ macrolide, 162 (19.6%) received a third-generation cephalosporin £ macrolide, and

95 (11.5%) received amoxicillin/clavulanate or ampicillin/sulbactam + macrolide. Other
antibiotic combinations accounted for <10% of prescribing.

Exclusive Guideline-Concordant Antibiotic Prescribing

Exclusive guideline-concordant prescribing occurred in 539 (52.5%) encounters during the
first 24 hours of care, and 501 (48.8%) during the entire episode. Overall, there were

no differences in guideline-concordant prescribing by treatment arm at 24 hours (CDS,
51.7% vs. usual care, 53.3%; unadjusted odds ratio [OR] 0.94 [95% CI: 0.73, 1.20]) or

the entire episode (47.5% vs 50.2%; OR 0.90 [0.70, 1.15]) (Table 2A). Among discordant
encounters, the most common antibiotics prescribed were third-generation cephalosporins
(14.3%), amoxicillin-clavulanate (10.7%), and azithromycin (10%).

Exclusive guideline-concordant prescribing was highest for encounters discharged from the
ED. CDS increased guideline-concordant prescribing in this group (74.9% vs. 66.0%; OR
1.53[1.01, 2.33]) (Table 2A). There were no differences in inpatient or ICU settings, in
analyses stratified by site or age, or among those receiving antibiotics. In post hoc adjusted
analyses, the estimates of effect size were similar, although there were no differences in
prescribing between groups overall or in stratified analyses (Figure 3A). Among hospitalized
encounters stratified by ED (first eight hours) vs. inpatient prescribing (after first eight
hours), exclusive concordance was also similar (eTable 1). In our longitudinal exploration
of guideline-concordant prescribing by arm, we did not detect evidence of substantial
contamination effects in the usual care arm (eFigure 2). Incidentally, we noted a drop in
guideline-concordant prescribing in both arms during the last two quarters of the study
(Apr-Sep 2020).

Any Guideline-Concordant Antibiotic Use

During the first 24 hours, antibiotic CDS did not increase any guideline-concordant
prescribing (65.2% vs. 62.1%; OR 1.14 [0.89, 1.47]) (Table 2B), except in the subgroup

of those receiving antibiotics (58.5% vs. 51.1%; OR 1.35 [95% CI 1.02, 1.78]). For the
entire encounter, CDS increased any guideline-concordant prescribing overall (69.8% vs.
63.8%; OR 1.31 [95% CI 1.01, 1.7]) in those six years of age and older (66.8% vs. 55.6%;
OR 1.61 [95% CI 1.07, 2.43]), and in those receiving antibiotics (64.3% vs. 53.6%; OR 1.56
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[95% CI 1.18, 2.06]). In post hoc adjusted analyses, the estimates of effect size were similar,
although most differences were not statistically significant (Figure 3B).

Safety Outcomes

Antibiotics were initiated faster in the CDS group compared with usual care (median of
3.0 hours vs 3.4 hours, p=0.024). Adverse safety events were uncommon and did not differ
between groups (eTable 2). Delayed ICU transfers, ED revisits within 3 days of index
discharge, and hospitalizations within 3 or 7 days of index discharge occurred in fewer than
5% of encounters. In both groups, ED revisits within 7 days occurred in <7% and deaths in
<1%. Median length of stay was also similar between groups.

Exploratory Per-Protocol Analysis

The single-site per-protocol analysis included 293/321 (91.3%) usual-care encounters and
107/214 (50%) CDS encounters. In the CDS group, nurse practitioners and trainees
appeared more likely than faculty physicians to complete the CDS intervention and to

use guideline-concordant prescribing (eTable 3A and 3B). Per-protocol analyses were
consistent with the main analyses, although odds ratios favoring CDS were generally greater.
For exclusive guideline-concordant prescribing, significant differences favoring CDS were
noted only among those receiving antibiotics (eFigure 3A). For any guideline-concordant
prescribing, significant differences were noted overall, among inpatients, those six years of
age or older, and among those receiving antibiotics (eFigure 3B).

DISCUSSION

As a common entry point for children with acute illnesses, the ED is an important target

for antibiotic stewardship. High volumes, rapid triage and turnover of patients, a variety of
clinician types, and lack of longitudinal care challenge traditional stewardship initiatives.12
EHR-based CDS is also the modality most preferred by ED clinicians and those engaged

in stewardship programs.12 In this trial, we demonstrated that EHR-based CDS facilitated
judicious antibiotic use in children with pneumonia; effectiveness was greatest among those
discharged home from the ED.

Most studies of CDS for promoting evidence-based care demonstrate modest
benefits,16:17:20.31-36 \yjth a meta-analysis concluding a 5.8% increase in recommended care
associated with CDS.18 In three cluster-randomized trials conducted in pediatric outpatients
with acute respiratory illnesses, two studies demonstrated that CDS increased guideline-
concordant prescribing (difference 4-8%; baseline concordance 40-70%) as compared to
usual care,3133 whereas a third study demonstrated no benefit.32 In a randomized trial
comparing CDS vs. usual care for antibiotic prescribing in adult outpatients, CDS reduced
antibiotic use overall by 25% and broad-spectrum antibiotic use by 50% in adults with
possible bacterial pharyngitis or LRT1.37 We are not aware of similar studies focused on
antibiotic CDS in the ED, although studies of CDS promoting judicious use of computed
tomography in the pediatric ED have demonstrated improvements in care.173%

Though CDS improved concordant prescribing among those discharged from the ED,
concordant prescribing was lower among inpatients, and we did not observe significant
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differences overall. There are several potential explanations for these findings. It’s possible
that clinicians in both arms relied on other sources (e.g. clinical practice guideline) to
inform antibiotic decisions. Second, we hypothesize that patient complexity (e.g., illness
severity, presence of comorbidities, and likelihood for more virulent pathogens) contributed
to diagnostic uncertainty and cognitive load, resulting in more frequent use of broad-
spectrum antibiotics and less CDS adherence, especially among inpatients.3® Supporting
this theory, an observational study conducted in the ICU demonstrated no benefit of

CDS on antibiotic choice among critically ill children.34 Further, our CDS intervention
was presented to ED clinicians only, which may have further limited its effectiveness

for inpatient encounters. When examining inpatients only, however, we did not observe
substantive decreases in concordance when moving from the ED to the inpatient setting,
suggesting that ED treatment strategies were very often continued. Taken together, this
suggests that implementation of CDS may be most effective when initiated in the ED and
extended throughout a patient’s inpatient stay.

The novel coronavirus pandemic (COVID-19) resulted in rapid and unprecedented declines
in pediatric encounters for pneumonia and other respiratory illnesses3? and also likely
impacted our study. While study enrollments continued without interruption, accrual was
much slower than anticipated and our enrollment target was not attained. This may have
limited our ability to detect small differences. The pandemic also likely contributed to the
baseline imbalances between the two study arms since subject accrual varied substantially
and did not follow anticipated seasonal fluctuations. Post hoc multivariable analyses were
performed to mitigate these concerns, although we cannot rule out residual confounding.
Further, we hypothesize that increased diagnostic uncertainty (owing to a novel coronavirus
associated with severe respiratory disease) and other pandemic-related factors (e.g., access
to follow-up) influenced the effectiveness of our CDS intervention. The declines in
guideline-concordant prescribing noted in the final two quarters of enrollment across both
arms supports this hypothesis.

Our exploratory analyses also indicate that the antibiotic CDS intervention, when

used as intended, may have led to greater guideline-concordant prescribing, suggesting
higher intervention efficacy and underscoring the paramount importance of CDS design

and implementation strategies aimed at enhancing effectiveness.4? Only about half of
intervention encounters evaluated used the CDS as intended. This aligns with the top end

of similar estimates reported in prior studies (range 3-62%),19.20.32.33.37 yt falls short of
ideal and is in spite of careful consideration of ED-specific contextual factors, use of an
iterative, user-centered design process,2324 adherence to CDS design principles,12:25:26 and
extensive education. Nonetheless, there were appreciable constraints to interface design and
deployment within both the Epic and Cerner EHRs, in many cases violating human factors
best practices.#142 For example, it was not possible to restrict screening alerts to clinicians
in the ED, and alerts were sometimes triggered for others (e.g., inpatient or consulting
clinicians) who may be less likely to acknowledge and accept recommendations for patients
still in the ED. Clinicians were also sometimes required to navigate away from the CDS tool
(e.g. to view imaging), a constraint which could have resulted in busy clinicians failing to
return to the CDS or only after initial treatment decisions had been made.
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In the exploratory per-protocol analysis, faculty physicians were less often represented

and appeared less likely to accept CDS recommendations as compared to other clinicians.
Although all ED clinician types were represented in user research and educational efforts,
faculty physicians may have been more likely to view the CDS after initial treatment
decisions had been made, especially in the context of supervising other clinicians.
Experienced physicians may also perceive less benefit or reduced autonomy with CDS. It’s
also likely that faculty were most engaged in decision-making when diagnostic uncertainty
was highest, whereas trainees and nurse practictioners may have relative autonomy

with lower acuity, uncomplicated cases. Additional studies are needed to confirm these
hypotheses and inform future interventions. Other barriers that may influence perceived
utility and uptake of CDS include time and workflow inefficiencies, diagnostic uncertainty,
and alert fatigue.10-1243 For instance, while viruses are implicated in >70% of children with
CAP27 failure to adequately address uncertainty around viral versus bacterial etiologies may
explain why antibiotic initiation was no less common in the CDS arm. In future studies,
coupling recommendations with personalized audit and feedback®* and other strategies to
maximize utility may be more likely to drive meaningful change in clinician behavior.

Despite the implementation challenges, functional benefits of CDS may extend beyond
clinical outcomes assessed, including workflow optimization, patient safety, and patient or
clinician satisfaction. In this study, CDS decreased time to initial antibiotic ordering and
antibiotic CDS has also been associated with reductions in dosing errors and costs.3* Further
research is necessary to understand these and other contextual factors to facilitate successful
CDS implementation.

The pragmatic approach, with study processes embedded within clinical care, is a

notable strength of this study. By design, we were interested in evaluating the real-world
effectiveness of CDS in the ED, rather than under ideal experimental conditions of a
traditional clinical trial. As such, our results are more readily applicable to other clinical
care settings. Our study also has limitations. It’s possible that CDS learning effects carried
over into control periods, potentially biasing towards the null. We attempted to minimize
contamination using four-week randomization periods that aligned with rotation schedules
of residents assigned to the ED, the clinicians most likely to be exposed to the CDS. Our
exploratory analyses of quarterly concordant prescribing suggest contamination effects were
minimal. It was not feasible to capture all possible scenarios in our guideline-concordance
definitions, and concordance may have been misclassified for some encounters. It’s also
possible that clinical deterioration following hospitalization necessitated broad-spectrum
antibiotics in some cases; in this scenario, concordance may have been misclassified as
discordant. As such, concordance in the inpatient settings may have been underestimated. In
either case, any misclassification would likely be non-differential. Screening procedures
differed across the two sites, and detailed reporting of screening failures and reasons

for exclusion were unable to be captured. This may have contributed to heterogeneity in
the populations enrolled. Finally, this trial was conducted at two tertiary, university-based
children’s hospitals. As compared to children’s hospitals, those cared for in non-children’s
hospitals are more likely to receive broad-spectrum antibiotics.*> Antibiotic CDS could be
more effective in those environments.
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In conclusion, the effectiveness of ED-based antibiotic CDS for childhood pneumonia was
modest with the greatest effects seen among those discharged home from the ED. Using
CDS as a tool for stewardship in this setting may be enhanced by designing longitudinal
interventions that target both ED and inpatient clinicians, that address diagnostic uncertainty,
and that overcome workflow inefficiencies and other implementation barriers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors would like to acknowledge the children and their families who participated in the study. We also thank
the clinicians and pediatric emergency departments at both institutions that contributed to participant recruitment,
members of the Data and Safety Monitoring Board, and the following collaborators from VUMC: Zameer Lodhi,
MS; Tom Wilson, MS, PharmD; Leigh Price, MA; Kathryn Edwards, MD, and Ritu Banerjee, MD, PhD; and
University of Pittsburgh Medical Center: Jennifer Opal, RN; Scott Coglio; Lisa Meyers, RN; and Henry Ogoe, PhD.

Conflict of Interest Disclosures (includes financial disclosures):

Derek Williams reports in-kind research support from Biomerieux for unrelated work; Judith Martin receives
funding from Merck, Sharp and Dome for unrelated work; Carlos Grijalva reports consultancy fees from Pfizer,
Merck, and Sanofi-Pasteur; and grants from Campbell Alliance/Syneos Health and Sanofi for unrelated work.
Robert Freundlich reports stock in 3M and consulting from Oak Hill Clinical Informatics for unrelated work.

Funding/Support:

Drs. Williams, Freundlich, and Antoon received grant support from the National Institutes of Health
(RO1AI125642, K23HL 148640, and K23A1168496). The study was also partly funded by a grant from the NCATS
to Vanderbilt University Medical Center (UL1TR002243).

Role of Funder/Sponsor:

The funding institutions had no role in the design and conduct of the study.

Abbreviations

CAP community-acquired pneumonia

ED emergency department

EHR electronic health record

CDs clinical decision support
REFERENCES

1. Gerber JS, Kronman MP, Ross RK, et al. Identifying targets for antimicrobial stewardship in
children’s hospitals. Infect Control Hosp Epidemiol 2013;34:1252-8. [PubMed: 24225609]

2. Self WH, Grijalva CG, Zhu Y, et al. Rates of emergency department visits due to pneumonia in the
United States, July 2006-June 2009. Acad Emerg Med 2013;20:957-60. [PubMed: 24033659]

3. National Estimates on Use of Hospitals by Children from the HCUP Kids’ Inpatient Database
(KID). AHRQ, 2012. (Accessed Jan 12, 2014, at http://hcupnet.ahrg.gov/.)

4. Bradley JS, Byington CL, Shah SS, et al. The management of community-acquired pneumonia
in infants and children older than 3 months of age: clinical practice guidelines by the pediatric

J Hosp Med. Author manuscript; available in PMC 2024 June 01.


http://hcupnet.ahrq.gov/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Williams et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 10

infectious diseases society and the infectious diseases society of america. Clin Infect Dis
2011;53:e25-76. [PubMed: 21880587]

. Brogan TV, Hall M, Williams DJ, et al. Variability in processes of care and outcomes among

children hospitalized with community-acquired pneumonia. Pediatr Infect Dis J 2012;31:1036-41.
[PubMed: 22653486]

. Neuman MI, Shah SS, Shapiro DJ, Hersh AL. Emergency department management of childhood

pneumonia in the United States prior to publication of national guidelines. Acad Emerg Med
2013;20:240-6. [PubMed: 23517255]

. Davey P, Marwick CA, Scott CL, et al. Interventions to improve antibiotic prescribing practices for

hospital inpatients. Cochrane Database Syst Rev 2017;2:CD003543.

. Dona D, Barbieri E, Daverio M, et al. Implementation and impact of pediatric antimicrobial

stewardship programs: a systematic scoping review. Antimicrob Resist Infect Control 2020;9:3.
[PubMed: 31911831]

. Smith MJ, Gerber JS, Hersh AL. Inpatient Antimicrobial Stewardship in Pediatrics: A Systematic

Review. J Pediatric Infect Dis Soc 2015;4:e127-35. [PubMed: 26582880]

. Chung P, Scandlyn J, Dayan PS, Mistry RD. Working at the intersection of context, culture,

and technology: Provider perspectives on antimicrobial stewardship in the emergency department
using electronic health record clinical decision support. Am J Infect Control 2017;45:1198-202.
[PubMed: 28711345]

Goulopoulos A, Rofe O, Kong D, Maclean A, O’Reilly M. Attitudes and beliefs of Australian
emergency department clinicians on antimicrobial stewardship in the emergency department: A
qualitative study. Emerg Med Australas 2019;31:787-96. [PubMed: 30920181]

Ozkaynak M, Metcalf N, Cohen DM, May LS, Dayan PS, Mistry RD. Considerations for
Designing EHR-Embedded Clinical Decision Support Systems for Antimicrobial Stewardship in
Pediatric Emergency Departments. Appl Clin Inform 2020;11:589-97. [PubMed: 32906153]

Mistry RD, Newland JG, Gerber JS, et al. Current State of Antimicrobial Stewardship in Children’s
Hospital Emergency Departments. Infect Control Hosp Epidemiol 2017;38:469-75. [PubMed:
28173888]

Benjamin L, Frush K, Shaw K, et al. Pediatric Medication Safety in the Emergency Department.
Pediatrics 2018;141.

Bates DW, Kuperman GJ, Wang S, et al. Ten commandments for effective clinical decision
support: making the practice of evidence-based medicine a reality. J Am Med Inform Assoc
2003;10:523-30. [PubMed: 12925543]

Kwan JL, Lo L, Ferguson J, et al. Computerised clinical decision support systems and absolute
improvements in care: meta-analysis of controlled clinical trials. BMJ 2020;370:m3216. [PubMed:
32943437]

Kharbanda AB, Madhok M, Krause E, et al. Implementation of Electronic Clinical Decision
Support for Pediatric Appendicitis. Pediatrics 2016;137.

Marulanda K, Willis Z, Wilson W, et al. Implementation of Electronic Clinical Decision Support
Tools for Antibiotic Stewardship in Pediatric Appendicitis. Am Surg 2021:3134821989035.

Carr JR, Jones BE, Collingridge DS, et al. Deploying an Electronic Clinical Decision Support Tool
for Diagnosis and Treatment of Pneumonia Into Rural and Critical Access Hospitals: Utilization,
Effect on Processes of Care, and Clinician Satisfaction. J Rural Health 2020.

Dean NC, Jones BE, Jones JP, et al. Impact of an Electronic Clinical Decision Support Tool for
Emergency Department Patients With Pneumonia. Ann Emerg Med 2015;66:511-20. [PubMed:
25725592]

Smith JC, Spann A, McCoy AB, et al. Natural Language Processing and Machine Learning to
Enable Clinical Decision Support for Treatment of Pediatric Pneumonia. AMIA Annu Symp Proc
2020;2020:1130-9. [PubMed: 33936489]

Suresh S, Saladino RA, Fromkin J, et al. Integration of physical abuse clinical decision support
into the electronic health record at a Tertiary Care Children’s Hospital. J Am Med Inform Assoc
2018;25:833-40. [PubMed: 29659856]

Schuler D, Namioka A. Participatory design : principles and practices. Hillsdale, N.J.: L. Erlbaum
Associates; 1993.

J Hosp Med. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Williams et al.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 11

Weinger MB, Gardner-Bonneau D, Wiklund ME, Kelly LM. Handbook of human factors in
medical device design. Boca Raton, FL: CRC Press; 2011.

Ward MJ, Chavis B, Banerjee R, Katz S, Anders S. User-Centered Design in Pediatric Acute Care
Settings Antimicrobial Stewardship. Appl Clin Inform 2021;12:34-40. [PubMed: 33472258]

Miller A, Koola JD, Matheny ME, et al. Application of contextual design methods to inform
targeted clinical decision support interventions in sub-specialty care environments. Int J Med
Inform 2018;117:55-65. [PubMed: 30032965]

Jain S, Williams DJ, Arnold SR, et al. Community-acquired pneumonia requiring hospitalization
among U.S. children. N Engl J Med 2015;372:835-45. [PubMed: 25714161]

Biondi E, McCulloh R, Alverson B, Klein A, Dixon A, Ralston S. Treatment of mycoplasma
pneumonia: a systematic review. Pediatrics 2014;133:1081-90. [PubMed: 24864174]

Gardiner SJ, Gavranich JB, Chang AB. Antibiotics for community-acquired lower respiratory
tract infections secondary to Mycoplasma pneumoniae in children. Cochrane Database Syst Rev
2015;1:CD004875.

Williams DJ, Zhu Y, Grijalva CG, et al. Predicting Severe Pneumonia Outcomes in Children.
Pediatrics 2016;138. [PubMed: 27544347]

Davis RL, Wright J, Chalmers F, et al. A cluster randomized clinical trial to improve prescribing
patterns in ambulatory pediatrics. PLoS Clin Trials 2007;2:e25. [PubMed: 17525793]

Bourgeois FC, Linder J, Johnson SA, Co JP, Fiskio J, Ferris TG. Impact of a computerized
template on antibiotic prescribing for acute respiratory infections in children and adolescents. Clin
Pediatr (Phila) 2010;49:976-83. [PubMed: 20724348]

Forrest CB, Fiks AG, Bailey LC, et al. Improving adherence to otitis media guidelines with clinical
decision support and physician feedback. Pediatrics 2013;131:€1071-81. [PubMed: 23478860]
Mullett CJ, Evans RS, Christenson JC, Dean JM. Development and impact of a computerized
pediatric antiinfective decision support program. Pediatrics 2001;108:E75. [PubMed: 11581483]
Dayan PS, Ballard DW, Tham E, et al. Use of Traumatic Brain Injury Prediction Rules With
Clinical Decision Support. Pediatrics 2017;139.

Dean NC, Vines CG, Carr JR, et al. A Pragmatic, Stepped-Wedge, Cluster-controlled Clinical Trial
of Real-Time Pneumonia Clinical Decision Support. Am J Respir Crit Care Med 2022;205:1330—
6. [PubMed: 35258444]

McGinn TG, McCullagh L, Kannry J, et al. Efficacy of an evidence-based clinical decision support
in primary care practices: a randomized clinical trial. JAMA Intern Med 2013;173:1584-91.
[PubMed: 23896675]

May L, Gudger G, Armstrong P, et al. Multisite exploration of clinical decision making for
antibiotic use by emergency medicine providers using quantitative and qualitative methods. Infect
Control Hosp Epidemiol 2014;35:1114-25. [PubMed: 25111919]

Antoon JW, Williams DJ, Thurm C, et al. The COVID-19 Pandemic and Changes in Healthcare
Utilization for Pediatric Respiratory and Nonrespiratory IlInesses in the United States. J Hosp Med
2021;16:294~7. [PubMed: 33734976]

Dean NC, Vines CG, Rubin J, et al. Implementation of Real-Time Electronic Clinical Decision
Support for Emergency Department Patients with Pneumonia Across a Healthcare System. AMIA
Annu Symp Proc 2019;2019:353-62. [PubMed: 32308828]

Hettinger AZ, Melnick ER, Ratwani RM. Advancing electronic health record vendor usability
maturity: Progress and next steps. J Am Med Inform Assoc 2021;28:1029-31. [PubMed:
33517394]

Ratwani RM, Savage E, Will A, et al. A usability and safety analysis of electronic health records: a
multi-center study. J Am Med Inform Assoc 2018;25:1197-201. [PubMed: 29982549]

Kitzmiller RR, Vaughan A, Skeeles-Worley A, et al. Diffusing an Innovation: Clinician Perceptions
of Continuous Predictive Analytics Monitoring in Intensive Care. Appl Clin Inform 2019;10:295-
306. [PubMed: 31042807]

Gerber JS, Prasad PA, Fiks AG, et al. Effect of an outpatient antimicrobial stewardship intervention
on broad-spectrum antibiotic prescribing by primary care pediatricians: a randomized trial. JAMA
2013;309:2345-52. [PubMed: 23757082]

J Hosp Med. Author manuscript; available in PMC 2024 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Williams et al.

45. Poole NM, Shapiro DJ, Fleming-Dutra KE, Hicks LA, Hersh AL, Kronman MP. Antibiotic
Prescribing for Children in United States Emergency Departments: 2009-2014. Pediatrics
2019;143. [PubMed: 31060547]

J Hosp Med. Author manuscript; available in PMC 2024 June 01.

Page 12



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Williams et al.

Primary Analysis
(Intention to Treat)

Single Site
Per Protocol Analysis

Figure 1.

Page 13

Assessed for eligibility (n = 1853)

A

A

Excluded (n = 826)

A 4

Randomized (n = 1027)

v

Usual care (n =478)

Excluded (n = 185)
Site B (n=157)
Exposed to CDS (n = 28)

A4

Analyzed (n =293)

Consort Diagram

A4

Clinical Decision Support (CDS; n = 549)

Excluded (n = 442)
Site B (n=330)
CDS Incomplete (n = 112)

A

Analyzed (n =107)

J Hosp Med. Author manuscript; available in PMC 2024 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Williams et al.

40%

All Patients (%)

35

30

25

(&3]

Page 14
No Antibiotics Received Antibiotics
Usual Care + macrolide [l CDS + macrolide
[ Usual Care M cops

Amoxicillin 3 Gen. Amoxicillin/ Macrolide Clindamycin 39 Gen. Other

or Ampicillin  Cephalosporin  Clavulanate Cephalosporin

or Ampicillin/ + vancomycin/

Sulbactam clindamycin

Figure 2. Antibiotic Selection, 15t 24 Hours of Care
Antibiotic selection was categorized into mutually exclusive groups based on oral or parental

antibiotics received during the 315t 24 hours of care. Macrolide antibiotics were allowed

to be grouped with any other combination of antibiotics and are represented with lighter
shading. Those not receiving antibiotics, represented as a proportion of all encounters
included in the study population, are presented to the left of the vertical double line.
Antibiotic groupings, represented as a proportion of all encounters in which antibiotics were
received, are presented to the right of the vertical double line
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B. Adjusted Odds Ratios for Any Guideline-Concordant Antibiotic Prescribing

During First 24 Hours of Care and for Entire Episode
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Figure 3. Adjusted Odds Ratios for Exclusive and Any Guideline-Concordant Antibiotic
Prescribing During First 24 Hours of Care and for Entire Episode

Forest plots demonstrating adjusted odds ratios with 95% confidence intervals for exclusive
(3A) and any (3B) guideline-concordant antibiotic prescribing during first 24 hours of

care and for entire episode, overall and for analyses stratified by enrollment site, initial
disposition from emergency department, and age, and an analysis restricted to those
receiving antibiotics. Odds ratios estimated using logistic regression models adjusted

for pneumonia severity score (linear predictor) incorporating age, sex, race/ethnicity,
SpO2:Fi02, HR, RR, SBP.
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Table 1.
Baseline Characteristics of the Study Population
Combined Usual Care CDS
N=1027 n=478 n=549

Age (years) 4.2 (1.9, 8.4) 4.8(2.2,9.5) 4.0(17,7.4)
Sex

Male 54.9 (564) 54.6 (261) 55.2 (303)

Female 45.1 (463) 45.4 (217) 44.8 (246)
Race

White 67.5 (693) 61.5 (294) 72.7 (399)

Black 19.1 (196) 24.5% (117) 14.4 (79)

Asian 3.0 (31) 2.9 (14) 3.1(17)

Mixed 2.1(22) 2.1(10) 2.2(12)

Other 4.3 (44) 5.0 (24) 3.6 (20)

Unknown 4.0 (41) 4.0 (19) 4.0 (22)
Ethnicity

Hispanic 9.3 (96) 12.6 (60) 6.6 (36)

Not Hispanic 83.9 (862) 81.6 (390) 86.0 (472)

Unknown 6.7 (69) 5.9 (28) 7.5 (41)
Comorbidity/\

Non-Chronic 62.4 (641) 59.0 (282) 65.4 (359)

Non-complex Chronic 12.8 (131) 12.8 (61) 12.8 (70)

Complex Chronic 24.8 (255) 28.2 (135) 21.9 (120)
Insurance (n=1024)

Public 54.8 (561) 59.2 (281) 51.0 (280)

Private 41.2 (422) 37.1(176) 44.8 (246)

Self-Pay 4.0 (41) 3.8 (18) 4.2 (23)
Temperature (C) (n=1026) | 37.4 (36.9,38.3) | 37.3(36.8,38.1) | 37.5(36.9, 38.4)
Heart rate (n=1023) 136 (116, 156) | 134 (113,153) | 139 (120, 159)
Respiratory rate (n=1023) 32 (24, 44) 30 (24, 40) 34 (24, 46)
Systolic BP (n=986) 108 (100, 116) 108 (100, 117) 108 (100, 116)
SpO2:FiO2 ratio (n=1019) | 457 (328,474) | 462 (360,479) | 457 (306, 474)
ED Disposition

Discharge Home 42.0 (431) 44.4 (212) 39.9 (219)

Inpatient 39.3 (404) 39.5 (189) 39.2 (215)

Intensive Care 18.7 (192) 16.1 (77) 20.9 (115)
Enrolling Site

VUMC 52.1 (535) 67.2 (321) 39 (214)

CHP 47.9 (492) 32.8 (157) 61 (335)

Categorical data presented as % (frequency) and continuous data as median (interquartile range);
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Table 2A.

Exclusive Guideline-Concordant Antibiotic Prescribing by Study Group

First 24 Hours Usual Care, % Concordant (no./No.) | CDS, % Concordant (no./No.) | Unadjusted OR (95% CI)
Overall 53.3 (255/478) 51.7 (284/549) 0.94 (0.73, 1.20)
VUMC 54.2 (174/321) 56.1 (120/214) 1.08 (0.76, 1.53)
CHP 51.6 (81/157) 49.0 (164/335) 0.90 (0.62, 1.32)
ED Disposition
Discharge Home 66.0 (140/212) 74.9 (164/219) 1.53 (1.01, 2.33)
Inpatient 49.2 (93/189) 46.0 (99/215) 0.88 (0.60, 1.30)
IcU 28.6 (22/77) 18.3 (21/115) 0.56 (0.28, 1.11)
Age < 6 Years 58.2 (163/280) 53.5 (192/359) 0.83 (0.60, 1.13)
Age > 6 Years 46.5 (92/198) 48.4 (92/190) 1.08 (0.73, 1.61)
Receiving Antibiotics 39.7 (147/370) 42.2 (192/455) 1.11 (0.84, 1.46)
Entire Episode Usual Care CDS Unadjusted OR (95% CI)
Overall 50.2 (240/478) 47.5 (261/549) 0.90 (0.70, 1.15)
VUMC 50.8 (163/321) 51.9 (111/214) 1.05 (0.74, 1.48)
CHP 49.0 (77/157) 44.8 (150/335) 0.84 (0.58, 1.23)
ED Disposition
Discharge Home - - -
Inpatient 43.9 (83/189) 39.5 (85/215) 0.84 (0.56, 1.24)
ICU 22.1 (17/77) 10.4 (12/115) 0.41 (0.18, 0.92)
Age < 6 Years 55.7 (156/280) 48.7 (175/359) 0.76 (0.55, 1.04)
Age = 6 Years 42.4 (84/198) 45.3 (86/190) 1.12 (0.75, 1.68)
Receiving Antibiotics 36.2 (135/373) 37.9 (175/462) 1.08 (0.81, 1.43)
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Table 2B.

Any Guideline-Concordant Antibiotic Prescribing by Treatment Group

First 24 Hours

Usual Care, % Concordant (no./No.)

CDS, % Concordant (no./No.)

Unadjusted OR (95% CI)

Overall 62.1 (297/478) 65.2 (358/549) 1.14 (0.89, 1.47)
VUMC 61.7% (198/321) 67.3 (144/214) 1.28 (0.89, 1.84)
CHP 63.1 (99/157) 63.9 (214/335) 1.04 (0.70, 1.54)

ED Disposition

Discharge Home

68.4 (145/212)

76.7 (168/219)

1.52 (0.99, 2.33)

Inpatient 61.9 (117/189) 67.4 (145/215) 1.28 (0.85, 1.92)

IcU 455 (35/77) 39.1 (45/115) 0.77 (0.43, 1.38)

Age < 6 Years 67.5 (189/280) 67.4 (242/359) 1.00 (0.71, 1.39)

Age = 6 Years 54.5 (108/198) 61.1 (116/190) 1.31 (0.87, 1.96)

Receiving Antibiotics 51.1 (189/370) 58.5 (266/455) 1.35(1.02, 1.78)
Entire Episode Usual Care CDS Unadjusted OR (95% CI)

Overall 63.8 (305/478) 69.8 (383/549) 1.31(1.01, 1.70)

VUMC 62.3 (200/321) 68.2 (146/214) 1.30 (0.90, 1.87)

CHP 66.9 (105/157) 70.7 (237/335) 1.20 (0.80, 1.8)

ED Disposition
Discharge Home - - -

Inpatient 63.0 (119/189) 71.6 (154/215) 1.49 (0.98, 2.26)

IcU 53.2 (41/77) 53.0 (61/115) 0.99 (0.57, 1.77)

Age < 6 Years 69.6 (195/280) 71.3 (256/359) 1.08 (0.77, 1.53)

Age > 6 Years 55.6 (110/198) 66.8 (127/190) 1.61 (1.07, 2.44)

Receiving Antibiotics 53.6 (200/373) 64.3 (297/462) 1.56 (1.18, 2.06)
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