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Abstract

BACKGROUND AND OBJECTIVES: An early-onset sepsis (EOS) risk calculator tool to guide 

evaluation and treatment of infants at risk for sepsis has reduced antibiotic use without increased 

adverse outcomes. We performed an electronic health record (EHR)–driven quality improvement 

intervention to increase calculator use for infants admitted to a newborn nursery and reduce 

antibiotic treatment of infants at low risk for sepsis.

METHODS: This 2-phase intervention included programming (1) an EHR form containing 

calculator fields that were external to the infant’s admission note, with nonautomatic access to 

the calculator, education for end-users, and reviewing risk scores in structured bedside rounds and 

(2) discrete data entry elements into the EHR admission form with a hyperlink to the calculator 

Web site. We used statistical process control to assess weekly entry of risk scores and antibiotic 

orders and interrupted time series to assess trend of antibiotic orders.

RESULTS: During phase 1 (duration, 14 months), a mean 59% of infants had EOS calculator 

scores entered. There was wide variability around the mean, with frequent crossing of weekly 

means beyond the 3σ control lines, indicating special-cause variation. During phase 2 (duration, 2 

years), mean frequency of EOS calculator use increased to 85% of infants, and variability around 

the mean was within the 3σ control lines. The frequency of antibiotic orders decreased from 

preintervention (7%) to the final 6 months of phase 2 (1%, P < .001).

CONCLUSIONS: An EHR-driven quality improvement intervention increased EOS calculator 

use and reduced antibiotic orders, with no increase in adverse events.
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Antibiotic overuse may cause morbidity, mortality, and cost, including adverse drug events 

and antimicrobial resistance.1–6 In newborns treated in a newborn nursery, antibiotics 

usually are discontinued when blood culture results remain negative and the infant has no 

signs or symptoms suggesting infection. However, safety concerns about even brief courses 

of antibiotics include potential effects on the microbiome and the development of allergic 

and inflammatory bowel diseases.7,8

Until recently, antibiotic use in newborns was guided by Centers for Disease Control 

and Prevention (CDC) (2010) and American Academy of Pediatrics Committee on the 

Fetus and Newborn (2012) recommendations9,10 (updated after the current study was 

performed11,12). The recommendations include a low threshold for obtaining laboratory 

studies and initiating intravenous antimicrobial therapy in newborns who have risk factors 

including maternal group B Streptococcus (GBS) colonization, maternal intrauterine 

infection (chorioamnionitis), and signs or symptoms suggesting sepsis.

Antibiotic use is variable because the decision to treat depends on many factors.13 Maternal 

intrauterine infection typically is diagnosed during labor, but 26% of obstetricians make 

the diagnosis from maternal fever alone, leading to overdiagnosis because incidental 

fever occurs during labor in 7% of women and after perinatal epidural anesthesia in 

15% of women.14,15 The incidence of neonatal early-onset sepsis (EOS) decreased after 

publication of the 1996 CDC guidelines that recommended maternal intrapartum antibiotics 

for GBS colonization and other risk factors (range per 1000 live births: before publication, 

2.0–3.7 cases; after publication, 0.5–1.59 cases).16–23 However, the frequency of testing 

for EOS (15%–20%) and use of empirical antibiotics to prevent EOS (5%–8%) remain 

high.24–27 Therefore, there is controversy about the 2010 guidelines, and following these 

recommendations may cause harm because of unnecessary interventions to healthy, low-risk 

infants.13,28,29

Clinical decision support integrated into the electronic health record (EHR) aids clinicians to 

recognize sepsis and implement evidence-based treatment in adults,30 but EHR integration 

of clinical decision support tools for neonatal sepsis has not been reported previously. In 

2014, an open-source neonatal EOS risk calculator tool was described that begins with the 

previous probability of EOS and links 2 prediction models on the basis of (1) objective 

data known at delivery (gestational age, highest maternal antepartum temperature, GBS 

status, duration of rupture of membranes, and intrapartum antibiotic type and timing) and 

(2) infant clinical presentation to provide a final EOS risk estimate or posterior probability 

of infection.20,31 Using this calculator to guide evaluation and treatment of infants who are 

at risk for developing sepsis reduces the proportion of infants receiving antibiotics by 50% 

without increased adverse outcomes.25

The aims of this project were to integrate the neonatal EOS risk calculator into an EHR and 

evaluate the effect of EHR integration on calculator use and antibiotic treatment of infants 

admitted to a newborn nursery. We hypothesized that EHR integration of the calculator 

would decrease antibiotic order frequency by 50% within 1 year.
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METHODS

Context

At University of Utah Hospital, 4000 infants are born annually, including 3500 infants at 

gestational age ≥34 weeks who transition to their mother’s room (couplet care) or are treated 

in an intermediate nursery and 500 infants who are transferred to the NICU for prematurity 

and neonatal comorbidities. Clinically stable infants ≥35 weeks’ gestation remain in couplet 

care. Infants 34 to 35 weeks’ gestation and infants who require intermediate care (oxygen 

via nasal cannula, continuous glucose infusion, close monitoring, or isolette for temperature 

instability) and who do not need NICU transfer receive intermediate nursery care. Infants 

not transferred to the NICU receive care by academic general pediatricians (75% of infants) 

or family medicine providers (25%). Antibiotic treatment alone is not an indication for 

NICU transfer. An EHR (Epic, Epic Systems Corp, Verona, WI) was implemented in the 

nursery 6 months before this study.

The pediatric nursery service includes 16 general pediatric attending physicians: 1 medical 

director, 7 additional core physicians (weekday service and overnight calls), and 8 other 

physicians (weekend coverage). The medical director and core physicians meet monthly 

to discuss protocols and resident education. Four resident physicians (pediatric and family 

medicine) and 2 to 4 medical students are supervised by pediatric attending physicians 

and cover the pediatric nursery service 24 hours per day. Residents examine patients, write 

medical record notes, and present all couplet care and intermediate nursery patients to the 

pediatric attending physician on morning rounds. Pediatric service resident and attending 

physicians attend to infants on the family medicine service when consultation is requested.

Family medicine nursery service providers are from 2 health care organizations: University 

of Utah and a Federally Qualified Health Center system. Physicians from the latter provide 

obstetric and newborn care at 2 hospitals. When family medicine service providers are 

outside the hospital, they observe patients through communication with nurses.

Planning the Intervention

Initial planning was on the basis of chart review of 698 infants born at gestational age ≥34 

weeks to mothers who had chorioamnionitis. Calculator scores were applied retrospectively 

to assess the value and safety of calculator use.13 A multidisciplinary team was assembled, 

including medical and nursing leaders, nursery core attending physicians, and EHR analysts. 

Key drivers for calculator use were identified in group discussion, including physician 

awareness of the calculator, physician acceptance of calculator scores as an evidence-based 

alternative to CDC guidelines, resident understanding and use of calculator scores and 

treatment recommendations, and EHR design to facilitate calculator use. The study was 

reviewed and approved by the University of Utah Institutional Review Board.

Intervention

Preintervention data were collected about antibiotic orders for 6 months (defined as baseline; 

June 2, 2014 through November 17, 2014). Intervention phase 1 (November 18, 2014 

through January 13, 2016) began after programming an EHR form (flow sheet) that 
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contained the calculator fields and was external to the nursery admission note (Fig 1). 

Access to calculator fields was not automatic but required the user to click on a sidebar 

option (within the EHR but outside the encounter note) to display a form named Risk 

Assessments that contained fields to document calculator scores. This form was accessible 

through admission, rounding, and discharge EHR workflow activities and contained the 

calculator Internet address (https://neonatalsepsiscalculator.kaiserpermanente.org.) that was 

entered manually into a browser.32 During the intervention, our institution did not have the 

capability to autopopulate objective data elements into the flow sheet; manual entry was 

required. Calculator use was defined as provider entry of calculator scores into the EHR 

calculator fields.

At the beginning of phase 1, the EHR flow sheet was released. General pediatric physicians 

and maternal-newborn care nursing leaders attended an educational presentation about the 

calculator and supporting evidence. An e-mail was sent to all nursery providers that included 

calculator literature and the recommendation to use the tool. Provider questions about 

calculator use were addressed in person, on rounds, and by e-mail. In addition to vital sign 

checks every 30 minutes during transition to extrauterine life until 2 sets of normal vital 

signs were obtained, subsequent vital sign checks were increased from every 8 hours to 

every 4 hours for the nursery stay duration.33 Nurses were educated about the increase in 

vital sign frequency by e-mail and at a staff meeting.

Infants of mothers who were diagnosed with intrauterine infection were transferred to the 

transition nursery for close nursing observation for the first hour after birth. All other 

infants without comorbidities stayed with their mothers during fetal-to-neonatal transition. 

The calculator scores and treatment recommendations were added to the pediatric resident 

sign-out sheets, and pediatric and family medicine residents on the pediatric service were 

required to present the scores and treatment recommendations during structured bedside 

rounds with the pediatric attending physician. Residents were expected to input calculator 

scores into the EHR at infant admission. Admission calculator scores automatically 

populated the resident sign-out sheets, ensuring that scores were available for patient care 

discussions and rounds.

After the first year of phase 1, it was shown in periodic data review that calculator fields 

were not used universally. We planned for phase 2 of the Plan-Do-Study-Act cycle34 by 

identifying barriers to calculator use with methods described previously,35 including the 

need to click outside the encounter note to access calculator fields, manual entry of the 

Internet address for calculator access, lack of automatic population of notes with calculator 

recommendations, and lack of reminders to access the calculator. The EHR analysts 

programmed discrete data entry elements into a structured documentation template (known 

in this EHR as a Smart Form) for the admission encounter, with a hyperlink to the calculator 

Internet page (Fig 2). Links were added to populate the admission, progress, and discharge 

notes with calculator recommendations. The major difference in phase 2 programming 

besides the hyperlink was the integration of calculator fields into the encounter note, 

avoiding the need for the provider to remember to open the Risk Assessments sidebar 

option.
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Phase 2 began January 14, 2016, when the Smart Form was released and flow sheet was 

discontinued. Balancing measures were infant positive culture results and NICU transfers 

before and after intervention.

Measures

Our primary outcome measures were provider documentation of calculator scores and infant 

antibiotic orders by pediatric or family medicine providers. Balancing measures included 

NICU transfers and positive blood culture results during the birth admission or readmission.

Analysis

Statistical process control (SPC) and interrupted time series were used to monitor the 

effect of interventions over time.36 We used p-charts with the control set at 3σ to track 

the proportion of infants born weekly for whom the calculator was used to inform their 

care.36 Another SPC technique, the cumulative summation (CUSUM) chart, was used to 

follow the effect of calculator use on the proportion of infants born weekly who had 

antibiotics ordered.37 We used χ2 test to compare calculator use and antibiotics ordered 

between phases and by provider type and NICU transfers before versus after starting 

the interventions. During the final 6 months of phase 2, antibiotic orders were analyzed 

separately because of observed increased accumulation of deviation below the goal on 

the CUSUM chart. Interrupted time series was used to evaluate trend in each phase, and 

confidence intervals were calculated.38 Positive blood culture results were identified by 

querying laboratory results in the university data warehouse and billing data with sepsis 

diagnoses from readmissions to the local pediatric hospital. Statistical software was used 

(version 2017, QIMacros, KnowWare International, Denver, CO; Stata IC 15.1, StataCorp, 

College Station, TX), using Montgomery stability rules for SPC.39

RESULTS

During the study period (June 2, 2014 through December 31, 2017), 12 111 newborns 

were admitted to the nursery. We excluded 187 infants (1.5%) who were transferred to the 

NICU before age 6 hours, primarily for continuous positive airway pressure per institutional 

policy, because treatment decisions in these infants were made by NICU clinicians who did 

not receive the intervention. We included the other 11 924 infants (98.5%) who remained 

in the nursery for at least 6 hours. During phase 1 (duration, 14 months), a mean of 

59% of all infants had calculator scores entered into the EHR (Fig 3). There was wide 

variability around the mean with frequent crossing of the weekly means beyond the 3σ 
control lines (special-cause variation), indicating that the process was out of control and 

needed improvement. During phase 2 (duration, 2 years), the mean frequency of calculator 

use increased to 85% of all infants, and variability around the mean remained within the 3σ 
control lines.

At baseline (preintervention), 7% of infants had antibiotics ordered, and steady 

accumulation of deviation above the ≤3% goal was shown in the CUSUM chart, which 

we set on the basis of previous studies (Fig 3).25,40 During phase 1, the slope of the CUSUM 

line flattened (first half of phase 1) and declined steadily (second half of phase 1), and the 
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CUSUM goal of ≤3% of infants receiving antibiotics was reached by the end of phase 1. 

During phase 2, the proportion of infants who received antibiotics was maintained at the 

3% goal for 6 months and decreased to <3% during the final 18 months. During the final 6 

months of the study, 1% of all infants had antibiotics ordered.

The interrupted time series of the proportion of infants born per week who received 

antibiotics showed a baseline increase of 0.16% per week (CI: 0.002% to 0.32%; P = .05) 

(Fig 4). The immediate treatment effect on the regression line (interruption of the line) at 

the start of phase 1 showed an average decrease in orders (−3.3%; CI: −1.7%; to −5.1%; 

P < .001). The trend of average antibiotic orders (slope) decreased in phase 1 (−0.08% per 

week; CI: −0.1% to 0.06%; P < .001). There was an immediate effect increase of 1.5% 

average antibiotic orders at the start of phase 2 (CI: 0.7% to 2.3%; P < .001), and the trend 

of average antibiotic orders in phase 2 decreased weekly (−0.01% per week; CI: −0.02% to 

20.01%; P < .001).

The calculator was used more frequently for pediatrics than family medicine service infants 

in both phase 1 and 2, and the calculator was used during phase 2 almost universally by the 

pediatric service but for less than half of family medicine infants (Table 1). The frequency 

of antibiotics administered was similar between the pediatrics and family medicine services 

throughout the study (Table 1).

There were 3 infants who had positive blood culture results during the birth admission and 

were treated with antibiotics and discharged in good condition (Table 2). In addition, there 

was 1 infant who was discharged from the nursery and seen for poor feeding at 4 and 5 days 

after birth; this infant became febrile at 6 days after birth and was admitted to the pediatric 

hospital. Cerebrospinal fluid culture and imaging confirmed GBS meningitis with cerebral 

abscess. Because the mother was negative for GBS on prenatal testing, and both mother 

and infant were asymptomatic throughout the birth admission, this infant would not have 

received antibiotics using our preintervention protocol (Table 2).

The frequency of NICU transfers was similar between the preintervention (no. of NICU 

transfers per no. of infants admitted to nursery, 14 out of 1605 [0.9%]) and intervention 

periods (79 out of 10 226 [0.8%]; P = .68).

DISCUSSION

In this academic couplet care and intermediate level nursery, EHR integration increased 

calculator use and reduced antibiotic orders without increased adverse events. Although 

reductions in antibiotic use and testing with calculator use were shown in previous 

studies,25,40,41 we extended previous findings with the current study by showing that EHR 

integration of the calculator in a setting with diverse providers can be achieved effectively 

with minimal EHR design support.

Calculator use increased substantially in phase 2 by 44%, when the fields were integrated 

into the infant admission encounter with a hyperlink to the calculator Web site, and 

calculator recommendations were linked to populate the admission, progress, and discharge 

notes. Clinical practice is improved by automatic provision of decision support and 
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recommendations as part of clinician workflow, whereas support that requires active 

initiation by the clinician is less likely to be adopted.42,43 Although calculator scores in 

phase 2 were entered manually, increased score charting and reduced variability around the 

mean were observed after integration of the score fields into the encounter note, rather than 

requiring the user to click in the sidebar, and inclusion of a hyperlink instead of manual 

entry of the Web site address.

Periodic clinician feedback regarding use of decision support is associated with improved 

compliance with protocols.42 The requirement that pediatric service residents obtain 

calculator scores for the sign-out sheets used for morning rounds with attending physicians 

who evaluated their performance may explain why calculator use was greater for the 

pediatric than family medicine service. Attending physician feedback and evaluation of 

the residents may have outweighed the inconvenience of the nonautomatic decision support, 

whereas family medicine providers had no residents. Despite the difference in frequency 

of filled calculator fields between the 2 services, the decrease in antibiotic orders was 

similar (Table 1). As calculator use increased, antibiotic orders decreased. Family medicine 

providers may have used the calculator for clinical decision support without filling in the 

fields. In addition, presentation of the calculator as an alternative to CDC guidelines may 

have introduced a shift toward clinical observation instead of automatic antibiotic use, 

without close adherence to calculator recommendations.

Limited information is available about the effect of clinical decision support on clinical 

and economic outcomes.44 We observed no adverse events associated with calculator-driven 

decisions, and the frequency of NICU transfers remained stable. In 2011, average hospital 

cost for newborn care in the United States was $3200 per infant.45 In our study, 6% 

fewer infants received antibiotics, and direct hospital costs were 2.5-fold higher for infants 

receiving antibiotics. For 3500 nursery admissions per year at our institution, the potential 

annual savings may exceed $1 million. Scaled nationwide for 3 800 000 births annually,45 

potential cost savings may exceed $1 billion.

The 187 infants (1.5%) transferred to the NICU before age 6 hours, and excluded from the 

study, may have received antibiotics if care had been guided by the calculator definition of 

clinical illness. Addition of these patients to the 1% of infants treated empirically (final 6 

months of study) may have resulted in antibiotic treatment in 2.5% of all infants, similar to 

the proportion treated in the calculator validation study.25

Limitations of this study include limited generalizability because the study was performed 

at a single center that encourages quality improvement initiatives; a multicenter trial may 

be conducted to evaluate variation between different centers and populations. Some infants 

(1%) were lost to follow-up, and some positive blood culture results may have been missed 

because only billing data were available from the children’s hospital, without laboratory 

results. The frequency of calculator use without EHR documentation is unknown.
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CONCLUSIONS

EHR integration of the EOS risk calculator reduced antibiotic orders from 7% to 1% 

of infants in the newborn nursery without increased adverse events. Further study may 

include comparing calculator scores with treatment decisions, and qualitative studies may be 

conducted to clarify how the calculator is used. Additional EHR automation and integration 

of calculator scores and recommendations may increase adoption. Furthermore, simplifying 

the provider documentation of discrete reasons for treatment decisions and deviation 

from protocols would be valuable measures to inform future educational and workflow 

interventions.

POTENTIAL CONFLICT OF INTEREST:

Dr Kawamoto reports honoraria, consulting, or sponsored research with McKesson InterQual, Hitachi, Premier, 
Klesis Healthcare, Vanderbilt University, the University of Washington, the University of California at San 
Francisco, and the US Office of the National Coordinator for Health Information Technology (via Enterprise 
Science and Computing, JBS International, A+ Government Solutions, Hausam Consulting, and Security Risk 
Solutions) in the area of health information technology; the other authors have indicated they have no potential 
conflicts of interest to disclose.

Dr Stipelman conceptualized and designed the study, coordinated and supervised data collection, performed the 
data analysis, including creation and revision of the process control chart, cumulative summation chart, and 
interrupted time series, and drafted the initial manuscript; Drs Smith and Diaz-Ochu performed manual chart 
review; Ms Spackman provided electronic health record analyst support and designed and programmed the 
electronic health record enhancements; Mr Stoddard reviewed the statistical analysis; Dr Kawamoto provided 
clinical decision support expertise; Dr Shakib conceptualized and designed the study, coordinated and supervised 
data collection, and drafted the initial manuscript; and all authors approved the final manuscript as submitted and 
agree to be accountable for all aspects of the work.

ABBREVIATIONS

CDC Centers for Disease Control and Prevention

CUSUM cumulative summation

EHR electronic health record

EOS early-onset sepsis

GBS group B Streptococcus

SPC statistical process control

REFERENCES

1. Llor C, Bjerrum L. Antimicrobial resistance: risk associated with antibiotic overuse and initiatives to 
reduce the problem. Ther Adv Drug Saf. 2014;5(6):229–241 [PubMed: 25436105] 

2. Lovegrove MC, Geller AI, Fleming-Dutra KE, Shehab N, Sapiano MRP, Budnitz DS. US 
emergency department visits for adverse drug events from antibiotics in children, 2011–2015 
[published online ahead of print August 23, 2018]. J Pediatric Infect Dis Soc. doi:10.1093/jpids/
piy066

3. Bourgeois FT, Mandl KD, Valim C, Shannon MW. Pediatric adverse drug events in the outpatient 
setting: an 11-year national analysis. Pediatrics. 2009; 124(4). Available at: www.pediatrics.org/cgi/
content/full/124/4/e744

Stipelman et al. Page 8

Pediatrics. Author manuscript; available in PMC 2023 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.pediatrics.org/cgi/content/full/124/4/e744
http://www.pediatrics.org/cgi/content/full/124/4/e744


4. Shehab N, Lovegrove MC, Geller AI, Rose KO, Weidle NJ, Budnitz DS. US emergency department 
visits for outpatient adverse drug events, 2013–2014. JAMA. 2016;316(20):2115–2125 [PubMed: 
27893129] 

5. Marston HD, Dixon DM, Knisely JM, Palmore TN, Fauci AS. Antimicrobial resistance. JAMA. 
2016;316(11): 1193–1204 [PubMed: 27654605] 

6. Shrestha P, Cooper BS, Coast J, et al. Enumerating the economic cost of antimicrobial resistance per 
antibiotic consumed to inform the evaluation of interventions affecting their use. Antimicrob Resist 
Infect Control. 2018;7: 98 [PubMed: 30116525] 

7. Mitre E, Susi A, Kropp LE, Schwartz DJ, Gorman GH, Nylund CM. Association between use of 
acid-suppressive medications and antibiotics during infancy and allergic diseases in early childhood. 
JAMA Pediatr. 2018;172(6): e180315 [PubMed: 29610864] 

8. Shouval DS, Rufo PA. The role of environmental factors in the pathogenesis of inflammatory bowel 
diseases: a review. JAMA Pediatr. 2017; 171(10):999–1005 [PubMed: 28846760] 

9. Polin RA; Committee on Fetus and Newborn. Management of neonates with suspected or proven 
early-onset bacterial sepsis. Pediatrics. 2012; 129(5):1006–1015 [PubMed: 22547779] 

10. Verani JR, McGee L, Schrag SJ; Division of Bacterial Diseases, National Center for Immunization 
and Respiratory Diseases, Centers for Disease Control and Prevention (CDC). Prevention of 
perinatal group B streptococcal disease–revised guidelines from CDC, 2010. MMWR Recomm 
Rep. 2010;59(RR-10):1–36

11. Puopolo KM, Benitz WE, Zaoutis TE; Committee on Fetus and Newborn; Committee on Infectious 
Diseases. Management of neonates born at ≥35 0/7 weeks’ gestation with suspected or proven 
early-onset bacterial sepsis. Pediatrics. 2018;142(6):e20182894 [PubMed: 30455342] 

12. Puopolo KM, Benitz WE, Zaoutis TE; Committee on Fetus and Newborn; Committee on Infectious 
Diseases. Management of neonates born at ≤34 6/7 weeks’ gestation with suspected or proven 
early-onset bacterial sepsis. Pediatrics. 2018;142(6):e20182896 [PubMed: 30455344] 

13. Shakib J, Buchi K, Smith E, Young PC. Management of newborns born to mothers with 
chorioamnionitis: is it time for a kinder, gentler approach? Acad Pediatr. 2015;15(3):340–344 
[PubMed: 25906702] 

14. Greenberg MB, Anderson BL, Schulkin J, Norton ME, Aziz N. A first look at chorioamnionitis 
management practice variation among US obstetricians. Infect Dis Obstet Gynecol. 2012;2012: 
628362 [PubMed: 23319852] 

15. Towers CV, Yates A, Zite N, Smith C, Chernicky L, Howard B. Incidence of fever in labor and risk 
of neonatal sepsis. Am J Obstet Gynecol. 2017; 216(6):596.e1–596.e5

16. Prevention of perinatal group B streptococcal disease: a public health perspective. Centers for 
Disease Control and Prevention [published correction appears in MMWR Morb Mortal Wkly Rep. 
1996;45(31):679]. MMWR Recomm Rep. 1996;45(RR-7): 1–24

17. Puopolo KM, Eichenwald EC. No change in the incidence of ampicillin-resistant, neonatal, early-
onset sepsis over 18 years. Pediatrics. 2010;125(5). Available at: www.pediatrics.org/cgi/content/
full/125/5/e1031

18. Schuchat A, Zywicki SS, Dinsmoor MJ, et al. Risk factors and opportunities for prevention of 
early-onset neonatal sepsis: a multicenter case-control study. Pediatrics. 2000;105(1 pt 1):21–26 
[PubMed: 10617699] 

19. Benitz WE, Wynn JL, Polin RA. Reappraisal of guidelines for management of neonates with 
suspected early-onset sepsis. J Pediatr. 2015;166(4):1070–1074 [PubMed: 25641240] 

20. Escobar GJ, Puopolo KM, Wi S, et al. Stratification of risk of early-onset sepsis in newborns ≥ 34 
weeks’ gestation. Pediatrics. 2014;133(1):30–36 [PubMed: 24366992] 

21. Schrag SJ, Farley MM, Petit S, et al. Epidemiology of invasive early-onset neonatal sepsis, 2005 to 
2014. Pediatrics. 2016;138(6):e20162013 [PubMed: 27940705] 

22. Stoll BJ, Hansen NI, Sánchez PJ, et al. ; Eunice Kennedy Shriver National Institute of Child Health 
and Human Development Neonatal Research Network. Early onset neonatal sepsis: the burden of 
group B Streptococcal and E. coli disease continues [published correction appears in Pediatrics. 
2011; 128(2):390]. Pediatrics. 2011;127(5): 817–826 [PubMed: 21518717] 

23. Weston EJ, Pondo T, Lewis MM, et al. The burden of invasive early-onset neonatal sepsis in the 
United States, 2005–2008. Pediatr Infect Dis J. 2011;30(11): 937–941 [PubMed: 21654548] 

Stipelman et al. Page 9

Pediatrics. Author manuscript; available in PMC 2023 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.pediatrics.org/cgi/content/full/125/5/e1031
http://www.pediatrics.org/cgi/content/full/125/5/e1031


24. Kiser C, Nawab U, McKenna K, Aghai ZH. Role of guidelines on length of therapy in 
chorioamnionitis and neonatal sepsis. Pediatrics. 2014;133(6):992–998 [PubMed: 24799549] 

25. Kuzniewicz MW, Puopolo KM, Fischer A, et al. A quantitative, risk-based approach to the 
management of neonatal early-onset sepsis. JAMA Pediatr. 2017;171(4):365–371 [PubMed: 
28241253] 

26. Mukhopadhyay S, Dukhovny D, Mao W, Eichenwald EC, Puopolo KM. 2010 perinatal 
GBS prevention guideline and resource utilization. Pediatrics. 2014; 133(2):196–203 [PubMed: 
24446442] 

27. Braun D, Bromberger P, Ho NJ, Getahun D. Low rate of perinatal sepsis in term infants of mothers 
with chorioamnionitis. Am J Perinatol. 2016; 33(2):143–150 [PubMed: 26352681] 

28. Hooven TA, Randis TM, Polin RA. What’s the harm? Risks and benefits of evolving rule-out 
sepsis practices. J Perinatol. 2018;38(6):614–622 [PubMed: 29483569] 

29. Taylor JA, Opel DJ. Choriophobia: a 1-act play. Pediatrics. 2012;130(2):342–346 [PubMed: 
22778303] 

30. Amland RC, Hahn-Cover KE. Clinical decision support for early recognition of sepsis. Am J Med 
Qual. 2016;31(2): 103–110 [PubMed: 25385815] 

31. Puopolo KM, Draper D, Wi S, et al. Estimating the probability of neonatal early-onset infection on 
the basis of maternal risk factors. Pediatrics. 2011; 128(5). Available at: www.pediatrics.org/cgi/
content/full/128/5/e1155

32. Kaiser Permanente Research. Neonatal early-onset sepsis calculator: probability of neonatal early-
onset sepsis based on maternal risk factors and the infant’s clinical presentation. Available at: 
https://neonatalsepsiscalculator.kaiserpermanente.org. Accessed June 29, 2018

33. Morton SU, Brodsky D. Fetal physiology and the transition to extrauterine life. Clin Perinatol. 
2016;43(3):395–407 [PubMed: 27524443] 

34. Institute for Healthcare Improvement. Science of improvement: testing changes. Model for 
improvement: Plan-Do-Study-Act (PDSA) cycles. Available at: http://www.ihi.org/resources/
Pages/HowtoImprove/ScienceofImprovementTestingChanges.aspx. Accessed May 23, 2019

35. Lesselroth BJ, Yang J, McConnachie J, Brenk T, Winterbottom L. Addressing the sociotechnical 
drivers of quality improvement: a case study of postoperative DVT prophylaxis computerised 
decision support. BMJ Qual Saf. 2011;20(5):381–389

36. Benneyan JC, Lloyd RC, Plsek PE. Statistical process control as a tool for research and healthcare 
improvement. Qual Saf Health Care. 2003;12(6): 458–464 [PubMed: 14645763] 

37. Grigg OA, Farewell VT, Spiegelhalter DJ. Use of risk-adjusted CUSUM and RSPRT charts 
for monitoring in medical contexts. Stat Methods Med Res. 2003; 12(2):147–170 [PubMed: 
12665208] 

38. Linden A Conducting interrupted time-series analysis for single- and multiple-group comparisons. 
Stata J. 2015;15(2): 480–500

39. Montgomery DC. Introduction to Statistical Quality Control. 4th ed. Hoboken, NJ: John Wiley & 
Sons; 2001

40. Dhudasia MB, Mukhopadhyay S, Puopolo KM. Implementation of the sepsis risk calculator at an 
academic birth hospital. Hosp Pediatr. 2018;8(5): 243–250 [PubMed: 29666161] 

41. Achten NB, Dorigo-Zetsma JW, van der Linden PD, van Brakel M, Plötz FB. Sepsis calculator 
implementation reduces empiric antibiotics for suspected early-onset sepsis. Eur J Pediatr. 
2018;177(5):741–746 [PubMed: 29455368] 

42. Kawamoto K, Houlihan CA, Balas EA, Lobach DF. Improving clinical practice using clinical 
decision support systems: a systematic review of trials to identify features critical to success. BMJ. 
2005; 330(7494):765 [PubMed: 15767266] 

43. van Wyk JT, van Wijk MA, Sturkenboom MC, Mosseveld M, Moorman PW, van der Lei J. 
Electronic alerts versus on-demand decision support to improve dyslipidemia treatment: a cluster 
randomized controlled trial. Circulation. 2008;117(3):371–378 [PubMed: 18172036] 

44. Bright TJ, Wong A, Dhurjati R, et al. Effect of clinical decision-support systems: a systematic 
review. Ann Intern Med. 2012;157(1):29–43 [PubMed: 22751758] 

45. Kowlessar NM, Jiang HJ, Steiner C. Hospital Stays for Newborns, 2011. Healthcare Cost and 
Utilization Project Statistical Brief #163. 2013. Rockville, MD: Agency for Healthcare Research; 

Stipelman et al. Page 10

Pediatrics. Author manuscript; available in PMC 2023 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.pediatrics.org/cgi/content/full/128/5/e1155
http://www.pediatrics.org/cgi/content/full/128/5/e1155
https://neonatalsepsiscalculator.kaiserpermanente.org
http://www.ihi.org/resources/Pages/HowtoImprove/ScienceofImprovementTestingChanges.aspx
http://www.ihi.org/resources/Pages/HowtoImprove/ScienceofImprovementTestingChanges.aspx


2013. Available at: https://www.hcup-us.ahrq.gov/reports/statbriefs/sb163.pdf. Accessed October 
1, 2018

Stipelman et al. Page 11

Pediatrics. Author manuscript; available in PMC 2023 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.hcup-us.ahrq.gov/reports/statbriefs/sb163.pdf


FIGURE 1. 
EHR form for phase 1 that was external to the nursery admission note and accessed from 

the sidebar (Risk Assessments). URL to the EOS risk calculator was entered manually into 

an Internet browser. Providers entered calculator scores manually into the 3 empty fields 

(rectangles).
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FIGURE 2. 
EHR Smart Form for phase 2, with discrete entry elements programmed into the admission 

encounter and URL hyperlink to the calculator Web site.
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FIGURE 3. 
Calculator use and antibiotics ordered. A, SPC p-chart: proportion of nursery infants each 

week who had calculator scores entered into the EHR fields by the provider. The center 

line in each study phase was the calculated mean of the weekly proportion of infants 

with calculator used during the phase. The UCL and LCL were 3σ above and below the 

center line. The breaks in the center lines were determined by the process changes. B, SPC 

CUSUM chart: proportion of nursery infants each week who had antibiotics ordered within 

24 hours after birth.
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FIGURE 4. 
Interrupted time series of the proportion of infants receiving antibiotics each week.
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