
UCSF
UC San Francisco Previously Published Works

Title
Hospital-level Antibiotic Use and Complexity of Care Among Neonates

Permalink
https://escholarship.org/uc/item/9bz3r3x7

Journal
Journal of the Pediatric Infectious Diseases Society, 9(6)

ISSN
2048-7193

Authors
Singh, Prachi
Steurer, Martina A
Cantey, Joseph B
et al.

Publication Date
2020-12-31

DOI
10.1093/jpids/piz091
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9bz3r3x7
https://escholarship.org/uc/item/9bz3r3x7#author
https://escholarship.org
http://www.cdlib.org/


Journal of the Pediatric Infectious Diseases Society

656  •  jpids  2020:9  (December)  •  Singh et al

O R I G I N A L  A R T I C L E

 

Received 16 April 2019; editorial decision 3 December 2019; accepted 5 December 2019
Correspondence: R.  L. Wattier, MHS 550 16th St, 4th Floor Box 0434, San Francisco, CA, 

94143-0434 (rachel.wattier@ucsf.edu).

Journal of the Pediatric Infectious Diseases Society    2020;9(6):656–63
© The Author(s) 2019. Published by Oxford University Press on behalf of The Journal of the 
Pediatric Infectious Diseases Society. All rights reserved. For permissions, please e-mail: 
journals.permissions@oup.com.
DOI: 10.1093/jpids/piz091

Hospital-level Antibiotic Use and Complexity of Care 
Among Neonates
Prachi Singh,1 Martina A. Steurer,2 Joseph B. Cantey,3 and Rachel L. Wattier4

1Department of Infectious Diseases, University of California San Francisco Benioff Children’s Hospital Oakland, Oakland, California, USA; 2Department of Epidemiology and 
Biostatistics, Pediatrics and the California Preterm Birth Initiative, University of California San Francisco, San Francisco, California, USA; 3Department of Pediatrics, University of 
Texas Health Science Center San Antonio, San Antonio, Texas, USA; 4Department of Pediatrics, University of California San Francisco, San Francisco, California, USA

Background.  Despite increasing neonatal antibiotic stewardship efforts, understanding of interhospital variation in neonatal 
antibiotic use is limited.

Methods.  A retrospective cohort study was conducted among primarily academically affiliated hospitals participating in the 
Vizient Clinical Database/Resource Manager. Neonatal discharges were identified by admission age <1 month, excluding nonviable 
neonates and normal newborns. Hospitals with ≥100 neonatal discharges and complete data for January-December 2016 were in-
cluded. Antibiotic use was measured in days of therapy per 1000 patient-days (DOT/1000 pd). A composite measure of neonatal care 
complexity (NCC; low, medium, high) was based on the volume of very low-birth-weight neonates and neonates undergoing surgical 
procedures, cardiac surgery, or extracorporeal membranous oxygenation.

Results.  The 118 included hospitals represented 184 716 neonatal discharges; 22 hospitals with low NCC, 56 with medium 
NCC, and 40 with high NCC. Mean antibiotic DOT/1000 pd was 363 (standard deviation [SD], 94) in high NCC hospitals, 243 (SD, 
88) in medium NCC hospitals, and 184 (SD, 122) in low NCC hospitals. Increasing NCC was associated with higher antibiotic use, 
with an incidence rate ratio (IRR) of 1.95 (95% confidence interval [CI], 1.55 to 2.47) for high vs low NCC and IRR 1.31 (95% CI, 1.05 
to 1.64) for medium vs low NCC. Increasing case mix index was associated with higher antibiotic use (IRR 1.86 per unit increase; 
95% CI, 1.50 to 2.31).

Conclusions.  Aggregate antibiotic use among hospitalized neonates varies based on care complexity. Substantial variation de-
spite stratification by complexity suggests incomplete risk adjustment and/or avoidable variation in care.

Keywords.   antimicrobial stewardship; antibacterial agents; newborn infant; risk adjustment.

Antibiotics are commonly used in hospitalized neonates [1, 2]. 
They are vital in treating infections; however, their use is also 
associated with adverse outcomes including multidrug-resistant 
infections, necrotizing enterocolitis, late-onset sepsis, invasive 
candidiasis, and mortality [3–6]. Substantial variation in neo-
natal antibiotic use has been described and is not fully explained 
by burden of proven infection [7–11]. These factors have led to 
antibiotic stewardship efforts to improve judicious use of anti-
biotics in neonates.

Interhospital comparison of risk-adjusted antibiotic use 
is recommended by antibiotic stewardship implementation 
guidelines and national policy measures [12, 13]. However, at 
present, there is no validated model for interhospital compar-
ison of neonatal antibiotic use. Current models for expected an-
tibiotic use in the Centers for Disease Control and Prevention 

National Healthcare Safety Network Antibiotic Use (NHSN AU) 
module do not account for well newborn nurseries or neonatal 
intensive care units (NICUs); however, neonatal models are in 
development [14, 15]. Furthermore, while days of therapy per 
1000 patient-days (DOT/1000 pd) is recommended to measure 
the impact of antibiotic stewardship programs, few studies to 
date have reported neonatal antibiotic use in DOT/1000 pd, 
presenting difficulty to hospitals that seek to compare to an ex-
ternal standard [16]. 

To inform appropriate comparison among hospitals and to 
characterize variation in hospital-level antibiotic use, we evalu-
ated antibiotic use among hospitalized neonates in a national 
database of primarily academically affiliated hospitals. We hy-
pothesized that a portion of variation in antibiotic use could 
be explained by measures of neonatal care complexity (NCC) 
measurable at the level of the hospital or the aggregated clinical 
population.

METHODS

Data Source and Study Population

A multicenter retrospective cohort study was conducted using 
data from the Vizient (formerly University Health System 
Consortium) Clinical Database-Resource Manager (CDB/
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RM, Irving, TX) [17]. Vizient is a performance improvement 
organization with member hospitals including 50% of acute 
care health systems and 95% of academic medical centers in 
the United States [18]. Vizient member hospitals are located 
in all major US geographic regions. A subset of member hos-
pitals contribute data to the CDB-RM, a database that includes 
charge-based information on medications, procedures, and 
diagnoses for all discharged patients regardless of payer status. 
Most of the centers that contribute neonatal and/or pediatric 
data to CDB-RM are large academic medical centers with pe-
diatric and/or neonatal care provided on a common facility li-
cense, rather than independently licensed children’s hospitals. 
The database has previously been used to benchmark anti-
microbial use in adult and pediatric patients [19–21].

All data were aggregated at the hospital level but with the 
clinical population restricted to neonatal discharges during 
January 2016–December 2016. Neonatal discharges were de-
fined based on admission age <1  month and could be ad-
mitted to any hospital location or from any admission source 
(eg, inborn, transfer, home). “Normal newborns” (defined 
by Medicare Severity Diagnosis Related Group [MS-DRG] 
795) and nonviable neonates (at delivery) were excluded from 
the clinical population based on predefined selection criteria in 
the database [22]. “Normal newborns” were excluded in order 
to avoid introduction of unwarranted variation in the denomi-
nator of patient-days, given that the newborn delivery volume 
may vary widely between hospitals and not necessarily be re-
lated to factors that drive antibiotic use. The hospital was con-
sidered the primary unit of analysis for the study. Hospitals with 
complete CDB-RM data and at least 100 neonatal discharges 
(admission age <1  month) during the study period were in-
cluded. A  threshold for the number of discharges was set in 
order to exclude hospitals that may care for a small number of 
neonates admitted to pediatric wards and intensive care units 
but not routinely provide neonatal care. The study was desig-
nated exempt as not human subjects research by the University 
of California San Francisco Institutional Review Board.

Variable Definitions

Except where noted, all variables represent aggregate measures 
(means, counts, rates) for the included neonatal cases (with each 
case representing a neonatal discharge, excluding nonviable 
neonates and normal newborn discharges as outlined above) in 
each hospital. The primary outcome was antibiotic use meas-
ured by DOT/1000 pd [20]. The term “antibiotic” herein refers 
to systemic antibacterial medications, excluding nonsystemic 
routes and antiviral and antifungal agents. Antibiotics admin-
istered enterally were included, which is consistent with the 
current approach to measurement of antibiotics in the NHSN 
AU module [15]. Each antibiotic given on a calendar day con-
tributed 1 DOT; for example, ampicillin and gentamicin given 
on 2 calendar days is 4 DOT. The total DOT for the population 

of patients is normalized to the patient census in 1000 patient-
days (the average length of stay [LOS] multiplied by the number 
of cases). Antibiotic use data in CDB-RM have been previously 
validated against member hospital medication administration 
data [19]. The DOT/1000 pd was also determined for each of 
the most frequently used individual antibiotics. Secondary out-
comes were complementary antibiotic use measures including 
percentage of cases who received an antibiotic, mean days of 
treatment with any antibiotic (antibiotic days [AD]), and an-
tibiotic use rate (AUR; AD as a percentage of patient-days, 
previously used in the neonatal literature to report aggregate 
antibiotic use) [9]. The antibiotic spectrum index (ASI) per AD 
was calculated to capture the spectrum of activity using previ-
ously published consensus scoring, with a higher ASI indicating 
broader-spectrum exposure [23, 24]. The ASI assigns numerical 
values for an antibiotic that has activity against 1 or more of 
13 categories of pathogen and an additional point for activity 
against multidrug-resistant organisms. It is totaled and then 
normalized to the number of days on antibiotic therapy (AD).

In order to determine whether hospital-level characteristics 
and complexity measures were associated with aggregate antibi-
otic use in neonates and develop candidate models for the ex-
pected amount of antibiotic use based on those characteristics, 
we examined the association between aggregate antibiotic DOT 
and predictor variables including US census region, total neo-
natal case volume (excluding normal newborns and nonviable 
neonates as above), and case mix index (CMI) for the included 
neonatal cases in each hospital. CMI, a measure of anticipated 
healthcare resource utilization, is calculated by weighted aver-
aging of MS-DRGs [25]. The number of low birth-weight (BW) 
neonates by BW category (<1000  g, 1000–1499  g, and 1500–
2499  g), number who underwent major surgical procedures, 
number of neonates with BW >2499 g who underwent cardiac 
surgical procedures, and number who received extracorporeal 
membrane oxygenation (ECMO) were derived from neonatal 
discharge All Patients Refined Diagnosis Groups (APR-DRGs). 
Inborn case numbers were determined based on admission 
source coded as “born in this hospital.”

Each hospital’s self-reported NICU level of care was obtained 
from the Vizient Hospital Profile Report. Because categories 
were frequently not reported, we derived post hoc NCC 
categories based on each hospital’s neonatal population char-
acteristics, using criteria that corresponded to the American 
Academy of Pediatrics (AAP) levels of neonatal care [26]. These 
groupings were intended to create a composite variable that 
mimics NICU level of care. Hospitals with <5 cases with BW 
<1500 g (very low birth weight; VLBW), <5 cases with major 
surgical procedure(s), <5 cardiac surgery cases, and no ECMO 
cases were designated low NCC hospitals. Hospitals with ≥5 
VLBW cases or ≥5 cases with major surgical procedure(s) but <5 
cardiac surgery cases and no ECMO cases were designated me-
dium NCC hospitals. Hospitals with ≥5 VLBW cases and either 
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any ECMO cases or ≥5 cardiac surgery cases were designated 
high NCC hospitals. The threshold of <5 VLBW, major proce-
dure, and/or cardiac cases was used to account for hospitals that 
provide initial stabilization or convalescent care for neonates in 
these groups but do not routinely offer such care. Because the 
number of neonates receiving ECMO is much smaller, centers 
with any ECMO cases were designated high NCC [27, 28].

Selected infectious events were estimated based on 
International Statistical Classification of Diseases and Related 
Health Problems, 10th revision, diagnostic codes for bacterial 
sepsis (P36, P36.0–36.5, P36.10, P36.19, P36.8, P36.9) and nec-
rotizing enterocolitis (K5530–5533, P77, P771–773, P779) but 
were not evaluated as predictors of antibiotic use due to the in-
ability to differentiate the temporal relationship between these 
events and antibiotic use from the available data. Similarly, av-
erage LOS and mortality were collected but not evaluated as 
predictors.

Statistical Analyses

Antibiotic use measures were compared across NCC categories 
using analysis of variance, followed by Tukey pairwise com-
parisons. Negative binomial regression models were developed 
incorporating DOT as a count outcome and patient-days as 
the exposure term, starting with single candidate predictors. 
Predictors with a statistically significant Wald test in the initial 
single predictor model were further evaluated in combination 
with one another. The modeling strategy was developed a priori 
based on hypothesized relationships between variables. Because 
we evaluated predictors that measure similar aspects of care 
complexity (eg, the number of VLBW cases is a component of 
NCC), we started by comparing 3 types of complexity measures 
for the initial candidate model and then tested whether addi-
tional predictors improved performance of the initial model(s). 
The 3 initial models evaluated were a multivariable model that 
incorporated percentage of VLBW cases, percentage of major 
surgery cases, cardiac surgery as a binary variable (“yes” if ≥5 
cases), and ECMO as a binary variable (“yes” if any cases) as 
separate variables; a single predictor model with NCC; and a 
single predictor model with CMI. These 3 starting models 
were compared to one another using Akaike and Bayesian in-
formation criteria. Other candidate predictors (region and per-
centage of inborn cases) were added to the initial models as a 
“secondary set,” and the effects of their inclusion on model fit 
were evaluated using likelihood ratio tests. Model-based var-
iance estimators were used for the primary analysis, but final 
models were assessed via 1000-fold bootstrap resampling to 
evaluate the influence of resampling on variance estimates and 
avoid overfitting.

Reported P values represent 2-sided hypothesis tests with 
P < .05 considered statistically significant. The analysis was per-
formed using Stata version 14 (StataCorp, College Station, TX).

RESULTS

From 152 CDB-RM-participating hospitals with neonatal dis-
charges in 2016, 29 hospitals were excluded due to incomplete 
data and 5 due to fewer than 100 cases, leaving 118 study hos-
pitals. The volume of neonatal cases per hospital ranged from 
116 to 8233 (median, 1367; interquartile range, 676–2104). 
Across all 118 hospitals, 184 716 cases and 1 561 635 patient-
days were represented.

Six hospitals (5%) reported having a level I NICU, 5 (4%) re-
ported level II, and 70 (59%) reported level III; NICU level was 
not reported for 37 (31%) hospitals. Table 1 shows hospital and 
clinical population characteristics stratified by derived NCC 
category. As NCC increased, the median hospital-level average 
LOS, CMI, and mortality increased and the percentage of in-
born cases decreased. The distribution of hospitals by region 
was similar across NCC.

Antibiotic DOT/1000 pd ranged from 7.9 to 561, with a mean 
of 273 (standard deviation, 118). When stratified by NCC, there 
were statistically significant differences across all NCC levels 
in the antibiotic DOT/1000 pd, percentage of cases receiving 
antibiotics, mean antibiotic days per case, and AUR (antibiotic 
days as a percentage of days present; Table 2). However, there 
remained a wide range of antibiotic DOT/1000 pd within NCC 
categories, with a range of 7.9 to 388 DOT/1000 pd (49-fold dif-
ference) in low NCC hospitals, 102 to 461 (4.5-fold difference) 
in medium NCC hospitals, and 142 to 561 (3.9-fold difference) 
in high NCC hospitals. The ASI per AD (measuring spectrum 
of activity) varied less across NCC and between hospitals, with a 
range of 2 to 7.4. There was a statistically significant difference in 
mean ASI per AD between low vs high NCC hospitals. Figure 1  
shows density distributions of antibiotic DOT/1000 pd and 
AUR by NCC.

The most frequently used antibiotics by percentage of total 
DOT in the entire cohort were ampicillin (33% of total DOT) 
and gentamicin (26% of total DOT), followed by vancomycin, 
cefotaxime, piperacillin-tazobactam, amoxicillin, cefazolin, and 
cefepime. These 8 agents accounted for 85% of DOT in the en-
tire cohort. Enterally administered antibiotics accounted for 7% 
of DOT in the entire cohort. Stratifying the cohort by hospital 
NCC, ampicillin and gentamicin together comprised 94% of total 
DOT in low NCC hospitals, 68% of total DOT in medium NCC 
hospitals, and 53% of total DOT in high NCC hospitals. There 
were no statistically significant differences in mean DOT/1000 
pd for ampicillin or gentamicin across NCC categories. There 
were statistically significant differences in utilization of other 
agents (Table 2), with higher utilization of broad-spectrum 
agents such as vancomycin in medium and high NCC hospitals. 
Figure 2 shows DOT/1000 pd for individual agents as compo-
nents of total antibiotic DOT/1000 pd per hospital.

Initial single predictor models (Table 3) identified associ-
ations between antibiotic DOT and NCC category, CMI, region, 



Neonatal Antibiotic Use by Hospital  •  jpids  2020:9  (December)  •  659

percentage of VLBW cases, percentage of major procedure 
cases, performance of cardiac surgery, performance of ECMO, 
and percentage of inborn cases. Neonatal case volume was not 
associated with DOT. When 3 initial candidate models were 
compared (CMI alone vs NCC alone vs separate predictors for 
each component of NCC category), the models with CMI alone 
and NCC alone showed better fit (Supplementary Table 1).  
The model with separate predictors showed instability of co-
efficients and poorer fit, likely due to collinearity of predictors 
(Supplementary Table 2), and was not considered further.

Inclusion of inborn cases and region in the 2 remaining can-
didate models (CMI vs NCC) did not improve performance of 
either model based on likelihood ratio tests (Supplementary 
Table 3), so these predictors were not included in the final 
models. The model with CMI had minimal changes in confi-
dence intervals with bootstrap resampling (Supplementary Table 
4), whereas the model with NCC had wider confidence intervals 
with resampling but still with statistically significant likelihood 
ratio test for inclusion of the NCC variable (P < .001). Figure 3 
shows actual vs predicted values for the relationships between 
CMI and antibiotic DOT and between NCC and antibiotic DOT.

DISCUSSION

In this retrospective cohort study of predominantly academi-
cally affiliated hospitals in the United States, we found a positive 

association between hospital-level neonatal antibiotic use, 
measured in DOT/1000 pd, and complexity of care as indicated 
by both NCC derived from clinical population characteris-
tics and CMI. We used NCC and CMI to develop 2 candidate 
models to characterize the relationship between hospital-level 
antibiotic use and complexity of care. Even after controlling for 
complexity, there was high interhospital variation in neonatal 
antibiotic use. The main strengths of our approach are use of 
a US national dataset that includes validated medication data 
and measurement of antibiotic use in DOT/1000 pd, which 
has been infrequently used in neonatal antibiotic use literature 
[15, 16]. Measurement in DOT is important because it is the 
recommended antibiotic use metric for antibiotic stewardship 
programs, it captures combination therapy (more than 1 antibi-
otic per day), and it measures antibiotic use by individual drugs 
and clinically important drug classes (eg, broad-spectrum 
agents) in addition to overall antibiotic use [12].

In contrast to studies by Schulman et  al who described 
hospital-level AUR in California NICUs, we found AUR (and 
DOT/1000 pd) to be approximately normally distributed vs 
positively skewed in the California NICU studies [9, 10]. We 
identified a relationship between antibiotic use and com-
plexity of care, whereas Schulman et  al showed similar den-
sity distributions of AUR in intermediate NICUs (equivalent 
to AAP level II, or low NCC in our study), community NICUs 
(AAP level III, medium NCC), and regional NICUs (AAP level 

Table 1.  Hospital and Clinical Population Characteristics by Neonatal Care Complexity Category

Characteristic

Hospitals (N = 118)

Low Complexitya (N = 22) Medium Complexitya (N = 56) High Complexitya (N = 40)

Region (N, %)    

  Northeast 6 (27) 13 (23) 7 (18)

  Midwest 9 (41) 18 (32) 11 (28)

  South 5 (23) 14 (25) 16 (40)

  West 2 (9) 11 (20) 6 (15)

Neonatal case volumeb (median, IQR) 231 (165–403) 1441 (974–2289) 1588 (1327–2524)

Length of stay (median, IQR) 2.6 (2.2–3.3) 7.5 (5.3–9.0) 11.6 (9.5–14.1)

Case mix index (median, IQR) 1.72 (1.62–1.84) 2.11 (2.00–2.32) 2.51 (2.33–2.68)

Percentage of cases with diagnosis/characteristic (median, IQR)

  Inborn admission source 98 (97–99) 95 (91–97) 82 (73–86)

  Birth weight, g    

    <1000 0 (0–0) 1.7 (0.6–2.3) 2.2 (1.2–3.3)

    1000–1499 0 (0–0) 2.6 (1.5–3.9) 3.6 (2.4–5.1)

    1500–2499 7.2 (4.7–9.7) 14.4 (11.8–18.3) 15.6 (13.0–18.5)

  Major surgical procedure 0 (0–0) 0.6 (0.2–1.4) 4.1 (3.3–5.3)

  Cardiac surgical procedurec 0 (0–0) 0 (0–0.1) 0.7 (0.5–1.6)

  Extracorporeal membrane oxygenation n/a n/a 0.3 (0.1–0.6)

  Bacterial sepsis 1.3 (0.3–2.3) 1.8 (1.0–4.0) 4.4 (2.9–7.2)

  Necrotizing enterocolitis 0 (0–0) 0.3 (0.2–0.6) 0.9 (0.6–1.5)

  Mortality 0 (0–0.28) 0.54 (0.31–0.88) 1.62 (1.17–2.24)

Abbreviations: IQR, interquartile range; n/a, not applicable.
aNeonatal care complexity hospital level—low: <5 cases with very low-birth-weight (VLBW), < 5 cases with major surgical procedure(s), <5 cardiac surgery cases, and no extracorporeal membrane oxygenation (ECMO) cases; me-
dium: ≥5 VLBW cases or ≥5 cases with major surgical procedure(s), <5 cardiac surgery cases, no ECMO cases; high: ≥5 VLBW cases and either ≥1 ECMO case or ≥5 cardiac surgery cases.
bCount of cases excluding “normal newborn” and nonviable neonates.
cCardiac procedure case percentages based on All Patients Refined Diagnosis Group (APR-DRG) applies only to those with birth weight >2499 g (no applicable APR-DRG for lower-birth-weight neonates).

http://academic.oup.com/jpids/article-lookup/doi/10.1093/jpids/piz091#supplementary-data
http://academic.oup.com/jpids/article-lookup/doi/10.1093/jpids/piz091#supplementary-data
http://academic.oup.com/jpids/article-lookup/doi/10.1093/jpids/piz091#supplementary-data
http://academic.oup.com/jpids/article-lookup/doi/10.1093/jpids/piz091#supplementary-data
http://academic.oup.com/jpids/article-lookup/doi/10.1093/jpids/piz091#supplementary-data
http://academic.oup.com/jpids/article-lookup/doi/10.1093/jpids/piz091#supplementary-data
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IV, high NCC) in 2016 [10]. In our study, low and medium 
NCC hospitals had lower AUR in 2016 than reported from in-
termediate and community NICUs in California in the same 
year. These differences may be explained, in part, by different 
measurements. We captured all systemically administered 
antibiotics (enteral, intravenous [IV], intramuscular [IM]), 
whereas the California NICU studies included selected IV 
antibiotics and antifungals in the AUR calculations. Our meas-
urements of antibiotic use were based on validated medication 
claims data, whereas the California NICU studies were based 
on hospitals’ self-reported AUR. One important similarity be-
tween our findings and those of Schulman et al is the high var-
iation in AUR (and DOT/1000 pd) across hospitals, even when 
stratifying by complexity.

Flannery et al also reported high variation in the proportion 
of VLBW and extremely LBW infants who received antibiotics 
within the first 3 days of life and who received antibiotics for 
more than 5 days. However, the authors did not specifically ad-
dress center complexity as a contributor to variation in antibiotic 
use [11]. O’Leary et al recently reported neonatal antimicrobial 
use data (antibacterial and antifungal agents, including IV, IM, 
enteral, and respiratory routes of administration) gathered from 
hospitals that were participating in the NHSN AU module in 
2017 [15]. The highest level of antimicrobial DOT/1000  days 

present was measured in level III NICUs, followed by special 
care nurseries, then level II and III NICUs and well newborn 
nurseries. Relationships between antimicrobial use and NICU 
level of care or other unit- or facility-specific predictors were 
not formally tested; however, the findings are qualitatively sim-
ilar to ours in that the highest complexity unit type showed the 
highest rate of antimicrobial use.

Evaluation of neonatal antibiotic use in DOT/1000 pd identi-
fied other key findings with implications for neonatal antibiotic 
stewardship. Relatively few antibiotic agents are used in neo-
nates, with the 8 most frequently used drugs accounting for 85% 
of DOT in the entire cohort. Though ampicillin and gentamicin, 
which are commonly used for empiric treatment of early-onset 
sepsis (EOS), were used most frequently, their use did not vary 
substantially based on hospital NCC category. These findings 
are similar to those of O’Leary et al from the NHSN AU data 
[15]. This finding may reflect better standardization of EOS 
treatment in recent years, with organized stewardship efforts 
focusing on EOS [29, 30]. Differences in antibiotic DOT/1000 
pd across NCC category were driven by higher utilization of 
antibiotics that may be used to treat hospital-onset conditions 
(vancomycin, piperacillin-tazobactam, cefepime) or for sur-
gical prophylaxis (cefazolin). This suggests further opportu-
nity for antibiotic stewardship to address antibiotic treatment 

Table 2.  Hospital-level Antibiotic Use Metrics by Neonatal Care Complexity Category

Antibiotic Use Metric

Hospitals (N = 118)

Analysis of 
Variance Pairwise Comparisonsb

Low Complexitya (N = 22)  
Mean (SD)

Medium Complexitya (N = 56)  
Mean (SD)

High Complexitya (N = 40)  
Mean (SD)

 P
P Medium vs 

Low
P High vs 
Medium P High vs Low

Metrics for all antibiotic use        

  DOT/1000 pd 184 (122) 243 (88) 363 (94) <.001 .045 <.001 <.001

  Percent receiving antibiotic 12 (7) 24 (14) 39 (15) <.001 .001 <.001 <.001 

  Mean AD/Case 2.6 (0.6) 4.5 (1.2) 7.0 (1.6) <.001 <.001 <.001 <.001

  Antibiotic use rate (%) 10 (7) 14 (5) 22 (6) <.001 .013 <.001 <.001

  Antibiotic spectrum indexc  
per AD

5.7 (1.3) 6.1 (0.6) 6.4 (0.6) .007 .088 .288 .005

DOT/1000 pd for individual antibiotics

  Ampicillin 97 (67) 100 (37) 108 (30) .51 … … …

  Gentamicin 75 (58) 76 (34) 81 (28) .75 … … …

  Vancomycin 0.4 (1) 17 (18) 40 (25) <.001 .003 <.001 <.001

  Cefotaxime 7 (18) 13 (13) 22 (17) .001 .273 .019 .001 

  Piperacillin-tazobactam n/ad 6 (7) 17 (13) <.001 .038 <.001 <.001

  Amoxicillin 3 (6) 3 (4) 15 (12) <.001 >.99 <.001 <.001

  Cefazolin 0.2 (1) 2 (3) 12 (8) <.001 .313 <.001 <.001

  Cefepime n/ad 4 (8) 9 (7) <.001 .086 <.001 <.001

Abbreviations: AD, antibiotic days; DOT/1000 pd; days of therapy per 1000 patient-days; n/a, not applicable; SD, standard deviation.
aNeonatal care complexity hospital level—low: <5 cases with very low birth weight (VLBW), < 5 cases with major surgical procedure(s), <5 cardiac surgery cases, and no extracorporeal membrane oxygenation (ECMO) cases; me-
dium: ≥5 VLBW cases or ≥5 cases with major surgical procedure(s), <5 cardiac surgery cases, no ECMO cases; high: ≥VLBW cases and either ≥1 ECMO case or ≥5 cardiac surgery cases.
bPairwise comparisons by Tukey test.
cPer Gerber et al [23].
dMedication was not used in any hospital in the low complexity category.
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indications other than EOS, such as late-onset sepsis, necro-
tizing enterocolitis, and surgical prophylaxis.

We identified 2 main candidate models to characterize the 
relationship between hospital-level complexity indicators and 
antibiotic use. The best-performing model used CMI as a single 
predictor; the other model with acceptable performance used 
our post hoc NCC category as a single categorical predictor. 
Before application to clinical practice, each of these models re-
quires further validation for predictive performance. With each 
of these models, there remains unexplained variation between 
actual and predicted values of antibiotic DOT/1000 pd. Toward 
the ultimate goal of understanding what is a reasonable “ex-
pected value” of neonatal antibiotic use in a hospital, both CMI 
and NCC have potential caveats as predictors. Though CMI has 
been used to risk-adjust antibiotic use in adult inpatients, it was 
primarily developed as an indicator of predicted resource uti-
lization and may not be an ideal predictor of expected antibi-
otic use [31]. It is subject to measurement differences based on 
documentation and coding. Also, although it has been used to 
some extent in neonatal risk-adjustment for other quality indi-
cators, its calculation is based on weighting of MS-DRGs, which 

are less granular for neonatal hospitalizations than APR-DRGs 
[32, 33]. CMI can be applied to claims-based data but cannot be 
readily applied to data submitted from a hospital unit, such as 
in the NHSN AU module. For this purpose, prediction models 
that incorporate unit type (similar to our NCC category) would 
be more applicable and, based on our findings, could explain 
some of the variation in neonatal antibiotic use but would still 
leave substantial unexplained variation. Unexplained variation 
could represent opportunities for antibiotic stewardship (to 
reduce avoidable antibiotic use) but also need for better risk-
adjustment strategies beyond the hospital-level model, poten-
tially incorporating patient-level risk factors.

Our study has several limitations. Using claims-based 
data, we were unable to categorize neonatal hospitalizations 
based on exact location of care; neonates may have been ad-
mitted to NICUs, pediatric or cardiac intensive care units, or 
hospital wards. However, we believe the clinical population 
that was captured closely approximates patients who would 
receive care in NICUs. In the majority of study hospitals, 
most neonates were inborn, and in each NCC group, the 
median LOS was relatively short. Our post hoc complexity 
categories were intended to approximate the AAP levels of 
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Figure 1.  Density distribution of hospital-level antibiotic days of therapy 
per 1000 patient-days (A) and antibiotic use rate (B), the percentage of 
patient-days on which any antibiotic was given, in hospitals with low, me-
dium, and high complexity.
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Figure 2.  Antibiotic utilization by complexity and medication. Each bar 
represents a single hospital. The most frequently used antibiotics are la-
beled by color, with bar heights adding up to the total antibiotic use in days 
of therapy per 1000 patient-days for each hospital.
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neonatal care, but it is possible that some hospitals were mis-
classified [26]. Criteria used in these categories were based on 
discharge APR-DRGs, which may be subject to misclassifica-
tion based on documentation and coding. However, based on 
longer LOS and higher mortality from low to medium to high 
NCC hospitals, we believe that NCC categories are reasonable 
proxies for escalating levels of care complexity. Furthermore, 
misclassification, due either to documentation and coding or 
flaws in our classification system, is more likely to bias results 
toward the null hypothesis of no difference between groups. 
For these reasons, we believe that the main qualitative finding 
of higher antibiotic use with increasing complexity of neo-
natal care remains valid.

Because we evaluated aggregate antibiotic use for the entire 
population of neonates in each hospital and included data ag-
gregated over the entire hospitalization, we could not evaluate 
the true burden of infection occurrence (eg, if multiple episodes 
occurred), the linkage between use of antibiotics and specific 
indications, or the appropriateness of antibiotic therapy.

Regarding generalizability to other settings, the Vizient 
CDB-RM includes primarily academically affiliated hospitals 
and may not accurately represent neonatal antibiotic use in 
community hospitals. Participating hospitals are primarily 
hospitals with newborn deliveries (only 2 of 118 hospitals had 
no inborn neonates). Antibiotic use may vary in hospitals that 
care only for outborn neonates (such as independently licensed 

children’s hospitals), and further study of neonatal antibiotic use 
in such hospitals is warranted. Actual numbers for DOT/1000 
pd may differ from DOT per 1000 days present, the metric used 
by the NHSN AU module [14, 15]. Validation of our findings 
in a variety of neonatal care settings and identification of other 
risk modifiers are needed for widespread applicability.

CONCLUSIONS

We have shown that neonatal antibiotic use varies based on 
complexity of neonatal care, with increasing antibiotic use from 
low to medium to high complexity hospitals. Models based on 
NCC and CMI show promise for risk-adjusted interhospital 
comparison. Even with adjustment for complexity, neonatal an-
tibiotic use varies substantially between hospitals. Considering 
the major health risks of early life antibiotic exposure, it is im-
portant to develop and validate risk adjustment methods to 
accurately identify expected hospital-level antibiotic use and 
direct antibiotic stewardship efforts for neonates at every level 
of care.

Table 3.  Single Predictor Relationships Between Hospital and Clinical 
Population Characteristics and Antibiotic Days of Therapy

Predictor

Single Predictor Negative Binomial Models

Incidence Rate Ratioa (95% Confidence 
Interval) P (Wald Test) 

Neonatal care complexityb category   

  Low Ref …

  Medium 1.31 (1.05–1.64) .02

  High 1.95 (1.55–2.47) <.001

Case mix index 1.86 (1.50–2.31) <.001

Percent very low-birth-weight casesc 1.04 (1.02–1.07) .001

Percent major procedure cases 1.07 (1.04–1.10) <.001

Cardiac surgery performed (≥5 cases) 1.49 (1.23–1.81) <.001

Extracorporeal membrane oxygena-
tion performed (any cases)

1.63 (1.36–1.95) <.001

Region   

  Northeast Ref …

  Midwest 1.12 (0.87–1.43) .38

  South 1.34 (1.04–1.73) .02

  West 1.27 (0.94–1.70) .12

Percent cases inborn 0.99 (0.98–0.99) <.001

Neonatal case volumed 1.00 (0.99–1.00) .17

a Neonatal care complexity hospital level—low: <5 cases with very low birth weight (VLBW), < 5 cases with 
major surgical procedure(s), <5 cardiac surgery cases, and no extracorporeal membrane oxygenation (ECMO) 
cases; medium: ≥5 VLBW cases or ≥5 cases with major surgical procedure(s), <5 cardiac surgery cases, no 
ECMO cases; high: ≥5 VLBW cases and either ≥1 ECMO case or ≥5 cardiac surgery cases.
b Interpreted as relative increase in days of therapy count, holding patient-days constant, per single unit 
increase in value of predictor.
c Birth weight <1500 g.
d Count of cases excluding “normal newborn” and nonviable neonates.
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Figure 3.  Relationships between hospital-level neonatal antibiotic days 
of therapy per 1000 patient-days (DOT/1000 pd) and case mix index (CMI) 
(A) and between DOT/1000 pd and complexity (B). Solid lines represent 
predicted values, dashed lines represent 95% confidence intervals for 
predicted values. Dots represent individual hospital’s actual values of 
DOT/1000 pd plotted against CMI (A) or complexity (neonatal care com-
plexity) (B) (ranked by DOT/1000 pd within category).
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