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Background: Antibiotic resistance (AR) is a global public health threat. Surveillance of baseline AR and trends and 
emerging resistance among priority bacterial isolates with respect to the age of the patients and the type of 
healthcare setting are required due to differences in antimicrobial need and use in these populations.

Methods: We performed a retrospective study using deidentified electronic health record (EHR) data in the 
Cerner Health Facts™ data warehouse. Antibiotic susceptibility data were extracted for all bacterial isolates 
of interest at 166 non-affiliated healthcare facilities reporting microbiology susceptibility results of the FDA re
commended antibiotics between the years 2012 to 2017. We assessed and visualized the slope coefficient from 
linear regression to compare changes in resistance over time for the four patient care groups.

Results: The trends in resistance rates to clinically relevant antibiotics were influenced by age and care setting. 
For example, ertapenem-resistant Enterobacter cloacae isolates from children overall increased significantly 
compared with adults (0.7% to 9.8%, 2.1% to 2.8%, P = 0.00013) and isolates from children in paediatric facilities 
increased significantly compared with facilities treating adults and children (0.1% to 27.1%, 0.9% to 3.8%, P =  
0.0002).

Conclusions: Large-scale analysis of EHR data from 166 facilities shows that AR patterns for some bug-drug 
combinations vary by care setting and patient age. We describe novel data visualizations to interpret large-scale 
EHR data on the prevalence and trends of AR that should influence antimicrobial prescribing and antimicrobial 
stewardship programme interventions.

Introduction
The emergence of antibiotic-resistant (AR) bacteria endangers 
the efficacy of antibiotics and is a global public health crisis.1,2

The CDC estimates that 2.8 million people in the USA are infected 
each year with bacteria resistant to antibiotics, with an average 
of 35 000 deaths.3 AR infections cause significant morbidity and 
mortality worldwide and could reach up to 10 million deaths by 
2050.4,5 AR infections can double the duration of hospital stays, 
increase mortality rate, prolong treatment and increase health
care costs.6,7 US estimates suggest AR infections contribute 
$35 billion to healthcare costs per year.8

The CDC and WHO provide prioritized lists of AR bacteria based on 
level of concern to human health.3,9 AR variants of the ESKAPE 
pathogens (Enterococcus faecium, Staphylococcus aureus, 
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aer
uginosa and Enterobacter spp.) are considered to be emergent 

threats.10,11 Several US studies show an alarming increase in resist
ance among pathogenic Gram-negative bacilli, including 
P. aeruginosa, A. baumannii, Escherichia coli, Proteus mirabilis, 
Serratia marcescens, Haemophilus spp., Klebsiella spp., Salmonella 
spp., Citrobacter spp., Enterobacter spp. and Shigella spp.12–20

Gram-positive bacteria cause serious and difficult-to-treat infec
tions, exacerbated by marked increases in AR among these bacteria, 
most notably MRSA, decreased susceptibility to penicillin in 
Streptococcus pneumoniae and vancomycin-resistant enterococci 
(VRE).21–23 Tracking emerging patterns of AR allows providers to pre
cisely tailor antibiotic therapy and prevent the spread of existing AR.

Until recently, trends in drug-resistant infections in children 
have been relatively uncharacterized. Isolates from children 
have different selective pressure due to their immature 
immune system, somewhat distinct set of antibiotics or overall 
antimicrobial exposure.24–27 A study found a 700% surge in 
paediatric infections caused by the enteric pathogens resistant 
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to multiple antibiotics in the USA over a period of 8 years.28 The 
type of facility (stand-alone paediatric or blended facilities car
ing for adults and children) could also be a factor for different 
resistance patterns in children, especially in hospital-acquired 
infections (HAIs).29 Paediatric facilities have been found to 
vary substantially in their use of antibiotics.30 AR patterns for pri
ority pathogens have not been compared between children and 
adults nor between types of facility. This would inform paediat
ric care setting-focused antibiotic stewardship programmes 
(ASPs).

Data derived from electronic health records (EHRs) loaded into 
multi-institutional data warehouses provide a powerful resource 
for examining these issues. One such data resource, Cerner 
Health Facts™ (HF), contains microsusceptibility test results 
from multiple sites.31 The objective of this study was to compare 
the trends in resistance for the priority bacterial pathogens be
tween children and adults as well as among children treated in 
primarily paediatric facilities and blended facilities.

Materials and methods
Data source
We derived the study data from Cerner HF database (Kansas City, MO, 
USA) populated by the daily extraction of discrete EHR data from par
ticipating organizations. HF data are deidentified in a manner compli
ant with US Health Insurance Portability and Accountability Act 
standards. In the 2018 version of the HF, 416 facilities associated 
with 84 non-affiliated health systems had contributed 5 million dis
tinct microsusceptibility encounter data from 3 million patients to 
HF at intervals from January 2000 through 2017. Cerner ceased popu
lating HF in mid-2018; the replacement, Cerner Real World Data, does 
not yet include discrete microbiology results. Between 2007 and 2012 
Cerner implemented a variety of initiatives to improve the HF data 
quality and consistency. HF includes microbiology results, patient 
demographics, diagnoses, medication orders, other laboratory tests 
and clinical procedures. The Children’s Mercy Office of Research 
Integrity has designated research with HF data as ‘non-human sub
jects research’.

Data definition
The efficacy of the antibiotics against the isolates is interpreted as resist
ant (R) if the bacteria are not inhibited by the recommended dosage of 
antibiotic and there is growth in the presence of the antibiotic; susceptible 
(S) if the isolates are inhibited by the recommended dosage of antibiotic; 
and intermediate (I) if there is limited growth in the presence of dilute 
antibiotics.32 The calculation of antimicrobial resistance (proportion of R 
relative of the total) is dependent on two prerequisites: the data should 
only consist of first isolates (the isolate of a bacterial species found first 
in a patient per encounter) and a minimum required number of 30 iso
lates per year for every group.33,34

Data validation
Every encounter in HF is associated with a health system ID. Children’s 
Mercy Hospital (CMH) is a contributor to HF. In order to test the reliability 
of HF data, we extracted the 2017 CMH antimicrobial susceptibility data 
using the health system ID in HF and compared it with the CMH 2017 anti
biogram (Table S1, available as Supplementary data at JAC Online).35 The 
antibiogram is populated annually by the CMH Clinical Microbiology la
boratory. We evaluated the reliability of the data using a single- 

measurement, absolute-agreement, two-way, mixed-effects intraclass 
correlation (ICC) method.36

Isolate-antibiotic combinations
Each record in the dataset includes the isolate, susceptibility test results, 
specimen source, and the time stamp of the test result verification. In or
der to minimize the number of isolates, we selected relevant pathogens 
based on the CDC report on greatest AR threats and the WHO list of global 
priority AR bacteria.3,9 There are 22 such organisms: A. baumannii, 
Citrobacter freundii, Enterobacter aerogenes, Enterobacter cloacae, E. fae
cium, E. coli, Haemophilus influenzae, Klebsiella oxytoca, K. pneumoniae, 
MRSA, MSSA, P. mirabilis, P. aeruginosa, Salmonella spp., S. marcescens, 
Shigella spp., CoNS, Streptococcus Group A, Streptococcus Group B, S. 
pneumoniae, Streptococcus viridans and VRE. In order to focus on clinic
ally relevant antibiotics, we included CLSI recommended antimicrobial 
agents approved by the FDA for clinical use that are considered for routine 
testing and reporting by microbiology laboratories in the USA.37 There are 
41 clinically relevant antibiotics for those 22 isolates (Table S2). Antibiotics 
primarily used to treat urinary tract infections are only considered for iso
lates whose source of infection is specifically urinary.

Study design
We conducted a retrospective study of encounters with the 22 priority 
bacteria with microbiology susceptibility results for the FDA recom
mended and clinically relevant antibiotics for the years 2012 to 2017 
(Figure 1). S. aureus isolates were classified as MRSA if oxacillin/methicillin 
resistant, and MSSA if oxacillin/methicillin susceptible. We included en
counters of the pathogens that reported valid susceptible, intermediate 
or resistant results with a valid date stamp. Facilities consistently report
ing the microbiology susceptibility every year between the years 2012 
and 2017 were included (166 facilities) whereas 250 facilities that did 
not fit the inclusion criteria were excluded. Facilities where the mean 
age of patients is less than 18 years were identified as likely paediatric fa
cilities, and facilities treating both adults and children were identified as 
blended facilities. We separated the data cohort into four groups: encoun
ters of the isolates from children (Age <18) (Group 1) and adults (Age 
>18) (Group 2); isolates of children from paediatric facilities (Group 3) 
and isolates of children from blended facilities (Group 4). 
Isolate-antibiotic combinations with the minimum required number of 
30 isolates per year were included in every group (Figure 1).

Analysis
We examined the resistant percentage of each pathogen-antibiotic pair 
individually and in relation to the four cohorts. We calculated the slope 
coefficient for the trend in proportion of resistance of every pathogen- 
antibiotic combination over the years 2012 to 2017 by utilizing linear re
gression. The data are installed in Microsoft Azure (Microsoft Corp., 
Redmond, WA, USA) and queries are performed with R Studio version 
1.1.453 with R version 3.6.1. An analysis that we refer to as the multiple 
categorical slope (MCS) was performed for the total cohort and for all the 
four groups to identify significant antibiotic-resistant pathogens that are 
increased/decreased over the years. In the MCS plot, the calculated 
slopes of the pairs are plotted on the y-axis and similar to a Manhattan 
plot, the x-axis of the plot shows antibiotics as dots organized by patho
gens, in different colored blocks. The pairs that increased during the per
iod evaluated are indicated above the upper limit (95th percentile value of 
the slope) horizonal line whereas the pairs that decreased are indicated 
below the baseline lower limit (fifth percentile value of the slope). Total 
number of encounters per pathogen-antibiotic combination was included 
in the model as a covariate to address the bias of varying number of en
counters. We compared the significance of the difference in the slope be
tween children versus adult (Group 1 versus 2) as well as children in 
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Figure 1. Data extraction and study design.
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paediatric facilities versus blended facilities (Group 3 versus 4) through 
the comparison-MCS (C-MCS) plot. In the C-MCS plot, the effect of the 
interaction term (group × year) is plotted for every pathogen-antibiotic 
pair. The significance of the interaction term was tested to determine 
pathogen-antibiotic pairs with unequal slopes that represent a different 
pattern in the trend in resistance between children and adults as well 
as between children in paediatric facilities and children in blended 
facilities.

Results
Characteristics of data
The reliability of the data evaluated using ICC indicate that the 
agreement of the data between HF and the CMH antibiogram is 
considered to be excellent (ICC = 0.84; 95% CI: 0.77–0.88; after 
excluding outliers: ICC = 0.984; 95% CI: 0.977–0.99).

The 2018 version of the HF microbiology susceptibility data in
cludes 125 million susceptibility results evaluated from 1047 
pathogens screened for resistance to 216 antimicrobials resulting 
in 23 362 unique pathogen-antibiotic combinations. Isolate sam
ples were reported from 550 distinct body source sites. Urinary 
tract isolates constituted 63% of all isolates. The majority of 
the susceptibility tests used the MIC or Kirby–Bauer method. 
Inclusion of 22 priority organisms and clinically relevant antibio
tics resulted in 302 isolate-antibiotic combinations yielding 19 
million encounters in the study cohort. This cohort consists of 
1.5 million isolates identified from 1 million patients associated 
with 166 US facilities. Most (63%) facilities were non-teaching in
stitutions, and the majority (80%) were located in urban environ
ments. More than two-thirds (68%) had fewer than 200 beds, 
including 40 facilities with fewer than 5 beds, a marker for exclu
sively outpatient care. We noted that 28% of the facilities with 
patients in the cohort had 200–500 beds and 4% had more 
than 500 beds. There was an even distribution of the facilities 
in the South (n = 54), West (n = 45) and Midwest (n = 50) census 

regions whereas there were fewer facilities in the Northeast re
gion (n = 17). We did not evaluate resistance patterns by patient 
geography.

There were 84 101 patients in the cohort younger than 
18 years (13% of the HF cohort) whose encounters were seg
regated into Group 1 (children), with the remaining encoun
ters in Group 2 (adults). Group 1 includes encounters from 
160 facilities with 10 paediatric facilities. Those encounters 
were separated into Group 3 (paediatric facilities) whereas 
the remaining encounters are Group 4 (blended facilities). 
Data characteristics of these groups are summarized in 
Figure 1.

Baseline resistance
Within the total study cohort, the 22 priority pathogens with the 
highest percentage of resistance to the clinically relevant antibio
tics are shown in Figure 2 (number of isolates tested; percentage 
resistant). Among the pathogens with highest total level of resist
ance, Streptococcus Group B had the highest resistance to clinda
mycin (22 252; 52.79%).

We compared resistance patterns based on age group 
(Figure 3a and b) and care setting (Figure 3c and d). The overall 
difference in the proportion of resistant isolates was higher in 
adults when compared with children (Figure 3a and b). For ex
ample, isolates from adults had a higher proportion of 
ciprofloxacin-resistant A. baumannii (38% versus 6%, P <  
0.0001) whereas isolates from children had a higher proportion 
of amikacin-resistant P. aeruginosa isolates (17% versus 4%, 
P < 0.0001). Some isolates from children in blended facilities 
had a higher proportion of penicillin-resistant S. pneumoniae 
(18% versus 2%, P < 0.0001) (Figure 3c). However, in general, chil
dren treated in paediatric facilities had a higher proportion of re
sistant isolates when compared with blended facilities 
(Figure 3d). For example, isolates from children in paediatric 

Figure 2. Baseline resistance of the study cohort (Total no. of resistant encounters, Resistance %).
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facilities had a higher proportion of ceftriaxone-resistant E. aero
genes compared with those treated in blended facilities (21% 
versus 4%, P < 0.0001).

Trend in resistance
The MCS plot of the study cohort is shown in Figure 4(a). The 
predominant pair was ciprofloxacin-resistant Shigella sp., 
which increased from 1.6% to 8% between 2012 and 2017 
(slope = 1.17, R2 = 0.972, P = 0.003) and ceftazidime-resistant 
A. baumanii, which decreased from 34% to 24% (slope =  
−6.24, R2 = 0.981, P = 0.004). The positive and negative 
trends of other statistically significant pairs are depicted in 
Figure 4(b).

The pathogen-antibiotic combinations with a significant posi
tive and negative trend for all the four groups are shown in 
Figure S1. Among isolates from adults, cefuroxime-resistant 
H. influenzae increased from 1.4% to 8% (slope = 1.9, R2 =  
0.945, P = 0.02), whereas ceftazidime-resistant A. baumanii de
creased from 36.1% to 25.3% (slope = −6.81, R2 = 0.972, P =  
0.004) (Figure S2). Among isolates from children, clindamycin- 
resistant MRSA increased from 15.5% to 24.2% (slope = 1.86, 
R2 = 0.992, P = 0.0007) whereas nitrofurantoin-resistant E. aero
genes decreased from 37.1% to 13.3% (slope = −5.19, R2 =  
0.959, P = 0.009) (Figure S3). The C-MCS plot for adults versus 
children is shown in Figure 5(a). Ertapenem-resistant E. cloacae 
isolates from children increased significantly compared 
with adults (children: 0.7% to 9.8%; adults: 2.1% to 2.8%; 

P = 0.00013). In contrast, ampicillin/sulbactam-resistant Klebsiella 
oxytoca increased in adults but decreased in children (adults: 11% 
to 14%; children: 13% to 7%; R2 = 0.533) (Figure S4).

In paediatric facilities, ertapenem-resistant E. cloacae in
creased from 0% to 27.1% (slope = 5.16, R2 = 0.948, P = 0.002) 
whereas gentamicin-resistant Proteus mirabilis decreased from 
8% to 0.8% (slope = −1.89, R2 = 0.894, P = 0.01) (Figure S5a). 
In blended facilities, cefazolin-resistant P. mirabilis increased 
from 4% to 11% (slope = 1.5, R2 = 0.85, P = 0.02) whereas 
nitrofurantoin-resistant E. cloacae decreased from 25% to 14% 
(slope = −1.81, R2 = 0.71, P = 0.03) (Figure S5b). The C-MCS plot 
for cultures from children in paediatric versus blended facilities 
is shown in Figure 5(b). Imipenem-resistant P. aeruginosa isolates 
from children increased in paediatric facilities but decreased in 
blended facilities (Paediatric: 8% to 14%; Blended: 12% to 10%; 
R2 = 0.738). In contrast, ampicillin/sulbactam-resistant K. oxytoca 
increased in blended facilities but decreased in paediatric facil
ities (Blended: 11% to 12%; Paediatric: 13% to 7%; R2 = 0.533) 
(Figure S5c).

Discussion
We evaluated variation in AR for 22 high-priority pathogens 
based on age category of patient (child, adult), care setting for 
paediatric patients and over time. Several statistically significant 
changes in AR rates were observed between January 2012 and 
December 2017 as well as over time with respect to age and 
care setting. Overall, we note a higher level of AR among isolates 

Figure 3. Difference in level of resistance between subgroups. Higher baseline resistance in isolates from: (a) Adults when compared to children. 
(b) Children when compared to adults. (c) Children in blended facilities when compared to pediatric facilities (d) Children in pediatric facilities when 
compared to blended facilities.
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of the same pathogen for children compared with adults, and 
children treated in paediatric facilities compared with those trea
ted at blended facilities. However, we also note varying trends for 
individual bug-drug pairs.

Our findings with respect to the entire HF cohort indicate 
high resistance rates of Gram-positive pathogens to clindamy
cin (Figure 2), consistent with a CDC report showing that 
clindamycin-resistant Group B Streptococcus results in 13 000 

Figure 4. MCS (Multiple Categorical Slope) Plot of the study cohort. (a) MCS plot: Calculated slopes of the antibiotic-resistant-pathogen pairs are plotted 
on the Y-axis, the X-axis of the plot shows antibiotics as dots organized by pathogens (listed to the right), in different colored blocks. Statistically sig
nificant pairs which increased between 2012-2017 are highlighted and labelled above the upper limit (95th percentile value of the slope) horizonal line 
while the pairs which decreased are highlighted below the baseline lower limit (5th percentile value of the slope). (b) Patterns of increased/decreased 
trend in resistance of statistically significant antibiotic-resistant-pathogens.
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infections and 720 deaths per year.38 Our study also indicated 
high resistance rates of Gram-negative bacteria to cephalos
porins (ceftriaxone, cefuroxime, cefotetan and cefazolin). 
Emergence of cephalosporin-resistant Gram-negative infections, 
such as ceftriaxone-resistant A. baumanii, third-generation 
cephalosporin-resistant Klebsiella and E. coli isolates can have 
a detrimental impact on clinical outcomes.39–42 The emerging 
trends in resistance rates to clinically relevant antibiotics are 
worrisome and may lead to the spread of life-threatening in
fections, especially for inpatient settings. Our study reports an 
increase in ciprofloxacin-resistant Shigella spp. (Figure 4), which 
is consistent with a health advisory published by the CDC describ
ing an increase in the number of reported cases of ciprofloxacin- 
resistant shigellosis.43

Our study adds to the national concerns about AR as we show 
differences in resistance patterns between isolates from adults 
and children. At the baseline level, A. baumanii were more resist
ant in isolates from adults when compared with children 
(Figure 3a). This was consistent with the literature indicating 
that carbapenem-resistant A. baumannii is increasing in adults. 
However, in isolates from children, there was a significantly de
creased trend of resistance after 2008, which may be related to 
the expert guidance released by the Infectious Diseases Society 
of America and the Society for Healthcare Epidemiology in 
2007 advising implementation of antimicrobial stewardship pro
grammes in acute care settings to combat MDR A. baumannii dur
ing this time period.44–46 Another finding in our study indicates 
that P. aeruginosa isolates from children were more resistant 

Figure 5. C-MCS (Comparison Multiple Categorical Slope) plot between the subgroups. Only statistically significant changes are highlighted and la
belled. (a) Unequal slope of trend in resistance between adults and children (b) Unequal slope of trend in resistance between pediatric and blended 
facilities.
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than those from adults (Figure 3b). This was comparable to a re
cent analysis of over 87 000 P. aeruginosa isolates recovered from 
US children that showed an increase in MDR P. aeruginosa from 
15.4% to 26% between 1999 and 2012.47 P. aeruginosa is known 
to be especially prevalent among children with cystic fibrosis, 
up to 80%, but less common among adult cystic fibrosis pa
tients.48,49 An example of emerging trend among isolates from 
adults is cefuroxime-resistant H. influenzae (Figure 5a). One pos
sible explanation is the increased selective pressure due to the 
treatment guidelines for management of community-acquired 
pneumonia in immunocompetent adults established by the 
American Thoracic Society and the Infectious Disease Society of 
America, which recommend cefuroxime for influenza with bac
terial superinfection.50

We also evaluated variations in resistance patterns based on 
care setting. For example, we show that K. pneumoniae had a 
higher baseline resistance in isolates from children treated in 
blended facilities (Figure 3c). K. pneumoniae accounts for nearly 
15% of all HAIs.51 Therefore, it is possible that blended facilities 
could have a higher proportion of K. pneumoniae-associated 
HAI than paediatric facilities. One key example based on both 
age and care setting is the emerging trend of ertapenem- 
resistant E. cloacae isolates from children and especially within 
the paediatric facilities (Figure 5). Ertapenem-resistant 
Enterobacteriaceae are identified as an important problem asso
ciated with an increased 30-day mortality and a significant vari
ation in antibiotic treatment for children with infrequent use of 
combination therapy.52 This rising trend could be due to the 
emergence and spread of resistant clones, which may be easily 
transmitted within healthcare settings.53

These patterns highlight the growing problem of bacteria de
veloping resistance to first-line therapies segmented by age and 
the type of care setting. These trends are especially concerning 
for emergency department providers, because they are often 
the first point of contact for individuals presenting with these dis
eases and must make empirical antibiotic selections. Failure to 
identify and properly treat these organisms can have a devastat
ing impact on patient outcomes.54 Although institution-specific 
antibiograms exist, they are not universally available. One im
portant strategy to combat AR is the use of care setting-specific 
ASPs based on the type of facility and the age of the patient. 
ASPs work to promote the appropriate use of antibiotics and to 
decrease the spread of resistant organisms.55 ASPs have opti
mized antibiotic use and reduced healthcare costs but their ef
fectiveness will be limited until they become more specific to 
the type of population and care setting.56,57 Our work suggests 
strategies to offer ASPs informed by national and local data. For 
example, paediatric settings may identify ASP strategies that 
vary from blended facilities, and blended facilities may consider 
age-based ASP plans. Many HF data contributors have access to 
the raw data and can apply the methods described here to de
velop facility-specific trending for each bug-drug combination.

Our study also identified patterns with negative trends in re
sistance, including drops in A. baumanii resistance in the HF co
hort and among adults. The 2019 CDC report on A. baumanii 
indicated that resistance to fluoroquinolones, extended- 
spectrum β-lactam, ampicillin/sulbactam and trimethoprim/ 
sulfamethoxazole has been decreasing between 2013 and 
2017, consistent with the findings of this study.58 The increased 

use of carbapenems as an empirical treatment for A. baumannii 
infections has potentially reduced the selective pressure to de
velop resistance to other antibiotics.

Our study has known limitations. First, it could not be ascer
tained whether the infections were community acquired or noso
comial or whether resistance was primary or secondary; the AR 
rates were generalized to the full study population. Second, des
pite controlling for the total number of encounters, confounding 
variables for severity of resistance may exist. However, this does 
not change our result with respect to the proportion of baseline 
resistance or trend in resistance. Third, our work is observational 
and does not provide insights into the drivers for the changes in 
AR patterns. Although likely to have minor impact, some site- 
level system configurations, such as suppression of certain re
sults, could also influence the data.

Our study also has several strengths. First, we created the MCS 
and C-MCS plots, a novel methodology plotting the slope of the 
proportion of resistance segregated by pathogen-antibiotic com
binations to identify significant increase/decrease in the trend in 
resistance and enabling easy comparison between groups. We 
were able to discern patterns, identify linear relationships in 
302 isolate-antibiotic pairs, repeat the analysis for four groups 
and focus on significant insights readily apparent in the MCS 
and C-MCS plots. Second, we used a national data set that com
bines patient age and facility-level characteristics and validated 
the accuracy of the HF data source for the first time with internal 
antibiogram data. Third, we compared the level of resistance and 
the trend in AR at the care-setting level for the first time.

This study described prevalence and trends of AR among com
mon Gram-positive and Gram-negative bacteria factoring the 
age of the patient and the care setting. Our visualization methods 
can inform data-driven ASPs at local, regional and national levels 
by offering accessible summaries of complex patterns.

Acknowledgements
We thank Sierra Martin, Earl Glynn, Natalie Kane and Cathy Jackson from 
Children’s Mercy Hospital, and An-Lin Cheng from University of 
Missouri-Kansas City for helpful discussions and comments.

Funding
This work was supported by internal funds from Children’s Mercy.

Transparency declarations
None of the project team has a financial relationship with the commercial 
entities mentioned in this publication.

Supplementary data
Tables S1 and S2 and Figures S1 to S5 are available as Supplementary 
data at JAC Online.

Sivasankar et al.

8 of 10

D
ow

nloaded from
 https://academ

ic.oup.com
/jacam

r/article/5/1/dlac128/6966943 by guest on 09 January 2023

http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlac128#supplementary-data
http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlac128#supplementary-data
http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlac128#supplementary-data
http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlac128#supplementary-data
http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlac128#supplementary-data
http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlac128#supplementary-data


References
1 Gelband H, Laxminarayan R. Tackling antimicrobial resistance at global 
and local scales. Trends Microbiol 2015; 23: 524–6. https://doi.org/10. 
1016/j.tim.2015.06.005
2 Prestinaci F, Pezzotti P, Pantosti A. Antimicrobial resistance: a global 
multifaceted phenomenon. Pathog Glob Health 2015; 109: 309–18. 
https://doi.org/10.1179/2047773215Y.0000000030
3 CDC. Antibiotic-Resistance Threats in the United States 2019. https:// 
www.cdc.gov/drugresistance/biggest-threats.html
4 de Kraker ME, Stewardson AJ, Harbarth S. Will 10 million people die a 
year due to antimicrobial resistance by 2050? PLoS Med 2016; 13: 
e1002184. https://doi.org/10.1371/journal.pmed.1002184
5 Review on Antimicrobial Resistance. Antimicrobial resistance: tackling 
a crisis for the health and wealth of nations. 2014. https://amr-review. 
org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%20a 
%20crisis%20for%20the%20health%20and%20wealth%20of% 
20nations_1.pdf
6 Kollef MH. Broad-spectrum antimicrobials and the treatment of serious 
bacterial infections: getting it right up front. Clin Infect Dis 2008; 47 Suppl 
1: S3–13. https://doi.org/10.1086/590061
7 Paul M, Shani V, Muchtar E et al. Systematic review and meta-analysis 
of the efficacy of appropriate empiric antibiotic therapy for sepsis. 
Antimicrob Agents Chemother 2010; 54: 4851–63. https://doi.org/10. 
1128/AAC.00627-10
8 Golkar Z, Bagasra O, Pace DG. Bacteriophage therapy: a potential solu
tion for the antibiotic resistance crisis. J Infect Dev Ctries 2014; 8: 129–36. 
https://doi.org/10.3855/jidc.3573
9 WHO. WHO Publishes List of Bacteria for Which New Antibiotics Are 
Urgently Needed. 2017. https://www.who.int/news-room/detail/27-02- 
2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are- 
urgently-needed
10 Mulani MS, Kamble EE, Kumkar SN et al. Emerging strategies to com
bat ESKAPE pathogens in the era of antimicrobial resistance: a review. 
Front Microbiol 2019; 10: 539. https://doi.org/10.3389/fmicb.2019.00539
11 Santajit S, Indrawattana N. Mechanisms of antimicrobial resistance in 
ESKAPE pathogens. BioMed Res Int 2016; 2016: 2475067. https://doi.org/ 
10.1155/2016/2475067
12 Livermore DM. Current epidemiology and growing resistance of 
Gram-negative pathogens. Korean J Intern Med 2012; 27: 128–42. 
https://doi.org/10.3904/kjim.2012.27.2.128
13 Zavascki AP, Carvalhaes CG, Picão RC et al. Multidrug-resistant 
Pseudomonas aeruginosa and Acinetobacter baumannii: resistance me
chanisms and implications for therapy. Expert Rev Anti Infect Ther 
2010; 8: 71–93. https://doi.org/10.1586/eri.09.108
14 Rahman F, Chowdhury S, Rahman MM et al. Antimicrobial resistance 
pattern of Gram-negative bacteria causing urinary tract infection. 
Stamford J Pharm Sci 2009; 2: 44–50. https://doi.org/10.3329/sjps.v2i1. 
5815
15 Exner M, Bhattacharya S, Christiansen B, et al. Antibiotic resistance: 
what is so special about multidrug-resistant Gram-negative bacteria? 
GMS Hyg Infect Control 2017; 12: Doc05. https://doi.org/10.3205/ 
dgkh000290
16 Paterson DL. Impact of antibiotic resistance in Gram-negative bacilli 
on empirical and definitive antibiotic therapy. Clin Infect Dis 2008; 47: 
S14–20. https://doi.org/10.1086/590062
17 Eichenberger EM, Thaden JT. Epidemiology and mechanisms of resist
ance of extensively drug resistant Gram-negative bacteria. Antibiotics 
2019; 8: 37. https://doi.org/10.3390/antibiotics8020037
18 Kadri SS, Lai YL, Ricotta EE et al. External validation of difficult-to-treat re
sistance prevalence and mortality risk in Gram-negative bloodstream 

infection using electronic health record data from 140 US hospitals. Open 
Forum Infect Dis 2019; 6: ofz110. https://doi.org/10.1093/ofid/ofz110
19 Karlowsky JA, Lob SH, Raddatz J et al. In vitro activity of imipenem/re
lebactam and ceftolozane/tazobactam against clinical isolates of 
Gram-negative bacilli with difficult-to-treat resistance and 
multidrug-resistant phenotypes–SMART United States 2015–2017. Clin 
Infect Dis 2020; 12: 2112–20. https://doi.org/10.1093/cid/ciaa381
20 Huh K, Chung DR, Ha YE et al. Impact of difficult-to-treat resistance in 
Gram-negative bacteremia on mortality: retrospective analysis of nation
wide surveillance data. Clin Infect Dis 2020; 71: e487–96. https://doi.org/ 
10.1093/cid/ciaa084
21 Peacock SJ, Paterson GK. Mechanisms of methicillin resistance in 
Staphylococcus aureus. Annu Rev Biochem 2015; 84: 577–601. https:// 
doi.org/10.1146/annurev-biochem-060614-034516
22 Tomasz A. Antibiotic resistance in Streptococcus pneumoniae. Clin 
Infect Dis 1997; 24: S85–8. https://doi.org/10.1093/clinids/24. 
Supplement_1.S85
23 Fridkin SK, Edwards JR, Courval JM et al. The effect of vancomycin and 
third-generation cephalosporins on prevalence of vancomycin-resistant en
terococci in 126 US adult intensive care units. Ann Intern Med 2001; 135: 
175–83. https://doi.org/10.7326/0003-4819-135-3-200108070-00009
24 Rook GA, Lowry CA, Raison CL. Hygiene and other early childhood in
fluences on the subsequent function of the immune system. Brain Res 
2015; 1617: 47–62. https://doi.org/10.1016/j.brainres.2014.04.004
25 Prabhash K, Medhekar A, Ghadyalpatil N et al. The effect of age on the 
bacteria isolated and the antibiotic-sensitivity pattern in infections 
among cancer patients. Indian J Cancer 2010; 47: 391–6. https://doi. 
org/10.4103/0019-509X.73574
26 Godbout EJ, Pakyz AL, Markley JD et al. Pediatric antimicrobial stew
ardship: state of the art. Curr Infect Dis Rep 2018; 20: 39. https://doi.org/ 
10.1007/s11908-018-0644-7
27 Boggan JC, Navar-Boggan AM, Jhaveri R. Pediatric-specific antimicro
bial susceptibility data and empiric antibiotic selection. Pediatrics 2012; 
130: e615–22. https://doi.org/10.1542/peds.2012-0563
28 Meropol SB, Haupt AA, Debanne SM. Incidence and outcomes of infec
tions caused by multidrug-resistant Enterobacteriaceae in children, 
2007–2015. J Pediatr Infect Dis Soc 2018; 7: 36–45. https://doi.org/10. 
1093/jpids/piw093
29 Institute of Medicine (US) Forum on Emerging Infections, Knobler SL, 
Lemon SM, et al., eds. Factors contributing to the emergence of resistance. 
In: The Resistance Phenomenon in Microbes and Infectious Disease 
Vectors. National Academies Press (US), 2003. https://www.ncbi.nlm.nih. 
gov/books/NBK97124/#summary.s5
30 Gerber JS, Newland JG, Coffin SE et al. Variability in antibiotic use at 
children’s hospitals. Pediatrics 2010; 126: 1067–73. https://doi.org/10. 
1542/peds.2010-1275
31 Glynn EF, Hoffman MA. Heterogeneity introduced by EHR system im
plementation in a de-identified data resource from 100 non-affiliated or
ganizations. JAMIA Open. https://doi.org/10.1093/jamiaopen/ooz035
32 Kahlmeter G, Brown DFJ, Goldstein FW et al. European Committee on 
Antimicrobial Susceptibility Testing (EUCAST) technical notes on anti
microbial susceptibility testing. Clin Microbiol Infect 2006; 12: 501–3. 
https://doi.org/10.1111/j.1469-0691.2006.01454.x
33 Jenkins DG, Quintana-Ascencio PF. A solution to minimum sample 
size for regressions. PLoS One 2020; 15: e0229345. https://doi.org/10. 
1371/journal.pone.0229345
34 CLSI. Analysis and Presentation of Cumulative Antimicrobial 
Susceptibility Test Data—Approved Guideline: M39–A4. 2014.
35 Anon. Pathology and Laboratory Medicine. Children’s Mercy Kansas 
City. https://www.childrensmercy.org/health-care-providers/pathology- 
and-laboratory-medicine/

Antibiotic resistance patterns from 166 US facilities                                                                                         

9 of 10

D
ow

nloaded from
 https://academ

ic.oup.com
/jacam

r/article/5/1/dlac128/6966943 by guest on 09 January 2023

https://doi.org/10.1016/j.tim.2015.06.005
https://doi.org/10.1016/j.tim.2015.06.005
https://doi.org/10.1179/2047773215Y.0000000030
https://www.cdc.gov/drugresistance/biggest-threats.html
https://www.cdc.gov/drugresistance/biggest-threats.html
https://doi.org/10.1371/journal.pmed.1002184
https://amr-review.org/sites/default/files/AMR&percnt;20Review&percnt;20Paper&percnt;20-&percnt;20Tackling&percnt;20a&percnt;20crisis&percnt;20for&percnt;20the&percnt;20health&percnt;20and&percnt;20wealth&percnt;20of&percnt;20nations_1.pdf
https://amr-review.org/sites/default/files/AMR&percnt;20Review&percnt;20Paper&percnt;20-&percnt;20Tackling&percnt;20a&percnt;20crisis&percnt;20for&percnt;20the&percnt;20health&percnt;20and&percnt;20wealth&percnt;20of&percnt;20nations_1.pdf
https://amr-review.org/sites/default/files/AMR&percnt;20Review&percnt;20Paper&percnt;20-&percnt;20Tackling&percnt;20a&percnt;20crisis&percnt;20for&percnt;20the&percnt;20health&percnt;20and&percnt;20wealth&percnt;20of&percnt;20nations_1.pdf
https://amr-review.org/sites/default/files/AMR&percnt;20Review&percnt;20Paper&percnt;20-&percnt;20Tackling&percnt;20a&percnt;20crisis&percnt;20for&percnt;20the&percnt;20health&percnt;20and&percnt;20wealth&percnt;20of&percnt;20nations_1.pdf
https://doi.org/10.1086/590061
https://doi.org/10.1128/AAC.00627-10
https://doi.org/10.1128/AAC.00627-10
https://doi.org/10.3855/jidc.3573
https://www.who.int/news-room/detail/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
https://www.who.int/news-room/detail/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
https://www.who.int/news-room/detail/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
https://doi.org/10.3389/fmicb.2019.00539
https://doi.org/10.1155/2016/2475067
https://doi.org/10.1155/2016/2475067
https://doi.org/10.3904/kjim.2012.27.2.128
https://doi.org/10.1586/eri.09.108
https://doi.org/10.3329/sjps.v2i1.5815
https://doi.org/10.3329/sjps.v2i1.5815
https://doi.org/10.3205/dgkh000290
https://doi.org/10.3205/dgkh000290
https://doi.org/10.1086/590062
https://doi.org/10.3390/antibiotics8020037
https://doi.org/10.1093/ofid/ofz110
https://doi.org/10.1093/cid/ciaa381
https://doi.org/10.1093/cid/ciaa084
https://doi.org/10.1093/cid/ciaa084
https://doi.org/10.1146/annurev-biochem-060614-034516
https://doi.org/10.1146/annurev-biochem-060614-034516
https://doi.org/10.1093/clinids/24.Supplement_1.S85
https://doi.org/10.1093/clinids/24.Supplement_1.S85
https://doi.org/10.7326/0003-4819-135-3-200108070-00009
https://doi.org/10.1016/j.brainres.2014.04.004
https://doi.org/10.4103/0019-509X.73574
https://doi.org/10.4103/0019-509X.73574
https://doi.org/10.1007/s11908-018-0644-7
https://doi.org/10.1007/s11908-018-0644-7
https://doi.org/10.1542/peds.2012-0563
https://doi.org/10.1093/jpids/piw093
https://doi.org/10.1093/jpids/piw093
https://www.ncbi.nlm.nih.gov/books/NBK97124/&num;summary.s5
https://www.ncbi.nlm.nih.gov/books/NBK97124/&num;summary.s5
https://doi.org/10.1542/peds.2010-1275
https://doi.org/10.1542/peds.2010-1275
https://doi.org/10.1093/jamiaopen/ooz035
https://doi.org/10.1111/j.1469-0691.2006.01454.x
https://doi.org/10.1371/journal.pone.0229345
https://doi.org/10.1371/journal.pone.0229345
https://www.childrensmercy.org/health-care-providers/pathology-and-laboratory-medicine/
https://www.childrensmercy.org/health-care-providers/pathology-and-laboratory-medicine/


36 Koo TK, Li MY. A guideline of selecting and reporting intraclass correl
ation coefficients for reliability research. J Chiropr Med 2016; 15: 155. 
https://doi.org/10.1016/j.jcm.2016.02.012
37 CLSI. Antimicrobial Susceptibility Testing Standards—M100. 2019.
38 Anon. Clindamycin-Resistant Group B Streptococcus. https://www. 
cdc.gov/drugresistance/pdf/threats-report/gbs-508.pdf
39 Pfeifer Y, Cullik A, Witte W. Resistance to cephalosporins and carbape
nems in Gram-negative bacterial pathogens. Int J Med Microbiol 2010; 
300: 371–9. https://doi.org/10.1016/j.ijmm.2010.04.005
40 Rizzo K, Horwich-Scholefield S, Epson E. Carbapenem and cephalo
sporin resistance among Enterobacteriaceae in healthcare-associated in
fections, California, USA. Emerg Infect Dis 2019; 25: 1385–93. https://doi. 
org/10.3201/eid2507.181938
41 Morfin-Otero R, Dowzicky MJ. Changes in MIC within a global collec
tion of Acinetobacter baumannii collected as part of the Tigecycline 
Evaluation and Surveillance Trial, 2004 to 2009. Clin Ther 2012; 34: 
101–12. https://doi.org/10.1016/j.clinthera.2011.11.028
42 Lee S, Han SW, Kim KW et al. Third-generation cephalosporin resist
ance of community-onset Escherichia coli and Klebsiella pneumoniae 
bacteremia in a secondary hospital. Korean J Intern Med 2014; 29: 
49–56. https://doi.org/10.3904/kjim.2014.29.1.49
43 CDC. Health Alert Network (HAN) “CDC Recommendations for Diagnosing 
and Managing Shigella Strains with Possible Reduced Susceptibility to 
Ciprofloxacin” 2018. https://emergency.cdc.gov/han/han00401.asp
44 Logan LK, Gandra S, Trett A et al. Acinetobacter baumannii resistance 
trends in children in the United States, 1999–2012. J Pediatric Infect Dis 
Soc 2018; 8: 136–42. https://doi.org/10.1093/jpids/piy018
45 Bonomo RA, Szabo D. Mechanisms of multidrug resistance in 
Acinetobacter species and Pseudomonas aeruginosa. Clin Infect Dis 
2006; 43 Suppl 2: S49–56. https://doi.org/10.1086/504477
46 Dellit TH, Owens RC, McGowan JE et al. Infectious Diseases Society of 
America and the Society for Healthcare Epidemiology of America guide
lines for developing an institutional program to enhance antimicrobial 
stewardship. Clin Infect Dis 2007; 44: 159–77. https://doi.org/10.1086/ 
510393
47 Logan LK, Gandra S, Mandal S et al. Multidrug- and carbapenem- 
resistant Pseudomonas aeruginosa in children, United States, 1999– 
2012. J Pediatric Infect Dis Soc 2017; 6: 352–9.

48 Saiman L, Siegel J. Infection control in cystic fibrosis. Clin Microbiol Rev 
2004; 17: 57–71. https://doi.org/10.1128/CMR.17.1.57-71.2004
49 Crull MR, Ramos KJ, Caldwell E et al. Change in Pseudomonas aerugi
nosa prevalence in cystic fibrosis adults over time. BMC Pulm Med 2016; 
16: 176. https://doi.org/10.1186/s12890-016-0333-y
50 Mandell LA, Bartlett JG, Dowell SF et al. Update of practice guidelines 
for the management of community-acquired pneumonia in immuno
competent adults. Clin Infect Dis 2003; 37: 1405–33. https://doi.org/10. 
1086/380488
51 American Thoracic Society, Infectious Diseases Society of America. 
Guidelines for the management of adults with hospital-acquired, ventilator- 
associated, and healthcare-associated pneumonia. Am J Respir Crit Care Med 
2005; 171: 388–416. https://doi.org/10.1164/rccm.200405-644ST
52 Chiotos K, Tamma PD, Flett KB, et al. Increased 30-day mortality asso
ciated with carbapenem-resistant Enterobacteriaceae in children. Open 
Forum Infect Dis 2018; 5: ofy222. https://doi.org/10.1093/ofid/ofy222
53 Baker S, Thomson N, Weill F-X et al. Genomic insights into the emer
gence and spread of antimicrobial-resistant bacterial pathogens. 
Science 2018; 360: 733–8. https://doi.org/10.1126/science.aar3777
54 Zatorski C, Jordan JA, Cosgrove SE et al. Comparison of antibiotic sus
ceptibility of Escherichia coli in urinary isolates from an emergency de
partment with other institutional susceptibility data. Am J Health Syst 
Pharm 2015; 72: 2176–80. https://doi.org/10.2146/ajhp140832
55 Jenkins TC, Haukoos JS, Young HL et al. Patterns of use and percep
tions of an institution-specific antibiotic stewardship application among 
emergency department and urgent care clinicians. Infect Control Hosp 
Epidemiol 2020; 41: 212–15. https://doi.org/10.1017/ice.2019.331
56 McDonald LC, Gerding DN, Johnson S et al. Clinical practice guidelines 
for Clostridium difficile infection in adults and children: 2017 update by 
the Infectious Diseases Society of America (IDSA) and Society for 
Healthcare Epidemiology of America (SHEA). Clin Infect Dis 2018; 66: 
e1–48. https://doi.org/10.1093/cid/cix1085
57 Malani AN, Richards PG, Kapila S et al. Clinical and economic outcomes 
from a community hospital’s antimicrobial stewardship program. Am J 
Infect Control 2013; 41: 145–8. https://doi.org/10.1016/j.ajic.2012.02.021
58 CDC. Healthcare-Associated Infections (HAIs). Acinetobacter in 
Healthcare Settings. 2019. https://www.cdc.gov/hai/organisms/ 
acinetobacter.html

Sivasankar et al.

10 of 10

D
ow

nloaded from
 https://academ

ic.oup.com
/jacam

r/article/5/1/dlac128/6966943 by guest on 09 January 2023

https://doi.org/10.1016/j.jcm.2016.02.012
https://www.cdc.gov/drugresistance/pdf/threats-report/gbs-508.pdf
https://www.cdc.gov/drugresistance/pdf/threats-report/gbs-508.pdf
https://doi.org/10.1016/j.ijmm.2010.04.005
https://doi.org/10.3201/eid2507.181938
https://doi.org/10.3201/eid2507.181938
https://doi.org/10.1016/j.clinthera.2011.11.028
https://doi.org/10.3904/kjim.2014.29.1.49
https://emergency.cdc.gov/han/han00401.asp
https://doi.org/10.1093/jpids/piy018
https://doi.org/10.1086/504477
https://doi.org/10.1086/510393
https://doi.org/10.1086/510393
https://doi.org/10.1128/CMR.17.1.57-71.2004
https://doi.org/10.1186/s12890-016-0333-y
https://doi.org/10.1086/380488
https://doi.org/10.1086/380488
https://doi.org/10.1164/rccm.200405-644ST
https://doi.org/10.1093/ofid/ofy222
https://doi.org/10.1126/science.aar3777
https://doi.org/10.2146/ajhp140832
https://doi.org/10.1017/ice.2019.331
https://doi.org/10.1093/cid/cix1085
https://doi.org/10.1016/j.ajic.2012.02.021
https://www.cdc.gov/hai/organisms/acinetobacter.html
https://www.cdc.gov/hai/organisms/acinetobacter.html

	Variation in antibiotic resistance patterns for children and adults treated at 166 non-affiliated US facilities using EHR data.
	Recommended Citation

	Introduction
	Materials and methods
	Data source
	Data definition
	Data validation
	Isolate-antibiotic combinations
	Study design
	Analysis

	Results
	Characteristics of data
	Baseline resistance
	Trend in resistance

	Discussion
	Acknowledgements
	Funding
	Transparency declarations
	Supplementary data
	References

