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Background. Infections due to carbapenem-resistant Gram-negative rods (CR-GNR) are increasing in frequency and result in
high morbidity and mortality. Appropriate initial antibiotic therapy is necessary to reduce adverse consequences and shorten length
of stay.

Methods.
hospital system from 2011 to 2016. Ertapenem resistance (ER-GNR) and antipseudomonal (nonertapenem) carbapenem resistance
(ACR-GNR) patterns were analyzed separately. A total of 30951 GNR isolates from 12370 patients were analyzed, 563 of which were
ER and 1307 of which were ACR.

Results. In multivariate analysis, risk factors for ER-GNR were renal disease, admission from another health care facility, venti-
lation at any point before culture during the index hospitalization, receipt of any carbapenem in the prior 30 days, and receipt of any
anti-methicillin-resistant Staphylococcus aureus (anti-MRSA) agent in the prior 30 days (c-statistic, 0.74). Risk factors for ACR-GNR
were male sex, admission from another health care facility, ventilation at any point before culture during the index hospitalization,

To determine risk factors for recovery on culture of CR-GNR, cases were retrospectively analyzed at a major academic

receipt of any carbapenem in the prior 30 days, and receipt of any anti-MRSA agent in the prior 30 days (c-statistic, 0.76).

A straightforward scoring system derived from these models can be applied by providers to guide empiric anti-

microbial therapy; it outperformed use of a standard hospital antibiogram in predicting infections with ER-GNR and ACR-GNR.
Keywords. antimicrobial resistance; antimicrobial stewardship; carbapenems; Gram-negative rods; predictive scoring.

Conclusions.

Rising worldwide prevalence of human infections with multi-
drug-resistant organisms (MDROs) is associated with increas-
ing morbidity, mortality, and cost [1]. In the United States, there
are approximately 23 000 yearly attributable deaths and $50
million in yearly attributable costs from MDRO infections [2].
Appropriate initial antibiotic therapy decreases mortality and
hospital length of stay [3, 4], whereas overuse of broad-spec-
trum antibiotics has been linked with increased prevalence of
MDROs [5-9]; the initial choice of antibiotic remains a chal-
lenging and high-stakes decision.

Carbapenem resistance among Gram-negative rods
(CR-GNR) has been increasing over the past several decades,
particularly in Enterobacteriales species [10-13]. Infection with
CR-GNR species is associated with higher mortality [10, 12—

14], hospital costs [11, 13], and increased risk of inappropriate
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antibiotic therapy [15] compared with infection with carbap-
enem-susceptible (CS) isolates. Delayed antimicrobial therapy
(DAT) of CR-GNR has been shown to directly impact patient
survival, highlighting the need for rapid identification of
patients at high risk for CR-GNR.

Prior literature has identified multiple risk factors for the
development of CR in various GNR, including receipt of
mechanical ventilation [13, 14, 16-18], presence of various
indwelling devices [10, 14, 15, 18, 19], more severe illness at the
time of culture (intensive care unit [I[CU] stay, comorbidities, or
septic shock) [12-14, 18, 20], length of hospital stay or recent
hospitalization [13, 15, 18, 19], receipt of immunosuppression
[15, 20], and recent exposure to various antibiotics [10, 14, 17—
20]. Other risk factors for development of MDROs in general
included prior residence in a nursing home, hemodialysis, ICU
admission [16], increased medical comorbidity [21, 22], prior
antibiotic usage, and invasive surgery [22].

Antipseudomonal carbapenems (defined as meropenem,
imipenem, and doripenem) likely have a different risk fac-
tor profile from ertapenem. Several organisms (most notably
Pseudomonas aeruginosa and Acinetobacter baumannii) have
intrinsic resistance to ertapenem but not antipseudomonal car-
bapenems. As such, we performed 2 separate analyses, 1 exam-
ining ertapenem resistance (ER) and 1 for antipseudomonal
carbapenem resistance (ACR), to examine the similarities and
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differences in risk factors for recovery of a nonsusceptible iso-
late. We hypothesized that a large, adequately powered study
would provide sufficient observations to identify easily obtain-
able clinical factors that could serve as prediction tool for iden-
tifying patients at high risk for acquiring CR-GNR.

METHODS

We conducted a retrospective study of all patients with posi-
tive cultures from any source over a 6-year period to develop a
comprehensive model for risk of infection or colonization with
CR-GNR, with separate analyses for ER-GNR and ACR-GNR.
The study was performed at 2 hospitals in metropolitan Los
Angeles, California. Ronald Reagan UCLA Medical Center is
a 520-bed tertiary care center with 5 adult intensive care units
totaling 109 beds, and Santa Monica-UCLA Medical Center
has 266 beds total with 22 mixed intensive care beds in a single
unit. Both are part of UCLA Health and serve patients with
solid organ and bone marrow transplants, cancer, and various
medical and surgical conditions. The Integrated Clinical and
Research Data Repository (xDR) serves as a warehouse for all
clinical data in the UCLA system since 2006. The data set con-
tained information from all admissions with start dates from
January 2011 through November 2016 to either hospital for
patients >18 years of age with at least 1 positive culture from
any source (blood, urine, sputum, wound cultures, or other
fluids).

As the end point of this analysis was prediction of devel-
opment of the first carbapenem-nonsusceptible isolate, once
a patient had a culture growing a CR-GNR organism, defined
using Clinical and Laboratory Standards Institute (CLSI) break-
points current to the year of testing, all cultures from that
patient occurring at a later time than the original culture were
removed from the data set.

Routine susceptibility testing was performed by the either
the CLSI reference broth microdilution method (BMD) or
using a Vitek 2 with BMD confirmation using panels prepared
in-house. Only data from 2011 onwards were used in this study,
as a changeover in clinical data warehousing methods corre-
sponded to significantly more robust clinical information after
that time. All antimicrobial susceptibility data were interpreted
using current (post-2012) CLSI breakpoints for carbapenems.
Organisms demonstrating intrinsic resistance to a given class
of antibiotics were removed from predictive models for that
antibiotic class (eg, Pseudomonas species were removed from
the ER-GNR model but not the ACR-GNR model). An organ-
ism was considered ACR-GNR if it showed resistance to any
antipseudomonal carbapenem (meropenem, imipenem, or
doripenem). Only 27 isolates were tested for doripenem sensi-
tivity; these had a ~95% concordance with both imipenem and
meropenem sensitivity. Of the approximately 18 000 isolates
tested for both meropenem and imipenem sensitivity, there was
a ~99% concordance in sensitivity.

Predictor variables were chosen on the basis of prior stud-
ies, as well as those with biologic plausibility, which were read-
ily obtained from the medical record. Data collected for each
patient included admission hospital, days since admission,
location before admission (home vs long-term care facility
or other hospital), demographic information, comorbidities
(grouped into categories based on Elixhauser score designa-
tions) [23], laboratory results from the date of the culture,
vital signs on the date the culture was collected (maximum
temperature, heart rate, respiratory rate, and minimum blood
pressure), vital signs from initial hospital presentation, oxy-
gen/ventilation method, presence of a tracheostomy, presence
of a urinary catheter, administration of antibiotics and other
selected medications (vasopressors, probiotics, blood prod-
ucts, immunosuppressants, and acid suppressants), culture
source, and prior culture positivity for carbapenem-resistant
GNR. Administration of antibiotics and the medications listed
above was coded as the number of days since last receipt of the
medication, Winsorized to a maximum value of 100 (received
within 24 hours of the time of culture = 0; 100 days or longer
since receipt and never receiving the medication were both
coded as 100 days since receipt). Winsorization was chosen
as some patients had data from the index hospitalization or
prior hospitalizations indicating hundreds of days since the
last receipt of a relevant medication. Given the long tail, trun-
cation was the only approach that allowed linearization in the
predictors of the outcome.

“Anti-methicillin-resistant ~ Staphylococcus  aureus”  (anti-
MRSA) refers to vancomycin, linezolid, and daptomycin, as
these were used at both hospitals in cases of suspected hospi-
tal-acquired MRSA. Receipt of antibiotics was by any route,
including oral, intravenous, and inhaled. An infection was coded
as “hospital acquired” if the culture was submitted to the labora-
tory >48 hours after the time of first presentation to the hospital.
The construct of advanced ventilatory support includes patients
receiving either noninvasive or invasive mechanical ventilation.

In cases where laboratory tests were not performed before
cultures were performed (typically at the beginning of a patient’s
admission), the first set of laboratory results was used for that
patient, provided they were performed on specimens collected
within 24 hours of culture positivity. For laboratory tests not
typically performed daily (eg, liver function tests, measures of
coagulation, and protein/prealbumin), the most recent result
within the 48-hour period before culture positivity was used.

To facilitate model interpretability, linear variables (time
since receipt of medications) were recategorized as binary vari-
ables using cutoffs. Various cutoffs were tested against each
other in the final model (30 vs 60 vs 90 days since receipt of last
antibiotic), and the cutoff that led to the highest c-statistic was
chosen for inclusion in the scoring system. In the case of time
since medication receipt, the binary cutoffs also outperformed
non-Winsorized data for model discrimination.
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Statistical Analysis

Two separate analyses were performed, 1 comparing ertap-
enem-susceptible GNR (ES-GNR) against ER-GNR and 1
comparing antipseudomonal carbapenem-susceptible GNR
(ACS-GNR) against ACR-GNR. These 2 analyses were chosen
to aid decision-making at the point of initial antibiotic choice,
when the consequences for inappropriate antibiotic therapy are
the greatest [24-27]. The measured variables in each case were
compared between the cases and controls by a 2-sided Mann-
Whitney U test, Student  test, or chi-square test, as appropriate.
In each case, after bivariate associations were examined, vari-
ables with P < .10 or strong biologic plausibility were included
in the model selection process; a P value of <.10 was chosen
as a threshold to include variables in the model to ensure that
marginally significant variables with strong predictive effects
were not inappropriately excluded. Only complete cases were
included in model selection.

For both models, data from the last 2 years of the data period
(2015 and 2016) were withheld as a validation set, whereas data
from 2011-2014 were used as a training set for the models.

In each case, the predictor variables were divided into sev-
eral categories, comprising medical comorbidities, demo-
graphics (age, sex, race, location before admission, and social
history), indwelling devices, vital signs, laboratory variables,
and received medications. For each category, the predictors
were tested for collinearity and interactions; in cases of collin-
earity, the variable providing the most explanatory power was
included in the model. At each stage, model selection was per-
formed with LASSO regression (testing a full range of lamb-
das for parsimony). Model selection was also performed with
straightforward logistic regression. Model discrimination was
determined by area under the receiver operating characteristic
curve (c-statistic), and models were compared by chi-square test
if they were nested, or Akaike information criterion if they were
not. Variables were generally dropped from a logistic regression
model if they had a P value of >.05. In each case, the optimal
model reached by LASSO regression matched the optimal model
selected by iterative logistic regression. All analyses were per-
formed using the Stata statistical software package, version 14.2
[28].

RESULTS

The complete data set included 30951 GNR isolates from 12370
patients, 563 of which were ER and 1307 of which were ACR.
As only complete cases without intrinsic resistance were ana-
lyzed for the multivariate model, the final models comprised
14292 cultures, 274 of which were ER-GNR and 618 of which
were ACR-GNR. This was the result of 16 659 observations
with incomplete data. The majority of ER-GNR were Klebsiella
species, whereas the most common ES-GNR were Escherichia
coli; the most common ACR-GNR were Pseudomonas species,
whereas the most common ACS-GNR were again E. coli (Table

Table 1. Distribution of Organisms for ER-GNR and ACR-GNR Cultures
(P < .001 for X2 Test)

Genus ER-GNR ACR-GNR
Acinetobacter n/a 20.1%
Enterobacter 28.4% 2.1%
Escherichia 14.8% 1.7%
Klebsiella 40.5% 17.3%
Pseudomonas n/a 54.4%
Other 21.7% 20.1%

Acinetobacter and Pseudomonas express intrinsic resistance to ertapenem and were not
included in the ER-GNR data set.

Abbreviations: ACR-GNR, antipseudomonal (nonertapenem) carbapenem-resistant Gram-
negative rods; ER-GNR, ertapenem-resistant Gram-negative rods.

Table 2. Distribution of Culture Source for ES-GNR, ER-GNR, ACS-GNR,
and ACS-GNR (P < .001 for X2 Test for Both ER and ACR)

Source ES-GNR ER-GNR ACS-GNR ACR-GNR
Blood 11.2% 10.8% 12.1% 8.4%
Urine 45.6% 32.5% 42.1% 1.2%
Respiratory 20.4% 36.8% 23.7% 61.6%
External® 8.3% 8.4% 8.1% 7.9%
Other 14.5% 11.6% 14.0% 10.9%

Abbreviations: ACR, antipseudomonal (nonertapenem) carbapenem resistance; ACR-GNR,
antipseudomonal (nonertapenem) carbapenem-resistant Gram-negative rods; ACS-GNR,
antipseudomonal carbapenem-susceptible Gram-negative rods; ER, ertapenem resistance;
ER-GNR, ertapenem-resistant Gram-negative rods; ES-GNR, ertapenem-susceptible Gram-
negative rods.

“External: skin or wound source.

1). Respiratory culture source was predictive of both ER-GNR
and ACR-GNR, whereas urinary source was predictive of both
ES-GNR and ACS-GNR (Table 2).

Bivariate Analyses

Selected bivariate associations are reported in Tables 3 and 4.
Risk factors were generally similar for ER-GNR and ACR-GNR.
As isolates with intrinsic resistance were excluded from analy-
sis, the numbers for the bivariate associations differed between
the ER-GNR and ACR-GNR sections. In some cases (such as
days since last aminoglycoside receipt), the median, 25th per-
centile, and 75th percentile were identical for the susceptible
and nonsusceptible groups, but the U test still showed a signifi-
cant difference in the overall distributions.

Multivariate Analyses

Many of the variables that were significant on bivariate analy-
sis were strongly colinear and were tested against each other in
groups to determine which predictors were most representative
from the various groupings of medical comorbidities, demo-
graphics, laboratory values, indwelling devices, and recently
administered medications. Next, representative predictors
were added together, and the most parsimonious models were
chosen. To facilitate model interpretability, the variables repre-
senting days since receipt of medications were dichotomized to
receipt within the prior 30 days vs not; this did not significantly
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Table 3. Selected Bivariate Associations for Demographics and Comorbidities

ES-GNR ER-GNR P ACS-GNR ACR-GNR P

No. 16 861 563 29 664 1307

Age, y 64.5(18.8) 63.8 (17.2) .370 64 (19.1) 64.7 (19) .188
Male sex 0.451 0.5636 <.001 0.464 0.692 <.001
Race .015 <.001
White 51.1% 46.5% 52.7% 53.0%

Asian 9.1% 8.8% 8.7% 5.9%

Black 11.4% 16.1% 11.5% 16.1%

Latino 21.9% 20.7% 21.0% 20.9%

Other 6.5% 7.0% 6.2% 73%

BMI 26.3 (6.8) 26.3(7.2) .949 26.1(6.8) 25.1(6.9) <.001
Admitted from health care facility 14.5% 22.2% <.001 14.6% 38.0% <.001
Hospital (RRMC vs SMH) 65.7% 574% .012 63.3% 46.6% <.001
Log days to culture 0.13 [-1.84 to 1.99] 2.14 [-0.33 t0 3.11] <.001 0.44 [-1.48 t0 2.09] 1.29 [-0.78 t0 2.87] <.001
Hospital acquired 41.2% 61.3% <.001 48.7% 0.5(0.5) <.001
In ICU at the time of culture 18.5% 29.3% <.001 17.5% 28.4% <.001
Any ICU stay during index hosp. 32.4% 59.6% <.001 36.1% 54.6% <.001
Presence of indwelling urinary catheter 42.5% 58.3% <.001 43.7% 63.2% <.001
Ventilated during index hosp. 24.2% 50.7% <.001 28.0% 55.3% <.001
Tracheostomy present on day of culture 6.9% 20.4% <.001 9.6% 28.8% <.001
Elixhauser score 14 [5 to 25] 18 [8 to 29] <.001 16 [6 to 26] 2212 to 31] <.001
Congestive heart failure 19.1% 23.8% .006 19.8% 26.6% <.001
Arrhythmia 40.0% 49.0% <.001 41.6% 53.0% <.001
Valvular disease 22.4% 22.7% .830 24.3% 24.6% .862
Pulmonary vascular disease 14.6% 20.6% <.001 16.1% 20.1% <.001
Peripheral vascular disease 21.4% 26.6% .003 23.4% 274% <.001
Paralysis 7.2% 6.9% 778 7.8% 10.1% .003
Neurologic disease 25.9% 39.6% <.001 28.5% 45.8% <.001
Chronic pulmonary disease 22.0% 27.7% .001 24.7% 33.4% <.001
Renal disease 31.8% 45.5% <.001 33.3% 41.4% <.001
Liver disease 23.7% 34.6% <.001 24.3% 26.5% .070
Lymphoma 3.8% 5.7% .024 4.1% 5.4% .021
Metastatic cancer 9.6% 9.4% .862 10.5% 9.0% .080
Nonmetastatic cancer 22.8% 23.6% .647 23.0% 19.7% .005
Coagulopathy 24.6% 37.3% <.001 26.0% 35.1% <.001
Weight loss 16.4% 29.5% <.001 18.7% 33.0% <.001
Electrolyte disorder 58.2% 74.8% <.001 60.3% 71.8% <.001
Deficiency anemia 12.5% 13.5% 464 13.3% 13.9% 514
Drug abuse 6.6% 6.2% 751 6.9% 6.4% .643
Solid organ transplant 16.3% 22.9% <.001 17.0% 16.9% .895
Bone marrow transplant 1.0% 1.2% .570 1.3% 1.9% .042
Renal failure 13.2% 22.4% <.001 14.1% 19.0% <.001
Cystic fibrosis 0.2% 0.2% .851 1.0% 4.1% <.001
HIV 0.7% 0.4% .300 0.7% 0.8% 0.845
Alcohol user 22.6% 22.5% .965 22.5% 17.2% <.001
Tobacco user 5.9% 41% 169 5.9% 6.0% .989

Normally distributed outcomes are reported as mean (SD), and non—-normally distributed outcomes are reported as median [interquartile range]. Binary outcomes are reported as percent

positive.

Abbreviations: ACR-GNR, antipseudomonal (nonertapenem) carbapenem-resistant Gram-negative rods; ACS-GNR, antipseudomonal carbapenem-susceptible Gram-negative rods; BMI,
body mass index; ER-GNR, ertapenem-resistant Gram-negative rods; ES-GNR, ertapenem-susceptible Gram-negative rods; hosp., hospitalization; ICU, intensive care unit; RRMC, Ronald
Reagan Medical Center; SMH, Santa Monica UCLA Hospital.

affect model fit. In both cases, using LASSO regression to assess

model fit produced identical final model predictive factors. The

coefficients reported are from LASSO regression.
For the model predicting ER-GNR, the predictors in the final
model were the presence of renal disease, admission from another

health care facility, mechanical ventilation at any point before cul-

ture during the index hospitalization, receipt of any anti-MRSA

agent in the prior 30 days, and receipt of any carbapenem in the
prior 30 days; this model had a c-statistic of 0.74 (Table 5). When
applied to the validation set, the model had a c-statistic of 0.73.
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Table 4. Selected Bivariate Associations for Labs and Medications Received

ES-GNR ER-GNR P ACS-GNR ACR-GNR P
No. 16861 563 29664 1307
Labs on day of culture
WBC 12.4[8.6 to 17.1] 13.5[9.4 t0 19.3] <.001 12.4 (8.6 to 17.2] 14.15[9.7 to 19.45] <.001
Hemoglobin 10.1[8.7 to 11.7] 9.1[8.2 to 10.3] <.001 9.9 8.7 to 11.5] 9.2 (8.2 to 10.4] <.001
Hematocrit 30.8 [26.7 to 35.4] 28.1 [25 t0 31.8] <.001 30.5 [26.6 to 35] 28.6 [25.3 to 32.3] <.001
Platelets 204 [132 to 287] 207 [103 to 306] .767 205 [132 to 290] 227 [132 to 329] <.001
Sodium 1373 (5.7) 137.7 (5.3) .158 1373 (5.5) 138.1 (5.6) <.001
Potassium 4.1(0.6) 4.1(0.6) .394 4.1(0.6) 4.1(0.6) .019
Chloride 102.4 (6.6) 102.2 (6.4) .488 102.6 (6.5) 102.5 (7) .730
Bicarbonate 24.2 (4.5) 24.4 (4.9) 215 24.3 (4.7) 25.3 (5.4) <.001
Anion gap 10.7 (4) 11 (4.3) .086 10.4 (4) 10.3 (4.3) .310
Creatinine 1.4 (1.3) 1.5 (1.4) .01 14 (1.4) 14 (1.3) .895
BUN 28 (22.5) 33.9 (25.1) <.001 28.3 (23.1) 34.7 (29) <.001
GFR 69 [39 to 100] 63 [33 to 100] .035 71 [39 to 100] 73 [38 to 100] 192
Glucose 137 (60) 135 (56) 470 135 (58) 134 (58) 416
Magnesium 1.7 (0.3) 1.7 (0.3) <.001 1.7 (0.3) 1.7 (0.3) <.001
Calcium 8.6 (0.8) 8.6 (0.9) .985 8.6 (0.8) 8.6 (0.9) .673
Phosphorus 3.3(1.2) 3.4 (1.4) .080 3.3 (1.1) 3.4 (1.3) .026
Days since:
Last antibiotic 0[0to12] 0[0to 2] <.001 0[0to 8] 0[0to 0] <.001
Last aminoglycoside 100 [100 to 100] 100 [100 to 100] <.001 100 [100 to 100] 100 [100 to 100] <.001
Last antipseudomonal carbapenem? 100 [100 to 100] 100 [29 to 100] <.001 100 [100 to 100] 100 [6 to 100] <.001
Last ertapenem 100 [100 to 100] 100 [100 to 100] <.001 100 [100 to 100] 100 [100 to 100] <.001
Last carbapenem (any) 100 [100 to 100] 100 [10 to 100] <.001 100 [100 to 100] 100 [0 to 100] <.001
Last fluoroquinolone 100 [100 to 100] 100 [44 to 100] <.001 100 [100 to 100] 100 [42 to 100] <.001
Last penicillin 100 [2 to 100] 27 [1 to 100] <.001 100 [1 to 100] 675 [3.5 to 100] .005
Last anti-MRSA 100 [1 to 100] 7 [0 to 100] <.001 100 [0 to 100] 5 [0 to 100] <.001
Last colistin 100 [100 to 100] 100 [100 to 100] <.001 100 [100 to 100] 100 [100 to 100] <.001
Last aztreonam 100 [100 to 100] 100 [100 to 100] .005 100 [100 to 100] 100 [100 to 100] <.001
Last beta-lactam 1[0 to 100] 0[0to 10] <.001 0 [0 to 100] 010 to 11] <.001
Last acid suppressant 0 [0 to 100] 0[0to 0] <.001 0 [0 to 100] 0[0to1] <.001
Last probiotic 100 [100 to 100] 100 [100 to 100] <.001 100 [100 to 100] 100 [100 to 100] <.001
Last steroid 100 [100 to 100] 100 [2 to 100] <.001 100 [58 to 100] 100 [68.5 to 100] .925
Last chemotherapy 100 [100 to 100] 100 [100 to 100] 197 100 [100 to 100] 100 [100 to 100] .079
Last immunosuppressant 100 [10 to 100] 100 [0 to 100] <.001 100 [1 to 100] 100 [26.5 to 100] 218
Last blood product 100 [100 to 100] 100 [9 to 100] <.001 100 [100 to 100] 100 [35 to 100] <.001

Normally distributed outcomes are reported as mean (SD), and non-normally distributed outcomes are reported as median [interquartile range]. Binary outcomes are reported as percent

positive.

Abbreviations: ACR-GNR, antipseudomonal (nonertapenem) carbapenem-resistant Gram-negative rods; ACS-GNR, antipseudomonal carbapenem-susceptible Gram-negative rods; BUN,
blood urea nitrogen; ER-GNR, ertapenem-resistant Gram-negative rods; ES-GNR, ertapenem-susceptible Gram-negative rods; GFR, race-adjusted glomerular filtration rate; MRSA, methicil-
lin-resistant Staphylococcus aureus; WBC, white blood cell count.

#Antipseudomonal carbapenem: meropenem, imipenem, or doripenem.

For the model predicting ACR-GNR, the predictors in the
final model were largely overlapping: male sex, admission from
another health care facility, ventilation at any point before cul-
ture during the index hospitalization, receipt of any anti-MRSA
agent in the prior 30 days, and receipt of any carbapenem in
the prior 30 days; this model had a c-statistic of 0.76 (Table 5).
When applied to the validation set, the model had a c-statistic
of 0.77.

Treating each multivariate model as a score with points
assigned based on the coeflicients in the model (Table 6), we
created a potentially user-friendly tool to predict the probability
of ER and ACR. Figures 1 and 2 show the predicted (training set)

and observed (validation set) rates of resistance at each score
total for ER and ACR, respectively. In the ER-GNR model, only
33 isolates had the highest score of 9, 1 of which was ER-GNR.
Due to the small sample size at this score and the unusual rates
observed in these small samples, the scores of 8 and 9 were
combined into a single category for ease of interpretability.

Model Subset Validation

In the incomplete cases, data were missing largely as a result
of 2 factors: periodic outages in transmission from the medi-
cal record to the data warehouse (affecting all data types), and
negligence in users inputting data (more common with social
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Table 5. Model Specifications for ER-GNR and ACR-GNR

ER-GNR Coefficient  Standard Error P
Renal disease 0.565 0.17 <.001
Ventilated during index 0.71 0.18 <.001
hospitalization

In facility before admission 0.47 0.19 .015
Carbapenems within 30 d 0.75 0.19 <.001
Anti-MRSA agents within 30 d 0.92 0.20 <.001
ACR-GNR

Male sex 0.35 0.1 .001
Ventilated during index 0.72 0.1 <.001
hospitalization

In facility before admission 1.33 0.1 <.001
Carbapenems within 30 d 0.93 0.12 <.001
Anti-MRSA agents within 30 d 0.26 0.13 .035

Abbreviations: ACR-GNR, antipseudomonal (nonertapenem) carbapenem-resistant Gram-
negative rods; ER-GNR, ertapenem-resistant Gram-negative rods; MRSA, methicillin-resis-
tant Staphylococcus aureus.

history elements such as location before admission and some
medical comorbidities). As both of these mechanisms are the-
oretically independent of the clinical state of the patient, there
was potential that the data were missing completely at random.
The data set from the logistic models (cases that were complete
for the selected variables) was compared against the complete
data set, and no substantial differences were found in variables
that were significant in intermediate steps in model selection
(calculations not shown).

DISCUSSION

Infection with CR-GNRisassociated with substantially increased
cost and risk for mortality, and appropriate antibiotic treatment
is paramount in mitigating these risks [10-15]. Our scores can
be calculated by providers at the time of decision-making; they
may more accurately reflect a patient’s risk for carbapenem-re-
sistant organisms than a hospital-wide or unit-specific anti-
biogram, which provides a flat percent observed susceptibility
for a given organism in the prior year and is not useful for man-
agement of rare events. All information used in the models was
extracted directly from the medical record without any direct

Table 6. Points Assigned for Each Factor in the ER-GNR and ACR-GNR
Models

ER-GNR ACR-GNR

Renal disease 1 n/a
Male sex n/a 1
Ventilated during index 2 2
hospitalization

In facility before admission 1 3
Carbapenems within 30 d 2 2
Anti-MRSA agents within 30 d 3 1

Abbreviations: ACR-GNR, antipseudomonal (nonertapenem) carbapenem-resistant Gram-
negative rods; ER-GNR, ertapenem-resistant Gram-negative rods; MRSA, methicillin-resis-
tant Staphylococcus aureus.

examination of individual patient records, allowing this score
to potentially be calculated automatically.

Prior studies of risk factors for CR among GNR have largely
focused on the family Enterobacteriales, which includes many
commonly treated GNR but excludes several clinically sig-
nificant genera, including Pseudomonas and Acinetobacter.
Additionally, many of these studies have been limited in scope,
analyzing a small number of patients (typically in the low hun-
dreds) [10, 12, 14, 15, 17-20, 29] or focusing on a single organ-
ism [10, 17-19, 29]. The largest prior study of ~40 000 patients
with Enterobacteriales infection (including 1227 with CRE) used
hospital administrative data, and although it had an extensive list
of covariates, it did not include information about non-Entero-
bacteriales GNR or prior antibiotic exposure and did not include
a multivariate analysis or result in a clinical decision rule [13].

Our bivariate analysis is consistent with prior studies, con-
firming associations between CR and receipt of mechanical ven-
tilation and presence of various indwelling devices [10, 13-19],
more severe illness at the time of culture [12-14, 18, 20], length
of hospital stay or recent hospitalization [13, 15, 18, 19], and
recent exposure to various antibiotics [10, 14, 17-20]. Several
factors that featured prominently in other analyses were found
not to contribute to the optimal prediction model. Length of
stay, most medical comorbidities, and receipt of immunosup-
pressive medications, although individually important, do not
directly contribute on multivariate analysis. This is most likely
because they are related to a construct of chronic medical illness
that is mediated through other concepts (such as frequent con-
tact with the medical system, exposure to MDROs, and suscep-
tibility to infection) that are better proxied by other variables.

Although it is improbable that exposure to all antibiotics
mechanistically leads to development of CR, some of these
exposures likely proxy recent infection with MDR GNR,
whereas anti-MRSA receipt proxies recent concern for sepsis,
as nearly all patients with suspicion for sepsis receive at least 1
dose of vancomycin at our institutions. Our multivariate analy-
sis suggests that variables associated with acute illness are less of
a determining factor than chronic illness and recent antibiotic
exposure in determining risk for CR-GNR.

Some of the risk factors observed in this study, particularly
neurologic disease, weight loss, and recent receipt of carbap-
enems, were also shown to be predictive of resistance to colis-
tin [30] and aminoglycosides (Richter, unpublished data).
Additionally, these risk factors did not cluster temporally,
reducing the probability that an outbreak isolated to a particu-
lar population or unit was responsible for the high prevalence of
these risk factors in the affected population.

Our study has limitations. It examines patients from only 2
hospitals within a single hospital system. Approximately 50% of
ER- and ACR-GNR cases could not be included in the final anal-
ysis due to a lack of complete data across the relevant domains.
Sensitivity analyses did not show a significant effect from missing
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Figure 1.

Positive predictive value for ertapenem resistance at each score value for Gram-negative rods for the training and validation sets.

data, although it is possible that the point estimates would have
varied slightly if full data were available. Additionally, we only
had access to data from inpatient hospitalizations within our
hospital system, potentially excluding relevant information from
outpatient encounters or treatment at other facilities. These lim-
itations reflect the real-world data that are available at the time
of decision-making or the eventual integration of a similar score
into an electronic health record. However, it is the largest investi-
gation to date in terms of number of subjects and spans a period

of 6 years, allowing us to examine far more potential explanatory
variables than prior investigations of risk factors for develop-
ment of ER-GNR and ACR-GNR. By performing a cohort study
of patients with positive cultures, we eliminated potential selec-
tion bias in choosing controls and strengthened the validity of
observed associations [31].

Finally, there is the inherent weakness of logistic regression
models in that they are unable to account for incomplete cases,
and such cases are dropped from the analysis. This introduces
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Figure 2. Positive predictive value for antipseudomonal carbapenem resistance at each score value for Gram-negative rods for the training and validation sets. Abbreviation:

GNR, Gram-negative rods.
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the possibility of bias in the model if the missing data are not at
random. As the primary mechanisms for data loss (intermittent
outages of data transfer and negligence regarding data entry by
providers) are theoretically independent of the clinical state of
the patient, there is hope that data are missing completely at
random. The data set from the final models (cases that were
complete for the selected variables) was compared against the
complete data set, and no substantial differences were found in
variables that were significant in intermediate steps in model
selection; this supports the possibility that the data were miss-
ing at random and did not bias the model.

Both the ER-GNR and ACR-GNR models can effectively rule
out risk for carbapenem resistance (<5% chance) at scores <6
for the ER-GNR model and scores <4 for the ACR-GNR model,
allowing reasonably confident treatment with carbapenems as a
first option without waiting for definitive carbapenem suscepti-
bility testing, which can take up to several days.

Our study demonstrates the potential to harness currently
available information from an existing electronic medical record
to inform clinical decision-makers. Our simplified scoring
system improved on the traditional antibiogram approach of
offering a single hospital-wide percentage rate of susceptibility
by creating an individualized score than can be used and inter-
preted by individual clinicians without computer assistance. In
the current era of data-intensive medical care, we should harness
all available information to better manage our patients. Further
research should focus on validating this score in other popula-
tions and other hospital systems and analyzing the cost-benefit
thresholds for initiating specific antibiotic regimens in cases of

uncertainty.
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