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Background: The relative contribution of antimicrobial resistance versus delayed appropriate treatment to the clinical and eco-
nomic burden of Enterobacteriaceae infections is not well understood.

Methods: Usingalarge US hospital database, we identified all admissions between July 2011 and September 2014 with evidence
of serious Enterobacteriaceae infection. The “index date” was the earliest date on which a culture positive for Enterobacteriaceae
was drawn. Infections were classified as carbapenem-resistant (CRE) or carbapenem-susceptible (CSE). Receipt of antimicrobials
with activity against all index pathogens on the index date or <2 days thereafter was deemed as “timely”; all other instances
were “delayed” Associations between CRE status and delayed appropriate therapy on outcomes were estimated using inverse
probability weighting and multivariate regression models (ie, logistic model for discharge destination and composite mortality
[in-hospital death or discharge to hospice] or generalized linear model for duration of antibiotic therapy, hospital length of stay
[LOS], and costs).

Results: A total of 50 069 patients met selection criteria; 514 patients (1.0%) had CRE. Overall, 67.5% of CSE patients (vs
44.6%, CRE) received timely appropriate therapy (P < .01). Irrespective of CRE status, patients who received delayed appropriate
therapy had longer durations of antibiotic therapy and LOS, higher costs, lower likelihood of discharge to home, and greater like-
lihood of the composite mortality outcome (P for trend <.01).

Conclusions:

Delayed appropriate therapy is a more important driver of outcomes than CRE, although the 2 factors are some-

what synergistic. Better methods of early CRE identification may improve outcomes in this patient population.
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Enterobacteriaceae (eg, Enterobacter sp., Escherichia coli,
Klebsiella pneumoniae) are commonly implicated in se-
rious infections among adult hospitalized patients and
are associated with considerable morbidity and mortality
[1-4]. Treatment of these pathogens has been complicated
by the continued emergence of antibiotic-resistant strains,
(CRE)
being of greatest concern from a public health perspective

with  carbapenem-resistant ~Enterobacteriaceae

[5]. Relative to infections due to carbapenem-susceptible
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Enterobacteriaceae, patients with CRE infections have ex-
tended lengths of stay (LOS) in hospital, higher mortality
rates, and greater healthcare costs [6-8].

Patients with CRE infections often receive inappropriate or
delayed therapy [8], and ample evidence exists highlighting the
deleterious consequences of delayed therapy, for patients with
serious infections due to Enterobacteriaceae [9-14]. Although
worse outcomes are associated with both carbapenem resist-
ance and delayed appropriate therapy among patients with
serious infections due to Enterobacteriaceae, it is unclear
whether the outcomes observed with delayed appropriate
therapy are merely a surrogate for CRE or vice versa. To date,
few have attempted to simultaneously ascertain the contribu-
tion of each factor on patient outcomes. The objective of this
study was to assess the independent and combined impact
of CRE and delayed appropriate therapy on clinical and eco-
nomic outcomes among hospitalized US patients with serious
infections due to Enterobacteriaceae.
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METHODS

Data Source

To accomplish the study objectives, we used the Premier
Hospital Database, which contains information for approx-
imately 50 million admissions (~20% of US total) from >500
acute-care hospitals (teaching, non-teaching, urban, and rural)
[15]. We limited attention to the approximately 150 hospitals
for which microbiological data were available.

Detailed information for each admission also includes the fol-
lowing: (1) primary and secondary diagnoses (in International
Classification of Diseases, Ninth Revision, Clinical Modification
[ICD-9-CM] format); (2) medications dispensed (eg, days of
medication dispensed); (3) primary and secondary procedures
(in ICD-9-CM format); (4) LOS; (5) services rendered (eg,
items, quantity, costs, charges for all departments [including
pharmacy]); (6) discharge status and destination; and (7) third-
party payer. The database is fully de-identified and compliant
with the Health Insurance Portability and Accountability Act
1996.

Sample Selection

The study population consisted of all patients with >1 ad-
mission to the hospital between July 1, 2011, and September
30, 2014, with evidence of an infection of interest (ie, com-
[cUTI],
intra-abdominal infections [cIAI], bacteremia, and hospital-

plicated wurinary tract infections complicated
acquired pneumonia [HAP], including ventilator-associated
pneumonia [VAP]). Selection algorithms for each infection
type are given in Table 1. We designated the index date as
the earliest date on which a microbiological culture positive
for Enterobacteriaceae from a site consistent with the infec-
tion type was drawn. Patients were classified as carbapenem-
resistant (CRE patients) or carbapenem-susceptible (CSE
patients) based on corresponding susceptibility data.
Carbapenem resistance was defined based on a finding of
resistant or intermediate to >1 carbapenem (ie, doripenem,
meropenem, imipenem, or ertapenem) [16-18]. We excluded
patients who did not receive antibiotics <3 days following
the index date (except those who died or were transferred
to other hospitals within that period), and those who were
transferred from other hospitals; died or were discharged
alive on the index date; were <18 years old on the index date;
had evidence of pregnancy or childbirth during the admis-
sion; had evidence of necrotizing fasciitis, gangrene, ecthyma
gangrenosum, osteomyelitis, or other chronic infection; or
had invalid or missing data for outcomes of interest.

Measures

Patients’ demographic and clinical characteristics were based
on available information during the qualifying admission and
the prior 6-month period. Patient-level covariates included in
the analysis were demographics (age, gender, race, and payer

Table 1. Criteria to Select cUTI, clAl, Bacteremia, and HAP

Infection Criteria

cUTI 1. Any (principal or secondary) discharge diagnosis (ICD-
9-CM) of UTI and
. 21 positive cultures for Gram-negative bacteria from a
site consistent with UTI (eg, urinary catheter)
OR
1. Any discharge diagnosis of other urinary tract complica-
tion and

N

2. any catheterrelated procedure or other diagnostic evi-
dence or complication and

. >1 positive cultures for Gram-negative bacteria from a
site consistent with UTI (eg, urinary catheter).

w

clAl

N

Any discharge diagnosis of IAl and

N

>1 procedures for laparotomy, laparoscopy, or percuta-
neous drainage and

w

. >1 positive cultures for Gram-negative bacteria from a
site consistent with Al (eg, gastric culture).

Any discharge diagnosis of bacteremia (including sepsis)
and

N

Bacteremia

N

. =1 positive cultures for Gram-negative bacteria from a
site consistent with bacteremia (eg, blood).

HAP

—

. Any discharge diagnosis of pneumonia (including VAP) and

N

. >1 positive cultures for Gram-negative bacteria from a
site consistent with pneumonia (eg, sputum) and

3. index date >3 days following admission

OR

1. Any discharge diagnosis of pneumonia (excluding VAP)
and

2. 21 positive cultures for Gram-negative bacteria from a
site consistent with pneumonia and

3. index date <3 days following admission and evidence that
source of pneumonia was nosocomial.

Abbreviations: clAl, complicated intra-abdominal infection; cUTI, complicated urinary tract
infection; HAP hospital-acquired pneumonia; ICD-9-CM, International Classification of
Diseases, Ninth Revision, Clinical Modification; UTI, urinary tract infection; VAR ventilator
associated pneumonia.

type); comorbidities (asthma, cerebrovascular disease, con-
gestive heart failure, respiratory diseases, coronary heart dis-
ease, dementia, hemiplegia/paraplegia, immunocompromising
conditions, liver disease, malnutrition, rheumatoid arthritis,
peptic ulcer disease, peripheral vascular disease, rheumatic
disease, renal failure, or diabetes); Charlson Comorbidity
Index (CCI); infection-related measures (ie, source of infection
[community-acquired, healthcare-associated, or other], infec-
tion type [cUTI, cIAL BSI or HAP]); a resource intensity cost
index (values >1 indicate patients with higher-than-average
costs during the first 2 days in hospital); pre-index culture
in-hospital measures (eg, use of antibiotics, LOS, evidence
of use of corticosteroids, parenteral nutrition, or vasoactive
medications before the index date); index culture drawn in
the intensive care unit (ICU); all-cause hospitalizations in the
prior month, 3 months, or 6 months; and infection-related
hospitalizations in the prior month, 3 months, or 6 months.
Hospital characteristics assessed included geographic region,
geographic subregion, teaching facility, and number of hospital
beds. A full list of demographics and clinical characteristics are
listed in the Supplementary Data.
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Appropriateness of antibiotic therapy was defined as re-
ceipt of antibiotic(s) with in vitro activity (defined as “suscep-
tible” in the database) against all identified index pathogens
(ie, Enterobacteriaceae plus any other pathogen identified on
the index date). In instances where susceptibility could not be
ascertained directly from the database (ie, a patient treated with
>1 antibiotic for which no susceptibility data were generated)
[16], algorithms to determine pathogen susceptibility were de-
rived (Supplementary Data). For example, an ampicillin sus-
ceptible E. coli would be considered carbapenem susceptible if
no carbapenem susceptibility data were reported. However, sus-
ceptibility to a beta-lactam would not be inferred from a non-f-
lactam antibiotic. The earliest date on which all index pathogens
were covered was deemed the date of initiation of appropriate
therapy. We defined receipt of appropriate therapy on the index
date or within the subsequent 2 days as “timely” and all subse-
quent days as “delayed.”

Outcomes of interest included duration of antibiotic therapy
post-index culture, LOS post-index culture, total in-hospital
costs to render care post-index culture, discharge destination,
and the composite outcome of in-hospital death or discharge
to hospice. The database contains day-of-stay information on
costs of care. Accordingly, all costs associated with all services
(eg, medical care, pharmacotherapy, or room and board) noted
between the index date to discharge date were included in the
analyses; costs accrued prior to the index date were excluded
from consideration. We used the same methods for all cases in
all hospitals across the years, 2011-2014, and did not assume
costs were homogenous across patients.

Statistical Analyses
Data were summarized using descriptive statistics. Means and
standard deviation were used to describe continuous variables,
and frequencies and percentages were used to describe categorical
variables. In unadjusted comparative bivariate analyses, we used
Student’s ¢ tests and Wilcoxon rank-sum tests to determine the
statistical significance of differences in continuous variables, as
appropriate. Chi-square tests were used for categorical variables.
Propensity scores were generated for each patient with an in-
fection caused by Enterobacteriaceae spp on the index date by
means of a multivariate logistic regression model that estimated
for each patient the probability (a single variable bound by
0 and 1) of having CRE (vs CSE) [19, 20]. Propensity scores
were used as inverse probability-weighted (IPW) estimators in
the multivariate analyses, which allowed for the inclusion of
all available information while still balancing the comparative
groups for differences that may confound analyses of interest.
The IPW estimator was used as a weight in the regression model
to obtain balanced distribution of characteristics between the
groups of interest (CRE vs CSE). Additional details on propen-
sity scores and the IPW estimators that were used are found
in the Supplementary Data.

A number of regression models were created, each of which
included the relationships of interest plus 1 additional covariate
of interest (eg, CRE [vs CSE] plus receipt of delayed appropriate
therapy [vs timely appropriate therapy] plus age). All such
covariate-specific models were assessed to determine whether
inclusion of the additional variable changed the estimate asso-
ciated with the relationship of interest by >10%. Covariates that
changed the estimate by <10% were excluded. All covariates
that modified the delayed appropriate therapy-related estimate
by >10% were assessed for colinearity. Those with an absolute
value for their correlation coefficient >0.6 were deemed co-
linear, in which case only the variable with the larger impact on
the delayed appropriate therapy-related estimate was selected
for the final multivariate model. For each population and out-
come of interest, the multivariate model consisted of the base
model plus all covariates that met the 10% criterion and were
deemed not to be colinear.

Multivariate linear regression modeling was used to examine
adjusted mean duration of antibiotic therapy post-index cul-
ture, post-index culture LOS in hospital, and post-index culture
costs of care. As part of our analyses, all continuous outcome
measures were log-transformed prior to multivariate analysis
and retransformed thereafter. LOS and duration of antibiotic
therapy were examined using negative-binomial regression
models with log-link functions, and total in-hospital costs
were examined using generalized linear models fit to gamma
distributions with log-link functions. Discharge destination
(ie, home vs all other destinations) and the composite outcome
of in-hospital death or discharge to hospice were evaluated
using multivariate logistic regression models. In all instances,
covariates added to each model were those that met the 10%
criterion described above.

RESULTS

Study Population

Among the 50 069 patients admitted during the study period
who met all selection criteria (Figure 1), 52.6% had cUTI;
34.4%, bacteremia; 7.3%, HAP; and 5.8%, cIAIL A total of 514
patients (1.0% of the study sample) had infections caused by
CRE, ranging from 2.9% (among patients with HAP) to 0.9%
(among patients with either cUTT or bacteremia).

CRE Versus CSE

Compared with CSE patients, those with CRE were more likely
to be male (57.4% vs 43.7%); CRE patients also had higher mean
CCI scores (Table 2; P < .01). CRE patients were about twice as
likely to have received antibiotics during their qualifying ad-
mission prior to their index date and to be in the ICU on their
index date. They also averaged 3.7 more days in hospital prior
to the index date (all P < .01). CRE patients were more likely
than CSE patients to have been hospitalized within 6 months of
their qualifying admission.
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| Admitted to hospital with relevant infection diagnosis, and | 17020163
‘ Aged =18 years at admission, and | 15762318
l Had =1 relevant culture from relevant site, and | 520927
| Had Gram-negative pathogen on 21 such culture, and | 125324
\ Received antibiotic on index date or within next 2 days, and ‘ 115751
‘ Did not have invalid date data in database (eg, negative LOS), and ‘ 104 834
| Did not have “exclusionary” diagnosis,* and ‘ 101301
| e | 63304
‘ Received appropriate t}{erfxpyhat some point 61618

during the admission,” and
| Did 'nc;ct have ‘other invalid | 56357

information, and

50069

Figure 1. Full diagram of sample selection.
LOS indicates length of stay.

“Including chronic infection (N = 1468), gangrene (N = 1468), necrotizing fasciitis (N = 186), osteomyelitis or related bone infection, or both (N = 1307), and pregnancy (N = 268).
®With exception of patients wha expired relatively early in the course of admission (these patients were assumed to be “victims” of inappropriate empiric therapy and were

therefore retained).

CRE patients were more likely than CSE patients to be
infected with Klebsiella sp. (59.5% vs 23.3%), Enterobacter sp.
(23.0% vs 7.0%), or Serratia sp. (6.2% vs 2.7%); they also were
less likely to have Escherichia sp. (18.9% vs 69.3%) (all P < .01)
(Table 3).

By multivariate-adjusted analysis, following index culture
and relative to CSE patients, CRE patients averaged 1.0 addi-
tional days of antibiotic therapy, 0.8 additional days in hospital,
and $4651 more in total in-hospital costs of care; they also were
twice as likely to be discharged to hospice or die in the hospital
(all P <.01) (Table 4).

Delayed Versus Timely Appropriate Therapy
Compared with patients who received timely appropriate
therapy, those in whom therapy was delayed were more likely to
be male (48.9% vs 41.5%); they also differed by race, payer type,
and region (all P < .01) (Table 2). Patients who received delayed
appropriate therapy were more likely than those who received
timely appropriate therapy to have various comorbidities, noso-
comial infection, and evidence of parenteral nutrition or vasoac-
tive medications, or both, on the index date or the day prior (all
P < .01). Patients who received delayed therapy were about 1.5
times as likely to be in the ICU on their index date and averaged
around twice as many days in hospital prior to the index date
(both P <.01).

Patients who received delayed appropriate therapy were more
likely than those in whom therapy was deemed timely to have
infections due to Klebsiella sp. (28.0% vs 21.7%), Enterobacter

sp. (9.5% vs 6.0%), Serratia sp. (4.0% vs 2.2%), or Citrobacter
sp. (3.8% vs 3.1%), and were less likely to have infections due to
Escherichia sp. (62.7% vs 71.7%) (all P < .01) (Table 3).

Stratified Analyses

Of CSE patients, 34.8%, 17.2%, and 15.5% received appropriate
therapy on the index day (or “day 17), day 2, or day 3, respec-
tively; corresponding values for CRE patients were 15.8%,
11.9%, and 16.9%, respectively. Cumulative time to receipt of
appropriate therapy is summarized in Figure 2. Approximately
one-fifth of CRE patients received appropriate therapy on
day 4.

After stratification, 55.4% (285 out of 514) of CRE patients
were found to have received delayed appropriate therapy versus
32.5% (16 129 out of 49 555) of CSE patients (P < .01). Results of
the multivariate-adjusted analyses are shown in Table 5. When
both CRE and delayed appropriate therapy were included in the
analyses, a gradient effect was observed across strata, with the
worst outcomes experienced among the subgroup with CRE
infection in whom appropriate therapy was delayed compared
with the reference population (CSE infection who received
timely appropriate therapy).

DISCUSSION

This study sought to assess the degree to which pathogen sus-
ceptibility to carbapenems and delayed appropriate therapy,
respectively, were associated with clinical and economic
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Table 3. Frequency Distribution of Enterobacteriaceae, by CRE Status or Timing of Receipt of Appropriate Therapy

CRE Status Timing of Appropriate Therapy
Pathogen CRE (N =514) CSE (N = 49 555) PValue® Delayed (N = 16 414) Timely (N = 33 655) PValue® All Patients (N = 50 069)
Klebsiella sp 5815 283 <.01 28.0 217 <.01 23.7
Citrobacter sp 2.9 3.3 .63 3.8 3.1 <.01 3.3
Enterobacter sp 23.0 7.0 <.01 €5 6.0 <.01 71
Escherichia sp 18.9 69.3 <.01 62.7 71.7 <.01 68.8
Serratia sp 6.2 2.7 <.01 4.0 2.2 <.01 2.8

Abbreviations: CRE, carbapenem-resistant Enterobacteriaceae; CSE, carbapenem-susceptible Enterobacteriaceae.

?P values obtained using t test for continuous variables, chi-square test for nominal categorical variables, and Wilcoxon rank sum for ordinal categorical variables.

outcomes in hospitalized adults with serious infections due
to Enterobacteriaceae. With few exceptions (eg, methicillin-
resistant Staphylococcus aureus in skin and skin-structure
infections), infection with a resistant pathogen tends to be
highly correlated with receipt of delayed appropriate therapy
[21, 22]. To ascertain their independent and combined im-
pact, both IPW and stratified and multivariate analyses were
performed to ensure clinical equipoise at baseline. Overall, our
findings suggest that both CRE and receipt of delayed appro-
priate therapy negatively effect clinical and economic outcomes.
However, delayed appropriate therapy was found to be a more
important driver of outcomes relative to CRE status, although
the 2 factors are somewhat synergistic. Interestingly, the clinical
and economic outcomes of patients who received early versus
delayed appropriate therapy were largely independent of CRE
status. This indicates that it is not antibiotic resistance per se
that effects clinical and economic outcomes, but whether ap-
propriate antibiotic therapy is administered in a timely (or
early) manner.

Our findings have important implications for clinical
practice, as they suggest that the worse outcomes typically
associated with Enterobacteriaceae infection, regardless of

carbapenem susceptibility status, can potentially be mitigated
by timely appropriate antimicrobial therapy. Our study there-
fore highlights the need for rapid diagnostics to shorten the
lag time between clinical recognition of infection and down-
stream pathogen identification. Although rapid diagnostics
accelerate time to pathogen reporting, current technologies
are only able to identify a limited number of antibiotic-
resistant Gram-negative pathogens. Therefore, decision-
support system tools also are needed for the identification
of patients at high risk for infections due to highly resistant
pathogens such as CRE, the majority of whom likely also will
be at high risk for delayed appropriate therapy. Such tools
will be critically important for clinicians when selecting em-
pirical treatment for patients, as culture results typically are
not available within the first 48-72 hours of infection onset.

Several limitations of our study warrant discussion. First,
our intent was to assess the independent and combined im-
portance of antibiotic resistance and delayed treatment on
observed outcomes. In reality, additional factors may be as-
sociated with the exposures and outcomes of interest (ie, our
results may suffer from residual confounding), and caution is
warranted in interpretation of our findings. Further research

Table 4. Multivariate-Adjusted Analyses of Infection-Related Outcomes: CRE vs CSE

Outcome?

CRE (N =514)

CSE (N = 49 555)

Adjusted mean (95% Cl)

Duration of antibiotic therapy (d)®

LOS (d)°

In-hospital cost ($)°

Adjusted OR (95% CI)*

Discharged home

In-hospital death or discharged to hospice

8.5(8.2108.7)°
8.4 (8.2108.7)°
19 816 (19 637 to 19 997)°

75 (75 to 7.5)
76 (76 to 7.7)
15 165 (15 031 to 15 300)

0.3(0.3t00.3)°
2.2(21102.2)°

Abbreviations: CRE, carbapenem-resistant Enterobacteriaceae; CSE, carbapenem-susceptible Enterobacteriaceae; LOS, length of stay; OR, odds ratio.

Each outcome was adjusted for variables that were included in the inverse probability weighting: age, gender, race, payer type, geographic region, geographic subregion, teaching fa-
cility, comorbidities (ie, asthma, cerebrovascular disease, congestive heart failure, respiratory diseases, coronary heart disease, dementia, hemiplegia/paraplegia, immunocompromising
conditions, liver disease, malnutrition, rheumatoid arthritis, peptic ulcer disease, peripheral vascular disease, rheumatic disease, renal failure, and diabetes with or without complications),
Charlson Comorbidity Index score, source of infection, type of infection, resource intensity cost index, any use of antibiotic with coverage before index day, pre-index LOS, index culture
drawn in the intensive care unit, any use of medications (corticosteroids, parenteral nutrition, and vasoactive) before index day, number of hospital beds, all-cause hospitalizations (in prior
month, 3 months, or 6 months), and infection-related hospitalizations (in prior month, 3 months, or 6 months).

PPost-index culture.
‘P< .0
9The reference group was patients with CSE infections.
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Figure 2. Time to receipt of appropriate therapy, by CRE status.
CRE indicates carbapenem-resistant Enterobacteriaceae; CSE, carbapenem-susceptible Enterobacteriaceae.

is needed to better understand the degree to which each out-
come of interest is attributable to delayed appropriate therapy
or CRE.

Second, as with all electronic health databases, there may be
errors of omission or commission in coding. As our operational
definitions were based on information within the database,
study measures may be less accurate than those based on med-
ical record review or data gathered prospectively.

Third, although we included a number of proxy measures
for patients’ disease severity (eg, whether the index culture was
taken while the patient was in the ICU, CCI score, resource in-
tensity index), the database did not contain detailed clinical in-
formation to calculate acute disease severity measures like the
acute physiology and chronic health examination (APACHE-II)
or Pitt bacteremia score [23-26]. The effect of the inability to
include an acute disease severity measure on the observed early

Table 5. Multivariate-Adjusted Analyses of Infection-Related Outcomes: CRE (vs CSE) and Receipt of Delayed Appropriate Therapy (vs Receipt of Timely
Appropriate Therapy)

Timely Appropriate Therapy Delayed Appropriate Therapy

Outcome?® CSE (N = 33 426) CRE (N = 229) CSE (N = 16 129) CRE (N = 285)
Adjusted mean (95% Cl)

Duration of antibiotic therapy (d)>* 5.0 (6.0t0 5.1) 5.4 (5.2 t0 5.5) 8.3(8.21t08.4) 8.9 (8.6t09.1)
LOS (d)>* 5.0 (4.9t05.0) 5.1 (5.0 t0 5.3) 8.5(8.4108.7) 8.8 (8.61t09.1)

In-hospital cost ($)>°
Adjusted OR (95% CI)*
Discharged home

9875 (9749 to 10 002) 11 639 (11 372 to 11 709) 21828 (21 479 to0 22 182) 25 506 (25 124 to 25 893)

Reference 0.4(0.41t00.4)

1.9 (1.9 t0 2.0)

0.4(0.4t00.4)
1.9 (1.8 t0 2.0)

0.2(0.1t00.2)

In-hospital death or discharged to hospice Reference 3.7 (3.5t0 3.9)

Abbreviations: Cl, confidence interval; CRE, carbapenem-resistant Enterobacteriaceae; CSE, carbapenem-susceptible Enterobacteriaceae; IQR, interquartile ranges; LOS, length of stay;
OR, odds ratio.

®Each outcome was adjusted for variables that were included in the inverse probability weighting: age, gender, race, payer type, geographic region, geographic subregion, teaching fa-
cility, comorbidities (ie, asthma, cerebrovascular disease, congestive heart failure, respiratory diseases, coronary heart disease, dementia, hemiplegia/paraplegia, immunocompromising
conditions, liver disease, malnutrition, rheumatoid arthritis, peptic ulcer disease, peripheral vascular disease, rheumatic disease, renal failure, and diabetes with or without complications),
Charlson Comorbidity Index score, source of infection, type of infection, resource intensity cost index, any use of antibiotic with coverage before index day, pre-index LOS, index culture
drawn in the intensive care unit, any use of medications (corticosteroids, parenteral nutrition, and vasoactive) before index day, number of hospital beds, all-cause hospitalizations (in prior
month, 3 months, or 6 months), and infection-related hospitalizations (in prior month, 3 months, or 6 months).

PPost-index culture.

‘P< .0

9The reference group was patients with CSE infections who received timely appropriate therapy.
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versus delayed treatment results is unknown, but it is likely to
be minimal given the number of proxies that were included and
stratification of outcomes by CRE status, a known indicator of
acute disease severity. Moreover, the database lacks informa-
tion on healthcare utilization that occurred outside of Premier
facilities, which likely render patients’ demographic and clinical
characteristics incomplete.

Fourth, we defined CRE based on nonsusceptibility to
carbapenems [27]. Although our definition had high speci-
ficity, its sensitivity is unknown. It is important to note that
CLSI lowered the carbapenem susceptibility breakpoints during
the study period, and it is possible that certain instances of
CRE may have been classified as CSE. However, any resulting
misclassification of patients should result in smaller differences
between CRE and CSE patients and between patients in whom
receipt of appropriate therapy was deemed timely versus
delayed. Similarly, to the extent that we misclassified patients
with asymptomatic bacteriuria or wound or drain colonization
as having active (and complicated) infection, we believe that our
results would tend to minimize the impact of timely appropriate
therapy (e, receipt of antibiotics in the absence of infection
should have no impact on clinical and economic outcomes).
Consequently, we believe that any such regression-to-the mean
effect would render our findings somewhat conservative, and
the deleterious clinical and economic consequences of delayed
appropriate therapy may in fact be greater than those observed
in our study.

Fifth, we determined the appropriateness of therapy based
on in vitro susceptibility data contained in the database. In
circumstances in which specific antibiotic-pathogen tests were
unavailable, conservative algorithms were used to infer antibi-
otic susceptibility and appropriateness of therapy. Despite this,
37 997 Gram-negative infections were excluded due to lack of
sufficient information to determine appropriateness. Of note,
not all excluded episodes were of patients with infections due to
Enterobacteriaceae, but rather reflected all patients with Gram-
negative pathogens who were excluded due to lack of sufficient
information to determine appropriateness. It is possible that ex-
clusion of these patients could have possibly biased the results;
nevertheless, the study sample (~50 000) was likely of sufficient
power to answer the study questions.

Finally, our analyses focused attention on the most common
Enterobacteriaceae. Although these patients represented the
majority of those with CRE, exclusion of patients with relatively
uncommon pathogens may limit the generalizability of our
findings. Similarly, although our study reflects the experience
of approximately 50 000 patients treated in approximately 150
hospitals across the US, the database is a convenience—and not
a random—sample. Others have used the term appropriateness
to include use of antibiotics only when necessary or administra-
tion of such agents at the proper dose and duration [28], both of
which were beyond the scope of our study.

CONCLUSIONS

In conclusion, CRE and delayed appropriate therapy both are
associated with worse clinical outcomes and higher costs and
charges among patients in US hospitals with serious infections
due to Enterobacteriaceae. Although the impact of delayed
appropriate therapy appears stronger than that of CRE, the
effects of these 2 characteristics are synergistic. Given the
association between these 2 factors, better methods of early
identification of the causal pathogen(s) (particularly those
hard to treat, such as CRE) should improve outcomes in this
patient population.

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader,
the posted materials are not copyedited and are the sole responsibility of
the authors, so questions or comments should be addressed to the corre-
sponding author.
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