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Abstract

Objective: To assess the impact of carbapenem resistance and delayed appropriate antibiotic therapy (DAAT) on clinical and economic out-
comes among patients with Enterobacterales infection.

Methods: This retrospective cohort study was conducted in a tertiary-care medical center in Thailand. Hospitalized patients with
Enterobacterales infection were included. Infections were classified as carbapenem-resistant Enterobacterales (CRE) or carbapenem-suscep-
tible Enterobacterales (CSE). Multivariate Cox proportional hazard modeling was used to examine the association between CRE with DAAT
and 30-day mortality. Generalized linear models were used to examine length of stay (LOS) and in-hospital costs.

Results: In total, 4,509 patients with Enterobacterales infection (age, mean 65.2 ±18.7 years; 43.3% male) were included; 627 patients (13.9%)
had CRE infection. Among these CRE patients, 88.2% received DAAT. CRE was associated with additional medication costs of $177 (95%
confidence interval [CI], 114–239; P < .001) and additional in-hospital costs of $725 (95% CI, 448–1,002; P < .001). Patients with CRE infec-
tions had significantly longer LOS and higher mortality rates than patients with CSE infections: attributable LOS, 7.3 days (95% CI, 5.4–9.1;
P< .001) and adjusted hazard ratios (aHR), 1.55 (95%CI, 1.26–1.89; P< .001). CREwith DAATwere associated with significantly longer LOS,
higher mortality rates, and in-hospital costs.

Conclusion: CRE and DAAT are associated with worse clinical outcomes and higher in-hospital costs among hospitalized patients in a
tertiary-care hospital in Thailand.

(Received 11 June 2021; accepted 27 September 2021; electronically published 2 November 2021)

Antimicrobial resistance (AMR) is a serious threat to the development
of global public health.1,2 The burden of infectious diseases is increas-
ing, particularly in low-income and middle-income countries
(LMIC).3–5 Some projections estimate that by 2050, up to 10 million
people worldwide will die fromAMR infections.5 Carbapenem-resist-
ant Enterobacterales (CRE) create the greatest concern from a public
health perspective due to their resistance to last-resort antibiotics.6,7

The global spread of CRE is increasing rapidly.2,8 Delayed appropriate
antibiotic therapy (DAAT) for patients with Enterobacterales infec-
tions is associated with worsening outcomes and longer durations
of hospitalization, independent of its impact on mortality.9–11

Studies from the United States and Europe have reported consistent
results with regard to an increased mortality associated with CRE
infections among hospitalized patients.12 However, Lodise et al13

found that DAAT is a more important driver of outcomes than
CRE in US hospitals. Few studies have specifically addressed this
issue,12 and some studies that attempted an evaluation of this topic
have not delineated the impact of DAAT and CRE on the attributable
hospital cost and morbidity or on resources, such as length of stay
(LOS),9,14,15 particularly in tertiary-care hospitals in Thailand.

Given the differences in the epidemiology of CRE in different
geographical areas, countries, and levels of healthcare settings,16,17

we sought to address the lack of evidence on this issue by con-
ducting a retrospective cohort study to examine the clinical out-
comes and economic impacts of CRE infection along with the
effects of DAAT. We identified risk factors associated with
in-hospital mortality in patients with Enterobacterales infections
in a tertiary-care hospital in Thailand.
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Methods

Study design and data source

A retrospective cohort study was conducted using the medical
claims database of an 1,100-bed, tertiary-care medical center in
Thailand using data that were accumulated during a 5-year period:
January 1, 2015 through December 31, 2019.

Patients

All hospitalized patients with evidence of Enterobacterales infec-
tions of interest were included. These patients were identified using
data from a hospital medical claims database. Criteria for inclusion
were as follows: (1) patients with documented microbiological cul-
ture who tested positive for Enterobacterales of interest including
Escherichia coli, Klebsiella pneumoniae, Klebsiella oxytoca, Proteus
mirabilis, and Proteus spp and (2) those diagnosed with blood-
stream infection (BSI), pneumonia, intra-abdominal infection
(IAI), or urinary tract infection (UTI). All diagnoses in the data-
base were coded according to the International Classification of
Diseases, Tenth Revision, Clinical Modification (ICD-10-CM)
codes, as shown in Supplementary Table S1 (online). For patients
with multiple isolates, only the first episode detected in any clinical
specimen (eg, blood, sputum, urine) was included in the analysis.
Only the first infection was considered if a patient had multiple
infections identified during the study period.18 To differentiate
infection from colonization, our inclusion criteria specified that
patients were treated with an antibiotic beginning within the first
2 days from the time of culture collection and continued for ≥3
consecutive days. We excluded patients who had died within 24
hours, were discharged alive on the index date, or had invalid or
missing data for outcomes of interest.

We designated the index date as the earliest date on which a
microbiological culture that was positive for Enterobacterales
was drawn from a site consistent with the infection type.
Patients were classified as having CRE or carbapenem-susceptible
Enterobacterales (CSE) based on corresponding susceptibility data.
Species identification and in vitro susceptibility testing methods
were determined in accordance with the standard methodology
specified in the Clinical and Laboratory Standards Institute
(CLSI) guidelines.19 The interpretation of carbapenem susceptibil-
ity was based on the CLSI definitions19 and was reported as resist-
ant (R), susceptible (S), or intermediate (I). Enterobacterales were
considered resistant to carbapenems if they were resistant or
showed an intermediate response to any carbapenems: imipenem
(minimum inhibitory concentration [MIC]>2mg/L), meropenem
(MIC >2 mg/L), or ertapenem (MIC >1 mg/L). The control group
included patients with CSE infections that were susceptible to all
carbapenems: imipenem (MIC ≤1 mg/L), meropenem (MIC ≤1
mg/L), or ertapenem (MIC ≤1 mg/L).7,20

Data collection

Microbiological data, including specimen type, specimen collec-
tion date, pathogen, and results of antibiotic susceptibility testing,
were obtained from the microbiological database. The patient
demographics, diagnosis, and medication data were retrieved from
the medical claims database. The patient demographics and clini-
cal characteristics were ascertained from the information collected
at the time of hospital admission. We collected data on the follow-
ing factors: demographics, health insurance, ward, comorbidities,
Charlson comorbidity index (CCI),21 type of infection (commu-
nity-acquired infection [CAI] or hospital-acquired infection

[HAI]), source of infection (UTI, IAI, BSI, or pneumonia), and
pre-index culture in-hospital measures (eg, length of stay [LOS]
before index, evidence of use of antibiotics, corticosteroids, paren-
teral nutrition, or vasoactive medications before the index date).
Patients were classified as having pneumonia, UTI, IAI, and/or
BSI based on the primary sites of infection. If patients met the cri-
teria for bothUTI and BSI or pneumonia and BSI, the patients were
classified as UTI or pneumonia, respectively. However, if the
patients had both UTI and pneumonia, we analyzed it as pneumo-
nia.15 CAI was defined as an infection that was detected within
2 days of hospitalization,22 whereas HAI was defined as an infec-
tion that occurred after the second day (>48 hours) of
hospitalization.23

We defined antibiotic appropriateness based on the Infectious
Diseases Society of America (IDSA) clinical practice guideline for
both the class and duration of antibiotic therapy.24 Details of treat-
ment algorithm for Enterobacterales infections are provided in
Supplementary Table S2 (online). Patients were considered to have
received appropriate antibiotic therapy if antibiotic treatment was
based on the treatment algorithm and the patient could receive
antibiotics on the index date or within the subsequent 2 days.
The earliest date on which all index pathogens were covered
was deemed the date of initiation of appropriate therapy. The
receipt of appropriate therapy on subsequent days was considered
delayed.

Outcome measures

Outcomes of interest includedmortality, LOS, and in-hospital cost.
A mortality was defined as an in-hospital death that occurred
within 30 days after the diagnosis of an Enterobacterales infection.
The postinfection LOS was defined as the time from the index date
until discharge from the hospital, or until death. The in-hospital
cost included general cost (room, meal, and nursing), diagnostic,
laboratory, and radiological cost, medication cost, antibiotic cost,
material cost, and rehabilitation cost. Accordingly, all costs asso-
ciated with the medications used and all services (eg, room and
board, meal, material, and nursing) noted between the index date
and the discharge date were included in the analyses. Costs accrued
prior to the index date were excluded from consideration. The
study was conducted over 5 years; therefore, we adjusted costs
to 2019 currency using the Thailand consumer price index.25

Costs were collected in Thai Baht (THB) and were converted into
US dollars ($) according to Bank of Thailand exchange rate
($1= 30.12 THB) on December 30, 2019.26

The study was approved by the Human Investigation
Committee of Buddhachinaraj Hospital, Phitsanulok, Thailand
(IRB no. 072/63).

Statistical analyses

Data were summarized using descriptive statistics. Continuous
variables are described as means with standard deviations or medi-
ans with interquartile range, as appropriate, whereas categorical
variables are described as frequencies and percentages. We com-
pared the characteristics of patients infected with CRE to those
infected with CSE using the χ2 or Fisher exact test for categorical
variables and the Student t test orWilcoxon rank-sum test for con-
tinuous variables, as appropriate. Kaplan–Meier curves were used
to display 30-day mortality estimates.27 We used multivariate Cox
proportional hazard models to investigate the association between
a CRE infection and the risk of 30-day mortality.27 Covariate
adjustment for confounding factors in Cox proportional hazard
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models included age, sex, type of infection, and comorbidities.
Time-dependent covariates such as vasoactive medications, corti-
costeroids, and parenteral nutrition were used in Cox proportional
hazard models to control the time-varying coefficient that changes
over time during the follow-up period.28 A stratification and sub-
group analysis was performed to assess the effect in the different
sites of infections (pneumonia, BSI, UTI, and IAI). The LOS
and in-hospital cost were examined using generalized linear mod-
els that were fitted to γ distributions with log-link functions.29

Multivariable analyses were conducted to estimate the predicted
LOS and costs based on averagemarginal effects from a generalized
linear model. The covariates adjusted in the generalized linear
models were age, sex, site of infection, type of infection, corticoste-
roids used, parenteral nutrition, vasoactive medication, and
comorbidities. Stratified analyses by DAAT were performed to
compare the clinical outcomes and economic impacts of the com-
bined effects of CRE and DAAT. Univariable and multivariable
Cox proportional hazards models were performed to estimates
the hazard ratios (HRs) and 95% confidence intervals (CIs) of fac-
tors associated with 30-day mortality in patients with
Enterobacterales infection. All P values were 2-tailed, and
P < .05 was considered statistically significant.

Results

Study Population

In total, 6,137 patients were hospitalized with Enterobacterales
infections during the study period; 4,509 patients met the inclusion
criteria and were included in the analysis (Fig. 1). Overall, 46.91%
of the study population had UTI, 34.66% had pneumonia; 16.94%
had BSI; 1.49% had IAI. The mean age of the Enterobacterales-
infected patients was 65.21 years (SD 18.68), and 43.29% were
male. Moreover, 627 patients (13.91%) had a CRE infection, and
this rate ranged from 0.33% among patients with IAI to 7.78%
among patients with pneumonia.

CRE versus CSE infections

CRE-infected patients were more likely than CSE patients to be
male (57.42% vs 41.01%; P < .001). CRE-infected patients were
more likely to have pneumonia (55.98% vs 31.22%; P < .001),
HAI (68.90% vs 31.04%; P < .001), septic shock (26.32% vs
13.96%; P < .001), chronic pulmonary disease (7.50% vs 4.22%;
P= .001), and/or AIDS (2.39% vs 1.29%; P= .044). Most CRE cases
were reported from the medical ward (n= 328; 52.31%) and ICU
(n= 166; 26.48%). CRE-infected patients were more likely to have
been exposed to carbapenems (31.42% vs 7.78%; P < .001), piper-
acillin/tazobactam (22.33% vs 5.26%; P < .001), and/or third-gen-
eration cephalosporins (59.81% vs 32.25%; P < .001). The
CRE-infected patients had higher mean CCI scores (1.60 vs 1.42;
P = .020). Moreover, CRE-infected patients had a longer median
hospital stay before infection than the CSE patients (8.0 vs 1.0 days;
P < .001) (Table 1).

Costs and length of hospital stay

CRE infections were associated with an additional medication cost
($177; 95% CI, 114–239; P < .001), antibiotics cost ($27; 95% CI,
15–39; P < .001), general costs ($172; 95% CI, 89–255; P < .001),
and total hospital costs ($725; 95% CI, 448–1002; P < .001) after
adjusting for age, sex, site of infection, type of infection, corticoste-
roids used, parenteral nutrition, vasoactive medication, and
comorbidities. Patients with CRE infections had significantly

longer LOS than those with CSE (18.8 days vs 11.5 days, attribut-
able 7.3 days; 95% CI, 5.4–9.1; P < .001). Similar effects on costs
and LOS were significantly associated with an additional cost
and increased LOS in pneumonia and UTI, but no significant dif-
ference was observed in patients with IAI (Table 2).

30-day mortality

Patients with CRE infections showed a 1.55-fold increase in 30-day
mortality (adjusted HR, 1.55; 95% CI, 1.26–1.89; P < .001) (Fig. 2
and Table 3) compared with CSE-infected patients. Factors asso-
ciated with the 30-day mortality were identified (Table 4) and age
≥65 years (P < .001), myocardial infarction (P = .002), mild liver
disease (P= .002), moderate-to-severe liver disease (P< .001), kid-
ney disease (P = .011), malignant tumors without metastasis (P =
.010), metastatic tumors (P < .001), AIDS (P = .002), septic shock
(P < .001), and receiving DAAT (P < .001) were strong independ-
ently associated with an increased 30-day mortality. A similar
impact on 30-daymortality was observed in patients with pneumo-
nia and UTI, but no significant difference was observed in patients
with BSI and IAI (Table 3).

Effects of delayed appropriate antibiotics therapy

Among the 627 CRE-infected patients, 553 (88.20%) received
DAAT, whereas 841 (21.66%) of the 3,882 CSE-infected patients
received DAAT. The distribution of antibiotic use is shown in
Table S3. Carbapenems (39.06%), third-generation cephalosporins
(21.70%), and β-lactamase-β-lactamase inhibitors (19.89%) were
the antibiotics that were most likely to be prescribed inappropriately
amongCRE infections. ComparedwithCSE infectionswho received
appropriate therapy, those in whom therapy was delayed were more
likely to be male (42.33% vs 40.64%), and these patients differed by
mean age, ward, site of infection, LOS before infection, type of infec-
tion, and comorbidities, such as myocardial infarction, chronic pul-
monary disease, and AIDS (all P < .05) (Table S4). When CRE and
DAATwere combined in the analyses, a gradient effectwas observed
across strata. Compared with the reference population (ie, patients
with CSE infection who received appropriate therapy), the worst
outcomes occurred in the subgroup with DAAT. Among patients
with Enterobacterales infections, the highest risk occurred in
patients with CRE who received inappropriate antibiotic therapy;
they had a 2.73-fold increased risk of 30-day mortality (aHR,
2.73; 95% CI, 1.90–3.93; P < .001) (Fig. 3). Furthermore, patients

Fig. 1. Study flow.
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Table 1. Demographics and Clinical Characteristics of the Participants

Characteristics
All Patients
(n=4,509)

CSE
(n=3,882)

CRE
(n=627) P Value

Demographics

Male 1,952 (43.29) 1,592 (41.01) 360 (57.42) <.001

Age, mean y (SD) 65.21 (18.68) 65.30 (18.75) 64.65 (18.26) .421

Age ≥65 y 2595 (57.55) 2245 (57.83) 350 (55.82) .361

Health insurance

CSMBS 878 (19.47) 762 (19.63) 116 (18.50) .906

SSS 177 (3.93) 152 (3.92) 25 (3.99)

UCS 3,418 (75.80) 2,936 (75.63) 482 (76.87)

Others 36 (0.80) 32 (0.82) 4 (0.64)

Ward

Medical 2,741 (60.79) 2,413 (62.16) 328 (52.31) <.001

Surgical 461 (10.22) 386 (9.94) 75 (11.96)

ICU 706 (15.66) 540 (13.91) 166 (26.48)

Others 601 (13.33) 543 (13.99) 58 (9.25)

Site of infection

UTI 2,115 (46.91) 1,917 (49.38) 198 (31.58) <.001

Pneumonia 1,563 (34.66) 1,212 (31.22) 351 (55.98)

IAI 67 (1.49) 52 (1.34) 15 (2.39)

BSI 764 (16.94) 701 (18.06) 63 (10.05)

Length of hospital stay before infection

Mean score (SD) 5.33 (10.84) 4.11 (9.32) 12.87 (15.73) <.001

Median (IQR) 7 (4–15) 1 (0–4) 8 (1–18) <.001

Type of infection

Community-acquired 2,872 (63.69) 2,677 (68.96) 195 (31.10) <.001

Hospital-acquired 1,637 (36.31) 1,205 (31.04) 432 (68.90)

Comorbidities

Myocardial infarction 193 (4.28) 179 (4.61) 14 (2.23) .005

Congestive heart failure 378 (8.38) 333 (8.58) 45 (7.18) .277

Peripheral vascular disease 29 (0.64) 18 (0.46) 11 (1.75) .001

Cerebrovascular disease 524 (11.62) 462 (11.90) 62 (9.89) .158

Dementia 27 (0.60) 23 (0.59) 4 (0.64) .783

Chronic pulmonary disease 211 (4.68) 164 (4.22) 47 (7.50) .001

Connective tissue disease 75 (1.66) 61 (1.57) 14 (2.23) .237

Peptic ulcer disease 58 (1.29) 39 (1.00) 19 (3.03) <.001

Mild liver disease 274 (6.08) 232 (5.98) 42 (6.70) .472

Diabetes, no chronic complications 1,246 (27.63) 1,086 (27.98) 160 (25.52) .211

Diabetes, with chronic complications 30 (0.67) 24 (0.62) 6 (0.96) .296

Hemiplegia or paraplegia 210 (4.66) 176 (4.53) 34 (5.42) .309

Kidney disease 354 (7.85) 297 (7.65) 57 (9.09) .230

Malignant tumors without metastasis 240 (5.32) 201 (5.18) 39 (6.22) .291

Metastatic tumors 216 (4.79) 183 (4.71) 33 (5.26) .545

Moderate-to-severe liver disease 51 (1.13 43 (1.11) 8 (1.28) .684

AIDS 65 (1.44) 50 (1.29) 15 (2.39) .044

Septic shock 707 (15.68) 542 (13.96) 165 (26.32) <.001

(Continued)
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with CRE receiving DAAT were associated with the highest attrib-
uted antibiotic cost ($73; 95% CI, 18–127; P < .001) and LOS (7.0
days; 95% CI, 5.1–8.9; P < .001) compared with patients with CSE
who received appropriate antibiotic therapy (Table 5).

Discussion

These results demonstrate the effects of carbapenem resistance and
DAAT on the clinical and economic outcomes of patients with
Enterobacterales infection in a tertiary-care hospital in Thailand.
CRE significantly increased the 30-day mortality (1.55-fold), total
cost (additional ∼$725), medication cost (additional ∼$177), and
length of hospitalization (∼7 days) compared to patients with CSE
infection. Our results revealed the high incidence of DAAT among
hospitalized patients with CRE (88.2%). The 30-day mortality rate
increased 2.73-fold and was highest among patients with CRE who
received DAAT. Furthermore, we noted that patients with CRE
who received DAAT had an attributable median hospital stay of
7 days and an attributable hospital cost of $840. Our findings have
important implications for clinical practice; they suggest that the
worse outcomes that are typically associated with
Enterobacterales infection, regardless of the carbapenem-suscep-
tibility status, can potentially be mitigated by timely appropriate
antimicrobial therapy.

Furthermore, CRE infections are difficult to treat, and the risk
of treatment failure is high.11,30 Our study clearly demonstrates
that the in-hospital medical costs for CRE infections were higher
than those for CSE infections, suggesting that carbapenem resis-
tance, indeed, incurs excessive medical costs for patients infected
with Enterobacterales. This finding is consistent with those of

several studies, wherein carbapenem resistance was associated with
higher mortality, hospital costs, and LOS for Enterobacterales
infections.12–15,31 However, the hospital costs in our study are lower
than those reported in a US study, which estimated that the in-hos-
pital costs per patient with CRE infections amounted to $25,506.13

The proportion of patients who received DAAT in our study are
higher than in the previous study, which estimated that DAAT in
CRE ranged from 46.2% to 55.4%.13–15 Recently, Lodise et al13

evaluated the attributable costs and mortality among patients in
the United States with serious infections due to Enterobacterales
and demonstrated that CRE and DAAT both were associated with
worse clinical outcomes and higher costs and charges.
Furthermore, studies have shown that CRE and DAAT are associ-
ated with higher mortality rates, LOS, medication costs, and total
hospital costs in patients with CRE infection in the United
States.14,15 Zilberberg et al11 found that both CRE and DAAT were
associated with an increased risk of readmission within 30 days.
Huang et al32 demonstrated that carbapenem resistance leads to
excessively high costs for Klebsiella pneumoniae infections that
are not accounted for by the cost of antimicrobial therapy alone.
However, no study has specifically evaluated the attributable cost,
hospital utilization, and mortality related to the medication cost of
DAAT in patients with CRE. Thus, this study provides unique
attributable cost, LOS, and mortality rates for infections caused
by CRE, and receiving DAAT.

Our study revealed that higher age (≥65 years), myocardial
infarction, mild liver disease, moderate-to-severe liver disease, kid-
ney disease, malignant tumors without metastasis, AIDS, septic
shock, and receiving DAAT were independent factors associated
with increased 30-day mortality. Regarding patients with septic

Table 1. (Continued )

Characteristics
All Patients
(n=4,509)

CSE
(n=3,882)

CRE
(n=627) P Value

Charlson comorbidity index (CCI)

Mean score (SD) 1.45 (1.75) 1.42 (1.73) 1.60 (1.90) .020

Median (IQR) 1 (0–2) 1 (0–2) 1 (0–2) .077

Score ≥5 343 (7.61) 282 (7.26) 61 (9.73) .035

Evidence of use on index day or on the day before

Corticosteroids 743 (16.48) 512 (13.19) 231 (36.84) <.001

Parenteral nutrition 121 (2.68) 78 (2.01) 43 (6.86) <.001

Vasoactive medications 748 (16.59) 517 (13.32) 231 (36.84) <.001

Previous antibiotic use within 90 d

Carbapenems 449 (11.07) 302 (7.78) 197 (31.42) <.001

Amoxicillin/clavulanic acid 24 (0.53) 15 (0.39) 9 (1.44) .003

Piperacillin/tazobactam 344 (7.63) 204 (5.26) 140 (22.33) <.001

Third-generation cephalosporins 1,627 (36.08) 1,252 (32.25) 627 (59.81) <.001

Fluoroquinolones 164 (3.64) 105 (2.70) 59 (9.41) <.001

Aminoglycosides 67 (1.49) 53 (1.37) 14 (2.23) .096

Colistin 110 (2.44) 43 (1.11) 67 (10.69) <.001

Tigecycline 14 (0.31) 6 (0.15) 8 (1.28) <.001

Fosfomycin 65 (1.44) 38 (0.98) 27 (4.31) <.001

Note. AIDS, acquired immune deficiency syndrome; BSI, bloodstream infection; CCI, Charlson comorbidity index; CRE, carbapenem-resistant Enterobacterales; CSE, carbapenem-susceptible
Enterobacterales; CSMBS, Civil Servant Medical Benefit Scheme; IAI, intra-abdominal infection; ICU, intensive care unit; IQR, interquartile range; SD, standard deviation; SSS, Social Security
Scheme; UCS, Universal Coverage Scheme; UTI, urinary tract infection
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Table 2. Comparison of the Adjusted Costs and Length of Hospital Stay Between Patients With Carbapenem-Resistant Enterobacterales (CRE) and Those With
Carbapenem-Susceptible Enterobacterales (CSE)

Outcomes CSE CRE Attributable P Value

LOS after infection, mean d (95%CI) 11.5 (11.0–12.0) 18.8 (17.0–20.6) 7.3 (5.4–9.1) <.001

Pneumonia 16.0 (15.0–17.1) 23.4 (20.1–26.7) 7.4 (4.0–10.8) <.001

UTI 9.2 (8.6–9.8) 17.7 (14.9–20.5) 8.5 (5.6–11.4) <.001

IAI 14.5 (10.2–18.7) 19.8 (9.8–29.7) 5.3 (−5.6 to 16.3) .341

BSI 8.7 (8.1–9.3) 16.4 (12.7–20.2) 7.7 (3.9–11.5) <.001

Medication cost, mean $ (95% CI)a 372 (346–399) 549 (491–607) 177 (114–239) <.001

Pneumonia 578 (523–632) 771 (667–875) 193 (76–310) .001

UTI 222 (195–249) 373 (295–452) 151 (71–231) <.001

IAI 591 (408–774) 777 (236–1318) 186 (−369 to 742) .511

BSI 294 (255–332) 528 (386–672) 234 (85–384) .002

Antibiotic cost, mean $ (95%CI)a 60 (56–64) 87 (76–98) 27 (15–39) <.001

Pneumonia 84 (76–91) 105 (90–119) 21 (4–38) .016

UTI 45 (39–51) 73 (54–92) 28 (8–47) .006

IAI 54 (29–79) 156 (16–295) 102 (−30 to 234) .131

BSI 57 (49–66) 105 (67–144) 48 (9–88) .017

General cost (room, meal, and nursing), mean $ (95%CI)a 538 (509–567) 710 (632–789) 172 (89–255) <.001

Pneumonia 744 (687–800) 896 (775–1016) 152 (19–286) .025

UTI 426 (389–463) 670 (527–813) 244 (98–391) .001

IAI 644 (429–858) 663 (328–999) 19 (−343 to 381) .917

BSI 378 (341–414) 514 (396–633) 136 (8–264) .037

Diagnosis, lab, and radiology cost, mean $ (95%CI)a 264 (253–276) 348 (316–3800) 84 (48–119) <.001

Pneumonia 343 (320–366) 433 (381–485) 90 (33–148) .002

UTI 202 (187–215) 302 (247–358) 100 (42–159) .001

IAI 318 (244–392) 470 (238–703) 152 (−94 to 398) .226

BSI 263 (240–285) 336 (264–408) 73 (−5 to 152) .065

Medical material cost, mean $ (95%CI)a 287 (253–321) 337 (214–461) 50 (−72 to 173) .423

Pneumonia 132 (107–156) 162 (97–227) 30 (−35 to 97) .365

UTI 569 (472–666) 739 (304–1174) 170 (−262 to 602) .441

IAI 88 (−31 to 207) 179 (19–341) 91 (−293 to 109) .372

BSI 154 (52–256) 179 (128–229) 25 (−137 to 87) .666

Medical procedure cost, mean $ (95%CI)a 330 (301–360) 408 (335–481) 77 (−3 to 158) .059

Pneumonia 288 (244–331) 397 (290–504) 109 (−8 to 226) .068

UTI 402 (351–453) 446 (326–566) 44 (−93 to 181) .530

IAI 144 (60–226) 586 (334–838) 442 (142–742) .004

BSI 230 (182–278) 365 (200–532) 135 (−38 to 309) .126

Rehabilitation cost, mean $ (95%CI)a 52 (47–58) 59 (49–69) 7 (−3 to 17) .166

Pneumonia 47 (42–53) 52 (42–62) 5 (−7 to 16) .440

UTI 62 (49–74) 79 (55–103) 17 (−6 to 41) .145

IAI 32 (17–46) 32 (−4 to 68) 0 (−48 to 49) .991

BSI 34 (20–50) 36 (24–48) 2 (−23 to 20) .903

Total hospital cost, mean $ (95%CI)a 2,062 (1,964–2,159) 2,787 (2,532–3,042) 725 (448–1,002) <.001

Pneumonia 2,893 (2,699–3,087) 3,653 (3,217–4,089) 760 (278–1,241) .002

UTI 1,546 (1,429–1663) 2,352 (1,935–2,769) 806 (367–1,244) <.001

IAI 2,795 (2,010–3580) 2,994 (1,384–4,604) 199 (−1,583 to 1,981) .827

BSI 1,533 (1,384–1,682) 2,267 (1,802–2,731) 734 (228–1,238) .004

Note. BSI, bloodstream infection; CI, confidence interval; CRE, carbapenem-resistant Enterobacterales; CSE, carbapenem-susceptible Enterobacterales; IAI, intra-abdominal infection; LOS,
length of stay; UTI, urinary tract infection. $1= 30.12 THB.
aPredicted value (length of hospital stay and cost) based on average marginal effects from a generalized linear model with a log link function and γ distribution that adjusted for age, sex, site of
infection, type of infection, corticosteroids used, parenteral nutrition, vasoactive medication, and comorbidities.
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shock, CRE-related mortality can be substantially higher, as
reported previously.33 A high comorbidity index at presenta-
tion,34–36 or immunosuppression,37 has been described as amortal-
ity predictor, as we identified in our patients. Identifying the
mortality risk on hospitalization or at the time of infection might
minimize the clinical and economic burden associated with CRE
infection in this population. This finding highlights the crucial role
of the microbiology laboratory and the importance of rapid report-
ing of microbiological results in the management of patients with a
high risk of mortality.

DAAT is associated with high mortality rates in patients with
sepsis or septic shock38,39; furthermore, the probability of death
increases with the number of hours of delay of antibiotic admin-
istration.38 Moreover, time from blood culture collection to the ad-
ministration of appropriate antibiotic therapy influences the
LOS.40 As noted in our findings, prolonged LOS and additional

hospitalization costs for CRE infections constitute a serious prob-
lem for public health. The global economic value of a CRE infection
for hospitals has been estimated at $22,484–$66,031, which is
higher than the annual cost of many chronic and acute diseases.41

This is a current global issue, and its solution is associated with the
prevention and control of these infections, and the optimal rational
prescription of antibiotics is crucial.

The strength of this study was the large sample size, which
provided significant results regarding clinical and economic
outcomes of and the factors associated with poorer outcomes
for CRE infections. Nonetheless, this study has some limita-
tions. First, this is an observational study, and additional factors
may have been associated with the exposures and outcomes of
interest due to unmeasured confounding factors. Although we
included several measures for the patients’ comorbidities and
disease severity, the Acute Physiology and Chronic Health

Fig. 2. Kaplan–Meier of 30-day mortality in a comparison of patients with carbapenem-resistant Enterobacterales (CRE) and carbapenem-susceptible Enterobacterales (CSE).

Table 3. Multivariate-Adjusted Analyses of Infection-Related 30-Day Mortality: Carbapenem-Resistant Enterobacterales (CRE) Versus Carbapenem-Susceptible
Enterobacterales (CSE)

Site of infection

30-day mortality

Adjusted HR
(95% CI) P Value

CSE
(n=3,882)

CRE
(n=627)

Overall 668 (17.21) 208 (33.17) 1.55 (1.26–1.89) <.001

Pneumonia 363 (9.35) 141 (22.48) 1.52 (1.18–1.95) .001

UTI 188 (4.84) 41 (6.54) 1.56 (1.00–2.45) .050

IAI 15 (0.39) 4 (0.64) 1.44 (0.15–14.12) .753

BSI 102 (2.63) 22 (3.51) 1.51 (0.75–3.09) .247

Note. BSI, bloodstream infection; CI, confidence interval; CRE, carbapenem-resistant Enterobacterales; CSE, carbapenem-resistant Enterobacterales; HR, hazard ratio; IAI, intra-abdominal
infection; UTI, urinary tract infection
aCovariate adjustment for confounding factors in Cox’s proportional hazard models included age, sex, site of infection, type of infection, corticosteroids used, parenteral nutrition, vasoactive
medication, and comorbidities.
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Examination (APACHE-II) or the Pitt bacteremia score was not
evaluated in this study. However, this study reflects the real-
world population, which presents a suitable design for studying
clinical outcomes and economic impacts. These results provide
evidence for informed decision making, and this information
can be applied in healthcare settings or countries with a similar
health system. Second, CRE may emerge from several mecha-
nisms, including production of β-lactamases, overexpression
of efflux pump, alterations in outer membrane proteins, or mod-
ifications in penicillin-binding protein. We did not conduct
molecular-level analyses to characterize the Ambler classes of
β-lactamases mechanism of resistance through which the
unmeasured confounders could potentially affect outcomes.
Additionally, previous use of inappropriate antibiotics or a his-
tory of CRE infection was not considered. Third, we only

assessed the in-hospital medical costs, but the true economic
impact of CRE includes the postdischarge medical costs and
the costs for society, such as the loss of workforce productivity,
which were not included in the analysis. However, CRE infec-
tion was associated with a significantly higher costs and mortal-
ity, which provides supporting evidence that could be used for
the health technology assessment in the economic assessment of
medications or interventions to control or treat CRE infection.

In conclusion, both CRE and DAAT were associated with
worse clinical outcomes and higher in-hospital costs among
patient with Enterobacterales infection in hospitalized patients
in a tertiary-care hospital in Thailand. This study highlights
the detrimental effects of antibiotic resistance and the need for
antimicrobial stewardship programs to treat infections caused
by these pathogens.

Table 4. Carbapenem Resistance and Other Risk Factors Associated With 30-day moRtality in Patients with Enterobacterales Infection

Factor

30-Day Mortality
Unadjusted HR

(95% CI) P Value
Adjusted HR
(95% CI) P ValueNo (n=3,633) Yes (n=876)

Carbapenem resistance 419 (11.53) 208 (23.74) 1.31 (1.12–1.53) .001 1.55 (1.26–1.89) <.001

Sex, male 1,486 (40.90) 466 (53.20) 1.34 (1.17–1.53) <.001 1.18 (1.03–1.36) .021

Ag ≥65 y 2,057 (56.62) 538 (61.42) 1.26 (1.10–1.45) .002 1.31 (1.14–1.52) <.001

Myocardial infarction 138 (3.80) 55 (6.28) 1.52 (1.16–2.00) .002 1.64 (1.20–2.25) .002

Congestive heart failure 285 (7.84) 93 (10.62) 1.16 (0.94–1.44) .171 1.01 (0.79–1.29) .925

Peripheral vascular disease 18 (0.50) 11 (1.26) 1.35 (0.07–2.45) .322 1.19 (0.65–2.18) .580

Cerebrovascular disease 409 (11.26) 115 (13.13) 0.97 (0.80–1.18) .764 1.22 (0.98–1.52) .078

Dementia 26 (0.72) 1 (0.11) 0.17 (0.02–1.24) .081 0.18 (0.03–2.18) .087

Chronic pulmonary disease 150 (4.13) 61 (6.96) 1.27 (0.98–1.64) .074 1.14 (0.87–1.49) .337

Connective tissue disease 63 (1.73) 12 (1.37) 0.61 (0.35–1.08) .092 0.80 (0.45–1.43) .446

Peptic ulcer disease 38 (1.05) 20 (2.28) 1.81 (1.16–2.82) .009 1.60 (1.02–2.52) .040

Mild liver disease 199 (5.48) 75 (8.56) 1.45 (1.14–1.83) .002 1.47 (1.15–1.88) .002

Diabetes, no chronic complications 1,018 (28.02) 228 (26.03) 0.99 (0.85–1.16) .939 0.97 (0.83–1.13) .681

Diabetes, with chronic complications 24 (0.66) 6 (0.68) 0.94 (0.63–1.40) .755 0.86 (0.57–1.29) .461

Hemiplegia or paraplegia 170 (4.68) 40 (4.57) 0.91 (0.77–1.06) .226 0.89 (0.74–1.06) .178

Kidney disease 270 (7.43) 84 (9.59) 1.08 (0.97–1.21) .157 1.16 (1.04–1.31) .011

Malignant tumors without metastasis 185 (5.09) 55 (6.28) 1.08 (0.94–1.24) .261 1.20 (1.05–1.38) .010

Metastatic tumors 149 (4.10) 67 (7.65) 1.04 (1.00–1.09) .048 1.10 (1.05–1.15) <.001

Moderate-to-severe liver disease 32 (0.88) 19 (2.17) 1.39 (1.20–1.62) <.001 1.38 (1.18–1.62) <.001

AIDS 46 (1.27) 19 (2.17) 1.09 (1.01–1.17) .028 1.13 (1.05–1.22) .002

Corticosteroids used 539 (14.84) 204 (23.29) 1.13 (0.97–1.32) .126 1.00 (0.91–1.09) .926

Parenteral nutrition 83 (2.28) 38 (4.34) 0.93 (0.67–1.30) .690 0.90 (0.77–1.05) .190

Septic shock 369 (10.16) 338 (38.58) 2.81 (2.46–3.23) <.001 2.53 (2.19–2.92) <.001

Delayed appropriate antibiotic therapy 1,010 (27.80) 384 (43.83) 1.42 (1.23–1.64) <.001 1.78 (1.49–2.14) <.001

Site of infectiona

UTI 1,886 (51.91) 229 (26.14) 0.68 (0.55–0.85) .001 0.82 (0.65–1.03) .081

IAI 48 (1.32) 19 (2.17) 1.37 (0.84–2.21) .205 1.24 (0.76–2.04) .385

Pneumonia 1,059 (29.15) 504 (57.53) 1.37 (1.13–1.68) .002 1.30 (1.06–1.59) .013

Note. AIDS, acquired immune deficiency syndrome; BSI, bloodstream infection; CI, confidence interval; CRE, carbapenem-resistant Enterobacterales; CSE, carbapenem-resistant
Enterobacterales; HR, hazard ratio; IAI, intra-abdominal infection; UTI, urinary tract infection
aBSI as reference (HR, 1.00)
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Fig. 3. Kaplan–Meier of 30-day mortality in a comparison of patients with carbapenem-resistant Enterobacterales (CRE) and carbapenem-susceptible Enterobacterales (CSE)
according to the receipt of appropriate or delayed appropriate antibiotic therapy

Table 5. Stratified Analyses of Infection-Related Outcomes According to the Receipt of Delayed Appropriate Therapy

Outcomea

CSE CRE

AAT
(n=3,041)

Delayed AAT
(n=841)

AAT
(n=74)

Delayed AAT
(n=553)

Cost in $, mean (95% CI)a, b

Antibiotic cost 56 (52–60)† 74 (64–84)† 82 (72–92)† 129 (75–183)†

Attributable cost Reference 18 (7–28)† 26 (14–37)† 73 (18–127)†

Medication cost 369 (338–400)† 389 (337–442)† 553 (490–616)† 659 (447–871)†

Attributable cost Reference 20 (10–71) 184 (118–250)† 290 (167–506)†

Total hospital cost 2036 (1922–2150)† 2175 (1975–2374)† 2,635 (2,093–3,178)† 2,876 (2,596–3,156)†

Attributable cost Reference 139 (76–354) 599 (41–1,157)† 840 (539–1139)†

LOS in days, mean (95% CI)a

Hospitalization after infection 11.4 (10.8–12.0)† 11.9 (9.0–14.8)† 13.3 (12.3–14.4)† 17.8 (16.1–19.7)†

Attributable LOS Reference 0.5 (0.0–1.9)† 3.0 (2.1–4.1)† 7.0 (5.1–8.9)†

30-day mortality

Deaths (%) 470 (15.46) 198 (23.54) 22 (29.72) 186 (33.63)

Adjusted HR (95% CI)a Reference 1.56 (1.21–2.02)† 1.80 (1.48–2.24)† 2.73 (1.90–3.93)†

Note. AAT, appropriate antibiotic therapy; CI, confidence interval; CRE, carbapenem-resistant Enterobacteriaceae; CSE, carbapenem-susceptible Enterobacteriaceae; HRs, hazard ratios; LOS,
length of stay. $1= 30.12 THB.
aEach outcome was adjusted for variables that were included in the inverse probability weighting: age, sex, site of infection, type of infection, corticosteroids used, parenteral nutrition,
vasoactive medication, and comorbidities.
†P < .001.
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