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Background: This study aimed to estimate the impact of carbapenem-resistant Pseudomonas aeruginosa
(CRPA) on clinical and economic outcomes in a Chinese tertiary care hospital.

Methods: Patients were assigned to a carbapenem-susceptible P aeruginosa group or to a CRPA group and matched
using propensity score matching. In-hospital mortality, length of stay (LOS), LOS after culture, total hospital costs, daily
hospital cost, and 30-day readmission were comparatively analyzed. Subgroup analysis was performed to determine
the associations between the subgrouping factors and in-hospital mortality in patients with CRPA isolates.

Results: Within the propensity-matched cohort, in-hospital mortality (12.6% vs 7.8%; P = .044), LOS (median 29.0 vs
25.5days; P = .026), LOS after culture (median 18.5 vs 14.0 days; P = .029), total hospital costs (median $6,082.0 vs
$4,954.2; P = .015), and daily hospital cost (median $236.1 vs $223.6; P = .045) were significantly higher in CRPA
patients than in carbapenem-susceptible P aeruginosa patients. Subgroup analysis revealed a significant interaction
between CRPA and age (P = .009).

Conclusion: Prevention and control of CRPA among hospitalized patients, especially among those over the
age of 65 years, is a good measurement for the reduction of mortality and medical costs derived from CRPA
infection or colonization.

© 2018 Association for Professionals in Infection Control and Epidemiology, Inc. Published by Elsevier Inc. All

rights reserved.

Pseudomonas aeruginosa is a gram-negative bacillus that causes a vari-
ety of clinically important infections, especially in patients with underlying
comorbidities."” Compared with other pathogens, P aeruginosa is intrinsi-
cally resistant to a range of antimicrobial agents and is capable of acquiring
additional resistance through chromosomal mutations or horizontal gene
transfer, which often makes it difficult to prevent and treat.>> Currently,
carbapenems represent the first-line therapy for severe infection by P aeru-
ginosa.® However, the resistance of P aeruginosa to these drugs has become
amajor public health concern.”

Investigators have evaluated the impact of carbapenem-resistant P aeru-
ginosa (CRPA) on clinical and economic outcomes in developed countries
and regions.®"'* However, the results of these studies are inconsistent.*'* It
has been suggested that studies should adequately adjust for the impact of
potential confounding factors, such as the burden of comorbidities and the
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appropriateness of empirical antibiotic treatment, because patients with
comorbidities or inappropriate empirical antibiotic treatment are likely to
have a worse clinical outcome independent of CRPA.">'* It remains unclear
whether CRPA has a causal relationship with subsequent mortality or
whether the development of CRPA simply reflects comorbidity or inappro-
priate empirical antibiotic treatment within a high-risk patient population.
Furthermore, the impact of CRPA on the clinical and economic outcomes
has not been well studied in developing countries, including China.

This study aimed to evaluate the influence of carbapenem resistance
on the clinical and economic outcomes in patients infected or colonized
by P aeruginosa in a Chinese tertiary care hospital using propensity
score matching (PSM)'® to minimize residual confounding factors.

METHODS
Study design and subjects

This was a single-center, retrospective propensity score—matched
cohort study. The P aeruginosa isolates, which were obtained from
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patients that were admitted to Wenzhou People's Hospital (a 1,500-
bed tertiary care medical center in Zhejiang, China) between January 1,
2014 and March 30, 2018, were acquired from the microbiology labo-
ratory database (Fig 1). In cases where more than one P aeruginosa-
positive culture was obtained from a patient during the study period,
only the first P aeruginosa—positive culture was included. Patients
were excluded from the study if they were younger than 18 years old,
hosted many species of microbes, or if complete information was not
on record. This study included 799 patients who fulfilled the inclusion
criteria (Fig 1).

Antibiotic susceptibility testing

The susceptibility to each antimicrobial agent was determined by
minimum inhibitory concentration (MIC), using the broth microdilu-
tion method, and interpreted according to the criteria of the Clinical
and Laboratory Standards Institute.'® In this study, CRPA was defined
as isolates with imipenem and/or meropenem MICs >8 mg/L. The
P aeruginosa isolates with imipenem and/or meropenem MICs
<8 mg/L were identified as carbapenem-susceptible P aeruginosa
(CSPA).

Endpoints
The primary endpoint in this study was in-hospital mortality. In-

hospital mortality was defined as any death that occurred during a
patient’s hospital admission.

P. aeruginosa isolates between January
1, 2014, and March 30, 2018 (n=7146)

Exclusion (n=5958)
.more than once culture positive for P.
aeruginosa during the study period

the first P. aeruginosa-positive culture
(n=1188)

Exclusion(n=389)
. patients <18 years of age (n=48)
. patients who were polymicrobial infection or
colonization (n=256)
. patients who did not have complete
information (n=85)

The entire study population (n=799)
—CSPA-infected group: 472 patients
—CRPA-infected group: 327 patients

Propensity score matching(1: 1)
270 matched pairs

Fig 1. Flow chart of selection of the study cohort. CRPA, carbapenem-resistant Pseudo-
monas aeruginosa; CSPA, carbapenem-susceptible P aeruginosa.

Various secondary endpoints were also assessed, including
length of stay (LOS), LOS after culture, total hospital costs, daily
hospital cost, and 30-day readmission. Total hospital costs
included the fees for integrated medical service, diagnosis, non-
surgical treatment, rehabilitation care, and medication and
excluded the fee for the surgeries that did not result from infec-
tion. LOS was defined as the number of days that a patient stayed
in the hospital, from admission to the date that the patient was
discharged, died, or was transferred to another hospital. LOS after
culture was defined as the number of days that a patient stayed
in the hospital from the isolation of Pseudomonas spp to the date
that the patient was discharged, died, or was transferred to
another hospital. Thirty-day readmission was defined as any
repetitive admission to the same hospital within 30 days after
discharge.

The data for total hospital costs and in-hospital time were
extracted from the electronical medical information system of our
hospital. The daily hospital cost was derived using the formula:
daily hospital cost = total hospital costs/LOS. The data were col-
lected by the first author and checked and confirmed by the coau-
thors.

Covariates

The following covariates were included in our study: sex, source of
isolates, colonization or infection of P aeruginosa, admission data (eg,
admission to the intensive care unit [ICU], mechanical ventilation,
central venous catheter, surgery, urinary catheter, hemodialysis, and
hypoalbuminemia), the patient’s underlying diseases (eg, chronic
obstructive pulmonary disease, gastrointestinal disease, heart dis-
ease, diabetes mellitus, central nervous system disease, chronic kid-
ney disease, solid malignancy, and acute respiratory distress
syndrome), the sources of bacteremia, age, time at risk, Charlson
comorbidity index, and cases of inadequate empirical antimicrobial
treatment.

Colonization was defined as a positive result in culture with no
indication of infection based on the symptoms, signs, or imaging
results. Infection was defined as a positive result in culture in addition
to symptoms, signs, and laboratory test results indicating an infec-
tious disease. Whether a patient was colonized or infected by PA was
determined by the attending physician according to the patient’s con-
dition. Hypoalbuminemia was defined as a serum albumin concentra-
tion below 3.5 g/dL.!” Catheter-related bacteremia was defined as a
blood bacterial infection that was detected at least once using periph-
eral vein blood culture in a patient who had used an intravascular
device with no apparent alternative source of infection except the
catheter. Bacteremia was classified as secondary, when the pathogen
that was observed in 1 or more cultures of blood of a patient was the
organism that was already identified in an infection at another site.
Empirical antimicrobial therapy was considered adequate if the initial
antibiotics, which were administered within 24 hours after the
extraction of a sample, included at least 1 antimicrobial drug that was
active in vitro. The burden of comorbidities was assessed using the
Charlson comorbidity index.'® To assess the time of exposure to the
hospital environment, we used a variable termed “time at risk.” For
P aeruginosa colonization patients, time at risk was defined as the
time that a patient stayed in the hospital from admission to the time
when the first P aeruginosa sample was obtained. For P aeruginosa
infection patients, the time at risk corresponded to the duration of
the hospital stay before infection. Informed consent was not required.
On extraction, the patient data were only connected with the hospital
administration numbers and separated from all of the other patient
identification information, such as name, identification card number,
phone number, and address.
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Sample size determination

After PSM, 540 participants were included in the final analysis.
The proportion of CRPA in P aeruginosa-positive patients was esti-
mated to be 40% in the cohort. If an odds ratio of 1.71 for CRPA
patients relative to CSPA patients was to be achieved, a sample size of
226 patients in each group was needed to obtain a power of 80% for a
significance level of 5%, with a 2-tailed test.

Statistical analysis

All analyses were performed with the use of the statistical package R
version 3.1.2 (R Foundation for Statistical Computing, Vienna, Austria)
and Empower (X&Y Solutions, Inc, Boston, MA). PSM was performed by
greedy matching using a caliper of 0.05 (£SD) of the logit of the propen-
sity score to balance the baseline characteristics between the CRPA and
CSPA groups. The propensity score was estimated using a nonparsimoni-
ous multivariable logistic regression model, with CRPA as the dependent
variable and all the baseline characteristics that are presented in Table 1
as covariates. Standardized differences were used to assess prematch
imbalances and postmatch balance for all of the baseline covariates, and
the findings are presented as a Love plot.'® A standardized difference of

Table 1
Demographic and clinical characteristics before and after PSM

less than 10% suggests negligible bias.*® Categorical data are summarized
using absolute values (percentage). Normally distributed continuous
data, such as age, are expressed as mean (+SD). Data with a skewed dis-
tribution, including the Charlson comorbidity index, time at risk, LOS,
LOS after culture, total hospital costs, and daily hospital cost, are
expressed as medians (with interquartile range). The x or the Fisher
exact tests were used for categorical variables, and the Student t test or
the Wilcoxon test was used for continuous variables, as appropriate.
Interaction and subgroup analyses were conducted according to age
(<65 and >65 years), sex (men and women), infectious condition
(P aeruginosa infection and P aeruginosa colonization), and Charlson
comorbidity index (<5 and >5 points) using the Log likelihood ratio test.
A P value of < .05 was statistically significant. All tests were 2-tailed.

RESULTS
Patient characteristics

A total of 7,146 P aeruginosa isolates were queried from the microbi-
ology laboratory database, and 799 patients fulfilled the inclusion crite-
ria. Among the included patients, 327 (40.9%) were identified as having
CRPA (Fig 1). The baseline characteristics of the overall and matched

Full cohort (n=799)

Propensity score—matched cohort (n = 540)

CRPA CSPA Stand CRPA CSPA Stand
Characteristic n=327 n=472 diff, % n=270 n=270 diff, %
Male, n (%) 233(71.3) 283 (60.0) 24.0 190(70.3) 185 (68.5) 4.0
Microbiological finding, n (%)
Sputum 274 (83.8) 285 (60.4) 54.0 222 (82.2) 196 (72.6) 6.0
Urine 20(6.1) 97 (20.6) 43.6 18(6.7) 37(13.7) 4.1
Pus/wound 6(1.8) 52(11.0) 38.3 6(2.2) 15(5.6) 54
Blood 18(5.5) 23(4.9) 2.7 15(5.6) 18(6.7) 4.6
Catheter 2(0.6) 4(0.8) 27.2 2(0.7) 2(0.7) 0.0
Others 7(2.1) 11(2.3) 14 7(2.6) 2(0.7) 7.4
Pseudomonas aeruginosa infection, n (%) 84 (25.7) 93 (19.7) 144 46 (17) 46 (17) 0.0
Admission data, n (%)
Admitted to ICU 86(26.3) 86(18.3) 19.3 60(22.2) 56 (20.7) 3.6
Mechanic ventilation 126 (38.5) 87(18.4) 457 85(31.5) 76 (28.1) 73
Central venous catheter 167 (51.1) 131 (27.8) 49.1 115 (42.6) 110(40.7) 3.8
Surgery 134 (41.0) 164 (34.7) 13.0 100 (37.0) 95(35.2) 39
Urinary catheter 168 (51.4) 187 (39.6) 239 121(44.8) 116 (43.0) 3.7
Hemodialysis 4(1.2) 8(1.7) 42 4(1.5) 3(1.1) 35
Hypoalbuminemia 67 (20.5) 83(17.6) 74 51(18.9) 42 (15.6) 8.8
Underlying disease, n (%)
COPD 16.0 40(8.5) 25.1 37(13.7) 38(14.1) 1.1
Gastrointestinal disease 64 (18.3) 79 (16.7) 4.2 58 (21.5) 57 (21.1) 0.9
Heart disease 75(22.9) 80(16.9) 15.1 60 (22.2) 58(21.5) 1.8
Diabetes mellitus 84(25.7) 107 (22.7) 7.0 66 (24.4) 71(26.3) 43
CNS disease 151 (46.2) 155(32.8) 15.7 114 (42.2) 103 (38.1) 83
Chronic kidney disease 88(26.9) 146 (30.9) 8.8 72 (26.7) 76(28.1) 33
Solid malignancy 49 (15.0) 62(13.1) 55 38(14.1) 41(15.2) 3.1
ARDS 18(5.5) 14 (3.0) 124 9(3.3) 9(3.3) 0.0
Primary bacteremia
Central line catheter related 3(0.9) 4(0.8) 1.1 3(1.1) 4(1.5) 33
Unknown 10(3.1) 12 (2.5) 3.6 8(3.0) 9(3.3) 1.7
Secondary bacteremia
Respiratory tract 3(0.9) 4(0.8) 11 2(0.7) 3(1.1) 4.2
Urinary tract 1(0.3) 2(04) 1.7 1(0.4) 1(04) 0.0
Others 1(0.3) 1(0.2) 2.0 1(0.4) 1(0.4) 0.0
Inadequate empirical therapy 26 (8.0) 71 (15.0) 221 25(9.3) 24 (8.9) 13
Continuous variables
Age (y, mean + SD) 69.3 + 164 68.6 + 16.5 43 69.7 + 164 70.0 £ 14.9 2.0
Time at risk* (median [IQR]) 7.0(1.0-19.0) 3.0(1.0-11.0) 225 6.0 (2.0-16.0) 6.0(1.0-17.0) 53
Charlson comorbidity index (median [IQR]) 5.0 (3.0-7.0) 4.0 (3.0-6.0) 19.2 5.0 (3.0~7.0) 5.0 (3.0~6.0) 3.1

NOTE. Data are presented as number (%) of patients or mean + SD or median (IQR).

ARDS, acute respiratory distress syndrome; CNS, central nervous system; COPD, chronic obstructive pulmonary disease; CRPA, carbapenem-resistant P aeruginosa; CSPA, carbape-
nem-susceptible P aeruginosa; ICU, intensive care unit; IQR, interquartile range; PSM, propensity score matching; Stand diff, standardized difference.

*Adjusted for time at risk, which was defined as the time that a patient stayed in the hospital from admission to the time when the first P aeruginosa sample was obtained, for P aer-
uginosa colonization patients, or as the duration of hospital stay before infection, for P aeruginosa infection patients.
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Fig 2. Love plots for the absolute standardized differences in variables before and after
propensity score matching. ARDS, acute respiratory distress syndrome; CNS, central ner-
vous system; COPD, chronic obstructive pulmonary disease; ICU, intensive care unit.

cohorts are listed in Table 1. Before PSM, several differences were
observed between the 2 groups. The rates of P aeruginosa infection,
chronic obstructive pulmonary disease, heart disease, central nervous
system disease, acute respiratory distress syndrome, inadequate empiri-
cal therapy, and invasive procedures were higher in the CRPA patients

than in the CSPA patients. Conversely, the likelihood of isolates from
urine was lower in the CRPA patients than in the CSPA patients. Further-
more, patients with CRPA were more frequently admitted to the ICU
than patients with CSPA, particularly in male and elderly patients.
Patients with CRPA also had a higher Charlson comorbidity index and a
longer time at risk than patients with CSPA (Table 1). After PSM, all the
baseline characteristics were similar between the groups. The standard-
ized differences of all the covariates were less than 10% (Fig 2).

Clinical outcomes and costs

Table 2 shows that overall, patients with CRPA isolates were sig-
nificantly more likely to die during their hospital stay than patients
with CSPA isolates (15.6% vs 6.4%; P < .001). Similarly, both the LOS
and the LOS after culture were longer in patients with CRPA isolates
than in patients with CSPA isolates (median 29.0 vs 21.0 days;
P < .001 and median 17.0 vs 13.0 days; P = .005, respectively). Fur-
thermore, patients with CRPA isolates had a significantly higher total
hospital cost (median $6,483.7 vs $3,378.9; P < .001) and a signifi-
cantly higher daily hospital cost (median $249.6 vs $187.2; P < .001)
than patients with CSPA isolates (Table 2).

In the matched samples, in-hospital mortality (12.6% vs 7.8%; P =
.044), LOS (median 29.0 vs 25.5 days; P = .026), LOS after culture
(median 18.5 vs 14.0 days; P = .029), total hospital costs (median
$6,082.0 vs $4,954.2; P = .015), and daily hospital cost (median
$236.1 vs $223.6; P = .045) were significantly higher in patients with
CRPA isolates than in patients with CSPA isolates. Table 2 demon-
strates that no difference was observed in the 30-day readmission
rate between the 2 groups.

Subgroup analysis did not show a significant interaction between car-
bapenem resistance or any of the subgrouping factors, except age (P =
.009). Carbapenem resistance was associated with a higher risk of in-hos-
pital mortality among patients 65 years of age or older (odds ratio, 3.8;
95% confidence interval, 1.8-8.0), but not among patients younger than
65 years old (odds ratio, 0.6; 95% confidence interval, 0.2-2.0 [Fig 3]).

DISCUSSION

One of the key findings of this study was that in the propensity
score—matched cohort, the risk of in-hospital mortality was higher in
the CRPA patients than in the CSPA patients. Hospital resource utiliza-
tion was also found to be greater for patients with CRPA, as evidenced
by a longer LOS (including LOS and LOS after culture) and higher costs
(including total hospital costs and daily hospital cost). The 30-day
readmission rate did not differ between the CRPA and the CSPA
patients.

Table 2
Primary and secondary outcomes before and after PSM
Unadjusted PSM adjusted
CRPA CSPA CRPA CSPA

Outcome n=327 n=472 Pvalue n=270 n=270 Pvalue
In-hospital mortality, n (%) 51(15.6) 30(6.4) <.001 34(12.6) 21(7.8) .044
LOS (d), median (IQR) 29.0(17.0, 44.0) 21.0(11.0, 34.0) <.001 29.0(17.0,42.3) 25.5(13.8,41.3) .026
LOS after culture”, median (IQR) 17.0 (8.0,32.0) 13.0(7.0,25.0) .005 18.5 (8.0, 30.0) 14.0 (7.0, 28.0) .029
Total hospital costs', median (IQR)  6,483.7 (3,420.8,14,591.7)  3,378.9(1,969.5,7,744.0)  <.001 6,082.0(3,333.1,12,662.6)  4,954.2(2,755.9,10,162.1)  .015
Daily hospital cost, median (IQR) 249.6 (182.8,399.4) 187.2(133.4,264.6) <.001 236.1(163.3,397.0) 223.6(152.4,311.8) .045
30-d readmission, n (%) 47 (14.4) 55(11.7) 257 33(12.2) 38(14.1) 524

NOTE. Data are presented as number (%) of patients or median (IQR).

CRPA, carbapenem-resistant Pseudomonas aeruginosa; CSPA, carbapenem-susceptible P aeruginosa; IQR, interquartile range; LOS, length of stay; PSM, propensity score matching.
*LOS after culture was defined as the number of days that a patient stayed in the hospital from isolation of Pseudomonas to the date that the patient was discharged, died, or trans-

ferred to another hospital.

Total hospital costs included the fees for integrated medical service, diagnosis, nonsurgical treatment, rehabilitation care, and medication with exclusion of the fee for the surgeries

that did not result from infection.
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Fig 3. Relationship between carbapenem-susceptible Pseudomonas aeruginosa and in-hospital mortality in the subgroups of the patients. CI, confidence interval.

The in-hospital mortality was higher in the CRPA group than in
the CSPA group. This finding is consistent with previous observations
that the in-hospital mortality is higher in patients with CRPA isolates
than in patients with CSPA isolates.'""'? It has been proposed that this
association is likely the result of inadequate therapy and may be
related to the degree of severity of the underlying disease.®*! This
postulation is supported by our observation that the underlying dis-
eases were more severe in the CRPA patients than in the CSPA
patients before PSM. However, even after the severity of underlying
diseases and the rate of inadequate empirical therapy were matched
between groups using PSM, the in-hospital mortality was still higher
in the CRPA patients than in the CSPA patients. This indicates that
there are more factors that mediate the observed increased rate of in-
hospital mortality in CRPA patients, in addition to the severity of the
underlying illness and inadequate empirical therapy. Moreover, the
existence of increased virulence in the resistant microorganisms,
which might cause the negative influence on clinical outcomes, has
not been confirmed.'*'> In fact, it has been reported that antibiotic
resistance generally confers a reduction in the fitness of microorgan-
isms, decreasing the possibility of deleterious inflammatory
responses being triggered in the host.'® Nevertheless, the cause of
the observed elevated mortality in CRPA patients is still not clear.
Many factors, including the bacterium biofilm formation ability and
the health status of the host, are likely to be involved.*”

Of interest in this study is the observed associated between CRPA
and the increased in-hospital mortality among patients aged 65 years
or older, but not among the younger patients. This difference may be
a result of the senescent immune system.”>?* This suggests that
action should be taken to prevent and control the spread of CRPA
among elderly patients.

To our knowledge, this is the first study that has addressed the
economic burden of CRPA patients in mainland China. We observed
the medical costs as well as the length of hospital stay were higher in
patients carrying CRPA than in patients carrying CSPA. This finding is
in agreement with the observations of Lautenbach et al,'> who
observed that the LOS and total hospital cost were substantially
higher for patients carrying CRPA than in other patients, even after
adjusting for confounding factors, such as the duration of hospitaliza-
tion, transfer from another health care facility, and patient location in
an ICU. Additionally, the present study found that the economic

burden of both the total hospital cost and the daily hospital cost was
larger in the CRPA patients than in the CSPA patients. No significant
difference was observed in the risk of 30-day readmission between
the 2 study groups. This indicates that there was no difference in the
quality of the hospital care among the patients with PA isolates. How-
ever, the sample size, as well as the data for 30-day hospital readmis-
sions, was limited to our hospital. Thus, some caution should be
taken in the interpretation of these results.

Because CRPA is linked to worse outcomes and a higher economic
burden on hospitals, it is imperative to take effective infection pre-
vention and control interventions to reduce the transmission of CRPA
among hospitalized patients. Active culture surveillance,”>° hand
hygiene compliance,?”?® provision of a single room, and application
of contact precautions for multidrug-resistant gram-negative bacteria
patients should be enforced to prevent the spread of CRPA in hospi-
tals.?®2° Furthermore, hospital cleaning and disinfection should also
be enhanced to control the spread of CRPA in the endemic set-
ting.2%>! Meanwhile, medical care centers should be properly moni-
tored to prevent the domination of CRPA, due to the massive and
long-term usage of carbapenem in the microenvironment. Antimicro-
bial stewardship programs should be established to preserve the util-
ity and to devise the most rational treatment paradigms for new
broad-spectrum antibiotics.>>> When it is not affordable to provide
single rooms to all CRPA patients, such as in some developing coun-
tries, priority may be given to patients aged 65 years and older to
achieve a cost-effective reduction in mortality, because our data sug-
gest that the mortality rate is higher in elderly patients with CRPA.

CONCLUSIONS

Our study has several limitations. First, selection bias may be an
issue, as our study was performed at a single institution. Conditions
vary among hospitals and regions, and thus, caution should be taken
in extrapolating the results of this study. Second, although this study
used the PSM method to reduce the biases that are inherent in obser-
vational studies, hidden bias is inevitable because the PSM cannot
rule out residual confounding factors from unknown or unmeasured
variables. Third, compared with the total hospital costs, hospitaliza-
tion costs after culture may be a more suitable indicator of economic
burden. However, we could not obtain this indicator, due to limited
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data access methods. Finally, the sample size in this study may still be
too small to have enough power to detect the significance of the dif-
ference between the subgroups. Additional larger longitudinal multi-
center studies are required to clarify this association.

Our findings suggest that effective action should be taken to pre-

vent and control CRPA among hospitalized patients, especially among
patients aged 65 years and older, to reduce the mortality rate and
medical costs derived from CRPA infection or colonization.
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