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ABSTRACT

Background: No clinical study has investigated
the use of ceftazidime-avibactam combination
schemes with an in vitro non-susceptible
antimicrobial that could be superior to cef-
tazidime-avibactam monotherapy against car-
bapenem-resistant Klebsiella pneumoniae.
Methods: We performed a retrospective cohort
study at two tertiary hospitals in China for

patients with carbapenem-resistant Klebsiella
pneumoniae infection treated with ceftazidime-
avibactam for at least 72 h. A Cox proportional
hazards regression model was used to evaluate
covariates that potentially affected 30-day
mortality.
Results: Sixty-two patients were eligible for our
study; 41 (66.1%) received ceftazidime-avibac-
tam combination therapy and 21 (33.9%)
received ceftazidime-avibactam monotherapy.
The overall 30-day mortality was 33.9% (21
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patients): 24.4% (10/41) and 47.6% (11/21),
P = 0.028, in combination and monotherapy
groups, respectively. Combination therapy was
significantly associated with lower 30-day mor-
tality (Hazard ratio, 0.167; 95% Confidence
Interval, 0.060–0.465, P = 0.001). At the same
time, a higher APACHE II score, use of vasoac-
tive drugs and comorbidity of organ transplan-
tation were considered factors that increased
mortality. The propensity score showed no sig-
nificant alterations with other variables after
adding it to the final model. In the subgroup
analysis, the protective effect was revealed
when combined with carbapenems, tigecycline
or fosfomycin were applied, and in the follow-
ing subgroups of patients: with sepsis, with
creatinine clearance[50 mL/min, stayed in the
intensive care unit B 30 days or underwent
mechanical ventilation.
Conclusions: Ceftazidime-avibactam combined
with another in vitro non-susceptible antimi-
crobial, especially carbapenems, fosfomycin
and tigecycline, could significantly decrease the
30-day mortality rate for critically ill patients
with carbapenem-resistant Klebsiella pneumoniae
infection. Further investigation should be car-
ried out to confirm this conclusion and identify
autofit antimicrobials in ceftazidime-avibactam
combination schemes.

Keywords: Ceftazidime-avibactam;
Carbapenem-resistant Klebsiella pneumoniae;
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Key Summary Points

1. Ceftazidime-avibactam is a novel
antimicrobial agent with clinical efficacy
against carbapenem-resistant Klebsiella
pneumoniae infection.

2. It is unknown whether using
ceftazidime-avibactam combination
schemes could have a better clinical
effectiveness against carbapenem-resistant
Klebsiella pneumoniae than ceftazidime-
avibactam monotherapy.

3. Ceftazidime-avibactam combined with
another in vitro non-active antimicrobial
could significantly lower the mortality
risk in critically ill patients with
carbapenem-resistant Klebsiella
pneumoniae infection.

4. Carbapenems, fosfomycin, and
tigecycline could be optional concomitant
antimicrobials in combination with
ceftazidime-avibactam to treat
carbapenem-resistant Klebsiella
pneumoniae infection.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.14749536

INTRODUCTION

As an urgent medical crisis, antimicrobial resis-
tance has become one of the biggest threats to
public health worldwide in the last few decades,
mainly due to the inappropriate use of antibi-
otics. The emergence of carbapenem-resistant
gram-negative pathogens, especially car-
bapenem-resistant Klebsiella pneumoniae
(CRKP), poses a difficult clinical therapeutic
challenge since carbapenems have been regar-
ded as highly effective antimicrobial agents for
treating severe multidrug-resistant bacterial
infections [1, 2]. CRKP infection is endemic in
China with a high probability of occurrence and
prevalence, which indicates that improving
CRKP infection control and treatment levels is
urgent and essential in national medical insti-
tutions [3].

In CRKP treatment, combination therapy is
considered the standard option for CRKP
infection treatment because of its contribution
to lower mortality rates, instead of
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monotherapy. Unfortunately, there are only a
few available antimicrobial agents for clinical
use. Tigecycline, fosfomycin, aztreonam,
polymyxins, and aminoglycosides are the
mainstays of CRKP treatment. In some cases,
high-dose and prolonged infusion of carbapen-
ems or double-carbapenem therapy could also
be applied as therapeutic options. Therefore,
there is an urgent need to develop effective
drugs against CRKP infection [4, 5]. New
antibiotics such as plazomicin, eravacycline,
meropenem-vaborbacatam and ceftazidime-av-
ibactam (CAZ-AVI) have been proven to be sig-
nificant complements for CRKP infection
treatment [6].

CAZ-AVI, a novel combination of cephalos-
porin and b-lactamase inhibitor, was first
approved to treat complicated intra-abdominal
infections and complicated urinary tract infec-
tions by the U.S. Food and Drug Administration
in February 2015 [7]. In China, CAZ-AVI has
been of great concern for its confirmed clinical
efficacy against CRKP infection by inhibiting
the activities of extended-spectrum b-lactamase
(ESBL), AmpC-producing b-lactamase, Klebsiella
pneumoniae carbapenemase (KPC) and OXA-48
carbapenemase since its initial marketing in
September 2019 [8–11].

It is acknowledged that the selection of anti-
CRKP agents depends on infectious severity,
patients’ clinical information, and most
importantly, in vitro susceptibility results [6].
Given the therapeutic difficulty, clinicians usu-
ally prescribe CAZ-AVI combined with another
susceptible (if any) antimicrobial agent for
eradicating CRKP. Although several in vitro
studies have shown that using CAZ-AVI com-
bined with an extra anti-CRKP agent was syn-
ergistic against CRKP [12, 13], no differences in
mortality and microbiological cure rates were
observed in patients receiving CAZ combina-
tion therapy or CAZ monotherapy by both
studies of Onorato et al. [14] and Fiore et al.
[15]. Moreover, no clinical study has investi-
gated whether using CAZ-AVI combination
schemes with an in vitro non-susceptible
antimicrobial drug could have better clinical
effectiveness than CAZ-AVI monotherapy for
treating CRKP infection.

Therefore, this study primarily aims to
determine whether CAZ-AVI in combination
with an in vitro non-susceptible antibiotic is
superior to CAZ-AVI monotherapy against
CRKP infection in critically ill patients based on
addressing potential indication bias.

METHODS

Study Design and Participants

We performed a retrospective cohort study at
two tertiary hospitals in Shanghai, China. This
study was approved by the Institutional Review
Board of Huashan Hospital Affiliated to Fudan
University and Ruijin Hospital Affiliated to
Shanghai Jiao Tong University School of Medi-
cine. The study was performed according to the
ethical standards of the Declaration of Helsinki
1964 and its later amendments or comparable
ethical standards. All data in this study were
extracted from the electronic medical record
information system in each hospital.

All patients aged C 18 years admitted to the
intensive care unit (ICU) from January 2019 to
December 2020, who had documented CRKP
infections (according to microbiological culture
tests) with susceptibility testing results and had
received at least one dose of CAZ-AVI infusion
for treatment were included in our cohort. The
exclusion criteria were as follows: (1) patients
who received previous CAZ-AVI treatment
before the current study began; (2) patients who
received CAZ-AVI treatment for\72 h or died
within this period; (3) a CAZ-AVI-resistant
pathogen was isolated from patients; (4)
patients received CAZ-AVI accompanied with a
second in vitro susceptible agent as combina-
tion therapy, according to the susceptibility
testing result; and (5) patients with missing
data. Only the first course was considered in our
study if patients underwent more than one
treatment with CAZ-AVI.

Ceftazidime-Avibactam Dosing Regimen

The duration of CAZ-AVI treatment was at the
discretion of the clinicians. A fixed-dose of CAZ-
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AVI (2.5 g) was administered every 8 h with a
2-h infusion time. Dose adjustment was applied
for patients with moderate or severe renal
impairment (creatinine clearance
[CrCl] B 50 mL/min). The dose adjustment
details are presented in Table 1. Patients who
underwent any mode of continuous renal
replacement therapy (CRRT) received a usual
dosage regimen of 2.5 g q8h (infusion
time C 2 h) because of limited clinical evidence
[16].

Study Objectives, Definitions,
and Variables

The primary outcome of our study was 30-day
mortality. Combination therapy was considered
prescribing a non-susceptible anti-CRKP agent
accompanied with CAZ-AVI within 48 h of
starting CAZ-AVI treatment (defined as the
starting time of combination therapy) and
maintaining a therapeutic duration of at least
72 h. The 30-day microbiological eradication
rate was also calculated to evaluate the clinical
efficacy of the CAZ-AVI combination therapy.
Microbiological eradication was defined as the
disappearance of CRKP in all subsequent
cultures.

Variables that were possibly associated with
30-day mortality included age, sex, weight, site
of infection (defined in accordance with the
Centers for Disease Control and Prevention
(CDC) criteria [17]); sepsis when starting CAZ-
AVI therapy (identified by Sequential Organ
Failure Assessment (SOFA) score of 2 points or
more [18]); polymicrobial infections; Acute

Physiology and Chronic Health Evaluation II
(APACHE II) scores at the onset of CAZ-AVI
therapy [19]; CrCl (calculated by Cockcroft-
Gault formula [20]) at the beginning of CAZ-
AVI therapy; CRRT within the duration of CAZ-
AVI therapy; length of ICU stay before starting
CAZ-AVI therapy; concomitant use of vasoac-
tive drugs and mechanical ventilation with the
initiation of CAZ-AVI therapy; Charlson
comorbidity index (CCI) score [21] and comor-
bidities; time to start CAZ-AVI therapy and
CAZ-AVI treatment duration.

Microbiology

All pathogen isolation and antimicrobial sus-
ceptibility tests (except CAZ-AVI) were carried
out using the Vitek 2 Compact system (bio-
Mérieux, Inc.). The susceptibility of CAZ-AVI
was determined by the disk-diffusion method
(Kirby-Bauer method). The diameter of inhibi-
tion zone for CAZ-AVI C 21 mm and B 20 mm
represented susceptibility and resistance,
respectively. The Clinical and Laboratory Stan-
dards Institute (CLSI) criteria 2019 were used as
the evaluation standard of breakpoints to
interpret all antibiotic susceptibility testing
results.

Statistical Analysis

All statistical analyses were performed using
SPSS version 26.0 IBM Corp. (Armonk, NY,
USA). Each variable was assessed using bivariate
analysis of 30-day mortality. The Shapiro–Wilk
test was carried out to verify the normality of
the distribution of variables separately. The chi-
square test or Fisher’s exact test was applied for
analyzing categorical variables and calculating
P-value. In contrast, the Student’s t-test or
Mann–Whitney U test was used to analyze
continuous variables and calculate P-values.
Any variable with a P-value B 0.20 was selected
to execute a forward stepwise selection for
building a Cox proportional hazards regression
model. Covariates with P-values B 0.10
remained in the model.

To adjust for confounding by indication,
comparison of variables between Combination

Table 1 CAZ-AVI dose adjustment for patients with
moderate or severe renal impairment

CrCl (ml/
min)

Dose
(g)

Dosing Interval
(h)

Infusion time
(h)

31 * 50 1.25 Every 8 C 2

16 * 30 0.94 Every 12 C 2

6 * 15 0.94 Every 24 C 2

B 5 0.94 Every 48 C 2
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therapy and monotherapy was performed at
first. Variables with P-values B 0.20 were inclu-
ded in the Cox proportional hazards regression
model for 30-day mortality, while only those
with P-values B 0.10 were maintained in this
model. Moreover, a propensity score was cal-
culated by the logistic regression model cover-
ing the aforementioned variables with P-
values B 0.10 and examined in the final model.

The proportional hazard assumption was
assessed graphically by the plot of log[- log(-
survival)] versus log(time). The collinearity
between covariates was also checked. Tests for
interactions were not performed. All tests were

two-tailed, and P-values B 0.05 were considered
statistically significant.

RESULTS

From January 2019 to December 2020, a total of
62 eligible patients were included in our study
(Fig. 1): 36 patients were hospitalized in Hua-
shan Hospital Affiliated to Fudan University
and 26 were in Ruijin Hospital Affiliated to
Shanghai Jiao Tong University School of Medi-
cine. The mean age of the 62 patients was
60.9 ± 17.1 and their mean weight was

Fig. 1 Study design
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66.3 ± 13.5 kg. Forty-seven patients (75.8%)
were male. As for the primary infection site, 25
patients (40.3%) were identified as respiratory
infection, as well as nine for bloodstream
infection (14.5%), 12 for abdominal infection
(19.4%), 11 for urinary tract infection (17.7%)
and 5 for other infections (8.1%). In addition,
40 (64.5%) and 12 (19.4%) patients had sepsis
and polymicrobial infections, respectively. The
median APACHE II score at the onset of CAZ-
AVI therapy was 17.5 (interquartile range [IQR],
14.8–20).

According to the CAZ-AVI dosing regimen,
12 patients (19.4%) received dose adjustment
when starting CAZ-AVI therapy because of their
lower CrCl level without CRRT treatment. The
median average CAZ-AVI treatment duration
was 14 days (IQR, 10–14 days).

The overall 30-day mortality was 33.9% (21
patients), and the median time of death was
14 days (IQR, 9.5–22.5). There were 41 (66.1%)
patients who received CZA-AVI combination
therapy (25 in Huashan Hospital Affiliated to
Fudan University and 16 in Ruijin Hospital
Affiliated to Shanghai Jiao Tong University
School of Medicine) and 21 (33.9%) with CZA-
AVI monotherapy (11 in Huashan Hospital
Affiliated to Fudan University and 10 in Ruijin
Hospital Affiliated to Shanghai Jiao Tong
University School of Medicine).

The 30-day microbiological eradication rate
was 54.8% (34 patients). There were 25 patients
(61.0%) in the combination therapy group and
nine in the monotherapy group (42.9%).

As for the starting time for combination
therapy, 37 patients (90.2%) received CAZ-AVI
and another non-susceptible antimicrobial at
the meantime, while three (7.3%) patients and
one (2.4%) patient were prescribed another
non-susceptible antimicrobial at 24 and 48 h
after administering the first dose of CAZ-AVI,
respectively. The dosing regimens for the com-
bined antimicrobial agents are described in
Table 2. The 30-day mortality rates for patients
in the combination therapy and monotherapy
groups were 24.4% (10/41) and 47.6% (11/21),
respectively (P = 0.028). The mortality rates for
patients receiving combination therapy and
monotherapy were 9.3/1000 patient days and

24.9/1000 patient days, P = 0.014 (log-rank,
Fig. 2), respectively.

Table 2 Concomitant antimicrobial agents in CAZ-AVI
combination therapy scheme

Antimicrobial
agents

n = 41 Dose
regimen

30-day
mortality
n = 10
(24.4%)

Meropenem 11 (26.8) 1 for 500 mg

qd

1 for 500 mg

q12

1 for 1000 mg

q12h

8 for 1000 mg

q8h

3 (27.3)

Imipenem 3 (7.3) 2 for 1000 mg

q8h

1 for 1000 mg

q6h

1 (33.3)

Tigecyclinea 9 (22.0) 9 for 50 mg

q12h

3 (33.3)

Amikacin 10 (24.4) 1 for 600 mg

qd

3 for 800 mg

qd

4 for 1000 mg

qd

1 for 1200 mg

qd

1 for 1400 mg

qd

1 (10)

Fosfomycin 6 (14.6) 2 for 4 g q8h

4 for 4 g q6h

2 (33.3)

Aztreonam 2 (4.9) 2 for 2 g q8h 0

aAll 9 patients were given first dose tigecycline 100 mg as
loading dose
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Table 3 displays the details of patient char-
acteristics in the combination and monother-
apy groups. Age (P = 0.079), respiratory
infection (P = 0.166), sepsis (P = 0.169), length
of ICU stay before starting CAZ-AVI therapy
(P = 0.059) and CCI score (P = 0.090) were
chosen for stepwise variable selection in the
Cox proportional hazards regression model and
creation of the propensity score.

Table 4 shows the bivariate analysis results
for the 30-day mortality. Other infections
(P = 0.157), polymicrobial infection (P = 0.195),
APACHE II score at the onset of CAZ-AVI ther-
apy (P = 0.032), CrCl (P = 0.076), vasoactive
drugs (P\0.001), mechanical ventilation
(P = 0.008), cardiovascular disease (P = 0.028),
respiratory disease (P = 0.082), liver disease
(P = 0.111), organ transplantation (P\0.001),
neoplasia (P = 0.111) and combination therapy
(P = 0.028) were also included in the Cox
regression model for stepwise variable selection.

The multivariate analysis results are listed in
Table 5. Combination therapy was significantly
associated with lower 30-day mortality (Hazard
ratio, 0.167; 95% Confidence Interval,
0.060–0.465; P = 0.001). In contrast, a higher
APACHE II score at the onset of CAZ-AVI ther-
apy, vasoactive drugs, and comorbidity of organ
transplantation were considered factors that
increased 30-day mortality. Moreover, the
propensity score showed no significant alter-
ation with the results of the other variables in
the Cox regression model.

Subgroup Analysis

CAZ-AVI combination therapy could be con-
ducive to lower 30-day mortality when patients
received carbapenems, tigecycline and fos-
fomycin as another concomitant agent, com-
pared with CAZ-AVI monotherapy.
Furthermore, combination therapy was a

Fig. 2 Survival curves of critically ill patients with CAZ-
AVI combination therapy (CAZ-AVI and another in vitro
non-susceptible antimicrobial) (solid line) and CAZ-AVI
monotherapy (dashed line) for treating CRKP infection.
The mortality rates were 9.3/1000 patient days in

combination therapy group and 24.9/1000 patient days
in monotherapy group, P = 0.014

Infect Dis Ther (2021) 10:1699–1713 1705



Table 3 Characteristics of patients receiving CAZ-AVI combination and monotherapy antimicrobial treatment

Variablea Combination (n = 41) Monotherapy(n = 21) P-value

Age, years 58.2 ± 18.4 66.2 ± 13.2 0.079

Sex (male) 33 (80.5) 14 (66.7) 0.229

Weight, kg 67.8 ± 14.2 63.2 ± 11.6 0.207

Primary site of infection

Primary bloodstream infection

Respiratory infection

Abdominal infection

Urinary tract infection

Other infections

7 (17.1)

14 (34.1)

9 (22.0)

7 (17.1)

4 (9.8)

2 (9.5)

11 (52.4)

3 (14.3)

4 (19.0)

1 (4.8)

0.705

0.166

0.735

1.000

0.654

Sepsis 24 (58.5) 16 (76.2) 0.169

Polymicrobial infection 9 (22.0) 3 (14.3) 0.735

APACHE II score (CAZ-AVI onset) 18 (14–20.5) 17 (16–19) 0.846

CrCl, mL/min 76.7 (42.5–133.6) 97.5 (60.0–131.9) 0.409

CRRT 4 (9.8) 2 (9.5) 1.000

Length of ICU stay before starting CAZ-AVI therapy, days 17 (8–31) 32 (9.5–58.5) 0.059

Vasoactive drugs 24 (58.5) 13 (61.9) 0.798

Mechanical ventilation 26 (63.4) 13 (61.9) 0.907

Comorbidities

Cardiovascular disease

Respiratory Disease

Central Nervous system disease

Autoimmune disease

Liver disease

Renal insufficiency

Diabetes

Organ transplantation

Neoplasia

10 (24.4)

18 (43.9)

7 (17.1)

4 (9.8)

13 (31.7)

11 (26.8)

8 (19.5)

6 (14.6)

13 (31.7)

6 (28.6)

8 (38.1)

4 (19.0)

2 (9.5)

7 (33.3)

4 (19.0)

7 (33.3)

4 (19.0)

7 (33.3)

0.722

0.661

1.000

1.000

0.897

0.498

0.229

0.722

0.897

CCI score 4 (3–5) 4 (3.5–6) 0.090

CAZ-AVI treatment duration, days 14 (12–14) 14 (10–14) 0.299

All data are exhibited as number (%), mean ± SD or median (P25–P75)
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Table 4 Potential risk factors for 30-day mortality in patients treated with CAZ-AVI

Variablea 30-day Mortality P-value

Survival (n = 41) Death (n = 21)

Age, years 57.9 ± 17.2 66.7 ± 15.8 0.055

Sex (male) 31 (75.6) 16 (76.2) 0.960

Weight, kg 66.2 ± 13.8 66.4 ± 13.1 0.949

Primary site of infection

Primary bloodstream infection

Respiratory infection

Abdominal infection

Urinary tract infection

Other infections

7 (17.1)

13 (31.7)

7 (17.1)

9 (22.0)

5 (12.2)

2 (9.5)

12 (57.1)

5 (23.8)

2 (9.5)

0

0.705

0.053

0.520

0.305

0.157

Sepsis 22 (53.7) 18 (85.7) 0.014

Polymicrobial infection 10 (24.4) 2 (9.5) 0.195

APACHE II score (CAZ-AVI onset) 16 (14–19.5) 18 (17–21) 0.032

CrCl, mL/min 100.2 (55.3–142.0) 61.4 (33.8–108.7) 0.076

CRRT 3 (7.3) 3 (14.3) 0.398

Length of ICU stay before starting CAZ-AVI therapy, days 21 (7.5–33.5) 23 (13–51.5) 0.198

Vasoactive drug 17 (41.5) 20 (95.2) \ 0.001

Mechanical ventilation 21 (51.2) 18 (85.7) 0.008

Comorbidities

Cardiovascular disease

Respiratory disease

Central Nervous system disease

Autoimmune disease

Liver disease

Renal insufficiency

Diabetes

Organ transplantation

Neoplasia

7 (17.1)

14 (34.1)

8 (19.5)

5 (12.2)

16 (39.0)

9 (22.0)

9 (22.0)

1 (2.4)

16 (39.0)

9 (42.9)

12 (57.1)

3 (14.3)

1 (4.8)

4 (19.0)

6 (28.6)

6 (28.6)

9 (42.9)

4 (19.0)

0.028

0.082

0.735

0.654

0.111

0.565

0.565

\ 0.001

0.111

CCI score 4 (3–5) 4 (3.5–5) 0.311

Combination therapy 31 (75.6) 10 (47.6) 0.028

CAZ-AVI treatment duration, days 14 (12–14) 14 (9.5–18) 0.704

All data are exhibited as number (%), mean ± SD or median (P25–P75)
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protective factor in the subgroup of patients
with sepsis or CrCl[50 mL/min. Patients who
stayed in ICU for B 30 days or underwent
mechanical ventilation when starting CAZ-AVI
therapy also benefited from CAZ-AVI combina-
tion therapy for decreased mortality as well
(Table 6).

DISCUSSION

As the first novel antibiotic coming to the
market against CRKP, CZA-AVI is of great con-
cern to clinicians and pharmacists. Although
several studies have reported the rapidly devel-
oping resistance of CAZ-AVI [22–25], it was still
considered a first-line anti-CRKP agent due to its

superiority to the current polymyxin-based
therapy efficacy and safety [26, 27]. However, it
remains unclear whether CAZ-AVI should be
used as monotherapy or in combination with
other agents in the article by Jason et al. [28]
Therefore, we performed a study to compare
with CAZ-AVI combination therapy and CAZ-
AVI monotherapy for patients with CRKP
infections for the first time.

Our study found that CAZ-AVI, combined
with another in vitro non-susceptible antimi-
crobial, could significantly lower the 30-day
mortality of patients with CRKP infection. A
higher microbiological eradication rate was
observed in patients receiving CAZ-AVI combi-
nation therapy than those who received CAZ-
AVI monotherapy. This was an important con-
clusion because the CAZ-AVI combination
therapy revealed sufficient clinical efficacy,
given the developing resistance of few thera-
peutic drugs against CRKP. In addition, the

Table 5 Cox-proportional hazards regression model for
30-day mortalitya

Variableb HR 95% CI P-
value

Combination therapy 0.167 0.060–0.465 0.001

APACHE II score

(CAZ-AVI onset)

1.180 1.027–1.356 0.019

Vasoactive drugs 14.732 1.881–115.407 0.010

Organ transplantation 3.817 1.475–9.881 0.006

aA propensity score for prescribing combination therapy
included age, respiratory infection, sepsis, length of ICU
stay before starting CAZ-AVI therapy and CCI score in a
logistic regression model using a Likelihood Ratio (LR)
forward stepwise method (Hosmer–Lemeshow goodness-
of-fit test: v2-square = 7.478; P = 0.486). The propensity
score that was included in the final Cox-proportional
hazards regression model showed no significant alteration
with the results of other variables (P = 0.926)
bAge, sepsis, respiratory infection, length of ICU stay
before starting CAZ-AVI therapy, CCI score in Table 1
and other infections, polymicrobial infection, CrCl,
mechanical ventilation, cardiovascular disease, respiratory
Disease, liver disease, neoplasia in Table 2 were all checked
but excluded finally in the Cox-proportional hazards
regression model because the P-value[ 0.10 for each
aforementioned variable
cHR Hazard ratio
dCI confidence interval

Table 6 Hazard ratio of CAZ-AVI combination therapy
and 30-day mortality according in the subgroup analysis

Subgroupa n HRb 95% CIc P-
value

Combination with

carbapenemd

35 0.222 0.053–0.938 0.041

Combination with

tigecycline

30 0.220 0.052–0.936 0.040

Combination with

fosfomycin

27 0.101 0.016–0.638 0.015

Sepsis 40 0.136 0.039–0.474 0.002

CrCl[ 50 mL/min 45 0.219 0.065–0.741 0.015

ICU stay before

starting CAZ-AVI

therapy B 30d

41 0.139 0.036–0.542 0.004

Mechanical ventilation 39 0.214 0.066–0.686 0.010

aAdjusted for APACHE II score (CAZ-AVI onset),
vasoactive drugs and organ transplantation
bHR Hazard ratio
cCI confidence interval
dEleven patients received meropenem and three patients
received imipenem
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therapeutic effect of the CAZ-AVI combination
therapy did not depend on the susceptibility to
other antimicrobials. This might refer to con-
ventional antimicrobial susceptibility test
methods such as disk diffusion, dilution, E-test,
and even automated systems, could not predict
clinical efficacy for infectious treatment in vivo
precisely because they failed to simulate most
aspects of host environments in bacteriological
media [29, 30]. David et al. showed that car-
bapenem resistance in Enterobacteriaceae could
be falsely detected by utilizing antimicrobial
susceptibility testing methods due to different
zinc concentrations in conventional broth and
at infection sites [31, 32]. These results imply
that some carbapenem-resistant organisms tes-
ted by antimicrobial susceptibility tests in vitro
might be susceptible to in vivo, providing good
support for our conclusions.

Furthermore, carbapenems, tigecycline, and
fosfomycin were recognized as effective con-
comitant agents to decrease 30-day mortality by
subgroup analysis. This indicates that CAZ-AVI
in combination with fosfomycin could be a
potential therapeutic strategy to treat CRKP
infection, which is consistent with the conclu-
sion of Ojdana et al.’s in vitro study that CAZ-
AVI with fosfomycin could enhance antibacte-
rial activity against carbapenemase-producing
Klebsiella pneumonia [13].

As another combined drug with CZA-AVI,
tigecycline was proved clinically effective on
patients with CRKP infection in our study. At
the same time, unsatisfactory results were
described by Ojdana et al. [13] and Gaibani et al.
[33], who reported that only 5% and 8% isolates
of carbapenemase-producing Klebsiella pneumo-
niae received the synergistic effect of these two
agents, respectively. Nevertheless, these two
aforementioned studies were both in vitro and
lacked clinical isolates to verify the credibility of
their conclusions. In addition, a clinical case of
CZA-AVI plus tigecycline successfully treated a
61-year-old man with intra-abdominal car-
bapenemase-producing Klebsiella pneumoniae
infection [34]. We believed that CAZ-AVI plus
tigecycline might be another meaningful ther-
apeutic combination against CRKP based on the
above reasons.

We also found that carbapenems (mer-
openem and imipenem) played a crucial role in
combination therapy with CZA-AVI as a pro-
tective factor against 30-day mortality. Ertape-
nem was not included in our study because it
was only applied to dual carbapenem treatment
as an anti-CRKP combination partner [35].
Gaibani et al. [33] suggested that the combina-
tion of CAZ-AVI and imipenem could be a
therapeutic option against CRKP. Mikhail et al.
evaluated the synergistic activity of CZA-AVI
and other antimicrobials. Their data revealed
that CZA-AVI combined with meropenem had
the potential synergy to treat multidrug-resis-
tant Klebsiella pneumoniae and Pseudomonas
aeruginosa [12]. Although this treatment
scheme is rare in clinical practice because CZA-
AVI and carbapenems are both b-lactam
antibiotics, it might be similar to the efficacy of
double carbapenem therapy as a rescue strategy
for the treatment of CRKP [36–38]. Further
investigation should be carried out to deter-
mine the possible mechanisms of increasing
anti-CRKP activity between CZA-AVI with car-
bapenems and which carbapenem was the
optimum choice in clinical practice, as well as
the appropriate dose regimen.

Moreover, we could not neglect two other
types of anti-CRKP agents, namely aztreonam
and polymyxins (polymyxin B and colistin).
The combination of CAZ-AVI and aztreonam
has already been reported as a promising treat-
ment option against carbapenemase-producing
pathogens, especially metallo-beta-lactamase-
producing gram-negative bacteria [39–42].
Polymyxins (polymyxin B and colistin) were
addressed as the last resort antibiotics to treat
CRKP infection before CAZ-AVI in clinical
practice [1, 43–45]. However, a combination of
CAZ-AVI and polymyxins has not been found in
any clinical study. In our study, aztreonam and
polymyxins were not evaluated as in vitro non-
susceptible antibiotics with CAZ-AVI because
aztreonam resistance was only emerged in five
patients who received CAZ-AVI for less than
72 h, and no isolate was found to be resistant to
polymyxin B and colistin in our study. These
two agents should be included in further
studies.
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In the current study, CZA-AVI combination
therapy was also beneficial to patients with
sepsis or those receiving mechanical ventila-
tion, which implied that combination therapy
was reasonable for treating critically ill patients
with CRKP infection, especially for patients who
stayed in the ICU for less than 30 days when
starting using CZA-AVI. Combination therapy
also showed a protective effect on mortality in
patients with CrCl[ 50 mL/min, who received
a non-adjusted dose of CAZ-AVI during the
treatment duration. It might be concluded that
a higher dose of CAZ-AVI could effectively
lower mortality. However, the current CAZ-AVI
dosage regimen has been verified by population
pharmacokinetic models in which a high
probability of target attainment ([95%) was
observed in patients with various CrCl levels,
except for patients with CrCl between 8 and
15 mL/min, according to the research by Das
et al. [46]. Hence, we maintained that the lower
mortality could not simply be attributed to the
use of non-adjusted dose of CAZ-AVI. Renal
insufficiency should be considered a rational
factor for poor outcomes in critically ill patients
[47].

We attempted to control the potential for
confounding bias by indication in this study.
We used a multivariate model to evaluate all the
possible associated variables with combination
therapy by the forward stepwise selection and
included the propensity scores which creating
by these same variables. Although age, sepsis,
respiratory infection, length of ICU stay before
starting CAZ-AVI therapy, and CCI score were
included for evaluation in the multivariate
model, none of these variables remained in the
final model. In addition, the propensity score
was included without any significant alteration
with other variables in the final Cox propor-
tional hazards regression model. Consequently,
we believe that the indication bias could barely
affect our study results.

The current study had some limitations.
First, it was a retrospective cohort study with a
small sample size. Well-designed prospective
studies or randomized control trials with more
participants should be designed for further
investigation. Second, carbapenemase detection
tests such as the Carba NP (CNP) test or

modified carbapenem inactivation method
(mCIM), were not performed in our study due
to the lack of necessary devices and reagents in
the clinical laboratory. Last but not least, only
dual agents’ combination was evaluated in our
study. Three or more drug combination
schemes should be investigated in future
studies.

CONCLUSIONS

In conclusion, our study showed that CZA-AVI
combined with another in vitro non-susceptible
antimicrobial, especially carbapenems, fos-
fomycin, and tigecycline, could significantly
lower the mortality risk in critically ill patients
with CRKP infection. Further well-designed
prospective studies should be performed to
verify if CZA-AVI combination therapy could
benefit all patients with CRKP infection and
determine the optimum CZA-AVI combination
scheme.
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