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A B S T R A C T

Objective: To evaluate the clinical efficacy of different species of polymyxin drugs in the treatment of Carbapenem-
Resistant Gram-negative bacilli (CR-GNB) resistant to ceftazidime-avibactam (CZA).
Methods: Patients infected by CR-GNB strains and treated with polymyxin drugs were selected and divided into
colistin methanesulfonate (CMS) group and colistin sulfate/polymyxin B (CSPB) group to observe clinical efficacy
and safety.
Results: 65 patients were eventually included (CMS group, n ¼ 29; CSPB group, n ¼ 36). The clinical efficacy,
microbiological eradication rate and 28-day mortality between the two groups were similar, with no statistical
significance (51.72% vs. 50.00%, p ¼ 0.890; 55.17% vs. 52.78%, p ¼ 0.847; 17.24% vs. 25.00%, p ¼ 0.449). With
regard to renal safety, the incidence of acute kidney injury (AKI) in the CMS group was significantly higher than
that in the CSPB group (34.48% vs. 5.56%, p ¼ 0.003). Among them, the incidence of AKI grade 3 in the CMS
group tended to be higher than that in the CSPB group (24.14% vs. 5.56%, p ¼ 0.066).
Conclusion: The results based on small sample size from a single center showed that clinical response to the
treatment of ceftazidime-avibactam resistant Gram-negative bacillus infections is similar for CMS and Colistin
Sulfate/Polymyxin B, but the nephrotoxicity of CMS is greater than that of polymyxin sulfates.
1. Introduction

Carbapenem-Resistant Gram-negative bacilli have become a global
concern due to the limited treatment choices.1 ceftazidime-avibactam
(CZA) was approved by the National Medical Products Administration
(NMPA) in May 2019 for the treatment of CR-GNB infections and is the
only novel β-lactam-β-lactamase inhibitor agent currently available in
China. CZA has good activity against most Carbapenem-resistant Enter-
obacterales (CRE) that produce Ambler class A (e.g. Klebsiella pneumoniae
carbapenemase [KPC]), class C (e.g. AmpC) and some class D (e.g.
OXA-48) β-lactamases.2,3 However, with the increasing usage of CZA in
clinic, CR-GNB resistant to CZA were gradually detected. Data from the
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China Antimicrobial Surveillance Network (CHINET) in 20234 showed
that the resistance rate of carbapenem-resistant Klebsiella pneumoniae
(CRKP) to CZA was 9.8%, and that of carbapenem-resistant Pseudomonas
aeruginosa (CRPA) to CZA was 23%, deserving close scrutiny and serious
attention. Faced with such severe resistance situation and limited ther-
apeutic options, polymyxin drugs, which are effective against almost all
CR-GNB, have returned to the clinic and are being used as first-line
therapeutic agent.4 Three types of polymyxin drugs are currently avail-
able in China, including CMS, polymyxin B and colistin sulphate
(approved by NMPA in 2018). Guidelines5 suggest that polymyxin B
could be used preferentially for invasive infections due to its superior
pharmacokinetic characteristics and low risk of nephrotoxicity in
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humans. However, to date, studies on polymyxin drugs have focused on
their pharmacokinetics/pharmacodynamics and combined treatment
programs,6–10 and few have distinguished between the clinical responses
to different types of polymyxin drugs for the treatment of CR-GNB in-
fections. Therefore, we conducted a retrospective study to compare the
clinical efficacy and safety of CMS (precursor form) and colistin sulfa-
te/polymyxin B (directly active form, both categorized as polymyxin
sulfates) for the treatment of CZA resistant CR-GNB infections, providing
a reference for clinical use of different polymyxin drugs.

2. Methods

2.1. Study design

Patients attending Jinling Hospital, Affiliated Hospital of Medical
School, Nanjing University between June 2021 and May 2023 were
selected for the study. Polymyxin drugs were administered intravenously
to 257 patients during the study period, with 65 cases eventually
included in the final analysis (Fig. 1). Inclusion criteria: (a) clinically
diagnosed or suspected infection; (b) microbial culture of CZA-resistant
GNB as pathogenic microorganisms; (c) the CZA KB value of CZA-
resistant GNB measured by disk diffusion method was �20 mm; (d)
complete clinical materials. Exclusion criteria: (a) age�18 years; (b)
according to the medical history, isolate the CZA-resistant GNB as colo-
nial organism; (c) CMS and polymyxin sulfates were used alternately to
treat infections; (d) the course of anti-infection therapy for CZA-resistant
GNB was �3 days.
2.2. Data collection

Patients treated with CMS (150 mg, Jiangsu Zhengda Tianqing
Pharmaceutical Co., Jiangsu, China) were assigned to the CMS group and
those receiving polymyxin B (500,000 U, SPH No. 1, Biochemical and
Pharmaceutical Co., Shanghai, China) or colistin sulfate (500,000 U,
Shanghai Xinya Pharmaceutical Co., Shanghai, China) were assigned to
the CSPB group.

Demographic and clinical data, including age, gender, underlying
diseases, comorbidities, type of infection, KB value of CZA for CR-GNB,
treatment duration, combination therapy regimen, body temperature,
Fig. 1. Flow chart fo
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7-day clinical inflammation index, length of hospitalization, mortality
rate, were recorded.
2.3. Microbiological testing

Strain identification and antimicrobial susceptibility test were carried
out by the VITEK automated microbial identification system. According
to the standard of Clinical Laboratory Standards Institute (CLSI), CZA
sensitivity test was determined by disk diffusion method.11 According to
the CLSI criteria, inhibition zone diameter�21 mm indicates CZA
sensitivity and inhibition zone diameter�20 mm indicates CZA resis-
tance. If inhibition zone diameter is between 20 mm and 22 mm, broth
dilution should be used to confirm the results. Due to the limited
detection conditions in our hospital's microbiology laboratory, the drug
sensitivity of CZA was determined by disk diffusion method, and the MIC
test was not carried out. Because our previous data showed that the
clinical efficacy of CZA KB value in the range of 20–22 mmwas similar to
that of CZA KB value less than 20 mm, CZA-resistant GNB was redefined
as when inhibition zone diameter was less than or equal to 22 mm in this
study.
2.4. Clinical efficacy evaluation

Clinical efficacy % ¼ (number of cured cases þ number of improved
cases)/total number of cases � 100%.9 Clinical efficacy was evaluated
within 24 h after the end of anti-infection treatment. Clinical efficiency
was divided into three situations (cure, improvement and failure). Cure
was defined as complete elimination of clinical signs and symptoms of
infection, normalization of inflammatory markers and radiological ex-
amination, and pathogens removal. Improvement was defined as not
fully achieving the cure index, with at least two of the clinical symptoms
and signs, the previously mentioned inflammatory indices, or radio-
graphic and pathogenic examination results reaching an improvement of
>50% compared with pre-treatment, and no observed deterioration for
the rest of the indices. Treatment failure was defined as no improvement
or deterioration of clinical signs and symptoms, no significant decrease or
increase of inflammatory indices, radiological examination results indi-
cating the progress of infectious diseases, microbiological examination of
the original bacteria continuously isolated from clinical specimens, or
r case screening.



Table 1
Comparison of baseline characteristics between the CMS and CSPB groups.

Characteristic CMS group (n ¼
29)

CSPB group (n ¼
36)

p
value

Age (year) 46.79 � 17.91 52.25 � 14.58 0.078
Male 24 (82.76) 25 (69.44) 0.215
Body weight (kg) 74.12 � 13.49 71 � 12.43 0.416
Comorbidities n,%
Sepsis 12 (41.38) 19 (52.78) 0.360
MODS a 5 (17.24) 6 (16.67) 1.000
Hypoproteinemia 5 (17.24) 11 (30.55) 0.215
Diabetes 4 (13.79) 7 (19.44) 0.742
Malignant Tumor 0 (0) 4 (11.11) 0.122
Hypertension 5 (17.24) 13 (36.11) 0.091
Respiratory failure 6 (20.69) 6 (16.67) 0.678
History of COVID-19 1 (3.45) 1 (2.78) 1.000
Infection sites
Bloodstream infection 18 (62.07) 18 (50.0) 0.330
Abdominal infection 23 (79.31) 30 (83.33) 0.678
Lung infection 6 (20.69) 10 (27.78) 0.510
Combined medication regimens
Carbapenems 20 (68.96) 24 (66.67) 0.844
CZA 6 (20.69) 9 (25.00) 0.682
Aztreonam 2 (6.90) 1 (2.78) 0.582
Tigecycline 4 (13.79) 4 (11.11) 1.000
Other β-lactamase co-inhibitors 5 (17.24) 3 (8.33) 0.450
Other antimicrobials 1 (3.45) 6 (16.67) 0.120
Combined with CMS nebulised
therapy

7 (24.14) 5 (13.89) 0.290

CRRT during polymyxins' usage 12 (41.38) 15 (41.67) 0.981
Polymyxins' duration (day) 12.83 � 7.05 12.92 � 5.96 0.761
Length of hospitalisation (day) 50.14 � 28.05 50.86 � 27.30 0.932

Note.
a MODS means multiple organ dysfunction syndrome.

Table 2
Comparison of pathogenic bacteria and CZA KB value between the CMS and
CSPB groups.

Strain Classification CMS group
(n ¼ 29)

CSPB group
(n ¼ 36)

p
value

Total number – 43 70 –

CRKP Strains 32 (74.42) 49 (70.00) 0.613
CZA KB value 21 (17.5, 21) 20 (13.25,

21)
0.749

CRPA Strains 9 (20.93) 13 (18.57) 0.758
CZA KB value 6 (6, 6) 17 (9.5, 21) 0.062

Other
Enterobacteriaceae a

Strains 2 (4.65) 8 (20.00) 0.313
CZA KB value 14 (8, 21) 15.5 (6, 20.5) 0.867

Note.
a Other Enterobacteriaceae bacteria in the CMS group included 1 strain of

Escherichia coli and 1 strain of Klebsiella odorata; Other Enterobacteriaceae bacteria
in the CSPB group included 5 strains of Escherichia coli, 2 strains of Enterobacter
cloacae and 1 strain of Klebsiella odorata.
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death of patients before clinical efficacy evaluation. Microbiological
clearance efficiency was defined as disappearance or clearance of
CZA-resistant GNB from clinical specimen cultures after polymyxin drugs'
treatment.

A decrease in inflammatory indices was defined as >10% difference
in total white blood cell (WBC) count, neutrophil ratio (NE%), C-reactive
protein (CRP), or procalcitonin (PCT) between �2 days and 7 � 2 days
from polymyxin drugs' initiation. The prognosis was assessed based on
28-day mortality rate and discharge mortality rate.

2.5. Safety assessment

Changes in serum creatinine and urine output were collected and
recorded during polymyxins’ administration to evaluate renal safety.
According to AKI grading standard in Kidney Disease: Improving Global
Outcomes (KDIGO) clinical practice guidelines,12 the incidence and
severity of nephrotoxicity between CMS and CSPB were compared.

2.6. Statistical analysis

SPSS 26.0 software (IBM Corporation, NY, USA) was used for statis-
tical analysis of the data. Continuous variables were expressed as mean�
standard deviation (SD) or median (first quartile Q1, third quartile Q3)
and compared using the Student's t-test (normally distributed variables)
or the Mann–Whitney U-test (abnormally distributed variables). Cate-
gorical variables were expressed as percentages and compared using the
χ2 test or Fisher's exact test. Statistical significance was set at p < 0.05.

3. Results

3.1. Clinical characteristics

The study ultimately included 65 patients receiving polymyxin drugs
intravenously for the treatment of CZA-resistant CR-GNB infections. The
CMS group included 29 patients, in which 19 patients were administered
with 150 mg q12h and 10 patients were administered with 75 mg q12h.
The CSPB group consisted of 36 patients, 25 of whom received colistin
sulfate (2 patients 1,000,000 U q12h, 16 patients 750,000U q12h, 7
patients 500,000U q12h) and 11 patients were treated with polymyxin B
(5 patients 1000,000U q12h, 6 patients 750,000U q12h). The type of
infection was predominantly abdominal (81.53%) and bloodstream in-
fections (55.38%). Polymyxins were all used in combination with car-
bapenems (accounted for 67.69%) or CZA (accounted for 23.08%).
41.54% of the patients received continuous renal replacement therapy
(CRRT). The mean duration of polymyxins therapy was 12.88 � 6.42
days.

Various baseline characteristics such as gender, age, underlying dis-
ease, site of infection, combined treatment regimen, duration of treat-
ment and length of hospital stay were similar between the two groups
with no statistically significant differences (p > 0.05) (Table 1).

3.2. Distribution of pathogenic bacteria

The total number of CZA-resistant CR-GNB strains isolated in the CMS
group was 43, while the total number in the CSPB group was 70. The
isolation rate of CRKPwas greater than 70% for both groups, followed by
CRPA at about 20%. The distribution of CR-GNB strains and CZA KB
values were similar in the two groups, and the difference was not sta-
tistically significant (p > 0.05) (Table 2).

3.3. Clinical efficacy

The clinical efficacy and microbiological clearance rate were similar
in both groups, with no statistically significant difference (51.72% vs.
50.00%, p ¼ 0.890; 55.17% vs. 52.78%, p ¼ 0.847). Specifically in terms
of inflammatory indicators, the number of cases with decreased WBC
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count (55.17% vs. 50.00%), NE% (20.69% vs. 5.56%), CRP (65.52% vs.
52.78%) and PCT (34.48% vs. 47.22%) were all similar (p > 0.05).
Furthermore, on the prognosis, there were no significant differences
between the two groups for 28-day mortality, discharge mortality and
hospitalization days (Table 3).
3.4. Renal safety evaluation

The incidence rate of AKI in the CMS group was greater than that in
the CSPB group, and the difference was statistically significant (34.48%
vs. 5.56%, p ¼ 0.003). Among them, the incidence of AKI grade 1 and
grade 2 in the CMS group was slightly greater than that in the CSPB
group, with no statistically significant differences (p＞0.05); however,
the incidence of AKI grade 3 in the CMS group tended to be significantly
greater than that in the CSPB group (24.14% vs. 5.56%, p ¼ 0.066)
(Table 4).



Table 3
Comparison of clinical effificacy assessment between the CMS and CSPB groups.

Classification CMS group (n ¼
29)

CSPB group (n
¼ 36)

p
value

No. of cases in which temperature
returned to normal

14 (48.28) 15 (41.67) 0.594

Time taken for temperature return
to normal (day)

3.71 � 2.87 3.53 � 1.55 0.512

No. of cases with decreased WBC
count within seven days

16 (55.17) 18 (50.00) 0.678

No. of cases with decreased NE%
within seven days

6 (20.69) 2 (5.56) 0.125

No. of cases with decreased CRP
within seven days

19 (65.52) 19 (52.78) 0.300

No. of cases with decreased PCT
within seven days

10 (34.48) 17 (47.22) 0.300

Variation range of the WBC count
( � 109/L)

�0.19
(�2.66,2.01)

�0.02
(�4.07,1.99)

0.761

Variation range of NE% �0.40
(�6.50,5.10)

0.85
(�2.60,4.55)

0.398

Variation range of CRP (mg/dL) �48.05 � 79.38 �25.23 � 86.48 0.277
Variation range of PCT (ng/mL) �0.59

(�14.79,2.65)
�0.70
(�7.25,0.04)

0.507

Clinical efficiency 15 (51.72) 18 (50.00) 0.890
Microbiological clearance rate 16 (55.17) 19 (52.78) 0.847
28-day mortality 5 (17.24) 9 (25.00) 0.449
Discharge mortality 3 (10.34) 5 (13.89) 0.723
Length of hospital stay after
polymyxins administration
(day)

31.96 � 27.19 30.58 � 23.51 0.895

Table 4
Comparison of renal safety between the CMS and CSPB groups.

AKI stage for severity CMS group (n ¼ 29) CSPB group (n ¼ 36) p value

1 stage 2 (6.90) 0 (0) 0.195
2 stage 1 (3.45) 0 (0) 0.446
3 stage a 7 (24.14) 2 (5.56) 0.066
Total number 10 (34.48) 2 (5.56) 0.003

Note.
a Exclude patients on CRRT prior to polymyxins' usage.
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4. Discussion

According to published literature in recent years, the probability of
developing resistance to CR-GNB after clinical use of CZA is approxi-
mately 10%–20%.13,14 Increasingly, CZA resistance has also been re-
ported in China.15,16 From 2016 to 2018, 935 non-replicating CRE strains
were collected from 36 hospitals in 24 provinces and cities in China, and
97.4% (911/935) of CRE strains produced carbapenemases, including
KPC-2 (51.6%, 482/935), NDM (35.7%, 334/935) and OXA-48 (7.3%,
68/935).17 Mechanistic studies have found that the most common reason
of CZA resistance in Klebsiella pneumoniae is amino acid changes caused
by mutations in the blaKPC carbapenemase gene,18,19 and the most
important mechanism of CZA resistance in Pseudomonas aeruginosa is the
production of metallo β-lactamases.20 According to the bacterial surveil-
lance data of bloodstream infection in China (2014–2021),21 the sensi-
tivity rates of polymyxin B against three clinically common CR-GNB, such
as CRKP, CRPA and CREC, were 94.13%, 94.69% and 93.85%, respec-
tively. Therefore, polymyxins have become the most important choice for
clinical treatment of CZA-resistant CR-GNB in China. However, very few
studies have directly compared clinical effectiveness of three different
polymyxin drugs.

The total number of CZA-resistant CR-GNB strains isolated in this
study was 113, of which the isolation rate of CRKPwas greater than 70%,
followed by CRPA accounting for about 20%. IDSA guideline22 recom-
mend CZA for the treatment of both CRKP and CRPA infections. Pub-
lished clinical studies23,24 have shown that CZA-based regimens were
superior to polymyxin-based regimens in terms of clinical efficacy,
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microbiological clearance, and mortality for CRKP and CRPA infections.
However, the clinical benefit of polymyxins in the presence of higher
levels of resistance, such as CZA resistance, is unclear. Several in vitro
studies of treatment regimens against CZA-resistant strains have been
reported,25–28 with combination designs mostly containing CZA, but
there are currently fewer relevant clinical studies and only a few case
reports.29,30

Guideline22 recommends cefiderocol as an alternative when the
newer β-lactam-β-lactamase inhibitors are inactive, intolerant or un-
available. In 2020, a multicenter clinical trial31 compared cefiderocol
with best available therapy (mainly polymyxin-based therapy) for the
treatment of serious infections caused by carbapenem-resistant Gram--
negative bacteria, in which clinical isolates were Acinetobacter baumannii
(46%), Klebsiella pneumoniae (33%) and Pseudomonas aeruginosa (19%).
The results showed that the clinical efficacy of patients receiving cefi-
derocol was 53% (42/80), compared to 50% (19/38) for the best avail-
able therapy (p ¼ 0.378). In addition, the microbiological eradication
rate between the two groups was 31% (25/80) vs. 24% (9/38) (p ¼
0.396), and the 28-day mortality rate was 25% (25/101) vs. 18% (9/49)
(p ¼ 0.381). In 2022, a single-center clinical study32 conducted in China
evaluated clinical efficacy of polymyxin B (n ¼ 68) and colistin sulfate (n
¼ 36) for the treatment of CR-GNB infections in ICU patients. The results
showed that the overall clinical success rate, microbiological clearance
rate, and 28-day mortality rate were 36.54%, 40%, and 37.5%, respec-
tively; there was no significant difference in the clinical success rate and
28-day mortality rate between colistin sulfate group and polymyxin B
group (41.7% vs. 33.8%, p¼ 0.429; 33.3% vs. 39.7%, p¼ 0.523), but the
microbiologic clearance rate was higher in the colistin sulfate group than
that in the polymyxin B group (57.1% vs. 30.8%, p ¼ 0.022). In contrast,
the overall clinical efficacy of polymyxins for the treatment of
CZA-resistant CR-GNB in this study was 50.77% (33/65), which was
approximately equal to the clinical efficacy of polymyxin-based therapy
for the treatment of CR-GNB in the multicenter clinical trial (50%), but
higher than that in the single-center clinical study in China (36.54%); the
microbiological clearance rate in this study (53.85%, 35/65) was greater
than the results of the two above studies (24% in the multicenter clinical
trial and 40% in the single-center clinical study); and the 28-day mor-
tality rate (21.54%, 14/65) in this study was intermediate between the
two above studies (18% in the multicenter clinical trial and 37.5% in the
single-center clinical study). It is hypothesized that the possible reasons
for the higher microbiological clearance rate in the study are the exclu-
sion of Acinetobacter baumannii (the isolates included 71.68% of Klebsiella
pneumoniae and 19.47% of Pseudomonas aeruginosa), which has a high
probability of colonization, and the different defined criterion about
microbiologic clearance rate, including the population included in the
assessment and the timing of the assessment. Combining the results of
these three clinical studies and other published data from our center,33

we cautiously conclude the following two points: further emergence of
resistance to CZA in clinically isolated CR-GNB does not significantly
affect the anti-infective efficacy of polymyxins; and there is no significant
difference in clinical efficacy and patient outcomes between different
types of polymyxins for the treatment of drug-resistant bacterial in-
fections. However, this hypothesis needs to be further verified in a
well-designed prospective multicenter clinical trial.

A meta-analysis published in 2022 examined prevalence of
polymyxin-induced nephrotoxicity in critically ill adult patients.34 The
results showed that the overall pooled incidence of polymyxin-induced
nephrotoxicity was 34.8%, and the incidence of mild and severe neph-
rotoxicity was 25.8% and 12.7%, respectively. Regarding specific med-
ications, the pooled incidence of polymyxin B-induced nephrotoxicity
(26.8%) was lower than that of CMS-induced nephrotoxicity (35.5%),
without significant difference (p ¼ 0.151). According to a literature
published in 2022,9 among 80 patients in the Chinese population treated
with colitin sulfate, 21.25% of the patients had serum creatinine levels
higher than the normal value (17.7-107 µmol/L) or twice the baseline
value. In this study, the overall incidence of nephrotoxicity in patients
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treated with polymyxin drugs was 18.46% (12/65), and the nephrotox-
icity of CMS was significantly greater than that of CSPB (34.48%
vs.5.56%, p ¼ 0.003). Possible reasons for the different results between
the present study and the above studies are hypothesized as follows: the
definition of nephrotoxicity varied in different studies; the higher pro-
portion of patients with septic shock (47.69%) and CRRT (41.54%) in the
study masked drug-induced renal injury, especially in the context of
mild-to-moderate adverse drug reaction for polymyxin sulfates; this
study focused on AKI caused by polymyxin drug with reference to the
judgment criteria for adverse drug reactions, and excluded cases that
were more likely to be caused by changes in condition; clinicians were
more inclined to use polymyxin sulfates when patients had poor renal
function.

Because this study was based on a small sample size from a single
center and given that clinical efficacy of high-level drug-resistant bac-
terial infections was influenced by various factors, we interpreted the
findings carefully. Other limitations included the following. First, the
dosage of polymyxins used in the study was inconsistent and CMS was
mostly not adjusted for CRRT. Second, carbapenemase genotypes of CZA-
resistant strains were not tested, nor were CR-GNB isolates tested for
drug susceptibility to polymyxin. Third, the inclusion of patients with
more severe illness affected the accuracy of judging adverse drug
reactions.

5. Conclusion

The clinical efficacy of CMS and colistin sulfate/polymyxin B for the
treatment of CZA-resistant CR-GNB infections was similar, but the
nephrotoxicity of CMS was significantly greater than that of colistin
sulfate/polymyxin B. In addition, based on the small sample size of single
center, results showed that the emergence of higher levels of resistance to
CR-GNB, as in the case of CZA-resistant CR-GNB, did not significantly
affect the clinical efficacy of polymyxin drugs. Our study provides evi-
dence support for clinicians to better apply polymyxin drugs, but these
results need to be further validated in prospective multicenter clinical
trials.
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