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Introduction: The rise of antimicrobial resistance in Klebsiella pneumoniae, especially carbapenem-resistant strains (CRKP),
presents a major challenge in burn care. This study aimed to examine the detection trends and resistance patterns of K. pneumoniae
in burn wards over five years (2019-2023) and analyze the clinical characteristics of patients with CRKP infections during the last
three years.

Methods: A retrospective study was conducted on K. pneumoniae isolates from burn wards, collecting data on bacterial detection and
antimicrobial resistance over five years (2019-2023). Clinical records of CRKP-infected patients from the last three years were
analyzed, focusing on age, total burn area, third-degree burn area, and prognosis. Statistical analyses assessed resistance trends and
correlations between infection outcomes and clinical variables.

Results: The detection rate of Klebsiella pneumoniae and its resistance to common antibiotics have increased annually, particularly
for carbapenem-resistant strains (CRKP). Polymyxin resistance among CRKP isolates has also risen. Wound secretions were the
primary infection source, accounting for 75.9% of K. pneumoniae isolates, followed by the respiratory tract at 15.2% and blood/venous
catheter samples at 8.9%. There was a significant rise in bloodstream CRKP detection rates during the study period. Clinically, CRKP
infections were associated with a larger total burn area (mean: 45.3% vs 28.7% in non-CRKP cases) and more extensive third-degree
burns (mean: 22.1% vs 12.4%). Mortality rates were higher in patients with CRKP infections compared to those with carbapenem-
susceptible infections (34.6% vs 18.2%).

Conclusion: The drug-resistant phenomenon of Klebsiella pneumoniae in the burn ward of our hospital was serious, especially the
number of carbapenem-resistant antimicrobial drugs of Klebsiella pneumoniae increased significantly, which should be strengthened to
monitor and guide the rational use of drugs in the clinic.
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Introduction

Unlike other patients, burn patients have a compromised natural skin barrier, leading to increased capillary permeability.
This makes it easier for pathogenic microorganisms to penetrate through the broken skin or damaged intestinal mucosa,
invading the organism. Additionally, burn wounds are accompanied by a large number of necrotic tissues and inflam-
matory exudate, which activate pro-inflammatory and anti-inflammatory signaling pathways. This dysregulation of the
innate and adaptive immune response ultimately results in a high incidence of infections in burn patients.' > The
incidence of infection in burn patients remains high, with potential consequences including delayed healing, scar tissue
proliferation, bacteremia, sepsis, and multiple organ dysfunction syndrome once the pathogen invades the subdermal
tissue layer.* In fact, infection is the most common complication in burn patients and one of the leading causes of death
among those with severe burns (accounting for about 42%-65% of burn deaths).””’
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In recent years in China, there has been an increasing trend in detecting Klebsiella pneumoniae (especially
Carbapenem-Resistant Klebsiella Pneumoniae (CRKP) strains) and its resistance to various types of drugs among burn
patients. It has become one of the main causative organisms of hospital-acquired infections. Two factors have contributed
to the increasing risk and threat posed by CRKP. One underlying factor is the growing genetic diversity of Klebsiella
pneumoniae.® Another significant factor is the presence of a wide array of virulence factors. Four specific virulence
factors—capsular, lipopolysaccharide, fimbrium, and ferrierite—have been widely recognized as critical contributors to
virulence. Isolates that possess these virulence factors are associated with higher mortality rates compared to those that
do not carry such factors.” It has been reported that in patients with extremely severe burns treated at single-center burn
units in China, the mortality rate associated with bloodstream infections caused by Klebsiella pneumoniae is approxi-
mately 20-30%.'° Furthermore, according to a meta-analysis conducted by Solomon et al,'' the mortality rate among
patients infected with carbapenem-resistant Klebsiella pneumoniae (CRKP) was found to be twice that of patients who
were sensitive to carbapenem antibiotics. Additionally, the average length of hospital stay for CRKP-infected patients
was significantly prolonged compared to their carbapenem-sensitive counterparts. A retrospective cohort study examin-
ing bloodstream infections caused by carbapenem -producing Klebsiella pneumoniae in critically ill patients revealed
a 14-day mortality rate of 26.3% among 384 cases of CPKP bacteremia.'> Due to geographical differences in bacterial
resistance and changing trends over time, dynamic bacterial epidemiologic data can contribute to treating clinically
resistant bacteria and rationally applying antimicrobial drugs. This study presents preliminary retrospective statistics and
analysis on the source of Klebsiella pneumoniae as well as drug resistance and clinical characteristics among burn
patients infected with CRKP at our hospital from 2019-2023.

Materials and Methods

Collection of Strains

Klebsiella pneumoniae isolates obtained from the burn unit of Ruijin Hospital between January 2019 and December 2023
were analyzed. This included specimens from trauma cases, blood samples, arteriovenous intubation, tracheal intubation,
and sputum. Additionally, drug susceptibility results were collected. Clinical data (including age, sex, total body surface
area burned [TBSA], prognosis, etc) for patients infected with Klebsiella pneumoniae (TBSA > 30%) were also gathered.

The exclusion criteria for this study were as follows: (1) repeated isolates from the same anatomical site in the same
patient were excluded; (2) patients who died within 24 hours of admission; (3) patients who abandoned treatment on the
same day; (4) patients with incomplete clinical data; and (5) patients with underlying conditions such as severe diabetes
mellitus, heart failure, or renal insufficiency.

Isolation, identification and drug sensitivity testing of bacterial strains.

The collected clinical strains were isolated and purified, and then the ATB automated bacterial identifier (bioMérieux,
France) was used for strain identification, and the Kirby-Bauer diffusion method (K-B method) or the dilution method
(automated instrumentation) developed by the American Society for Clinical and Laboratory Standardization in 2017 was
used for testing, and the antimicrobial drugs selected included ampicillin, piperacillin, cefoperazone/ sulbactam,
ampicillin/sulbactam, piperacillin/tazobactam, cefazolin, cefoperazone, cefuroxime, ceftazidime, ceftazidime, cefotax-
ime, cefepime, amitrazine, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, mucosaminoglycosides, and
tigecycline. The quality control bacteria were Escherichia coli ATCC8739 (provided by Shanghai Clinical Laboratory
Center), and the results were judged as drug-resistant, intermediate and sensitive. CRKP was defined as those who were
resistant to any of meropenem, ertapenem, or imipenem.

Statistical Analysis

Data were described and statistically analyzed using WHONET 5.6 and SPSS (version: 26.0), and statistical plots were
drawn using GraphPad Prism 8. Measurements were described as mean + standard deviation (x + s) for normally
distributed data and (median (interquartile spacing)) for non-normally distributed data. The count data are described in
terms of frequency. For statistical tests, independent samples -test was used for normally distributed data, Wilcoxon’s
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rank sum test was used for non-normally distributed data, and X? test was used for count data, with P < 0.05 representing
a statistical difference.

Results

Detection of Strains and Source Composition
A total of 332 clinical isolates of Klebsiella pneumoniae were identified in the burn ward from January 2019 to
December 2023, with CRKP strains accounting for 64.76% (215/332) of the total. The clinical detection rates of
Klebsiella pneumoniae in the burn wards over the five-year period were as follows: 16.6% (59/356) in 2019; 9.4%
(49/519) in 2020; and 15.2% (87/573) in 2021,12.5% (84/672) in 2022, and finally, a decrease to 6.94% (53/764) in year-
end of year-end data for year end-2023.

The primary source of Klebsiella pneumoniae in burn wards was found to be the wound (70.7%), followed by the
respiratory tract (13.1%), hematogenous sources including deep venous catheters (15.4%), and other specimens. Specific
bacterial sources and compositions corresponding to each year are detailed further within Table 1.

Analysis of Resistance of Klebsiella Pneumoniae to Commonly Used Antimicrobial
Drugs

As illustrated in Figure 1, the period from 2019 to 2023 witnessed a consistent resistance of all Klebsiella pneumoniae
strains isolated from burn wards to ampicillin. Furthermore, there was an escalating trend in the resistance rates to
commonly used antibiotics such as cefepime, gentamicin, ciprofloxacin, minocycline, and piperacillin/tazobactam over
the years. By 2023, the resistance rate to phosphomycin had surged to 77.1%, while carbapenem antibiotics (meropenem
and imipenem) exhibited a resistance rate exceeding 70%. Additionally, the resistance rate to tigecycline showed a steady

increase over three years, reaching 41.1% by 2023. Notably, there was also a decline in sensitivity to polymyxin from
98.4% in 2019 to 85.8% in 2023.

Analysis of Changes in CRKP Resistance to Commonly Used Antimicrobial Drugs

During the five-year period, a total of 215 CRKP strains were isolated from the burn ward, with detection rates of 67.8%
(40/59), 57.1% (28/49), and 64.4% (56/87) in consecutive years. Additionally, detection rates were recorded at 71.4%
(60/84) and 58.5% (31/53) for subsequent years. Of the 215 CRKP strains identified, the majority originated from
wounds (152) accounting for 70.7%, followed by respiratory tract sources (28) at 13.0%, and blood-borne infections
including deep venous catheters contributing to 15.3% (shown in Table 2). Over the course of five years, resistance rates
of CRKP strains to cephalosporins, amitraz and quinolones remained consistently high at 100%. Furthermore, there was

Table | Distribution of Detected Sources of Klebsiella Pneumoniae in Burn Wards From 2019 to 2023

Sources 2019 2020 2021 2022 2023

n | Composition | n | Composition | n | Composition | n | Composition | n | Composition

ratio (%) ratio (%) Ratio (%) Ratio (%) Ratio (%)

Wound 43 729 38 77.6 67 77.1 64 76.2 40 75.5
Respiratory tract Il 18.6 3 6.1 7 8.1 6 7.1 3 5.7
Hematogenous 5 85 5 10.2 9 10.3 14 16.7 9 17.0
(including deep vein
catheters)
Others 0 0 3 6.1 4 4.5 0 0 | 1.8
Total 59 100 49 100 87 100 84 100 53 100

Notes: Others include specimens from urine, stool, cerebrospinal fluid, eye conjunctival pharyngeal swabs, etc.
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2019 (n=59) @ 2020 (n=49) @ 2021(n=87) @ 2022 (n=84) @ 2023 (n=53)

Figure | Analysis of resistance changes of Klebsiella pneumoniae to commonly used antibiotics in burn wards from 2019 to 2023.

an observed increase in resistance rates to other antimicrobial drugs each year as indicated in Figure 2. The resistance rate
of CRKP strains to tigecycline increased from 10% in 2019 to 51.8% in 2021 while the resistance rate to polymyxin also
rose from 14.3% in 2021 to 71% in 2023.

Table 2 Distribution of Detected Sources of CRKP in Burn Wards From 2019 to 2023

Sources 2019 2020 2021 2022 2023
n | Composition | n | Composition | n | Composition | n | Composition | n | Composition
Ratio (%) Ratio (%) Ratio (%) Ratio (%) Ratio (%)
Wound 30 75.0 20 714 38 67.9 42 70 22 71.0
Respiratory tract 5 12.5 3 10.7 7 12.5 10 16.7 3 9.6
(Continued)
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Table 2 (Continued).

Sources 2019 2020 2021 2022 2023

n | Composition | n | Composition | n | Composition | n | Composition | n | Composition

Ratio (%) Ratio (%) Ratio (%) Ratio (%) Ratio (%)

Hematogenous 5 12.5 5 17.9 9 16.1 8 133 6 19.4
(including deep vein
catheters)
Others 0 0 0 0 2 35 0 0 0 0
Total 40 100 28 100 56 100 60 100 31 100

Notes: Others include specimens from urine, stool, cerebrospinal fluid, eye conjunctival pharyngeal swabs, etc.

Analysis of Clinical Data
A total of 171 clinical isolates of Klebsiella pneumoniae were identified in our department from January 2021 to

December 2023. A total of 102 patients infected with Klebsiella pneumoniae were included in the retrospective study and

analyzed based on a selection criteria of TBSA> 30% of the total burned area. Of these patients, there were 78 males and
24 females, with a mean age of (50.2948.30) years, a mean total burned surface area (TBSA) of (69.10+14.87) %, and
a mean third-degree burned surface area of (45.20+£12.10) %. Therefore, it was observed that Klebsiella pneumoniae

infections in burn wards were common among older patients aged 50 and above, and that those with larger total burned

areas and III-degree burns were more susceptible. The patients were divided into two groups: CRKP group (n=86) and

non-CRKP group (n=16), based on whether they were infected with CRKP or not. It was found that compared to the non-

CRKP group, patients in the CRKP group had larger total areas of burns and third-degree burns, with a statistically

significant difference noted (P < 0.05). Additionally, within the non-CRKP group, it was observed that strains originated
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Table 3 Comparison of Clinical Data of Different Groups With Patients Klebsiella Pneumoniae
Infected (TBSA230%) in Burn Ward From 2021 to 2023

CRKP Group (n =86) | No-CRKP Group (n = 16) | P value
Gender, n (%) 0.151
Male 68 10
Female 18 6
Age, mean £ SD, y 4523 £ 15.64 34.00 + 23.94 0.088
TBSA, mean * SD, % 68.29 + 18.99 49.25 £ 21.18 <0.01
Third degree burn area, mean * SD, % 40.78 + 22.56 26.13 £16.02 0.015
Source of strain, n (%) 0.125
Wound 56 (65.1%) 15 (93.8%)
Respiratory tract 9 (10.5%) 1 (6.2%)
Blood 19 (22.1%) 0
Deep venous catheter 2 (2.3%) 0
Inhalation injury, n (%) 0.841
Yes 30 (34.9%) 6 (37.5%)
No 56 (65.1%) 10 (62.5%)
Prognosis, n (%) 0.168
Live 61 (70.9%) 14 (87.5%)
Dead 25 (29.1%) 2 (12.5%)

primarily from trauma and respiratory tract sources; however, out of the 23 strains originating from blood samples, 19
were identified as CRKP strains as shown in Table 3.

Discussion

Currently, infection remains the most common complication and one of the leading causes of death in burn patients.
Severe burns contribute to the development of oxidative stress, followed by a systemic inflammatory response, and the
prolonged hypermetabolic state of the body ultimately leading to an increased risk of secondary muscle content loss,
multifunctional organ failure, sepsis, and death. According to the results of CHINET China Drug Resistance
Monitoring,'? the ratio of Gram-negative bacilli to Gram-positive cocci in clinical isolates from tertiary hospitals in
China is 7:3. The resistance rate to commonly used antibiotics is increasing. It is worth noting that the detection rate of
CRKP has significantly increased in recent years, rising from 3% to 10.9% between 2005 and 2019.'* Klebsiella
pneumoniae is an opportunistic pathogen widely distributed in the normal environment or colonizing the human oral
cavity, skin, respiratory tract, and gastrointestinal tract. It often causes a range of illnesses including urinary tract
infections, pyogenic liver abscesses (PLA), and pneumonia in both normal and immunocompromised patients.'> In some
general hospitals, Klebsiella pneumoniae prevalence is relatively concentrated and mostly manifests as multi-drug-
resistant strains, it is one major Gram-negative strain causing nosocomial infections. In this study, we conducted
a retrospective analysis of the distribution and drug resistance of Klebsiella pneumoniae isolated from clinical specimens
in the burn ward of our hospital from 2019 to 2023. The aim was to provide a basis for clinicians to formulate
a reasonable and scientific antimicrobial treatment plan. The numbers of CRKP strains isolated from our hospital in 2019,
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2020, 2021, 2022, and 2023 were as follows: 292, 272, and 342; then decreased slightly t0299and335 respectively. Their
detection ratios were approximately between 22%to 28%, which is consistent with relevant national reports.'® A total of
332 clinical Klebsiella pneumoniae strains were collected in our burns ward during the same period. Among them 215
were identified as CRKP strains, resulting in an average detection rate of 64.8%. This rate was significantly higher than
the data reported by CHINET.'® This discrepancy may be attributed to the distinct immunocompromised status of burn
patients, prolonged use of invasive devices (eg, mechanical ventilation for 10 days), and previous exposure to
carbapenems. These factors have been identified as independent risk factors for colonization and infection by CRKP."”

The skin barrier is compromised following severe burns, leading to the presence of a large amount of necrotic tissue
at the wound site and a weakened systemic immune response. These conditions create an environment conducive to local
bacterial proliferation and invasion into the body, increasing the risk of traumatic sepsis in patients with extensive burns.
Additionally, the barrier function of the intestinal mucosa is impaired after severe burns, resulting in increased
permeability that can facilitate bacterial translocation and subsequent bloodstream infections complicating sepsis.
During patient treatment, invasive catheter placement (such as deep venous catheters, arterial catheterization, tracheal
intubation) is often necessary to maintain circulation and respiration. However, these procedures may pass through or
near burn wounds, serving as potential pathways for bacterial invasion and posing a high risk for drug-resistant bacterial
infections. In cases of bloodstream infections caused by drug-resistant bacteria, sepsis or septic shock can rapidly
develop. Our analysis revealed that Klebsiella pneumoniae strains in the burn ward were primarily sourced from
traumatic secretions (average 70.7%), with blood sources including deep venous catheters accounting for 15.4%. The
distribution of CRKP sources in the burn ward showed similar trends: traumatic secretions accounted for over 70%,
followed by blood sources (including deep venous catheters) at 15.3%. The proportion of Klebsiella pneumoniae from
wound sources is consistent with most domestic reports.'®'* ALfadli et Al'® analyzed the pathogens of burn wounds in
Al-Babtain Burn and Plastic Center in 2017, and the detection rate of Klebsiae pneumoniae was 19.51%, which was
significantly different from that in this study. This may be related to factors such as the distribution of bacteria and the
use of antibiotics in domestic and foreign environments. Furthermore, the high percentage of blood as a source is
concerning because clinical management becomes very challenging in cases of bloodstream infections.

Currently, for drug-resistant Klebsiella pneumoniae infections in severe burns, the treatment relies heavily on
systemic application of sensitive antibiotic therapy in addition to surgical wound treatment. The resistance rate of
Klebsiella pneumoniae to all types of antibiotics detected in burn wards has been steadily increasing from 2010 to 2017,
with the most significant rise seen in resistance to meropenem and imipenem. Tigecycline, which was previously more
sensitive, has shown a rapid increase in resistance in recent years. Currently, CRKP is only sensitive to polymyxin.?* 2
Our study’s drug sensitization results also indicated that the majority of Klebsiella pneumoniae strains originating from
burn wards maintained a resistance rate of over 70% to third- and fourth-generation cephalosporins during the three-year
period. Additionally, there was a 60-70% resistance rate to piperacillin/tazobactam and an even higher degree of
resistance to quinolones, significantly surpassing the results reported in CHINET.'® For an extended period, carbapenem
antibiotics have been the preferred choice for treating Klebsiella pneumoniae infections due to their increased resistance
to B-lactamase hydrolysis and significant clinical therapeutic effects compared to other antibiotics. However, with the
widespread use of carbapenem antibiotics in clinical settings, there has been a gradual emergence of CRKP, which has
shown an epidemic trend. Drug sensitivity results over five years have indicated that the resistance of Klebsiella
pneumoniae to carbapenem antibiotics such as imipenem and meropenem was approximately 60%, significantly higher
than the rates reported by CHINET (25%, 23.7%). Furthermore, CRKP strains demonstrated high resistance to most
antibiotics except for polymyxin, to which they exhibited high sensitivity. It is worth noting that while the resistance rate
of CRKP to tigecycline was only 10% in 2019, it had increased to 51.8% by 2021. Additionally, sensitivity to polymyxin
decreased from 85.7% to 29%. These findings reflect global trends in local antibiotic selection pressure and the evolution
of carbapenem-resistant Klebsiella pneumoniae (CRKP). Genomic studies have elucidated the acquisition of resistance to
CRKP through horizontal gene transfer of plasmids harboring blaKPC or blaNDM, alongside chromosomal mutations
that enhance virulence and environmental adaptation.”’24 For instance, ST15 and ST11 clones, which are notorious for
disseminating the carbapenemase gene, have predominated hospital outbreaks in Europe and Asia. This suggests that
similar clonal transmission may underlie the epidemiology observed in our hospitals.
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Nowadays, CRKP has emerged as a significant causative agent of infection in patients with extensive burns.>>¢ It

has been noted in the literature?’ that bloodstream infections (including catheter-associated infections) caused by CRKP
often lead to rapid onset of sepsis and septic shock, resulting in high mortality rates. Our current study also indicated that
trabecular secretions and hematogenous origin were the two primary sources of CRKP infection. Clinical data revealed
that patients infected with CRKP had larger total burn areas and a higher proportion of third-degree burns compared to
non-CRKP-infected patients (P < 0.05). Furthermore, our findings showed that out of 19 patients with CRKP blood-
stream infections (including deep venous catheters), the mortality rate was 63.16% (12/19), consistent with previous
reports. In addition to surgical interventions for wound treatment, individuals with severe burn CRKP infections often
require sensitive antibiotic therapy. Current recommendations primarily advocate for polymyxin-based antimicrobial
drug combinations, such as polymyxin combined with tigecycline, aminoglycoside antibiotics, or carbapenem
antibiotics.>'*® The literature has demonstrated®® that the use of polymyxins alone to treat CRKP infections resulted
in a success rate of only 27%. However, combination therapy increased the success rate by 44%. Another study indicated
that antibiotic combination therapy reduced the 30-day morbidity and mortality rate in patients with CRKP bloodstream
infections (OR=0.11, P=0.01, 95% CI (0.02-0.69)).2*° This study reported a morbidity and mortality rate of 54.3% for
polymyxin alone, compared to 34.1% for combination therapy. Specifically, the combination of polymyxin and tigecy-
cline had a case-fatality rate of 30.4%, which was further reduced to 12.5% with the addition of meropenem to this
combination treatment strategy. QURESHI et al*' also utilized combination antibiotics in treating patients infected with
CRKP and documented the various patient outcomes. Their findings revealed that out of the seven patients treated with
a combination therapy of polymyxin (one with quinolones, one with tigecycline, and five with carbapenems), only 14.3%
experienced a case fatality rate, whereas four deaths occurred in patients treated solely with polymyxin. Therefore,
stringent antibiotic management and infection control measures are crucial in effectively preventing further CRKP
epidemics.

For patients with severe burns, it is imperative to recommend strict nosocomial infection control measures along with
regular and timed bacteriological monitoring of burn wounds, sputum, various inserted catheters, blood samples, as well
as ward environment samples. Once it is determined that a patient is infected or colonized by CRKP, isolation from
contact is essential along with implementing effective disinfection measures for their medical and living supplies to
prevent the spread of CRKP.

Conclusion

The drug-resistant phenomenon of Klebsiella pneumoniae in the burn ward is a serious issue. In particular, there has been
a significant increase in the number of carbapenem-resistant antimicrobial drugs of Klebsiella pneumoniae, which
requires strengthened monitoring and guidance for the rational use of drugs in clinical settings.
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