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Background: Hypervirulent carbapenem-resistant Klebsiella pneumoniae (hv-CRKP) co-producing Klebsiella pneumoniae carbape
nemase-2 (KPC-2) and New Delhi metallo-β-lactamase-1 (NDM-1) represents a serious clinical threat due to limited treatment options 
and high mortality. This study aimed to describe the clinical course, microbiological characteristics, and therapeutic outcome of 
a severe postoperative pneumonia caused by such a strain, and to evaluate the effectiveness of combination antimicrobial therapy.
Case Presentation: A 59-year-old woman developed severe pneumonia and acute respiratory distress syndrome following cardiac 
surgery. Bronchoalveolar lavage fluid culture yielded carbapenem-resistant K. pneumoniae. Antimicrobial susceptibility testing 
showed resistance to meropenem (minimum inhibitory concentration [MIC] ≥16 μg/mL), ceftazidime-avibactam (CZA) (MIC ≥16/ 
4 μg/mL), and aztreonam (ATM) (MIC ≥64 μg/mL). Molecular analysis identified blaKPC and blaNDM carbapenemase genes and 
hypervirulence-associated genes including rmpA and iucA. In vitro synergy testing demonstrated a marked reduction in MIC (≤1 μg/ 
mL) when CZA was combined with ATM. Based on these findings, combination therapy was initiated, resulting in rapid clinical 
improvement, a decline in procalcitonin levels from 4.83 ng/mL to 0.5 ng/mL, radiographic resolution of pulmonary infiltrates, and 
sustained microbiological clearance.
Conclusion: This case demonstrates that CZA combined with ATM may be an effective therapeutic option for severe infections 
caused by hypervirulent KPC-2- and NDM-1-producing K. pneumoniae. Early molecular identification and synergy-guided antimi
crobial therapy are essential for optimizing outcomes in critically ill patients.
Keywords: Carbapenem-resistant  Klebsiella pneumoniae, hypervirulent  Klebsiella pneumoniae, KPC, NDM, ceftazidime-avibactam, 
aztreonam

Introduction
Carbapenem-resistant Klebsiella pneumoniae (CRKP) represents a critical and escalating global public health threat, 
particularly in hospital and intensive care unit settings. Of special concern are strains co-producing blaKPC and blaNDM 

carbapenemases (KN-CRKP), which exhibit extensive resistance to nearly all β-lactam antibiotics and are associated with 
markedly increased mortality.1 Recent epidemiological studies indicate that the prevalence of KN-CRKP among CRKP 
isolates has risen steadily worldwide over the past decade, reflecting ongoing plasmid-mediated dissemination and 
selective antibiotic pressure.2 In China, this problem is compounded by the rapid emergence of hypervirulent CRKP 
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(hv-CRKP), most commonly associated with the ST11-KL64 lineage, which combines multidrug resistance with 
enhanced invasiveness and poor clinical outcomes.3,4

The convergence of carbapenem resistance and hypervirulence represents a particularly alarming evolution of 
K. pneumoniae. Hypervirulent strains harbor virulence determinants such as rmpA and aerobactin-associated genes, which 
promote hypermucoviscosity, immune evasion, and metastatic infection.3 When these virulence traits coexist with KPC and 
NDM carbapenemases, treatment options become extremely limited and mortality rates are substantially higher than those 
observed with classic CRKP infections.5 Although this dual-risk pathogen is increasingly recognized, clinical data supporting 
effective therapeutic strategies remain scarce. This is especially true for critically ill postoperative patients.

Ceftazidime-avibactam (CZA) has become an important option for treating infections caused by KPC-producing 
Enterobacterales, but it lacks activity against metallo-β-lactamases such as NDM.6 In contrast, aztreonam (ATM) is 
intrinsically stable to NDM but is often hydrolyzed by co-produced serine β-lactamases, limiting its use as monotherapy.7 

The combination of CZA and ATM provides a mechanistically rational approach to overcoming this resistance profile, and 
current Infectious Diseases Society of America (IDSA) guidelines recommend this regimen for infections caused by 
metallo-β-lactamase–producing organisms.8 However, real-world clinical evidence supporting this strategy in hypervirulent 
KPC–NDM-co-producing K. pneumoniae, particularly in severe pneumonia and acute respiratory distress syndrome after 
cardiac surgery, is limited.

In this context, we report a case of post-cardiac surgery pneumonia caused by hypervirulent KPC-2- and 
NDM-1-producing K. pneumoniae that was successfully treated with microbiologically guided CZA plus ATM combina
tion therapy. This case highlights the clinical importance of early pathogen characterization, in vitro synergy testing, and 
individualized antimicrobial selection, and it contributes practical evidence to inform the management of similarly 
challenging infections in high-risk surgical patients.

Case Presentation
A 59-year-old woman was admitted to our hospital with a six-month history of intermittent chest tightness and shortness 
of breath. She also had a recent episode of syncope accompanied by fecal incontinence. Six months earlier, she had 
experienced unexplained chest tightness and dyspnea, without chest pain or dizziness. An external transthoracic 
echocardiogram revealed a dilated ascending aorta, left heart enlargement, and moderate-to-severe mitral regurgitation. 
Coronary angiography demonstrated 80% stenosis in the proximal-to-mid left anterior descending artery. The patient was 
initially hospitalized locally on February 11, 2025, and received medical management, including circulatory support, 
diuretics, antiplatelet agents, and lipid-lowering therapy, with subsequent improvement in symptoms.

One month prior to the current admission, the patient experienced a syncopal episode accompanied by urinary and 
fecal incontinence, which led to another hospitalization. She was subsequently referred to our institution for further 
evaluation and management. Her past medical history was notable for hypertension and prior stroke. On admission, vital 
signs were stable and there were no remarkable findings on physical examination. Preliminary diagnoses included 
coronary artery disease, unstable angina, valvular heart disease, and mitral regurgitation. After multidisciplinary evalua
tion, surgical intervention was indicated.

The patient underwent successful coronary artery bypass grafting (CABG ×3), mitral valve bioprosthesis replace
ment, and tricuspid valve annuloplasty under general anesthesia, hypothermia, and cardiopulmonary bypass. 
Postoperatively, she was transferred to the intensive care unit (ICU) for continued sedation, mechanical ventilation, 
hemodynamic monitoring, and cardiac support. Prophylactic cefazolin was administered intraoperatively.

On postoperative day (POD) 1, the patient’s body temperature began to rise above 38°C. Laboratory tests revealed 
leukocytosis (WBC 16.5 × 109/L) and elevated procalcitonin (PCT 0.54 ng/mL). Chest X-ray demonstrated significant 
pulmonary infiltrates, and concomitant arterial blood gas analysis confirmed the presence of hypoxemia. Bronchoscopy 
revealed congested airway mucosa and thick secretions obstructing both main bronchi; bronchoalveolar lavage (BAL) 
was performed and samples were sent for microbiological analysis. Empirical antibiotic therapy was escalated to 
piperacillin-tazobactam (4.5 g every 8 hours) for suspected hospital-acquired pneumonia.
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On POD 2, the patient’s body temperature continued to rise, reaching 38.6°C. Inflammatory markers further increased 
(WBC 21.5 × 109/L, PCT 4.83 ng/mL), and arterial blood gas analysis showed a PaO2/FiO2 ratio of 158 mmHg, consistent 
with acute respiratory distress syndrome (ARDS). Antibiotic therapy was changed to meropenem (1 g every 8 hours).

On POD 3, BAL cultures from samples obtained on POD 1 identified CRKP. Initial susceptibility testing 
indicated resistance to all tested antibiotics except aminoglycosides and polymyxins (Table 1). Prior to BAL 
specimen collection, the only in-hospital antimicrobial exposure was intraoperative prophylactic cefazolin. 
Information regarding antibiotic use before transfer to our institution was unavailable, as neither the patient nor 
her family could provide specific details. Preliminary carbapenemase phenotyping suggested concurrent production 
of KPC and NDM (Figure 1). Metagenomic next-generation sequencing of BAL fluid (performed using a targeted 
capture-based mNGS workflow on an Illumina MiniSeq platform, with human read removal and alignment to 
curated microbial reference databases downloaded from NCBI) confirmed the presence of K. pneumoniae with 
resistance genes blaKPC-2 and blaNDM-1, as well as hypervirulence genes (iutA, iucA [A/B/C/D], ompA, rmpA, 
rmpA2). Additional susceptibility testing for CZA, ATM, and their combination was performed. Both broth 
microdilution (Figure 2A) and disk diffusion (Kirby-Bauer, Figure 2B) methods demonstrated resistance to each 
agent alone but marked synergy for the combination, with a fractional inhibitory concentration (FIC) index of 0.006 
and MICs of (0.5/4)/1 (CZA /ATM).

Based on these findings, targeted therapy with CZA (2.5 g every 8 hours) combined with ATM (2 g every 8 hours) 
was initiated on POD 4. The clinical course, laboratory parameters, imaging findings, and therapeutic interventions from 
POD 1 to POD 8 are summarized in Table 2. During the five days of combination therapy, the patient’s body temperature 
returned to normal. Inflammatory markers have also improved, with WBC decreasing to 14.1 × 109/L and PCT to 0.5 ng/ 
mL. Follow-up chest X-ray showed a marked contrast to previous imaging, with the original patchy shadows having been 
absorbed and dissipated, and the lung fields becoming clear (Figure 3). Subsequent sputum cultures were negative for 
K. pneumoniae. With continued clinical improvement, the patient was transferred from the ICU to the general ward on 
POD 8. Combination antibiotic therapy was continued for a total of two weeks, during which repeat sputum cultures 
remained negative. Following approximately four additional weeks of cardiac rehabilitation and arrhythmia management 
on the general ward, the patient was discharged in stable condition on POD 43.

Table 1 Results of Drug Resistance Phenotypes of 
Klebsiella Pneumoniae by MIC Drug Susceptibility Testing

Antibiotics MIC (μg/mL) Result

Piperacillin-Tazobactam ≥128 R

Ceftazidime ≥64 R

Cefoperazone/Sulbactam ≥64 R
Cefepime ≥32 R

Aztreonam ≥64 R

Imipenem ≥16 R
Meropenem ≥16 R

Amikacin ≤2 S

Tobramycin ≤1 S
Ciprofloxacin ≥4 R

Levofloxacin ≥8 R

Minocycline 16 R
Tigecycline 8 R

Ceftazidime-avibactam ≥16 R

Trimethoprim-sulfamethoxazole ≥320 R
Polymyxins ≤0.5 I

Infection and Drug Resistance 2026:19                                                                                             https://doi.org/10.2147/IDR.S589388                                                                                                                                                                                                                                                                                                                                                                                                       3

Wei et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Figure 1 Phenotypic assay indicating concurrent production of KPC (K) and NDM (N) carbapenemases. The red dots are placed adjacent to the “K” and “N” bands to 
highlight the positive detection of KPC and NDM, respectively.

Figure 2 In vitro antimicrobial susceptibility testing. (A) Broth microdilution results showing resistance to ceftazidime-avibactam (CZA) and aztreonam (ATM) as single 
agents, with marked synergy observed when used in combination. The area marked by the green dashed line represents the testing wells for the CZA/ATM combination, 
whereas the area marked by the red dashed line represents the testing wells for CZA and ATM as single agents. (B) Disk diffusion (Kirby-Bauer) results confirming resistance 
to each agent alone and demonstrating synergistic inhibition when CZA and ATM are combined. The yellow double-sided arrow indicates the maximum diameter of the 
synergistic zone of inhibition between the CZA and ATM disks.
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Discussion
The present report illustrates the effective management of a severe case of pneumonia and ARDS triggered by a hv-CRKP 
strain harboring both KPC-2 and NDM-1 carbapenemases. The rapid progression to ARDS highlights the highly invasive and 
life-threatening nature of hv-CRKP infections, which are frequently associated with sepsis and metastatic complications.9 

Early microbiological identification and tailored combination therapy were pivotal in achieving a favorable outcome, 
emphasizing the importance of prompt diagnosis and individualized treatment approaches for such dual-risk pathogens.

The exceptionally high level of antimicrobial resistance observed in this case can be explained by the convergence of 
multiple resistance-promoting factors. Foremost, the simultaneous production of KPC-2 and NDM-1 carbapenemases 
confers resistance to nearly all β-lactam antibiotics, including carbapenems, and severely limits therapeutic options. In 
addition, hv-CRKP strains, particularly those belonging to epidemic clones, are prone to acquiring resistance determi
nants via plasmids and transposons. This genetic plasticity facilitates the emergence of multidrug-resistant and exten
sively drug-resistant phenotypes.1,5 Although the patient’s individual antibiotic exposure before admission could not be 
fully reconstructed, the regional prevalence of carbapenemase-producing K. pneumoniae and the circulation of high-risk 
clones likely contributed to the emergence and maintenance of this highly resistant strain. Importantly, this case 
exemplifies the increasingly recognized convergence of hypervirulence and multidrug resistance, which amplifies both 
pathogenicity and treatment failure risk.

The aggressive clinical phenotype observed can be attributed to the pathogen’s distinct microbiological features. The 
presence of hypervirulence genes, such as iucA and rmpA, mirrors profiles reported in the literature for hv-CRKP strains 
responsible for invasive infections, including liver abscesses and bacteremia.10 Infections caused by hv-CRKP co-producing 
KPC and NDM are associated with a poor prognosis. One study reported a 30-day mortality rate of 56% among patients with 
bacteremia caused by these strains.11 Similarly, a Chinese case series of eight patients with KPC-2- and NDM-1-co-producing 
hv-CRKP reported a mortality rate of 75%, with pulmonary infections predominating among fatal cases.10

Table 2 Clinical Parameters, Microbiological Findings, Imaging, and Therapeutic Interventions from Postoperative Day 1 to 8

Data POD 1 POD 2 POD 4 POD 6 POD 8

Temperature (°C) 38.0 38.6 38.2 37.7 36.5
WBC (×109/L) 16.5 21.5 22.6 14.5 14.1

PCT (ng/mL) 0.54 4.83 4.27 1.73 0.5

hsCRP (mg/L) 11.78 Not tested 156.81 76.90 22.60
Sputum cultures CRKP Not tested CRKP Not tested Negative

Chest X-ray Pulmonary infiltrates Pulmonary infiltrates Pulmonary infiltrates Improved Marked improvement

Therapeutic drugs Piperacillin-tazobactam Meropenem CZA and ATM CZA and ATM CZA and ATM

Abbreviations: POD, postoperative day; WBC, white blood cells; PCT, procalcitonin; hsCRP, high-sensitivity C-reactive protein; CRKP, Carbapenem-resistant 
Klebsiella pneumoniae; CZA, Ceftazidime-avibactam; ATM, Aztreonam.

Figure 3 Radiological evolution during treatment. (A) Chest X-ray showing significant pulmonary infiltrates; (B) Follow-up chest X-ray demonstrating resolution of 
infiltrates and clear lung fields.
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The ST11-KL64 clone has emerged as the predominant hv-CRKP type in China and is frequently linked to KPC- 
NDM co-production.12 Genomic analyses indicate that ST11-KL64 (Clone Group 1) accounts for 55% of global KN- 
CRKP isolates and is characterized by a hypermucoviscous phenotype and a propensity for metastatic spread.12 Although 
whole-genome sequencing was not performed, the co-production of KPC-2 and NDM-1 and the presence of a definitive 
hypervirulence gene profile strongly suggest our isolate belongs to the prevalent ST11-KL64 clone. This warrants 
heightened clinical vigilance.

Our case exemplifies the effective use of CZA plus ATM for treating pneumonia and ARDS caused by KPC-2- and NDM- 
1-co-producing hv-CRKP. This therapeutic approach has been increasingly reported in other severe infections caused by 
metallo-β-lactamase–producing Enterobacterales, particularly bloodstream and lower respiratory tract infections, where 
CZA/ATM was associated with improved survival compared with polymyxin- or tigecycline-based regimens.13,14 Current 
IDSA guidelines recommend the CZA/ATM combination or cefiderocol for infections with MBL-producing 
Enterobacterales,8 while advising against polymyxins due to nephrotoxicity, uncertain efficacy, and lack of Clinical and 
Laboratory Standards Institute (CLSI) susceptibility breakpoints. The synergistic mechanism involves avibactam protecting 
ceftazidime and ATM from hydrolysis by serine β-lactamases (such as KPC), while ATM retains stability against MBLs (such 
as NDM).15,16 In our patient, in vitro synergy testing yielded an extremely low FIC index of 0.006, providing a strong rationale 
for combination therapy. Compared with alternative strategies, including cefiderocol monotherapy, polymyxin-based combi
nations, or tigecycline-containing regimens, CZA/ATM offered a favorable balance of microbiological efficacy, pulmonary 
penetration, and safety. These characteristics were particularly important in the setting of ARDS. The patient’s rapid clinical 
improvement, evidenced by declining inflammatory markers, radiographic resolution, and negative cultures within five days, 
supports the regimen’s efficacy and aligns with retrospective studies reporting lower mortality for CZA/ATM in NDM- 
producing bacteremia.14,17

Although a fixed-dose aztreonam–avibactam combination was recently approved in China (June 2025). However, issues of 
accessibility and cost remain practical barriers. In the absence of direct comparative studies, treatment decisions should be 
guided by susceptibility profiles, infection site, and local resource availability. Where the fixed-dose combination is unavail
able, CZA/ATM remains a practical and effective therapeutic option for infections caused by KPC- and NDM-co-producing 
hv-CRKP. This approach is particularly well supported when in vitro synergy is demonstrated. Beyond conventional 
antibiotics, experimental studies have explored natural antibacterial agents, such as medium- and long-chain fatty acids, 
which have demonstrated in vitro activity against NDM-1-producing and carbapenem-resistant K. pneumoniae. Notably, 
Kwiatkowski et al and Mohamed et al reported membrane-disruptive effects and growth inhibition of CRKP strains.18,19 

However, these approaches remain preclinical or adjunctive in nature, and robust clinical evidence supporting their use in 
severe infections such as pneumonia or ARDS is currently lacking. Consequently, while promising, natural antibacterial 
agents cannot yet replace evidence-based combination antibiotic therapy in critically ill patients.

Regarding the infection source, this case represents the first isolation of a KPC-NDM-co-producing hv-CRKP at our 
institution. Given the patient’s recent hospitalizations elsewhere and the early post-operative isolation from bronchoal
veolar lavage fluid, exogenous acquisition is likely, rather than nosocomial transmission within our hospital. Although 
pre-operative nasal screening was negative, this case highlights the potential utility of broader screening (eg., rectal 
swabs) for intestinal colonization in high-risk patients.

This study has several notable limitations. Primarily, the absence of whole-genome sequencing prevented the 
confirmation of the strain’s clonal lineage and relatedness, highlighting the need for future investigations to incorporate 
molecular epidemiology for precise tracking. Clinically, our understanding of the patient’s prior exposure to antimicro
bial agents is restricted, as a complete long-term antibiotic history (eg., over the past decade) could not be obtained due to 
her limited recall. Ultimately, while the CZA and ATM combination was effective in this instance, its long-term safety 
and the potential for resistance emergence warrant further evaluation in larger prospective cohorts.

Conclusion
In summary, we achieved favorable clinical outcomes in a patient with post-cardiac surgery pneumonia caused by hv- 
CRKP co-producing KPC-2 and NDM-1 through rapid pathogen identification and targeted combination therapy. Rapid 
pathogen identification using combined conventional and metagenomic methods, along with synergy-guided CZA plus 
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ATM therapy, were key to clinical recovery. Where new fixed-dose regimens are unavailable, this combination remains 
a practical alternative. Clinicians should maintain vigilance for hv-CRKP in high-risk patients, emphasizing the 
importance of rapid diagnosis and personalized therapy.
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