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Background: Central nervous system (CNS)-associated infections caused by carbapenem-resistant Klebsiella pneumoniae (CRKP) 
represent a major therapeutic challenge because of limited antibiotic penetration and severe clinical progression. Strains co-producing 
both Klebsiella pneumoniae carbapenemase (KPC) and New Delhi metallo-β-lactamase (NDM) exhibit extensive drug resistance, 
including reduced susceptibility to ceftazidime–avibactam (CZA), leaving few effective treatment options. Reports of post- 
neurosurgical CNS infections caused by CZA-resistant, dual-carbapenemase–producing K. pneumoniae remain extremely uncommon.
Case Presentation: A 61-year-old man developed a severe postoperative CNS infection following decompressive craniectomy for 
cerebellar infarction. The initial microbiology report from a previous hospital identified a KPC-positive, NDM-negative K. pneumoniae 
isolate, and treatment with intravenous CZA plus topical polymyxin B irrigation was initiated but proved ineffective. After transfer to our 
institution, repeat testing using a more sensitive molecular panel revealed that the pathogen actually co-harbored both KPC and NDM and 
was resistant to CZA, explaining the lack of initial clinical response. Based on these results, the antimicrobial regimen was modified to 
simultaneous intravenous ceftazidime–avibactam and aztreonam, together with topical polymyxin B irrigation via the surgical drainage 
catheter. The patient’s fever resolved within several days, cerebrospinal fluid parameters progressively normalized, and cultures became 
negative by treatment day 20. Subsequent complications required external ventricular drainage, neuroendoscopic septostomy, and eventual 
ventriculoperitoneal shunt placement. No nephrotoxicity or neurotoxicity occurred. At three-month follow-up, no recurrence of infection 
was observed, although neurological improvement was limited by the underlying brain injury.
Conclusion: This case illustrates the diagnostic importance of repeat carbapenemase testing in refractory CNS infections and suggests 
that combined ceftazidime–avibactam plus aztreonam, with adjunctive topical polymyxin B, may be a useful therapeutic strategy for 
CZA-resistant, KPC- and NDM-co-producing K. pneumoniae CNS infections.
Keywords: CNS infection, NDM-producing Klebsiella pneumoniae, KPC-producing Klebsiella pneumoniae, ceftazidime–avibactam, 
aztreonam, polymyxin B, carbapenem-resistant Enterobacterales

Introduction
In recent years, with the widespread use of carbapenem antibiotics, infections caused by carbapenem-resistant Klebsiella 
pneumoniae (CRKP) have resulted in high mortality and disability rates owing to limited antimicrobial options, and 
a mortality rate of 50% has been reported.1–3 This mortality rate has been reported primarily in patients with severe healthcare- 
associated infections, including bloodstream and central nervous system (CNS)-associated infections, particularly in critically 
ill or post-surgical populations. Compared with other multidrug-resistant Gram-negative pathogens, such as carbapenem- 
resistant Acinetobacter baumannii, CRKP, especially strains harboring multiple carbapenemases, has been associated with 
similarly high or even higher mortality rates, underscoring its substantial clinical burden. As a novel β-lactam/β-lactamase 
inhibitor combination, ceftazidime-avibactam sodium exhibits antibacterial activity against KPC-producing CRKP strains, 
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particularly against those that produce K. pneumoniae carbapenemase (KPC) enzymes.4 Recent molecular epidemiological 
studies further highlight the rapid dissemination of carbapenem and colistin resistance genes among nosocomial Gram- 
negative pathogens. For example, Abbas et al5 reported a high prevalence of carbapenemase and colistin resistance 
determinants among multidrug-resistant Acinetobacter baumannii isolates in Iraqi hospitals, emphasizing the growing 
regional and global threat posed by highly resistant Gram-negative organisms. These findings reinforce the urgent need for 
mechanism-guided therapeutic strategies across different resistant species. However, the emergence of K. pneumoniae strains 
co-harboring multiple carbapenemases, particularly KPC and New Delhi metallo-β-lactamase (NDM), has further compli
cated antimicrobial therapy. These isolates often exhibit extensive resistance to most available β-lactams and may demonstrate 
reduced susceptibility or resistance to ceftazidime–avibactam, substantially limiting effective treatment options. Dual- 
enzyme–producing isolates pose a remarkably greater therapeutic challenge than strains harboring a single carbapenemase, 
as they combine the broad hydrolytic activity of serine carbapenemases with the potent β-lactam–degrading capacity of 
metallo-β-lactamases, rendering most β-lactams, including ceftazidime–avibactam, ineffective. Management becomes parti
cularly challenging when such multidrug-resistant organisms cause intracranial infections, as the blood–brain barrier restricts 
antibiotic penetration and delays in effective therapy can lead to severe neurological sequelae or death. These challenges are 
amplified in intracranial infections, where the blood–brain barrier (BBB) significantly restricts antimicrobial penetration, 
achieving therapeutic cerebrospinal fluid (CSF) concentrations is difficult, and even short delays in appropriate therapy can 
rapidly worsen neurological outcomes. Under physiological conditions, the BBB significantly limits the penetration of many 
hydrophilic antibiotics, including β-lactams and polymyxins, into the CSF. Although meningeal inflammation may transiently 
increase BBB permeability, CSF concentrations of several agents often remain lower than corresponding plasma levels and 
may not consistently exceed the minimum inhibitory concentration for highly resistant pathogens. Furthermore, pharmaco
kinetic variability in critically ill or post-neurosurgical patients, such as altered CSF circulation, ventricular drainage, or 
blood–CSF barrier disruption, can further compromise predictable drug exposure in the CNS. These pharmacokinetic 
constraints complicate the achievement of sustained bactericidal activity in intracranial infections. Aztreonam, which is not 
hydrolyzed by NDM, is often combined with ceftazidime-avibactam sodium to enhance its efficacy against NDM-producing 
strains.4,6 However, aztreonam alone is often ineffective against NDM-producing K. pneumoniae because these isolates 
frequently co-produce other β-lactamases, such as KPC, ESBLs, or AmpC enzymes, which can hydrolyze aztreonam. 
Avibactam is capable of inhibiting these serine β-lactamases, while lacks activity against metallo-β-lactamases, such as 
NDM. Therefore, when ceftazidime-avibactam is administered in combination with aztreonam, avibactam inhibits the co- 
produced serine β-lactamases, thereby protecting aztreonam from enzymatic degradation and allowing aztreonam to retain 
activity against NDM-producing strains. This complementary mechanism forms the pharmacological basis for the synergistic 
activity of the ceftazidime-avibactam plus aztreonam combination against NDM-producing Enterobacterales. Clinically, this 
combination is commonly used for NDM-related pulmonary and bloodstream infections with favorable outcomes.7,8 

Management of CRKP intracranial infections remains particularly challenging because several antibiotics demonstrate limited 
penetration across the BBB. Current therapeutic strategies generally rely on polymyxins, tigecycline, aminoglycosides, or 
newer β-lactam/β-lactamase inhibitor combinations;9 however, these regimens are often associated with suboptimal CSF 
concentrations, significant toxicity, and variable clinical efficacy. Systemically administered polymyxin B demonstrates 
limited penetration into the CSF, with reported CSF-to-plasma ratios generally remaining low, particularly in the absence 
of significant meningeal inflammation. As a result, intravenous administration alone may fail to achieve therapeutic 
intracranial concentrations, especially against pathogens with elevated minimum inhibitory concentrations. For severe or 
refractory CNS infections caused by multidrug-resistant Gram-negative organisms, intrathecal or intraventricular adminis
tration of polymyxin B has been recommended as an adjunctive approach to achieve higher local antimicrobial 
concentrations.10 Several clinical case series have demonstrated that intrathecal or intraventricular administration of poly
myxin B achieves substantially higher CSF drug concentrations than systemic therapy alone, leading to improved micro
biological clearance in ventriculitis and post-neurosurgical meningitis caused by multidrug-resistant Gram-negative 
organisms. Reported clinical success rates in these settings indicate that adjunctive local polymyxin therapy can remarkably 
enhance bacterial eradication while maintaining an acceptable safety profile when carefully monitored. Regarding NDM- 
positive CRKP intracranial infection, systemic therapy alone may fail to achieve sustained bactericidal concentrations within 
the CSF, particularly in patients with ventricular obstruction or postoperative anatomical alterations. Therefore, adjunctive 
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intrathecal polymyxin B may serve as a pharmacologically rational strategy to overcome BBB limitations and rapidly reduce 
intracranial bacterial load, complementing systemic enzyme-guided therapy. Given the complementary antibacterial mechan
isms of ceftazidime-avibactam and aztreonam against strains producing both serine and metallo-β-lactamases, combining 
these agents with intrathecal polymyxin B may provide both systemic and local antimicrobial activity in the CNS. 
Nevertheless, evidence supporting this triple-combination strategy for intracranial infection caused by KPC- and NDM-co- 
producing K. pneumoniae remains extremely limited.

Despite the increasing use of ceftazidime-avibactam plus aztreonam for metallo-β-lactamase–producing infections, 
clinical evidence supporting the addition of intrathecal polymyxin B in the management of intracranial infections caused 
by KPC- and NDM-co-producing K. pneumoniae remains extremely limited. Specifically, there is a lack of detailed case 
documentation describing treatment strategies, pharmacological rationale, and clinical outcomes in ceftazidime- 
avibactam–resistant dual-carbapenemase CNS infections. Notably, while combination ceftazidime–avibactam and aztreo
nam therapy has been reported in systemic infections, evidence supporting its use in CNS infections caused by KPC- and 
NDM-co-producing strains remains extremely sparse, and successful management of such cases is rarely documented. 
Therefore, this report aimed to address this gap by presenting a mechanism-guided triple therapeutic approach and its 
clinical outcome. This report described a case of post-neurosurgical intracranial infection caused by ceftazidime- 
avibactam-resistant CRKP co-harboring KPC and NDM that was managed with ceftazidime-avibactam plus aztreonam 
combined with intrathecal polymyxin B, with the aim of providing clinical insight into the potential role of this 
therapeutic approach. Clinical reports describing the management of intracranial infection caused by K. pneumoniae co- 
producing KPC and NDM, particularly those resistant to ceftazidime–avibactam, remain extremely limited.

Case Presentation
A 61-year-old man was admitted to our hospital on February 7, 2025, who presented with a history of cerebellar infarction 
requiring posterior fossa decompressive craniectomy approximately five weeks prior to admission and a persistent fever that 
had lasted for about three weeks. The patient had no history of hypertension, diabetes mellitus, chronic kidney disease, or 
immunosuppressive disorders, and no prior history of neurosurgical procedures or CNS-associated infections. He was not 
receiving long-term corticosteroids, immunosuppressive therapy, or chemotherapy before admission. Prior to the onset of the 
current illness, he was independent in daily activities. Written informed consent for publication of this case and the 
accompanying images was obtained from the patient’s legal representative. Ethics approval for this study was granted by 
the Ethics Committee of Aviation General Hospital (Beijing, China; Approval No.: HK2025-81).

To clarify the clinical timeline, the patient’s neurological event and neurosurgical procedures occurred in early 
January 2025, and he was transferred to our hospital on February 7, 2025, following approximately three weeks of persistent 
postoperative fever and wound leakage.

Treatment Course at Previous Hospital: On January 1, 2025, the patient developed extensive cerebellar infarction with 
cerebral herniation and underwent posterior fossa decompressive craniectomy, external ventricular drainage (EVD) and 
surgical site drainage. Postoperatively, consciousness gradually improved with ability to follow simple commands. On 
January 16, 2025, the EVD tube was removed and lumbar cistern drainage was performed, yielding clear CSF. On the 
morning of January 17, 2025, the surgical site drainage tube was removed; however, occipital incision leakage occurred in the 
afternoon, accompanied by purulent, turbid CSF drainage from the lumbar cistern and fever up to 39.5 C. CSF examination 
revealed a white blood cell (WBC) count of 50,000 cells/µL and glucose level of 0.02 mmol/L. On January 18, 2025, occipital 
incision debridement and suturing were performed and a surgical site drainage tube was placed for yellow purulent secretion 
drainage. On January 20, 2025, the lumbar cistern drainage tube was removed due to obstruction. On January 21, 2025, the 
patient lapsed into coma, with body temperature fluctuating between 38.0 and 38.5 °C, accompanied by surgical site bulging 
and persistent incision leakage. Emergency debridement and suturing were repeated, followed by the placement of a surgical 
site drainage tube and multiple lumbar punctures. Lumbar puncture revealed a CSF WBC count of 6250 cells/µL, and next- 
generation sequencing (NGS) of the CSF identified K. pneumoniae (45,684 reads) and Acinetobacter baumannii (1894 reads). 
Given the remarkably lower sequencing reads for A. baumannii and the absence of corresponding organism growth on 
multiple subsequent CSF and wound cultures, the organism was considered more likely a colonizer or low-level contaminant 
rather than a true co-pathogen. In contrast, K. pneumoniae demonstrated overwhelming dominance in NGS quantification, 
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persistent recovery from CSF cultures, and concordance with clinical deterioration, supporting its role as the primary causative 
pathogen. Nonetheless, the initial empirical regimen of vancomycin plus meropenem provided partial coverage against 
carbapenem-susceptible A. baumannii, and tigecycline, introduced later, provides in vitro activity against several multidrug- 
resistant A. baumannii strains. Therefore, although A. baumannii was not considered as a major pathogen in this infection, the 
antimicrobial regimen during the early course still provided sufficient collateral antimicrobial activity. Metagenomic next- 
generation sequencing of CSF samples was performed by a certified clinical laboratory using a standardized DNA extraction 
and high-throughput sequencing platform. Sequence reads were aligned against a comprehensive microbial genome database 
for pathogen identification, and results were interpreted according to the laboratory’s validated clinical reporting criteria. The 
diagnosis of CNS-associated infections was confirmed and antibiotic therapy was escalated to vancomycin and meropenem. 
This escalation aligned with standard recommendations for post-neurosurgical meningitis, in which meropenem is commonly 
used for Gram-negative bacilli and vancomycin is recommended for coverage of Gram-positive organisms, including 
Staphylococcus aureus and coagulase-negative staphylococci. On January 22, 2025, carbapenemase typing revealed KPC- 
positive and NDM-negative strains, prompting an adjustment in antibiotic therapy to ceftazidime/avibactam sodium and 
tigecycline via intravenous infusion combined with intermittent polymyxin B irrigation. This adjustment was consistent with 
available susceptibility data at the referring hospital and with current guidelines suggesting ceftazidime–avibactam as first-line 
therapy for KPC-producing Enterobacterales CNS infections, with tigecycline or polymyxins considered as adjunctive agents 
in severe or refractory cases. However, the fever was poorly controlled and yellow purulent secretion persisted from the 
surgical site drainage tube. Because the referring hospital reported a KPC-positive and NDM-negative isolate, the initial 
treatment strategy was based on the assumption that the pathogen produced only a serine carbapenemase. However, after 
transfer to our institution, repeat carbapenemase testing using a more sensitive PCR-based panel demonstrated that the strain 
actually co-harbored both KPC and NDM. This discrepancy was most likely attributable to methodological differences in 
testing sensitivity or a false-negative NDM result in the initial assay rather than true strain evolution. The presence of an 
undetected NDM enzyme explains the patient’s poor response to ceftazidime–avibactam monotherapy, as avibactam lacks 
inhibitory activity against metallo-β-lactamases. Recognition of the dual-carbapenemase profile subsequently guided adjust
ment to combination therapy with ceftazidime–avibactam plus aztreonam. The patient was transferred to our hospital 17 days 
after ineffective treatment.

Upon admission, the patient was comatose with stable vital signs, a Glasgow Coma Scale (GCS) score of 5, and 
a maximum temperature of 38.6 °C. Neurologically, the patient exhibited no spontaneous eye opening (E1), incomprehensible 
sounds due to intubation (V1), and abnormal extension in response to painful stimuli (M3), corresponding to a total GCS score 
of 5. Deep brainstem reflexes, including pupillary and corneal responses, were markedly depressed. No limb localization or 
purposeful movement was found. The patient was intubated and showed no signs of spontaneous eye opening or neck 
stiffness. The bilateral pupils were approximately 1 mm in diameter with no light reflex. The bilateral Babinski signs were 
negative, and there were no indications of meningeal irritation. Abundant purulent discharge was noted from the surgical site 
drainage tube with poor incision healing (Figure 1A). Despite markedly purulent CSF and extremely elevated inflammatory 
indices, classic meningeal signs, such as neck stiffness, Kernig’s sign, and Brudzinski’s sign were absent. This presentation is 
consistent with fulminant post-neurosurgical meningitis, in which prior decompressive craniectomy, CSF diversion, and 
impaired intracranial pressure regulation can blunt meningeal irritation responses and mask typical physical examination 
findings. The markedly constricted, nonreactive pupils (approximately 1 mm) indicated significant brainstem dysfunction, 
most likely involving the midbrain or pontine pupillary pathways. This finding correlated with the patient’s deep coma and 
indicated a combination of mass-effect-related brainstem compression from the prior cerebellar infarction and secondary 
injury from severe CNS infection. The coexistence of absent meningeal signs and notable pupillary abnormalities therefore 
reflected advanced neurological injury rather than a mild inflammatory state, demonstrating the severity of the patient’s 
underlying brain damage before and during the infectious process.

Laboratory test results of surgical site secretions on admission indicated WBC count of 130,565 cells/µL, poly
morphonuclear cell percentage of 97%, glucose level of 0.25 mmol/L, protein level of 14.7 g/L, and lactate dehydro
genase level of 1319.7 U/L (Table 1). Routine blood test revealed WBC count of 5.3 × 109/L, neutrophil percentage of 
69.2%, C-reactive protein (CRP) level of 7.33 mg/L, and procalcitonin (PCT) level of 0.06 ng/mL. Blood biochemistry 
revealed normal liver and kidney function, fasting blood glucose level of 6.08 mmol/L, and normal electrolytes. Contrast- 
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enhanced cranial CT: No significant enhancement was found around the occipital surgical site, and there was no dilation 
of the bilateral ventricles or the fourth ventricle. A hypodense lesion was observed in the cerebellum (Figure 2A). 
According to the NGS results and enzyme typing from the previous hospital, the initial regimen in our department 
consisted of ceftazidime-avibactam sodium 2.5 g IV every 8 h, polymyxin B 500,000 units IV, and surgical site irrigation 
with polymyxin B 5 mg. CSF, secretions, and blood cultures were sent for analysis, and gram-negative bacilli were 
identified after 2.8 h; the regimen was not altered.

Antimicrobial susceptibility testing was performed using the broth microdilution method in accordance with the 
Clinical and Laboratory Standards Institute (CLSI) guidelines. Minimum inhibitory concentrations (MICs) were inter
preted according to CLSI breakpoints, except for eravacycline, which was interpreted based on European Committee on 
Antimicrobial Susceptibility Testing (EUCAST) criteria. On the second day of admission, the results confirmed 
carbapenem-resistant K. pneumoniae (Table 2), and antimicrobial susceptibility testing indicated resistance to ceftazi
dime-avibactam (MIC=8 μg/mL) and aztreonam (MIC>64 μg/mL), and sensitivity to polymyxin B (MIC=1 μg/mL) and 
eravacycline. Carbapenemase typing revealed KPC- and NDM-positivity (Table 3). These susceptibility results provided 
a mechanistic explanation for the patient’s poor response to ceftazidime–avibactam monotherapy at the previous 
institution and justified transitioning to combination therapy with ceftazidime–avibactam plus aztreonam, being consis
tent with enzyme-guided therapy for isolates co-producing serine and metallo-β-lactamases. Carbapenemase genes were 
detected using polymerase chain reaction (PCR) assays targeting common carbapenemase genes (KPC, NDM, VIM, 
IMP, and OXA-48), followed by electrophoretic analysis according to the manufacturer’s instructions. Because NDM is 
a metallo-β-lactamase that is not inhibited by avibactam, ceftazidime-avibactam alone is ineffective against isolates co- 
producing KPC and NDM. However, avibactam can inhibit the co-produced serine β-lactamase (KPC), thereby 

Figure 1 (A) Abundant purulent secretion from surgical site drainage and poor incision healing on admission; (B) On day 10 of treatment, the cerebrospinal fluid (CSF) 
became pale yellow, with nearly complete resolution of the purulent floccules.

Table 1 Results of CSF Examination

Time CSF White Blood  
Cells (cells/µL)

CSF Glucose 
(mmol/L)

CSF Protein 
(g/L)

CSF Lactate 
Dehydrogenase (U/L)

CSF Culture

Day 1 130,565 0.25 14.7 1319.7 CRKP

Day 2 175,600 0.20 24.03 2544.7 CRKP

Day 5 80,307 0.20 5.67 1544.6 CRKP
Day 7 7796 2.36 3.28 513.5 CRKP

Day 10 22,993 3.65 3.54 441.3 CRKP

Day 20 51 3.96 1.12 67.1 Negative

Notes: Normal reference ranges: CSF white blood cells: 0–5 ×106/L; CSF glucose: 2.5–4.5 mmol/L; CSF protein: 0.15–0.45 g/L; CSF lactate 
dehydrogenase: <40 U/L; CSF culture: Negative.
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protecting aztreonam from hydrolysis and restoring its activity against NDM-producing strains. Therefore, a combination 
regimen of ceftazidime-avibactam and aztreonam was selected to overcome the dual-carbapenemase resistance 
mechanism.

Figure 2 (A) No obvious enhancement around the surgical site; (B) Ventricular dilation with adhesion to the surgical site, requiring external ventricular drainage; (C) 
Bilateral ventricular adhesion; (D) Successful ventriculostomy; (E) Satisfactory ventricular morphology after ventriculoperitoneal shunt.

Table 2 Antimicrobial Susceptibility of CSF Isolate (Klebsiella pneumoniae)

Antibiotic Abbreviation KB Zone (mm) MIC (µg/mL) Interpretation Standard Used

Ticarcillin/Clavulanic Acid TCC — ≥128 Resistant CLSI 2024
Aztreonam ATM — ≥64 Resistant CLSI 2024

Tigecycline TGC — ≥8 Resistant FDA Breakpoints

Minocycline MNO — ≥16 Resistant CLSI 2024
Trimethoprim–Sulfamethoxazole SXT — ≥320 Resistant CLSI 2024

Amikacin AMK — ≥64 Resistant CLSI 2024

Meropenem MEM — ≥16 Resistant CLSI 2024
Imipenem IPM — ≥16 Resistant CLSI 2024

Colistin COL — 1 Susceptible EUCAST 2024

Tobramycin TOB — ≥16 Resistant CLSI 2024
Ceftazidime–Avibactam CZA — 8 Resistant CLSI 2024

Eravacycline ERV 15 — Susceptible EUCAST 2024

Notes: KB = Kirby–Bauer disk diffusion method. Interpretive criteria were applied according to CLSI M100 (34th edition, 2024) unless otherwise 
specified. Colistin and eravacycline interpretations follow EUCAST 2024 breakpoints. Tigecycline susceptibility was interpreted using FDA breakpoints, as 
CLSI/EUCAST do not provide breakpoints for Enterobacterales.
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In accordance with the Sanford Guide to Antimicrobial Therapy and supporting literature indicating that aztreonam 8 
g/day, in combination with ceftazidime-avibactam sodium 7.5 g/day via continuous or 2-hour infusion, achieves complete 
bacterial eradication and inhibition of resistance, the following regimen was determined, considering the patient’s clinical 
condition, antimicrobial susceptibility results, and the pharmacokinetics of drug penetration into the CSF: 1) 
Ceftazidime-avibactam sodium 2.5 g IV every 8 h; aztreonam 2 g IV every 8 h; both administered simultaneously via 
a Y-type tube at a constant rate over 2 h; 2) Polymyxin B was prepared by dissolving 5 mg of polymyxin B in 10 mL of 
sterile normal saline (final concentration 0.5 mg/mL) and was administered slowly through the surgical site drainage 
catheter once daily. After administration, the drainage tube was clamped for approximately 2 h to allow local drug 
retention before reopening for continuous drainage. Topical polymyxin B irrigation was continued for 20 days until CSF 
parameters improved and cultures became negative. In addition, given the limited penetration of several antibiotics into 
the CNS and the susceptibility of the isolate to polymyxin B, topical administration through the surgical drainage tube 
was used to achieve higher local drug concentrations at the site of infection. The off-label administration of polymyxin 
B via local irrigation was conducted in accordance with institutional policies and was approved by the hospital’s clinical 
ethics committee, with full oversight throughout the patient’s treatment. On day 3, the patient’s fever was resolved 
(temperature 36.0–38.0°C), in which the positive culture time of purulent secretion was prolonged by 6.5 h, and there 
was reduced purulent drainage. The patient exhibited a rigid response to pain, without spontaneous eye opening. On day 
10, the temperature was stabilized at 36.0–37.5 °C; the positive culture time was prolonged by 8.0 h, and the CSF turned 
pale yellow with nearly complete resolution of purulent floccules (Figure 1B). The patient achieved spontaneous eye 
opening and remained comatose, with muscle contraction in response to pain. On day 19, the patient’s coma deepened 
and cranial CT revealed ventricular dilation (Figure 2B). External ventricular drainage was performed, yielding clear 
CSF, and repeated CSF cultures were negative with normal biochemical and routine indices. The ventricular catheter was 
connected to a closed drainage system with the drainage chamber positioned 10–15 cm above the external auditory canal. 
The drainage volume and CSF characteristics were monitored daily to guide infection control and intracranial pressure 
management. On day 20, the patient was afebrile with no obvious drainage from the surgical site tube, which was 
removed one month. Continuous CSF purification and drainage were performed. On day 38, bilateral ventricular 
adhesions were observed during CSF drainage (Figure 2C). Irrigation with urokinase (20,000 units) failed to correct 
the ventricular asymmetry. External ventricular drainage was performed via a right frontal approach using a standard 
ventricular catheter connected to a closed drainage system. The drainage height was maintained at approximately 
10–15 cm above the external auditory canal to regulate CSF outflow. Surgical site drainage was maintained to evacuate 
purulent secretions and monitor wound infection. A neuroendoscopic septostomy was performed on day 53 (Figure 2D), 
which resulted in satisfactory ventricular symmetry (Figure 2E). On day 116, a ventriculoperitoneal shunt was placed 
after normalization of the CSF indices. Despite successful infection control, the patient remained comatose at discharge 
(GCS score, 9) because of severe pre-admission brain damage. CSF examination, antimicrobial susceptibility, and 
enzyme typing results are summarized in Tables 1–3. The treatment course is shown in Figure 3.

Table 3 Enzyme Typing Results of 
CSF Isolate

Subjects Results Reference

KPC Positive Negative

NDM Positive Negative

VIM Negative Negative
OXA-48 Negative Negative

IMP Negative Negative
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Discussion
The treatment of intracranial infections caused by CRKP is challenging. Epidemiological studies have reported a 28-day 
mortality rate of up to 50% for intracranial CRKP infections,9 particularly when strains co-produce KPC and NDM enzymes, 
rendering traditional regimens ineffective.10 This case highlights the effectiveness of enzyme typing-guided combination 
antimicrobial therapy for optimizing treatment outcomes and provides valuable insights for managing similar complex cases. 
Because these findings derive from a single case, they should be interpreted as preliminary clinical evidence rather than 
definitive proof of therapeutic superiority. The findings indicate a potential benefit of enzyme guided combination therapy, 
while further studies are required to validate its broader applicability. The present case is particularly noteworthy because it 
describes the successful management of a post-neurosurgical CNS-associated infection caused by a highly resistant CRKP 
strain co-producing both KPC and NDM carbapenemases. The successful use of enzyme-typing–guided triple combination 
therapy consisting of ceftazidime-avibactam, aztreonam, and adjunctive local polymyxin B provides practical clinical 
evidence for managing infections caused by dual-carbapenemase–producing organisms, which are often associated with 
extremely limited therapeutic options.

In recent years, the global incidence of CRKP infections has increased significantly, and NDM has become one of the 
most widely distributed carbapenemase genes.11 Similarly, carbapenemase-encoding genes have been reported across 
multiple nosocomial pathogens, including Burkholderia cepacia and Aeromonas sobria, further highlighting the expand
ing distribution and clinical impact of carbapenemase producers in hospital settings.12 The uniqueness of this case lies in 
the strain co-producing KPC and NDM enzymes, whose combined resistance mechanisms led to failure of the initial 
therapy (ceftazidime-avibactam sodium + intermittent polymyxin B irrigation). Several factors likely contributed to the 

Figure 3 Flowchart of the treatment over time.
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treatment failure at the referring hospital. Firstly, ceftazidime-avibactam combined with tigecycline and intermittent 
polymyxin B irrigation was suboptimal for a strain co-producing both KPC and NDM, because ceftazidime-avibactam 
cannot inhibit metallo-β-lactamases such as NDM, resulting in persistent ceftazidime hydrolysis and inadequate β-lactam 
activity. Secondly, the use of polymyxin B through intermittent and low-frequency irrigation may not have achieved 
sustained therapeutic drug concentrations within the surgical cavity, limiting its bactericidal effectiveness. Thirdly, the 
initial carbapenemase typing at the referring hospital incorrectly identified the isolate as NDM-negative, delaying the 
recognition of dual carbapenemase production and leading to the continuation of an ineffective antimicrobial regimen. 
Together, these factors explain the patient’s lack of clinical improvement prior to transfer and highlight the importance of 
accurate and timely enzyme typing, appropriate drug selection, and rational optimization of local antimicrobial admin
istration. Previous Chinese research has demonstrated high carriage rates of blaKPC-2 and blaNDM in CRKP isolates,13 

emphasizing the importance of comprehensive enzyme typing in clinical management. Timely and accurate enzyme 
typing not only guides targeted antimicrobial therapy, but also provides critical data for molecular epidemiological 
tracking. The pharmacokinetic and pharmacodynamic rationale for the selected regimen is critical in the context of CNS- 
associated infections, where adequate antibiotic exposure in the CSF is essential for therapeutic success.13 Both 
ceftazidime and aztreonam demonstrate moderate penetration across the inflamed BBB, achieving approximately 
10–30% of plasma concentrations in the CSF, which can reach therapeutic levels when high-dose, prolonged infusion 
regimens are used.4,14 Although data on avibactam’s independent CSF penetration are limited, pharmacokinetic modeling 
and clinical observations suggest that, when dosed as ceftazidime-avibactam 2.5 g q8h and administered by an extended 
2-hour infusion, avibactam exposure in CSF is sufficient to inhibit target β-lactamases.15–18 Simultaneous infusion of 
aztreonam (2 g q8h) with ceftazidime-avibactam via a Y-type tube optimizes plasma and CSF concentrations of both 
agents, facilitating synergistic action against organisms expressing both serine (KPC) and metallo-β-lactamases 
(NDM).14 This approach is supported by recent hollow-fiber infection model data and clinical reports indicating that 
concurrent, extended infusion maximizes pharmacodynamic target attainment, particularly for pathogens with high MICs 
or reduced susceptibility.14,19 Furthermore, the dosing regimens applied in this case reflect recommended practice for 
severe Gram-negative CNS infections, balancing adequate CNS penetration and bactericidal activity with the need to 
minimize neurotoxicity risk.20 As such, this pharmacologic strategy is rational and consistent with published evidence for 
maximizing antimicrobial exposure and efficacy in the treatment of multidrug-resistant intracranial infections.4,13,18 

These results therefore suggest, rather than confirm, the potential utility of this regimen for managing infections caused 
by dual-carbapenemase–producing organisms.

In this case, the coexistence of KPC and NDM created a combined resistance phenotype that rendered ceftazidime-avi
bactam ineffective. Although avibactam potently inhibits serine β-lactamases, such as KPC, it has no activity against 
metallo-β-lactamases, such as NDM, allowing NDM to continue hydrolyzing ceftazidime even in the presence of avibactam. 
This dual-enzyme configuration generates a cooperative resistance mechanism, in which NDM efficiently hydrolyzes the 
ceftazidime component despite inhibition of KPC by avibactam, thereby maintaining effective β-lactam degradation. At the 
same time, the presence of KPC and other accompanying β-lactamases can further compromise the activity of cephalosporins 
and contribute to elevated ceftazidime-avibactam minimum inhibitory concentrations. As a result, the simultaneous produc
tion of serine carbapenemases and metallo-β-lactamases establishes parallel hydrolytic pathways that collectively abolish the 
antibacterial activity of ceftazidime-avibactam. Similar resistance mechanisms have been described in dual- 
carbapenemase–producing Enterobacterales, where isolates harboring both KPC and NDM frequently demonstrate reduced 
susceptibility or resistance to ceftazidime-avibactam and are associated with therapeutic failure.4,10,16 This explains the 
observed ceftazidime-avibactam resistance (MIC = 8 μg/mL) in our isolate. An important clarification is required regarding 
the carbapenemase profile. At the previous hospital, initial carbapenemase testing indicated a KPC-positive/NDM-negative 
phenotype, which guided the early therapeutic choices. However, repeat testing at our institution, which was performed using 
a different PCR panel with higher analytical sensitivity, confirmed the presence of both KPC and NDM genes. Thus, the earlier 
NDM-negative result likely reflected a false-negative finding rather than a true discrepancy in pathogen characteristics. The 
dual-enzyme profile identified at our center was therefore considered the definitive result and served as the basis for 
therapeutic decision-making. The synergistic rationale for the ceftazidime-avibactam plus aztreonam regimen arises from 
the complementary roles of the two agents: avibactam inhibits KPC and thereby protects aztreonam from KPC-mediated 
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hydrolysis, while aztreonam itself remains intrinsically stable in the presence of NDM. When administered simultaneously, 
this dual blockade restores effective β-lactam activity against strains co-producing serine and metallo-β-lactamases. For 
CRKP infections that were positive for both KPC and NDM, ceftazidime-avibactam sodium was administered in combination 
with aztreonam via intravenous infusion. This combination demonstrated a clear synergistic mechanism: aztreonam was 
resistant to hydrolysis by NDM, whereas avibactam in ceftazidime-avibactam sodium (CAZ-AVI) inhibited KPC enzymes, 
effectively covering strains with coexisting NDM and other resistance mechanisms.11,12 Notably, the infusion strategy, 
involving simultaneous administration via a Y-type tube for over 2 h, was derived from existing literature, indicating improved 
bacterial clearance and resistance suppression.13–15 Several recent studies have reported the successful use of ceftazidime-a
vibactam combined with aztreonam for infections caused by metallo-β-lactamase–producing Enterobacterales.12,19 However, 
most published cases involve bloodstream infections, pneumonia, or intra-abdominal infections, while reports describing CNS 
infections remain extremely limited. In addition, only a small number of cases have documented CRKP strains co-producing 
both KPC and NDM enzymes,11 and evidence regarding optimal treatment strategies for these dual-carbapenemase-producing 
isolates in the CNS is scarce. Only a few CNS infections caused by KPC- and NDM-co-producing CRKP have been reported 
in the literature,9,14 and most were treated using limited two-drug combinations, such as tigecycline with polymyxins or high- 
dose carbapenems, often with suboptimal outcomes and prolonged microbiological persistence. Several cases required 
repeated surgical interventions or developed severe neurological sequelae despite aggressive therapy, reflecting the difficulty 
of achieving adequate CNS antimicrobial exposure in this setting. Importantly, none of the previously published cases utilized 
the complete triple-agent strategy employed in our patient—namely ceftazidime-avibactam plus aztreonam administered 
simultaneously via a Y-type tube, combined with targeted local polymyxin B irrigation. In contrast to earlier reports, this 
regimen achieved rapid clinical stabilization, clearance of CSF infection by day 20, and effective local source control without 
systemic toxicity. The favorable outcome observed here suggests that a synergistic, enzyme typing–guided triple-combination 
strategy may offer superior microbiological and clinical efficacy compared with previously described regimens for intracranial 
infections caused by dual carbapenemase–producing CRKP. Compared with previously reported cases, the present case 
demonstrates successful microbiological clearance using a combined strategy of ceftazidime-avibactam plus aztreonam with 
adjunctive local polymyxin B administration, guided by enzyme typing and antimicrobial susceptibility testing. This case 
therefore provides additional clinical evidence supporting the feasibility of this combination regimen for treating severe 
intracranial infections caused by KPC- and NDM-co-producing CRKP.

Therapeutic efficacy was confirmed by both laboratory and clinical improvements; the patient’s temperature was 
maintained below 37.5 °C, and the GCS score increased from 5 to 9 by day 5; CSF culture returned negative on day 20; 
and there was significant improvement in CSF indices (Table 1).

In such cases, the role of polymyxin B in surgical site irrigation is critical. This route of administration was selected 
because the infectious focus was confined to the postoperative surgical cavity rather than the ventricular system, making 
surgical site irrigation a more targeted and less invasive strategy compared with intraventricular catheterization. To avoid 
misunderstanding, it is important to emphasize that polymyxin B in this case was delivered solely through local surgical 
site irrigation, and no intraventricular or intrathecal administration was performed at any stage. Local administration 
effectively circumvents the blood-brain barrier and ensures therapeutic drug concentrations at the site of infection.16,20 

Additionally, a 2025 study conducted at our center reported the efficacy and safety of intraventricular polymyxin B for 
CRKP related CNS infections.21 Although this evidence supports the broader role of local polymyxin B therapy in 
refractory intracranial infections, in the present case, polymyxin B was not administered intraventricularly but exclu
sively via surgical site irrigation, being consistent with the patient’s postoperative anatomy. Consistent with previous 
research,16 drainage from the surgical site changed from purulent to pale yellow, and no adverse reactions such as 
nephrotoxicity or neurotoxicity were identified. Although polymyxin B can achieve high local antimicrobial concentra
tions when administered intrathecally or via surgical site irrigation, its use carries well-documented risks, including 
nephrotoxicity and neurotoxicity. Published data indicate that systemic polymyxin therapy may cause acute kidney injury 
in up to 40–60% of patients, and intrathecal administration has been associated with seizures, chemical meningitis, and 
radiculitis in rare cases. Even though no such adverse effects were found in our patient, these risks must be recognized 
when considering polymyxin-based strategies, particularly in critically ill individuals. Previous clinical reports and 
consensus guidelines22,23 demonstrate that intraventricular or intrathecal polymyxin B doses ranging from 5–10 mg/ 
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day can achieve bactericidal CSF concentrations; however, these dosing recommendations pertain to intraventricular 
therapy and were not applied in the present case. Instead, our patient received 5 mg once daily via surgical site irrigation, 
a route selected to achieve high local drug exposure while minimizing systemic and neurotoxic risk. In the present case, 
a dose of 5 mg once daily was selected to balance antimicrobial efficacy with the risk of neurotoxicity, particularly given 
the patient’s severe neurological status and prolonged infection course. The surgical site drainage tube was temporarily 
clamped for 2 h following administration to facilitate adequate local drug exposure. During therapy, renal function, 
neurological status, and potential adverse reactions were closely monitored, and no evidence of polymyxin B–related 
nephrotoxicity or neurotoxicity was observed.

Another key aspect of treatment is the management of complications following infection control. The patient 
developed ventricular adhesions and hydrocephalus (Figure 2B and C), which were addressed using a phased surgical 
approach. It involved initial external ventricular drainage, followed by neuroendoscopic septostomy (Figure 2D), and 
ultimately, placement of a ventriculoperitoneal shunt after normalization of CSF. This systematic approach successfully 
restored CSF circulation. Despite the persistence of coma (GCS score, 9) due to severe pre-admission brain damage, both 
the infection and hydrocephalus were effectively managed, and no recurrence was found during three-month follow-up. 
The unfavorable neurological outcome was likely multifactorial. The patient had already developed extensive cerebellar 
infarction with cerebral herniation prior to infection, which resulted in substantial primary brain injury. In addition, the 
prolonged course of intracranial infection, persistent inflammation, and subsequent complications including ventricular 
adhesions and hydrocephalus may have further contributed to secondary neurological damage. Previous studies have 
shown that poor baseline neurological status, delayed infection control, and structural brain injury are important 
predictors of unfavorable functional outcomes in patients with post-neurosurgical CNS infections.

Nevertheless, several limitations should be acknowledged. Firstly, this report described a single case, and therefore 
the findings could not be generalized to all patients with CRKP-associated CNS infections. Secondly, although the 
favorable outcome indicated potential synergy among ceftazidime-avibactam, aztreonam, and locally administered 
polymyxin B, the relative contribution of each component of the regimen could not be definitively determined. Larger 
clinical studies are required to further evaluate the safety, optimal dosing strategies, and therapeutic efficacy of this 
combination approach in patients with intracranial infections caused by dual-carbapenemase–producing organisms.

Conclusions
This single case highlighted several practical considerations for managing complex intracranial infections caused by 
carbapenem-resistant K. pneumoniae. Firstly, timely and comprehensive carbapenemase typing could remarkably guide the 
selection of targeted antimicrobial combinations, particularly when initial therapy failed. Secondly, for infections involving 
NDM-producing strains, the combined use of ceftazidime-avibactam and aztreonam could be regarded as a therapeutic option, 
and adjunctive local polymyxin B administration exhibited to be beneficial when surgical-site or CSF exposure was limited. 
Thirdly, careful attention to the infusion strategy, including simultaneous administration and extended infusion duration, may 
optimize drug exposure. Finally, clinicians should remain vigilant for treatment-related complications such as ventricular 
adhesions or hydrocephalus, as timely neurosurgical management is essential for restoring CSF circulation and improving 
overall outcomes. While broader conclusions cannot be drawn from a single case, these observations may assist clinicians 
facing similarly resistant pathogens in post-neurosurgical CNS infections.

Ethics Statement for Case Report on Infection and Drug Resistance
This case report has been conducted in accordance with the ethical principles of the Declaration of Helsinki and the 
guidelines for medical research involving human subjects. Written informed consent for publication of this case and the 
accompanying images was obtained from the patient’s legal representative. Ethics approval for this study was granted by 
the Ethics Committee of Aviation General Hospital (Beijing, China; Approval No. HK2025-81). In addition, the Ethics 
Committee confirmed whether institutional approval was required for publication of the case details, and all necessary 
approvals were obtained. The patient (or legal guardian) was fully informed of the purpose, process, potential risks, and 
benefits of the case report including the use of clinical information and relevant test results for academic exchange and 
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publication. The patient (or legal guardian) voluntarily agreed to participate and signed an informed consent form that 
was retained in the medical records of the hospital for future reference.

To protect the patient’s privacy and confidentiality, all identifying information (including name, medical record 
number, contact information, address, and any other personal identifiers) was de-identified and anonymized in this 
case report. No information that could lead to patient identification was disclosed. All clinical data and test results used in 
this report are accurate, true, and have been obtained through standardized clinical procedures, without any fabrication or 
falsification.

The authors confirm that the publication of this case report does not violate any ethical norms, does not cause any 
potential harm to the patient, and fully respects the patient’s autonomy, privacy, and right to provide informed consent. 
The authors declare no conflict of interest related to this case report.
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