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Background: Extensively drug-resistant (XDR) gram-negative pathogens represent a critical therapeutic challenge 
in intensive care units, with mortality rates exceeding 50 %. The synergistic combination of ceftazidime- 
avibactam with aztreonam offers a novel therapeutic approach, particularly in carbapenemase-producing 
Enterobacterales.
Methods: This prospective observational study analysed 24 critically ill adult ICU patients with confirmed XDR 
gram-negative infections from October 2024 to April 2025. Comprehensive antimicrobial susceptibility testing, 
carbapenemase detection, and E- strip based synergy testing of ceftazidime-avibactam (CZA) with aztreonam 
(ATM), cefepime-enmetazobactam (FEP-ENM) testing were performed. Primary outcomes included clinical 
response, microbiological clearance, and 30-day mortality. Statistical analysis included descriptive statistics, 
Fisher’s exact test, Mann-Whitney U test, logistic regression analysis and Kaplan-Meier survival analysis.
Results: Twenty-four XDR isolates were analysed: Klebsiella pneumoniae (n = 18, 75 %) and Escherichia coli (n = 6, 
25 %). All demonstrated resistance to individual agents (CZA; MIC >16 μg/ml), (ATM; MIC >256 μg/mL) and 
FEP-ENM (zone size <6 mm). Carbapenemase detection revealed NDM in 91.7 % (22/24), with NDM + OXA-48 
co- production in 66.7 % (16/24). Synergy was demonstrated in 62.5 % (15/24) cases with significant MIC 
reduction (median 0.5 μg/mL, IQR 0.25–1.0). Clinical improvement occurred in 31.3 % (5/16) of synergy- 
positive versus 12.5 % (1/8) of synergy-negative cases (p = 0.631). Microbiological clearance was achieved 
exclusively in synergy- positive cases (18.8 % vs 0 %, p = 0.534). Independent predictors of mortality included 
septic shock presentation (OR 3.5, 95 % CI 0.7–17.8, p = 0.134).
Conclusion: Ceftazidime-avibactam plus aztreonam combination demonstrated significant in vitro synergy 
against XDR pathogens with promising trends toward improved clinical outcomes in critically ill patients, rep-
resenting a crucial salvage therapy option warranting larger randomized controlled trials.

Dear Editor,

The emergence of extensively drug-resistant (XDR) gram-negative 
bacteria has fundamentally altered the therapeutic landscape in inten-
sive care units (ICU), creating unprecedented clinical challenges. These 
organisms are associated with mortality rates exceeding 50 % in criti-
cally ill patients, significantly higher than drug-susceptible counterparts 
[1]. Traditional salvage therapies, including polymyxin-based combi-
nations, are hampered by significant toxicity profiles with colistin- 
associated nephrotoxicity rates of 20–60 % and suboptimal clinical 
outcomes [2].

The synergistic combination of ceftazidime-avibactam with aztreo-
nam has emerged as a promising strategy against carbapenemase- 
producing Enterobacterales (CPE) harbouring metallo-β-lactamases 
(MBLs). This combination exploits complementary mechanisms: avi-
bactam protects aztreonam from degradation by extended-spectrum 
β-lactamases and AmpC β-lactamases, while aztreonam remains stable 
against MBLs due to its monobactam structure [3]. Recent studies have 
suggested the potential of this combination both in vitro and in limited 
clinical settings [4,5]. Despite compelling data, clinical evidence re-
mains limited to small case series.

We report the first systematic clinical evaluation of ceftazidime- 

avibactam plus aztreonam combination therapy in critically ill pa-
tients with confirmed infections due to XDR Gram-negative bacteria.

This prospective observational study was conducted collaboratively 
at the department of Microbiology and medical ICU of Amrita Institute 
of Medical Sciences and Research Centre, Faridabad, India, from 
October 2024 to April 2025, following approval from the Institutional 
Ethics Committee (AIMS-IEC-BAS-09-24-005). Written informed con-
sent was obtained from all participants’ legally authorized representa-
tives prior to enrolment.

Adult patients (≥18 years) with confirmed XDR gram-negative in-
fections were consecutively enrolled. XDR was defined according to 
international consensus criteria requiring resistance to agents in all but 
two or fewer antimicrobial categories [6].

Exclusion criteria included pregnancy, baseline pre-existing need for 
renal replacement therapy, life expectancy <72 h, and previous enrol-
ment. Species identification and antimicrobial susceptibility testing 
were performed using VITEK 2 (bioMérieux, France) with CLSI break-
points. Carbapenemase detection was carried out by lateral flow 
immunochromatography kit (OKNVI RESIST 5; TRURAPID). Synergy 
testing between ceftazidime-avibactam and aztreonam was evaluated 
using E-test methodology, with synergy defined as ≥4-fold MIC reduc-
tion of aztreonam when combined with ceftazidime-avibactam and 
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fractional inhibitory concentration index ≤0.5 [7]. Invitro susceptibility 
testing for cefepime-enmetazobactam was conducted by Kirby Bauer 
Disc diffusion method and interpretation done as per FDA approved 
breakpoints.

Patients received ceftazidime-avibactam (2.5 g every 8 h) plus 
aztreonam (2 g every 8 h) as 3-h extended infusions, with renal dose 
adjustments [8]. Treatment duration was individualized (7–21 days) 
based on clinical response and microbiological clearance. Concurrent 
supportive care followed institutional ICU protocols, including me-
chanical ventilation, vasopressor support, and renal replacement ther-
apy as clinically indicated.

Primary outcomes included clinical response at day 7 (improvement 
in clinical signs, inflammatory markers, and hemodynamic stabiliza-
tion), microbiological clearance at day 7, and 30-day all-cause mortal-
ity. Secondary outcomes encompassed ICU length of stay, adverse 
events, and resistance development.

Statistical analysis used Mann-Whitney U test for continuous vari-
ables and Fisher’s exact test for categorical variables. Survival analysis 
employed Kaplan-Meier methodology. Statistical significance was set at 
p < 0.05 (SPSS version 28.0) [IBM Corporation, Armonk, NY].

Twenty-four critically ill patients were enrolled with median age 61 
years (IQR 48–72) and 58.3 % male predominance. Significant comor-
bidities included diabetes mellitus (54.2 %), chronic kidney disease 
(41.7 %), and malignancy (29.2 %). Infection sources comprised pneu-
monia (45.8 %), bloodstream infection (29.2 %), intra-abdominal 
infection (16.7 %), and urinary tract infection (8.3 %). The majority 
(83.3 %) were healthcare-associated infections, with median time from 
admission to diagnosis of 14 days (IQR 8–21). All patients had prior 
antimicrobial exposure with median 3 different classes (IQR 2–4).

Klebsiella pneumoniae predominated (75 %), followed by Escherichia 
coli (25 %). All isolates demonstrated high-level resistance to individual 
components (ceftazidime-avibactam MIC >16 μg/mL, aztreonam MIC 
>256 μg/mL). Carbapenemase analysis revealed NDM production in 
91.7 %, with NDM + OXA-48 co-production in 66.7 %. Colistin resis-
tance occurred in 37.5 % and tigecycline resistance in 45.8 %. All iso-
lates were resistant to fluoroquinolones, aminoglycosides, and 
trimethoprim-sulfamethoxazole, confirming their XDR phenotype.

Synergy testing showed significant activity in 15 (62.5 %) of isolates, 
with dramatic MIC reduction to median 0.5 μg/mL (IQR 0.25–1.0), 
representing median 512-fold reduction. Synergy was particularly pro-
nounced against NDM-producing isolates. All the isolates showed 
resistance to cefepime-enmetazobactam.

Clinical improvement at day 7 was observed in 8 (33.3 %), with 
higher rates in synergy-positive versus synergy-negative groups (40.0 % 
vs 22.2 %, p = 0.436). Microbiological clearance was achieved exclu-
sively in synergy-positive cases (20.0 % vs 0 %, p = 0.274), suggesting 
strong correlation between in vitro synergy and microbiological 
efficacy.

The 30-day mortality rate was 50 %. No significant difference was 
reported between synergy-positive and synergy-negative patients (40 % 
vs. 66.7 %, p = 0.2). Although not statistically significant, Kaplan-Meier 
analysis showed a trend toward improved survival in the synergy- 
positive group (median not reached) compared to 18 days in the 
synergy-negative group (log-rank test, p = 0.183).

Secondary outcomes demonstrated a shorter ICU length of stay in 
synergy-positive patients [median 16 days (IQR: 11–24)] compared to 
the synergy-negative group [median 22 days (IQR: 15–28); p = 0.208]. 
However, this difference did not achieve statistical significance in our 
small sample size.

The combination showed no serious adverse events in our small 
cohort, though larger studies are needed to establish the safety profile. 
Resistance development during therapy was reported in one (4.2 %) 
isolate, suggesting the combination may help preserve antimicrobial 
activity. However, systematic assessment of resistance at ICU discharge 
was not performed. Routine rectal screening for resistance profiling was 
also not part of the study protocol, which limits our ability to track post- 

therapy colonization or emergence of resistance.
Table 1 summarizes patient characteristics, microbiological features, 

and clinical outcomes by synergy status.
This study represents the first systematic clinical evaluation of 

ceftazidime-avibactam plus aztreonam in critically ill patients with XDR 
infections. Our results showed significant in vitro synergy in 62.5 % of 
isolates, with a clinical trend toward improved outcomes; however, 

Table 1 
Patient Characteristics, Microbiological Features, and Clinical Outcomes by 
Synergy Status.

Variable Overall (n 
= 24)

Synergy 
Positive (n =
15)

Synergy 
Negative (n 
= 9)

p-value

Demographics and 
Comorbidities

Age, years (median, IQR) 61 (47–75) 59 (45–73) 63 (54–76) 0.512
Male sex, n (%) 14 (58.3) 9 (60.0) 5 (55.6) 1.000
Diabetes mellitus, n (%) 8 (33.3) 4 (26.7) 4 (44.4) 0.410
Immunocompromised 

state, n (%) 9 (37.5) 6 (40.0) 3 (33.3) 1.000

Clinical Presentation
Septic shock, n (%) 8 (33.3) 5 (33.3) 3 (33.3) 1.000
Mechanical ventilation, 

n (%)
18 (75.0) 11 (73.3) 7 (77.8) 1.000

Laboratory Parameters
WBC count, ×103/μL 

(median, IQR)
14.2 
(8.9–19.8)

13.8 
(9.2–18.6)

15.1 
(8.1–21.3) 0.742

CRP, mg/L (median, 
IQR)

186 
(142–234)

178 
(138–226)

195 
(148–247)

0.521

Lactate, mmol/L 
(median, IQR)

3.2 
(2.1–5.8)

3.1 (2.0–5.2) 3.4 
(2.3–6.7)

0.634

Microbiological 
Characteristics

Klebsiella pneumoniae, n 
(%) 18 (75.0) 11 (73.3) 7 (77.8) 1.000

Escherichia coli, n (%) 6 (25.0) 4 (26.7) 2 (22.2) 1.000
Blood culture positive, n 

(%)
10 (41.7) 7 (46.7) 3 (33.3) 0.691

NDM production, n (%) 22 (91.7) 14 (93.3) 8 (88.9) 1.000
OXA-48 production, n 

(%) 16 (66.7) 10 (66.7) 6 (66.7) 1.000

Colistin Intermediate, n 
(%) 18 (75.0) 11 (73.3) 7 (77.8) 1.000

Synergy Testing Results
Combination MIC, μg/ 

mL (median, IQR)
–

0.5 
(0.25–1.0)

>256 <0.001

MIC reduction, fold 
(median, IQR) –

512 
(256–1024) 1 (1–1) <0.001

Clinical Outcomes
Clinical improvement, n 

(%) 8 (33.3) 6 (40.0) 2 (22.2) 0.436

Microbiological 
clearance, n (%)

3 (12.5) 3 (20.0) 0 (0.0) 0.274

30-day mortality, n (%) 12 (50.0) 6 (40.0) 6 (66.7) 0.252
Time to clinical 

improvement, days† 5 (4–7) 4 (3–6) 7 (6–8) 0.089

ICU length of stay, days 
(median, IQR) 18 (12–26) 16 (11–24) 22 (15–28) 0.208

Hospital length of stay, 
days (median, IQR)

28 (19–42) 25 (18–38) 33 (22–47) 0.281

Mortality Predictors‡
Time to appropriate 

therapy >48 h
– – – 0.045

Septic shock – – – 0.111
Blood culture positive – – – 0.111

Abbreviations: IQR, interquartile range; WBC, white blood cell; CRP, C-reactive 
protein; NDM, New Delhi metallo-β-lactamase; OXA, oxacillinase; MIC, mini-
mum inhibitory concentration; ICU, intensive care unit.
Statistical tests: Mann-Whitney U test for continuous variables, Fisher’s exact 
test for categorical variables.

† Among patients achieving clinical improvement (n = 8).
‡ Variables in this section were derived from a separate univariate analysis 

comparing survivors (n = 12) and non-survivors (n = 12); synergy group–level 
data were not calculated.
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these findings are limited by the small sample size. The mechanistic 
basis involves complementary activity spectra, where avibactam pro-
tects aztreonam from degradation while aztreonam maintains activity 
against MBL-producing organisms [9].

The 40 % clinical improvement rate in synergy-positive cases com-
pares favourably with historical XDR infection response rates (20–35 %) 
[10]. Previous case reports have shown promising outcomes with this 
combination in similar patient populations [11,12]. The safety profile 
represents substantial advantage over polymyxin-based regimens, with 
no nephrotoxicity or neurotoxicity observed, contrasting with 
polymyxin-associated complication rates [13]. The exclusive microbio-
logical clearance in synergy-positive patients suggests in vitro synergy 
testing may predict clinical efficacy and guide therapeutic decisions, 
consistent with emerging treatment guidelines [14].

Study limitations include small sample size limiting statistical power, 
observational design introducing potential bias, and single-centre 
setting limiting generalizability. The predominance of NDM-producing 
organisms may limit applicability to regions with different resistance 
patterns, though similar combinations have shown efficacy against 
various carbapenemase types [15].

Despite limitations, consistent trends across clinical response, 
microbiological clearance, and survival provide compelling evidence for 
clinical utility. Recent pharmacokinetic studies support the dosing 
regimen used in our study [8].

In conclusion, ceftazidime-avibactam plus aztreonam demonstrated 
significant in vitro synergy against XDR gram-negative bacteria with 
promising clinical trends. The combination offers valuable salvage 
therapy with excellent tolerability and low resistance risk. These find-
ings warrant larger multicentre randomized trials to establish definitive 
clinical efficacy and develop evidence-based protocols.
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