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SUMMARY

Background: Carbapenem-resistant Acinetobacter bau-
mannii (CRAB) is a World Health Organization critical-
priority pathogen, but the contribution of blaOXA-23 
and blaNDM co-carriage to resistance across antimicro-
bial classes is poorly defined in southern Vietnam.
Objectives: To describe the carbapenemase gene profile 
and antimicrobial susceptibility of clinical A. baumannii 
isolates from a Vietnamese tertiary hospital, to estimate 
the association between carbapenemase genotypes and 
class-level resistance, and to assess the concordance be-
tween automated phenotypic carbapenemase predic-
tion and multiplex PCR.
Methods: Single-centre, laboratory-based cross-section-
al study of 172 non-duplicate clinical A. baumannii iso-
lates collected consecutively over 28 months. Suscepti-
bility was determined on the BD Phoenix M50 system, 
except colistin, which was tested by reference broth 
microdilution, and interpreted according to CLSI M100 
(2023). Denominators vary by agent and are reported 
explicitly. Class-level resistance was resistance to at 
least one tested agent in the class. Six carbapenemase 
genes were detected by multiplex PCR. Firth penal-
ized logistic regression (reference genotype: blaOXA-51 
only) was used to estimate genotype-resistance asso-
ciations; concordance was assessed using Cohen’s κ, 
sensitivity, specificity and predictive values.
Results: 158 of 172 isolates (91.9%) met the multidrug-
resistance definition. blaOXA-51 (98.3%) and blaOXA-23 
(83.7%) predominated; blaNDM was detected in 23.3%, 
and blaOXA-23/blaNDM co-carriage in 16.3% (28/172). 
Colistin resistance was detected in 3 of 156 evaluable 
isolates (1.9%). The blaOXA-51/blaOXA-23 genotype 

was associated with higher odds of resistance in all six 
classes examined (OR 7.60-18.59, all p ≤0.003). Addi-
tional carriage of blaNDM was associated with a further 
increase for carbapenems (OR 13.10, 95% CI 1.90-90.27), 
aminoglycosides (16.40, 2.39-112.40), fluoroquinolones 
(13.10, 1.90-90.27), penicillin/β-lactamase inhibitor com-
binations (15.31, 2.08-112.97) and trimethoprim/sulfa-
methoxazole (8.27, 1.36-50.26; all p ≤0.022), but not for 
extended-spectrum cephalosporins (19.00, 0.90-401.19, 
p=0.058). The blaOXA-51/blaNDM genotype without 
blaOXA-23 was not significantly associated with resis-
tance in any class. The BD Phoenix M50 predicted Am-
bler class D with moderate agreement (κ=0.536) but as-
signed class B to only 1 of 40 blaNDM-positive isolates 
(κ = 0.038); all 38 isolates reported as carbapenemase 
detected, class not determined carried blaNDM.
Conclusions: In this collection, blaOXA-23 was the geno-
type most consistently associated with resistance across 
multiple antimicrobial classes, and blaNDM was asso-
ciated with resistance mainly when carried together 
with blaOXA-23. Automated phenotypic classification 
rarely assigned NDM-producing isolates to Ambler 
class B, although a carbapenemase result of undeter-
mined class had a high positive predictive value for 
blaNDM. These single-centre findings are associative; 
molecular confirmation and clonality analysis are war-
ranted in comparable settings.

Keywords: Acinetobacter baumannii, carbapenem-resistant 
Acinetobacter baumannii (CRAB), blaOXA-23, blaNDM, 
multiplex PCR, multidrug resistance, carbapenemase 
detection, molecular surveillance, Vietnam.
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n	 INTRODUCTION

Carbapenem-resistant Acinetobacter baumannii 
(CRAB) is currently classified as a critical-pri-

ority pathogen in the World Health Organization 
(WHO) bacterial priority pathogens list and has 
emerged as one of the most pressing threats to pa-
tient safety in intensive care units (ICUs) and other 
high-dependency settings worldwide [1, 2]. 
In Vietnam and many other low- and middle-in-
come countries (LMICs), CRAB is now endemic 
and is associated with high mortality, prolonged 
hospitalization, and very limited therapeutic op-
tions [3, 4]. Carbapenem resistance in A. baumannii 
is predominantly driven by acquired carbapen-
em-hydrolyzing class D β-lactamases, particularly 
blaOXA-23, in combination with the intrinsic 
blaOXA-51-like gene. In contrast, metallo-β-lacta-
mases (MBLs), such as blaNDM, have emerged 
more recently and remain under-recognized in 
routine diagnostics [5, 6]. The burden of infections 
caused by metallo-β-lactamase-producing Gram-
negative bacteria is substantial even where diag-
nostic and therapeutic resources are well devel-
oped, with restricted treatment options and ad-
verse outcomes, and pan-drug-resistant pheno-
types leave few therapeutic alternatives [7, 8].
Co-carriage of blaOXA-type carbapenemase genes 
(predominantly blaOXA-23) and blaNDM has been 
reported only sporadically but is of clinical concern 
because it may broaden the resistance spectrum 
and compromise agents beyond the carbapenems, 
including aminoglycosides and fluoroquinolones 
[4, 5, 9]. Quantitative data on how specific geno-
typic combinations relate to resistance across mul-
tiple classes remain scarce, particularly from 
Southeast Asia. Clinical laboratories still largely 
rely on phenotypic carbapenemase screening sys-
tems such as the BD Phoenix, whose ability to as-
sign the correct Ambler class to metallo-β-lactama-
se producers has been questioned [10, 11].
Thong Nhat General Hospital of Dong Nai Prov-
ince is a large tertiary care centre where our group 
previously documented a high prevalence of car-
bapenemase genes among A. baumannii isolates 
from patients with pneumonia [4]. Despite this 

trend, the contribution of different carbapenemase 
gene combinations to the observed multidrug-re-
sistant (MDR) phenotypes has not been systemat-
ically quantified at this institution. We therefore 
conducted a laboratory-based cross-sectional 
study of 172 non-duplicate clinical A. baumannii 
isolates collected over a 28-month period, with 
four aims: 
1)	 to describe their antimicrobial susceptibility 

profiles across major therapeutic classes; 
2)	 to determine the distribution of key carbapen-

emase genes (blaOXA-51, blaOXA-23, 
blaOXA-58, blaNDM, blaKPC, blaIMP); 

3)	 to estimate, using penalized logistic regression, 
the association between specific gene combina-
tions – in particular blaOXA-23/blaNDM co-car-
riage – and class-level resistance; and 

4)	 to assess the concordance between BD Phoenix 
carbapenemase classification and multiplex 
PCR. This study is exploratory and cross-sec-
tional; the analyses below describe statistical 
associations and are not intended to establish 
causality, gene expression, or clonal transmis-
sion.

n	 MATERIALS AND METHODS

Ethics approval
This study was conducted in accordance with the 
principles of the Declaration of Helsinki. It was 
approved by the Institutional Review Board of 
Thong Nhat General Hospital, Dong Nai Prov-
ince, Vietnam (Approval No.: 03/HĐĐĐ). Be-
cause the study analyzed only routinely collected 
microbiological isolates and fully de-identified 
clinical data, the Institutional Review Board 
waived the requirement for individual informed 
consent. No patient-identifying information was 
extracted, retained, or analyzed at any stage of the 
study.

Study design and clinical isolate collection
This was a laboratory-based, cross-sectional study 
conducted at Thong Nhat General Hospital, Dong 
Nai Province, Vietnam. All consecutive non-dupli-
cate clinical isolates of Acinetobacter baumannii re-
covered from routine diagnostic specimens be-
tween March 2023 and June 2025 were included, 
giving 172 isolates. Recovery was not uniform 
across this interval: four isolates were obtained be-
tween March and July 2023 and the remaining 168 
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between January 2024 and June 2025. Repeat iso-
lates of the same species from the same patient 
and the same anatomical site reported on the same 
day were not counted twice; however, no further 
restriction was applied, so a patient could contrib-
ute more than one isolate over time or from differ-
ent sites. Nineteen patients contributed more than 
one isolate, and two patients contributed isolates 
from two different anatomical sites. To assess 
whether this affected the findings, a sensitivity 
analysis was performed in which only the first iso-
late per patient, per anatomical site, per 30-day 
period was retained (n=157); the results were ma-
terially identical. Specimens comprised tracheal 
aspirates, pus and wound fluid, blood, peritoneal 
dialysis fluid, and urine, from patients admitted to 
intensive care, internal medicine, surgical, and 
other inpatient services. No formal sample size 
calculation was performed. Because standardized 
clinical criteria for distinguishing infection from 
colonization were not applied at the time of speci-
men collection, isolates are described throughout 
as clinical isolates; no inference is made regarding 
whether an individual isolate represented true in-
fection or airway or wound colonization. This is 
particularly relevant for tracheal aspirates, which 
accounted for the majority of the collection. Varia-
bles analysed comprised antimicrobial suscepti-
bility category (susceptible, intermediate, resist-
ant), presence or absence of six carbapenemase 
genes, clinical service of origin, and specimen 
type. Susceptibility results were not available for 
every agent in every isolate, because the BD Phoe-
nix panels used in routine practice did not include 
all agents for all isolates; the number of isolates 
tested is therefore reported for each agent, and all 
percentages are calculated on the number tested.
All isolates were initially identified by conven-
tional microbiological methods and confirmed us-
ing the BD Phoenix™ M50 automated identifica-
tion system (Becton, Dickinson and Company, 
Sparks, MD, USA).

Antimicrobial susceptibility testing
Antimicrobial susceptibility testing (AST) and car-
bapenemase phenotype screening were performed 
on the BD Phoenix M50 automated system, with 
the exception of colistin. Because automated 
broth-based colistin testing is prone to error, colis-
tin minimum inhibitory concentrations (MICs) 
were determined separately by reference broth 

microdilution. MICs were interpreted according 
to Clinical and Laboratory Standards Institute 
(CLSI) M100, 33rd edition (2023), applied consist-
ently to all isolates throughout the study period 
[12]. For Acinetobacter spp., CLSI M100 provides 
only “intermediate” (MIC ≤ 2 mg/L) and “resist-
ant” (MIC ≥4 mg/L) categories for colistin; no iso-
late can therefore be reported as susceptible. Re-
sistance to imipenem and/or meropenem was 
used to define carbapenem resistance. Ten results 
for which an MIC had been recorded but no inter-
pretive category was stored in the laboratory re-
cord were categorised de novo from the MIC us-
ing the same CLSI criteria; these comprised two 
imipenem, four meropenem, three ciprofloxacin 
and one tobramycin result. Agents to which Acine-
tobacter spp. are intrinsically resistant (ampicillin, 
cefotaxime) or for which no interpretive criteria 
are available for this species (aztreonam), together 
with agents that are not clinically appropriate for 
Acinetobacter and were reported only through ex-
pert rules (cefazolin, cefoxitin, cefuroxime, cefozo-
pran, cefroxadine, piperacillin), were excluded 
from all analyses and are not reported. Tigecycline 
was not included in the panels used during the 
study period and is therefore not reported. 
Class-level resistance was defined, for all analyses, 
as resistance to at least one tested agent within the 
class, using the following groupings: carbapenems 
(imipenem, meropenem, doripenem); extend-
ed-spectrum cephalosporins (cefepime, ceftazi-
dime, cefotaxime/clavulanate); aminoglycosides 
(amikacin, gentamicin, tobramycin); fluoro-
quinolones (ciprofloxacin, levofloxacin); penicil-
lins plus β-lactamase inhibitor (ampicillin/sulbac-
tam, ticarcillin/clavulanate); folate pathway in-
hibitors (trimethoprim/sulfamethoxazole); and 
polymyxins (colistin). An isolate was classified as 
resistant in a class if at least one agent in that class 
was tested and reported resistant, and as non-re-
sistant if at least one agent was tested and none 
was resistant; isolates with no tested agent in a 
class were treated as not evaluable for that class 
and excluded from the corresponding analysis. 
Multidrug resistance was defined according to 
Magiorakos et al. as non-susceptibility to at least 
one agent in three or more antimicrobial catego-
ries; because tetracyclines (minocycline, tigecy-
cline) and certain other categories were not tested, 
7 of the 9 categories applicable to A. baumannii 
were evaluable, and extensively drug-resistant 
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and pandrug-resistant phenotypes could not be 
formally assigned [13]. The BD Phoenix M50 also 
incorporates carbapenemase-producing organism 
(CPO) detection, which reports one of the follow-
ing: no carbapenemase detected; Ambler class A; 
class B; class D; or carbapenemase detected with 
class not determined. CPO results were generated 
by the instrument during routine testing, recorded 
in the laboratory information system at the time of 
reporting, and retrieved from that record for this 
analysis.

Multiplex PCR for carbapenemase gene detection
Genomic DNA was extracted by boiling lysis: bac-
terial colonies from overnight cultures on tryptic 
soy agar were suspended in 200 µL of sterile dis-
tilled water, boiled at 100 °C for 10 minutes, centri-
fuged at 13,000 × g for 5 minutes, and the superna-
tant was used as the DNA template.
Multiplex PCR was performed using previously 
validated primers targeting six carbapenemase 
genes [14, 15]. The primer sequences and expected 
amplicon sizes are summarised in Table 1.
PCR was performed in a final volume of 25 µL 
containing 12.5 µL of 2× PCR Master Mix, 1 µL of 
each primer (10 µM), 2 µL of DNA template, and 
nuclease-free water. Cycling conditions consisted 
of an initial denaturation at 94 °C for 5 minutes, 
followed by 35 cycles of denaturation at 94 °C for 
30 seconds, annealing at 58 °C for 40 seconds, and 
extension at 72 °C for 1 minute, with a final exten-

sion at 72 °C for 7 minutes. PCR products were 
electrophoresed on a 1.5% agarose gel stained 
with ethidium bromide and visualized under ul-
traviolet light. A 100 bp DNA ladder was used as 
a size reference. Positive controls for each gene 
and a no-template negative control were included 
in every PCR run.

Statistical analysis
All statistical analyses were performed using Stata 
version 17.0 (StataCorp LLC, College Station, TX, 
USA) and R version 4.3. Categorical variables 
were summarised as frequencies and percentages, 
with denominators reported for every antimicro-
bial agent. Concordance between BD Phoenix phe-
notypic carbapenemase classification and multi-
plex PCR was assessed using Cohen’s κ, interpret-
ed as slight (κ=0.00-0.20), fair (0.21-0.40), moderate 
(0.41-0.60), substantial (0.61-0.80) or almost perfect 
(0.81-1.00), and was accompanied by the underly-
ing 2 × 2 contingency tables and by sensitivity, 
specificity, positive predictive value and negative 
predictive value, with multiplex PCR taken as the 
reference standard [16].
To examine the association between carbapene-
mase genotypes and class-level resistance, logistic 
regression models were fitted separately for each 
of six antibiotic classes, using the blaOXA-51-only 
genotype as the reference category. Because the 
reference group was small (n=17) and several out-
comes had a very high prevalence of resistance, 

Table 1 - Primer sequences and expected amplicon sizes used for multiplex PCR detection of carbapenemase 
genes.

Gene Primer Sequence (5′-3′) Amplicon (bp)

blaOXA-51 OXA-51-F ATAAGGCAACCACCACAG 353

OXA-51-R TAAGGGAGAACGCTACAA

blaOXA-23 OXA-23-F GATCGGATTGGAGAACCAGA 501

OXA-23-R ATTTCTGACCGCATTTCCAT

blaOXA-58 OXA-58-F AAGTATTGGGGCTTGTGCTG 599

OXA-58-R CCCCTCTGCGCTCTACATAC

blaNDM NDM-F GGTTTGGCGATCTGGTTTTC 621

NDM-R CGGAATGGCTCATCACGATC

blaKPC KPC-F CATTCAAGGGCTTTCTTGCTGC 798

KPC-R ACGACGGCATAGTCATTTGC

blaIMP IMP-F GGAATAGAGTGGCTTAAYTCTC 188

IMP-R GGTTTAAYAAAACAACCACC
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conventional maximum-likelihood logistic regres-
sion was unstable and subject to quasi-complete 
separation. Firth penalized logistic regression was 
therefore used for all models [17]. Genotype was 
the only explanatory variable in each model; the 
models are consequently univariable, and the re-
sulting estimates are reported as unadjusted odds 
ratios (ORs) with 95% confidence intervals (CIs). 
Isolates not evaluable for a given class were ex-
cluded from that model, so the analysed number 
differs between classes and is reported for every 
model. A two-sided p <0.05 was considered statis-
tically significant. No adjustment was made for 
multiple comparisons, and the analyses should be 
regarded as exploratory and hypothesis-generat-
ing. Raw genotype-by-resistance counts underly-
ing every model, with their denominators, are re-
ported together with the model estimates.

n	 RESULTS

Demographic and clinical characteristics of the isolates
A total of 172 non-duplicate A. baumannii isolates 
were analysed. Isolates originated predominantly 
from intensive care and anaesthesia/post-opera-
tive intensive care units (102/172, 59.3%), fol-
lowed by general internal medicine (31/172, 
18.0%) (Table 2). Clinical service categories that 
overlapped in the original laboratory records were 
harmonised before analysis: the emergency de-
partment was reported separately from the inten-
sive care units, and urology was combined with 
nephrology into a single nephrology and urology 
category. The predominant specimen type was tra-
cheal aspirate (128/172, 74.4%), followed by pus 
and wound fluid (23/172, 13.4%), blood (15/172, 
8.7%), peritoneal dialysis fluid (4/172, 2.3%) and 
urine (2/172, 1.2%) (Table 3). As noted in the Meth-
ods, infection could not be distinguished from col-
onization, and the predominance of tracheal aspi-
rates should be interpreted with this in mind.

Antimicrobial resistance profiles
Of the 172 isolates, 158 (91.9%) met the definition 
of multidrug resistance, that is, non-susceptibility 
to at least one agent in three or more of the evalu-
able antimicrobial categories; 92 isolates (53.5%) 
were resistant in six or more categories. Resistance 
to carbapenems was high: imipenem 95.1% 
(155/163 tested), meropenem 90.1% (155/172) and 
doripenem 91.0% (101/111). Resistance to extend-

ed-spectrum cephalosporins ranged from 89.0% to 
94.6%: cefepime 89.0% (153/172), ceftazidime 
91.3% (157/172) and cefotaxime/clavulanate 
94.6% (105/111). Resistance to ampicillin/sulbac-
tam was 88.8% (135/152) and to ticarcillin/clavu-
lanate 91.1% (102/112). Resistance to non-β-lactam 
agents was similarly high: ciprofloxacin 91.3% 
(157/172), levofloxacin 84.9% (146/172), gen-
tamicin 89.5% (153/171), tobramycin 85.7% 
(96/112), amikacin 84.3% (145/172) and trimeth-
oprim/sulfamethoxazole 82.5% (94/114). Amika-
cin and trimethoprim/sulfamethoxazole retained 
the highest proportions of susceptible isolates 
(15.7% and 17.5% respectively). By reference broth 
microdilution, 153 of 156 evaluable isolates (98.1%) 

Table 2 - Clinical services from which the 172 non-du-
plicate A. baumannii isolates were obtained.

Clinical service n %

Intensive care and anaesthesia/post-
operative ICU

102 59.3

Internal Medicine - General 31 18.0

Nephrology and Urology 9 5.2

Trauma-Orthopaedics 8 4.7

Neurology 5 2.9

Gastroenterology 4 2.3

Cardiology 3 1.7

Neurosurgery 3 1.7

General Surgery 2 1.2

Emergency Department 2 1.2

Endocrinology 1 0.6

Infectious Diseases 1 0.6

Thoracic Surgery 1 0.6

Total 172 100.0

Table 3 - Clinical specimen types yielding A. baumannii 
(n = 172).

Specimen type n %

Tracheal aspirate 128 74.4

Pus and wound fluid 23 13.4

Blood 15 8.7

Peritoneal dialysis fluid 4 2.3

Urine 2 1.2

Total 172 100.0
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Table 4 - Antimicrobial susceptibility to β-lactam agents among 172 non-duplicate clinical A. baumannii isolates.

Antibiotic No. tested Resistant n (%) Intermediate n (%) Susceptible n (%)

Imipenem 163 155 (95.1) 0 (0.0) 8 (4.9)

Meropenem 172 155 (90.1) 1 (0.6) 16 (9.3)

Doripenem 111 101 (91.0) 0 (0.0) 10 (9.0)

Cefepime 172 153 (89.0) 5 (2.9) 14 (8.1)

Ceftazidime 172 157 (91.3) 1 (0.6) 14 (8.1)

Cefotaxime/clavulanate 111 105 (94.6) 0 (0.0) 6 (5.4)

Ampicillin/sulbactam 152 135 (88.8) 0 (0.0) 17 (11.2)

Ticarcillin/clavulanate 112 102 (91.1) 0 (0.0) 10 (8.9)

Note: The number tested differs between agents because the routine BD Phoenix M50 panels did not include every agent for every isolate. All per-
centages are calculated on the number tested and rounded to one decimal place. Categories follow CLSI M100, 33rd edition (2023) [12].

Table 5 - Antimicrobial susceptibility to non-β-lactam agents among 172 non-duplicate clinical A. baumannii iso-
lates.

Antibiotic No. tested Resistant n (%) Intermediate n (%) Susceptible n (%)

Amikacin 172 145 (84.3) 0 (0.0) 27 (15.7)

Gentamicin 171 153 (89.5) 0 (0.0) 18 (10.5)

Tobramycin 112 96 (85.7) 1 (0.9) 15 (13.4)

Ciprofloxacin 172 157 (91.3) 0 (0.0) 15 (8.7)

Levofloxacin 172 146 (84.9) 6 (3.5) 20 (11.6)

Trimethoprim/sulfamethoxazole 114 94 (82.5) 0 (0.0) 20 (17.5)

Colistin* 156 3 (1.9) 153 (98.1) 0 (0.0)

*Colistin MICs were determined by reference broth microdilution, not by the automated system, and were available for 156 of the 172 isolates. Under 
CLSI M100 (2023), colistin against Acinetobacter spp. has only “intermediate” (MIC ≤2 mg/L) and “resistant” (MIC ≥4 mg/L) categories; a suscep-
tible category is not defined, so no isolate can be reported as susceptible. Observed MICs were ≤1 mg/L in 50 isolates, 1 mg/L in 3, ≤2 mg/L in 100, 
and ≥4 mg/L in 3. Tigecycline was not tested and is not reported.

Figure 1 
Antimicrobial resistance 

profiles of 172 non-duplicate 
clinical Acinetobacter 

baumannii isolates.  
The left panel shows  

β-lactam agents (carbapenems, 
extended-spectrum 

cephalosporins and penicillin/
β-lactamase inhibitor 

combinations); the right 
panel shows non-β-lactam 
agents (fluoroquinolones, 

aminoglycosides 
and trimethoprim/
sulfamethoxazole).  

Colour intensity encodes  
the percentage of isolates  

in each interpretive category, 
calculated on the number 

tested for each agent.
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were categorised as intermediate to colistin and 3 
(1.9%) as resistant (MIC ≥4 mg/L); under CLSI 
M100 criteria for Acinetobacter spp. no isolate can 
be reported as susceptible (Tables 4 and 5, Figure 1). 
Denominators differ between agents because the 
routine BD Phoenix panels did not include all 
agents for all isolates; the number tested is shown 
for each agent.

Genotypic detection of carbapenemase genes
Multiplex PCR detected the intrinsic blaOXA-51-
like gene in 169 of 172 isolates (98.3%). The ac-

quired class D carbapenemase gene blaOXA-23 
was detected in 144 isolates (83.7%), and the met-
allo-β-lactamase gene blaNDM in 40 isolates 
(23.3%). blaOXA-58 and blaKPC were each detect-
ed in a single isolate (0.6%), and blaIMP was not 
detected (Table 6A, Figure 2). Three isolates identi-
fied as A. baumannii by the automated system were 
negative for blaOXA-51-like. Because blaOXA-51-
like is widely used as a species marker for A. bau-
mannii, these three isolates cannot be confirmed as 
A. baumannii on molecular grounds; possible ex-
planations include membership of the A. calcoace-

Figure 2 
Representative agarose gel 
electrophoresis of multiplex PCR 
products for carbapenemase 
genes.  
(A) Class D targets  
(blaOXA-58, 599 bp; blaOXA-23, 
501 bp; blaOXA-51, 353 bp)  
on the left and blaNDM (621 bp), 
blaKPC (798 bp) and blaIMP  
(188 bp) on the right, with 
positive controls (c+)  
and a 100-bp ladder  
in the centre lane.  
(B) A separate gel demonstrating 
the single blaOXA-58-positive 
isolate, which displayed all three 
class D bands.

Table 6 - Distribution of carbapenemase genes and genotypic combinations among 172 non-duplicate clinical A. 
baumannii isolates.
(A) Individual carbapenemase genes

Gene n %

blaOXA-51 169 98.3

blaOXA-23 144 83.7

blaNDM 40 23.3

blaOXA-58 1 0.6

blaKPC 1 0.6

blaIMP 0 0.0

(B) Main genotypic combinations

Genotypic combination n %

blaOXA-51 only 17 9.9

blaOXA-51 + blaOXA-23 113 65.7

blaOXA-51 + blaOXA-23  
+ blaNDM

28 16.3

blaOXA-51 + blaNDM 10 5.8

Other combinations* 4 2.3

*Full breakdown of the “other combinations” category (n=4): blaOXA-58 + blaNDM (n=1); blaOXA-23 alone, without blaOXA-51 (n=2); and blaOXA-51 
+ blaOXA-23 + blaNDM + blaKPC (n=1). The three isolates lacking blaOXA-51-like are discussed in the text.



348 S.T. Nguyen, M.T. Nguyen, D.N. Le, et al.

ticus-A. baumannii complex, primer mismatch af-
fecting a divergent blaOXA-51-like allele, or PCR 
failure. Species-level confirmation by MALDI-TOF 
mass spectrometry or rpoB sequencing was not 
available for these isolates, and this is acknowl-
edged as a limitation.
Across the genotypic combinations, blaOXA-51 + 
blaOXA-23 was the predominant pattern (113/172, 
65.7%), followed by the triple combination 
blaOXA-51 + blaOXA-23 + blaNDM (28/172, 16.3%), 
blaOXA-51 alone (17/172, 9.9%) and blaOXA-51 + 
blaNDM (10/172, 5.8%) (Table 6B). Co-carriage of 
blaOXA-23 and blaNDM, with or without other 
genes, was identified in 28 isolates (16.3%). The 
single isolate carrying blaKPC also carried 
blaOXA-51, blaOXA-23 and blaNDM; this isolate 
was not classified as a class A carbapenemase pro-
ducer by the automated system.

Association between carbapenemase genotypes  
and class-level resistance
Raw counts of isolates resistant to each antibiotic 
class, together with the number evaluable in each 
genotype group, are presented in Table 7. Firth pe-
nalized logistic regression models were then fitted 
separately for each of six antibiotic classes, with 
the blaOXA-51-only genotype (n=17) as the refer-
ence category and genotype as the sole explanato-
ry variable; the resulting unadjusted odds ratios 
are presented in Table 8.
The blaOXA-51 + blaOXA-23 genotype was associ-
ated with higher odds of resistance in all six class-

es, with odds ratios ranging from 7.60 for trimeth-
oprim/sulfamethoxazole to 18.59 for penicil-
lin/β-lactamase inhibitor combinations (all p 
≤0.003). Additional carriage of blaNDM was asso-
ciated with a further increase in the odds of resist-
ance for carbapenems (OR 13.10, 95% CI 1.90-
90.27, p=0.009), aminoglycosides (OR 16.40, 95% 
CI 2.39-112.40, p=0.004), fluoroquinolones (OR 
13.10, 95% CI 1.90-90.27, p=0.009), penicil-
lin/β-lactamase inhibitor combinations (OR 15.31, 
95% CI 2.08-112.97, p=0.007) and trimethoprim/
sulfamethoxazole (OR 8.27, 95% CI 1.36-50.26, 
p=0.022). For extended-spectrum cephalosporins 
the point estimate was of similar magnitude but 
did not reach conventional significance (OR 19.00, 
95% CI 0.90-401.19, p=0.058), reflecting the fact 
that all 28 isolates in this genotype group were re-
sistant.
Two observations should be emphasised. First, the 
blaOXA-51 + blaNDM genotype, that is, blaNDM 
in the absence of blaOXA-23, was not significantly 
associated with resistance in any of the six classes 
(all p ≥ 0.215), and its point estimates were consist-
ently lower than those for genotypes containing 
blaOXA-23. Second, the confidence intervals for 
the triple genotype are wide throughout, reflect-
ing the small reference group, the small number of 
triple-genotype isolates, and the fact that resist-
ance was close to universal in several strata. These 
estimates therefore describe statistical associations 
within a single cross-sectional collection; they do 
not demonstrate enzyme expression, biological 

Table 7 - Number of isolates resistant to each antibiotic class, by carbapenemase genotype (n=172). Values are the 
number resistant divided by the number evaluable for that class, with the percentage in parentheses. Class-level 
resistance is defined as resistance to at least one tested agent within the class.

Genotype n Carbapenems
Cephalo- 
sporins

Amino- 
glycosides

Fluoro- 
quinolones

Penicillins 
+ BLI

TMP-
SMX

Colistin

blaOXA-51 only 17
10/17  
(58.8)

13/17 
(76.5)

9/17 
(52.9)

10/17 
(58.8)

7/13 
(53.8)

5/11 
(45.5)

0/14 
(0.0)

blaOXA-51 + blaOXA-23 113
107/113  

(94.7)
110/113 

(97.3)
107/113 

(94.7)
109/113 

(96.5)
96/100 
(96.0)

67/77 
(87.0)

3/108 
(2.8)

blaOXA-51 + blaOXA-23  
+ blaNDM

28
27/28  
(96.4)

28/28 
(100)

27/28 
(96.4)

27/28 
(96.4)

26/27 
(96.3)

17/19 
(89.5)

0/23 
(0.0)

blaOXA-51 + blaNDM 10
8/10  
(80.0)

8/10  
(80.0)

8/10 
(80.0)

8/10 
(80.0)

8/10 
(80.0)

4/6 
(66.7)

0/8 
(0.0)

Other combinations 4
4/4  

(100)
3/4  

(75.0)
4/4  

(100)
3/4  

(75.0)
1/2  

(50.0)
1/1 

(100)
0/3 
(0.0)

Notes: BLI, β-lactamase inhibitor; TMP-SMX, trimethoprim/sulfamethoxazole. Denominators differ between classes because the routine panels did 
not include every agent for every isolate; isolates with no tested agent in a class were treated as not evaluable for that class.
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synergy, or a causal contribution of any individual 
gene to the observed phenotype.

Phenotype-genotype concordance analysis
Carbapenemase-producing organism (CPO) re-
sults from the BD Phoenix M50 were compared 
with multiplex PCR (Table 9). Of the 172 isolates, 
the system reported no carbapenemase in 19, Am-
bler class D in 114, class B in 1, and “carbapene-

mase detected, class not determined” in 38; no 
isolate was assigned to class A. Agreement be-
tween a class D result and the detection of an ac-
quired class D gene (blaOXA-23 or blaOXA-58) 
was moderate (κ=0.536), with a sensitivity of 
78.6% and a specificity of 100%; 31 of 145 isolates 
carrying an acquired OXA gene were not identi-
fied as class D producers, giving a negative predic-
tive value of only 46.6%. Agreement for class B 

Table 8 - Unadjusted odds ratios (ORs) with 95% confidence intervals (CIs) from Firth penalized logistic regression 
for the association between carbapenemase genotype and class-level resistance (reference: blaOXA-51 only, n=17).

Antibiotic class Genotype OR 95% CI p-value
No. 

analysed

Carbapenems blaOXA-51 + blaOXA-23 11.81 3.39-41.22 <0.001 168

blaOXA-51 + blaNDM 2.43 0.42-14.19 0.325 168

blaOXA-51 + blaOXA-23 + blaNDM 13.10 1.90-90.27 0.009 168

Extended-spectrum 
cephalosporins

blaOXA-51 + blaOXA-23 10.52 2.27-48.71 0.003 168

blaOXA-51 + blaNDM 1.13 0.18-7.15 0.894 168

blaOXA-51 + blaOXA-23 + blaNDM 19.00 0.90-401.19 0.058 168

Aminoglycosides blaOXA-51 + blaOXA-23 14.80 4.28-51.16 <0.001 168

blaOXA-51 + blaNDM 3.04 0.52-17.66 0.215 168

blaOXA-51 + blaOXA-23 + blaNDM 16.40 2.39-112.40 0.004 168

Fluoroquinolones blaOXA-51 + blaOXA-23 17.38 4.50-67.14 <0.001 168

blaOXA-51 + blaNDM 2.43 0.42-14.19 0.325 168

blaOXA-51 + blaOXA-23 + blaNDM 13.10 1.90-90.27 0.009 168

Penicillins + β-lactamase 
inhibitor

blaOXA-51 + blaOXA-23 18.59 4.38-78.90 <0.001 150

blaOXA-51 + blaNDM 2.95 0.47-18.50 0.249 150

blaOXA-51 + blaOXA-23 + blaNDM 15.31 2.08-112.97 0.007 150

Trimethoprim/
sulfamethoxazole

blaOXA-51 + blaOXA-23 7.60 1.96-29.44 0.003 113

blaOXA-51 + blaNDM 2.13 0.27-16.50 0.470 113

blaOXA-51 + blaOXA-23 + blaNDM 8.27 1.36-50.26 0.022 113

Notes: Models are univariable, with carbapenemase genotype as the only explanatory variable; odds ratios are therefore unadjusted. Firth penaliza-
tion was applied because of the small reference group and quasi-complete separation in several strata. The number analysed differs between classes 
because isolates not evaluable for a class were excluded from the corresponding model. Raw counts underlying every estimate are given in Table 7.

Table 9 - Concordance between BD Phoenix M50 carbapenemase-producing organism results and multiplex PCR 
(n = 172), with multiplex PCR as the reference standard.

Comparison TP FP FN TN Sensitivity Specificity PPV NPV κ

Class D result vs acquired OXA gene 
(blaOXA-23 or blaOXA-58)

114 0 31 27 78.6% 100% 100% 46.6% 0.536

Class B result vs blaNDM 1 0 39 132 2.5% 100% 100% 77.2% 0.038

Class B or undetermined-class  
result vs blaNDM

39 0 1 132 97.5% 100% 100% 99.2% 0.984
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was slight (κ=0.038): only 1 of 40 blaNDM-positive 
isolates was explicitly assigned to class B, corre-
sponding to a sensitivity of 2.5%. However, all 38 
isolates reported as “carbapenemase detected, 
class not determined” carried blaNDM (positive 
predictive value 100%); when this category was 
combined with the explicit class B result, sensitiv-
ity for blaNDM rose to 97.5% and κ to 0.984. The 
system therefore detected carbapenemase activity 
in nearly all blaNDM-positive isolates but rarely 
assigned them to the correct Ambler class. Note 
that the intrinsic blaOXA-51-like gene was deliber-
ately excluded from the class D comparison, since 
its near-universal presence in A. baumannii would 
otherwise inflate the apparent agreement. The 
phenotypic and molecular results were mutually 
consistent in both directions: no isolate reported as 
class D lacked an acquired OXA gene, no isolate 
reported as class B or as carbapenemase-positive 
with class not determined lacked blaNDM, and 17 
of the 19 isolates reported as carbapenemase-neg-
ative carried no acquired carbapenemase gene. 
Carbapenem resistance also tracked the CPO re-
sult, occurring in 63.2% of isolates reported as car-
bapenemase-negative compared with 94.7% of 
those reported as class D and 92.1% of those re-
ported as class not determined.

n	 DISCUSSION

Key findings
In this single-centre cross-sectional study of 172 
non-duplicate clinical A. baumannii isolates from a 
tertiary hospital in southern Vietnam, 91.9% met 
the definition of multidrug resistance, with high 
resistance rates to carbapenems, cephalosporins, 
fluoroquinolones and aminoglycosides. Colistin 
resistance was present in 3 of 156 evaluable iso-
lates (1.9%) by reference broth microdilution. Mul-
tiplex PCR detected blaOXA-51-like in 98.3% and 
blaOXA-23 in 83.7% of isolates, whereas blaNDM 
was detected in 23.3%; blaIMP was absent and 
blaOXA-58 and blaKPC were each detected once. 
In penalized logistic regression, the blaOXA-51/
blaOXA-23 genotype was associated with higher 
odds of resistance in all six classes examined, 
whereas blaNDM in the absence of blaOXA-23 was 
not associated with resistance in any class. Co-car-
riage of blaOXA-23 and blaNDM was associated 
with further increases in the odds of resistance for 
five of the six classes examined; for extended-spec-

trum cephalosporins the estimate was of similar 
magnitude but did not reach conventional signifi-
cance because every isolate in that genotype group 
was resistant. Automated phenotypic classifica-
tion identified acquired class D genes with moder-
ate agreement but rarely assigned blaNDM-posi-
tive isolates to Ambler class B.

Interpretation of the genotype-resistance associations
Our findings are consistent with the broader liter-
ature indicating that acquired carbapenemase 
genes, in particular blaOXA-23, are the most fre-
quently reported determinants of carbapenem re-
sistance in A. baumannii [9, 18]. OXA-23-like en-
zymes are often carried on ISAba1-associated 
transposons, providing a carbapenem-hydrolys-
ing background onto which further resistance de-
terminants may accumulate [6, 18, 19]. Metal-
lo-β-lactamases such as NDM extend the hydroly-
sis spectrum across almost all β-lactams and are 
frequently reported on mobile elements that also 
carry determinants of aminoglycoside, fluoro-
quinolone and sulfonamide resistance, including 
16S rRNA methylases such as armA [9, 18, 20]. This 
offers a plausible, though in our data untested, ex-
planation for the pattern we observed, namely 
that blaNDM co-carriage was associated with ad-
ditional resistance to non-β-lactam agents rather 
than to β-lactams. We emphasise that our study 
detected gene carriage by PCR and did not meas-
ure enzyme expression, MIC distributions, plas-
mid location, or the presence of the co-resistance 
determinants themselves; the association we re-
port is therefore statistical, and the mechanistic 
interpretation above remains hypothetical.
Published whole-genome analyses report that iso-
lates co-harbouring blaOXA-23 and blaNDM fre-
quently exhibit extensively drug-resistant profiles 
and resistance to five or more antimicrobial classes 
[6, 9, 19, 21]. Our observations are compatible with 
these reports. The one class in which the addition-
al contribution of blaNDM did not reach statistical 
significance was extended-spectrum cephalospor-
ins, where all 28 triple-genotype isolates and 110 
of 113 dual-genotype isolates were resistant; with 
resistance at or close to the ceiling in both groups, 
the confidence interval is necessarily wide, and 
this should not be read as evidence against a con-
tribution. In contrast to several recent series, we 
identified colistin resistance in a small proportion 
of isolates, which is relevant given the continued 
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reliance on colistin for carbapenem-resistant A. 
baumannii infections in this setting.

Comparison with previous studies
Our findings are consistent with earlier Vietnamese 
and international reports identifying blaOXA-23 as 
the most prevalent acquired carbapenemase gene 
in A. baumannii [4, 6]. Our group previously re-
ported, in a separate and earlier collection from 
the same hospital, a strong association between 
blaOXA-23-like genes and carbapenem non-sus-
ceptibility among isolates from patients with 
pneumonia, but did not examine non-β-lactam 
classes [4]. The present collection was assembled 
between March 2023 and June 2025 and shares no 
isolates with that earlier study; the two datasets 
are therefore independent, although they origi-
nate from the same institution and this should be 
borne in mind when comparing them. Our data 
indicate that blaOXA-23, together with the intrin-
sic blaOXA-51-like gene, is the predominant geno-
type in this local population, whereas blaNDM is 
less frequent [3, 20].
Co-carriage of blaOXA-type carbapenemase genes 
and blaNDM has been reported from Algeria, In-
dia, Nepal, Brazil and, more recently, from the in-
tensive care unit environment in China, where 
isolates recovered from surfaces and healthcare 
workers’ hands carried this gene combination [5, 
20, 22-24]. Most of these studies described small 
outbreak clusters or reported resistance profiles 
descriptively. Our analysis adds a quantitative es-
timate of the association between genotype and 
class-level resistance in a Vietnamese setting, and, 
importantly, distinguishes the contribution of 
blaOXA-23 from that of blaNDM: isolates carrying 
blaNDM without blaOXA-23 were not more likely 
to be resistant than the reference genotype in any 
class examined. Because we did not perform mul-
tilocus sequence typing or whole-genome se-
quencing, we cannot determine whether the ob-
served genotype distribution reflects dissemina-
tion of one or more successful clones, independent 
acquisition events, or a combination of both. This 
distinction is important, since a predominance of 
a single clone would imply that the associations 
we report partly reflect the resistance profile of 
that clone rather than the effect of the individual 
genes. Our results should be read as descriptive of 
the local population structure at the gene level 
only [9, 18, 20].

Reviews of global epidemiology indicate that 
plasmid-borne and transposon-borne blaOXA-23-
like genes, frequently within international clones 
IC1 and IC2, predominate in most high-burden 
settings, whereas NDM and other metallo-β-lacta-
mases remain less common overall [2, 6]. Reported 
increases in multidrug-resistant organisms during 
the COVID-19 pandemic may additionally have 
influenced local epidemiology over the study pe-
riod [25]. Genomic studies from Asia, the Middle 
East and Africa report that carbapenem-resistant 
isolates often cluster within a limited number of 
blaOXA-23-carrying lineages [11, 19, 26-30]. Our 
gene-level data are compatible with this pattern, 
but in the absence of typing data we cannot con-
firm a clonal structure in this collection [20, 21].

Diagnostic implications and phenotype-genotype 
discordance
The moderate agreement between the BD Phoenix 
class D result and PCR detection of acquired OXA 
genes (κ=0.536) is of the same order as agreement 
figures reported between phenotypic screening 
methods and β-lactamase gene profiles in Gram-
negative bacteria, although direct comparison is 
limited because published evaluations differ in 
method, organism and reference standard [10]. The 
negative predictive value was low (46.6%), mean-
ing that a result of “no class D carbapenemase” did 
not reliably exclude carriage of blaOXA-23. Given 
that 83.7% of our isolates carried blaOXA-23, this 
limitation affects a large proportion of the local 
population. For blaNDM, the system explicitly re-
ported class B in only 1 of 40 positive isolates. 
However, it did flag carbapenemase activity in 
nearly all of them, reporting “carbapenemase de-
tected, class not determined” in 38 isolates, every 
one of which carried blaNDM. The practical impli-
cation is specific: in this setting, an undeter-
mined-class carbapenemase result on the BD Phoe-
nix M50 should prompt confirmatory testing for 
metallo-β-lactamases, whereas a negative class D 
result should not be used to exclude blaOXA-23. 
These observations derive from a single system in 
a single laboratory and require confirmation else-
where before being generalised [10, 11, 18].
Whole-genome studies of extensively drug-resist-
ant A. baumannii carrying blaOXA-23 have de-
scribed a dense resistome including efflux pumps, 
OmpA porin alterations and quinolone resist-
ance-determining region mutations [6, 19, 30]. 
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Such determinants were not assessed here and 
may contribute to the high level of resistance ob-
served across non-β-lactam classes in isolates lack-
ing blaNDM.

Clinical and infection-control implications
From a clinical perspective, our data indicate that 
isolates carrying blaOXA-23 in this hospital were 
very frequently resistant to carbapenems, extend-
ed-spectrum cephalosporins, fluoroquinolones, 
penicillin/β-lactamase inhibitor combinations, 
aminoglycosides and trimethoprim/sulfamethox-
azole. Because 83.7% of isolates carried blaOXA-23, 
empirical options in this setting are severely con-
strained irrespective of blaNDM status. Colistin 
remained active against 98.1% of evaluable iso-
lates, but was categorised as intermediate rather 
than susceptible under current CLSI criteria, and 
1.9% were resistant. Newer agents such as cefider-
ocol and sulbactam-durlobactam may be relevant 
for isolates with these genotypes; however, neither 
agent was tested in this study, availability and cost 
remain substantial barriers in this setting, and 
their use should be guided by local susceptibility 
testing and clinical evidence rather than by geno-
type alone [2, 18].
At the hospital level, the predominance of isolates 
from intensive care units and the high proportion 
of tracheal aspirates are consistent with the recog-
nised burden of A. baumannii among ventilated 
and critically ill patients, although, as noted, infec-
tion could not be distinguished from colonization 
in this dataset. Infection prevention measures in-
cluding contact precautions, ventilator care bun-
dles, environmental cleaning and cohorting re-
main the principal means of limiting transmission 
[2, 6, 31]. Incorporating molecular data into local 
antibiograms may assist in monitoring the local 
distribution of carbapenemase genes over time.

Strengths and limitations
The strengths of this study include a consecutive 
collection of clinical isolates from a high-burden 
tertiary hospital over a 28-month period, an ex-
plicit sensitivity analysis addressing repeat iso-
lates, standardized susceptibility testing with ref-
erence broth microdilution for colistin, and the use 
of penalized regression appropriate to sparse data. 
Raw genotype-by-resistance counts are reported 
alongside every model estimate, allowing readers 
to assess the underlying data directly.

Several limitations should be acknowledged. First, 
this was a single-centre study, which limits gener-
alisability; isolates were collected over 28 months 
and were unevenly distributed across that inter-
val, with only four isolates from 2023, so local pre-
scribing and infection-control practice may have 
changed and no temporal analysis was performed. 
Nineteen patients contributed more than one iso-
late, which may induce some within-patient corre-
lation; a sensitivity analysis restricted to one iso-
late per patient, per site, per 30 days (n=157) gave 
materially identical results. Second, no multilocus 
sequence typing or whole-genome sequencing 
was performed; consequently, clonal relatedness 
could not be assessed, and it is not possible to de-
termine whether the genotype distribution reflects 
clonal dissemination, independent acquisition, or 
both. The associations reported here may therefore 
partly reflect the characteristics of one or more 
prevalent lineages rather than the effect of individ-
ual genes. Third, PCR demonstrates gene carriage 
but not gene expression; no MIC-level, transcrip-
tional, plasmid-localisation or conjugation data 
were generated, so no mechanistic or synergistic 
interaction can be inferred. Fourth, standardized 
clinical criteria distinguishing infection from colo-
nization were not applied, and clinical outcome 
data were not collected, preventing any linkage 
between genotype and patient outcome. Fifth, the 
reference genotype group was small (n=17) and 
several strata were sparse, so the confidence inter-
vals are wide and the estimates imprecise despite 
penalization; the analyses are exploratory and 
were not adjusted for multiple comparisons. Sixth, 
tetracyclines including tigecycline and minocy-
cline were not tested, so only 7 of the 9 Magiorakos 
categories were evaluable and extensively drug-re-
sistant and pandrug-resistant phenotypes could 
not be assigned. Seventh, genes encoding extend-
ed-spectrum β-lactamases, 16S rRNA methylases 
and non-enzymatic mechanisms such as efflux 
and porin loss were not investigated. Eighth, the 
carbapenemase-producing organism results are 
those reported by the automated system during 
routine testing and were not confirmed by a sec-
ond phenotypic method such as a modified car-
bapenem inactivation or metallo-β-lactamase inhi-
bition test. Finally, three isolates identified as A. 
baumannii lacked blaOXA-51-like and could not be 
confirmed to species level by an independent 
method.
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Future directions
Future work should combine whole-genome se-
quencing with prospective clinical outcome data 
to determine whether the genotypes described 
here are clonally related and whether they are as-
sociated with patient outcomes. Evaluation of rap-
id molecular assays for blaOXA-23 and blaNDM, 
and of the interpretive value of an undeter-
mined-class carbapenemase result on automated 
systems, would also be of practical value in com-
parable settings.

n	 CONCLUSIONS

Among clinical A. baumannii isolates from a south-
ern Vietnamese tertiary hospital, blaOXA-23 was 
highly prevalent and was the genotype most con-
sistently associated with resistance across six anti-
microbial classes, whereas blaNDM co-carriage 
was associated with additional resistance to non-
β-lactam agents. These associations are cross-sec-
tional and do not establish causality, gene expres-
sion, or clonal transmission. The automated phe-
notypic system frequently failed to assign the 
correct Ambler class, in particular for blaNDM-pos-
itive isolates, although a carbapenemase result of 
undetermined class had a high positive predictive 
value for blaNDM in this collection. Targeted mo-
lecular confirmation, combined with clonality 
analysis, would strengthen local surveillance of 
carbapenem-resistant A. baumannii in Vietnam 
and comparable settings.
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