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Abstract

Background Carbapenem-resistant Acinetobacter baumannii (CRAB) frequently causes both healthcare-associated
infections and nosocomial outbreaks in burn medicine/plastic surgery and beyond. Owing to the high antibiotic
resistance, infections are difficult to treat, and patient outcomes are often compromised. The environmental persis-
tence capability of CRAB favors its transmission in hospitals. A comprehensive analysis and understanding of CRAB
epidemiology and microbiology are essential for guiding management.

Methods A three-year retrospective cohort study (2020-2022) was conducted in a German tertiary burn and plastic
surgery center. In addition to epidemiological analyses, microbiological and molecular techniques, including whole-
genome sequencing, were applied for the comprehensive examination of isolates from CRAB-positive patients.

Results During the study period, eight CRAB cases were found, corresponding to an overall incidence of 0.2 CRAB
cases per 100 cases and an incidence density of 0.35 CRAB cases per 1000 patient-days. Six cases (75%) were treated
in the burn intensive care unit, and four cases (50%) acquired CRAB in the hospital. Molecular analyses comprising 74
isolates supported the epidemiologic assumption that hospital acquisitions occurred within two separate clusters. In
one of these clusters, environmental CRAB contamination of anesthesia equipment may have enabled transmission.
Furthermore, molecular diversity of CRAB isolates within patients was observed.

Conclusions CRAB can pose a challenge in terms of infection prevention and control, especially if cases are clustered
in time and space on a ward. Our study demonstrates that high-resolution phylogenetic analysis of several bacterial
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isolates from single patients can greatly aid in understanding transmission chains and helps to take precision control

measures.

Keywords Acinetobacter baumannii, Carbapenem, Resistance, Infection prevention and control, Epidemiology,

Whole-genome sequencing, Microbiology

Background

Acinetobacter baumannii is a Gram-negative, nonfer-
menting bacterium with high environmental persis-
tence [1, 2]. Carbapenem resistance in Acinetobacter
baumannii is enabled mainly by carbapenemases, such
as blaOXA-23 [3]. Both carbapenem-resistant Acineto-
bacter baumannii (CRAB) and susceptible isolates are
well known for their ability to cause both healthcare-
associated infections and nosocomial outbreaks [4—10].
Common infections caused by Acinetobacter species
are bloodstream infections, pneumonia and soft tis-
sue infections [11]. CRAB is listed within the priority 1
group (critical) of the WHO list of antibiotic-resistant
bacteria recommended for prioritization for new antibi-
otics research and development [12]. In summary, CRAB
represents a relevant global infection prevention and
control (IPC) challenge. For these reasons, our hospital
has implemented a comprehensive general IPC strategy
for highly resistant Gram-negative bacteria, including
CRAB [13], based on national and international recom-
mendations. CRAB plays a particularly prominent role in
burn medicine [14—16]. Patients with extensive skin and
soft tissue damage are especially susceptible to infection
and colonization with CRAB. In addition, burn medicine
involves the frequent application of medical procedures
that are associated with a high risk of environmental con-
tamination, including extensive dressing changes and
hydrotherapeutic applications.

Owing to the unfavorable resistance spectrum, the
therapy of infections caused by CRAB is challenging [17].
Promising new therapeutic options, such as sulbactam/
durlobactam or cefiderocol, have recently come into
focus [18].

In this context, detailed epidemiological knowledge
is highly useful for optimizing the IPC management of
CRAB. Therefore, we conducted a comprehensive ret-
rospective epidemiologic, microbiologic and molecular
analysis of CRAB in our plastic surgery and burn medi-
cine department (other departments were not consid-
ered) from 2020-2022.

Methods

Setting, study design, data acquisition and definitions

A retrospective study was conducted in the Department
of Plastic, Aesthetic, Hand and Reconstructive Surgery

at Hannover Medical School, a German university clinic
with a burn center for adults. The study period was from
January 2020 to December 2022 (i.e., 36 months). The
data collection and analysis took place from January 2023
to April 2024. All procedures were performed in accord-
ance with relevant laws and institutional guidelines. The
ethics committee of Hannover Medical School approved
this study (No. 10682_BO_K_2022).

The study included a burn intensive care unit (BICU)
with six beds for adults in single rooms and a regular
ward with 20 beds (two 4-bed rooms, two 3-bed rooms,
two 2-bed rooms and two single rooms). The BICU
included a room with a hydrotherapy tub and an adja-
cent operating theatre. Patient data, including microbiol-
ogy results, were retrieved from the hospital information
system, the laboratory information system and patient
records. The hospital’s controlling department provided
the total number of inpatient cases (inpatient stays)
and patient-days. A CRAB case was defined as an inpa-
tient stay in which CRAB was cultured from at least one
microbiologic sample (screening and clinical samples).
Acquisition was epidemiologically classified as nosoco-
mial (hospital-acquired) when CRAB was found for the
first time on day three or later of the hospital stay. The
incidence of CRAB was calculated as CRAB cases per
100 inpatient cases, and the incidence density was calcu-
lated as CRAB cases per 1000 patient-days.

Microbiologic diagnostic

Screening samples for carbapenem-resistant Gram-neg-
ative bacteria were cultured on CHROMagar = mSuper-
CARBA"™ (CHROMagar, Paris, France). Clinical samples
were analyzed via standard liquid and solid culture media
according to internal laboratory standards. Species iden-
tification was performed via matrix-assisted laser des-
orption/ionization time-of-flight mass spectrometry
using a Vitek MS system (bioMérieux, Marcy-I'Etoile,
France), and initial antimicrobial susceptibility testing
(AST) was performed with a Vitek 2 system (bioMérieux,
Marcy-I'Etoile, France). Carbapenem resistance was con-
firmed for at least the first isolate of every case by mini-
mum inhibitory concentration (MIC) determination with
the Merlin Micronaut system (Merlin Diagnostika, Born-
heim-Hesel, Germany). European Committee on Anti-
microbial Susceptibility Testing (EUCAST) standards
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were followed in the version valid for the respective year
of the study (breakpoint tables v10.0 to v12.0). For this
study, we also tested representative CRAB isolates for
susceptibility to cefiderocol using the UMIC Cefiderocol
(Bruker Daltonics, Bremen, Germany) and for the novel
antimicrobial sulbactam/durlobactam [19] as described
by Karlowsky et al. [20]. In brief, sulbactam (Thermo
Fisher Scientific, Waltham, United States) was tested in
twofold serial dilutions with a fixed durlobactam (Target-
mol Chemicals, Boston, United States) concentration of
4 mg/L in cation-adjusted Mueller Hinton II Broth (BD,
Heidelberg, Germany) following EUCAST recommen-
dations for MIC determination (media preparation v7.0,
reading guide v4.0).

Environmental samples were collected via RODAC
plates (Tryptone Soya Agar with Disinhibitor, Oxoid,
Wesel, Germany) and swabs (eSwab, Copan, Brescia,
Italy).

Routine infection prevention and control management

of carbapenem-resistant Acinetobacter baumannii

In accordance with our hospital IPC standards, cases
with CRAB were always assigned to single rooms. Staff
wore gowns and gloves when entering the room of a
CRAB-positive patient. In the BICU personal protec-
tive equipment (gloves and gowns) were mandatory in
all patient rooms (due to immunocompromised patient
status and for IPC reasons). Furthermore, the BICU staff
always left the rooms of CRAB-positive patients via a
separate corridor and re-entered the ward after changing
their unit gowns. As our study took place during the cor-
onavirus disease 2019 (COVID-19) pandemic, a universal
masking (surgical masks) protocol was also in place.

As long as a patient with CRAB was hospitalized in
a ward, all other patients in that ward were screened
weekly for carbapenem-resistant bacteria, as described
previously [13]. Moreover, admission screening for car-
bapenem-resistant Gram-negative bacteria and prophy-
lactic isolation was recommended for patients who had
previously been treated at hospitals outside of Germany.
Room contact patients (if any) of CRAB-positive cases
were preemptively isolated until negative swabs were
obtained. Onsite medical staff were trained in dealing
with patients with CRAB through targeted face-to-face
and digital educational information provided by the IPC
team on an event-related basis.

Sequencing of isolates and bioinformatic analysis

CRAB isolates available in our local strain collection
were recultured for molecular typing purposes. DNA
was extracted (DNeasy PowerSoil Pro Kit, Qiagen,
Venlo, Netherlands) for library preparation (Illumina
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DNA Prep, Illumina, San Diego, United States) and
subsequent sequencing on an Illumina NovaSeq 6000
in paired-end mode (2 X 150 bp). Raw reads were pro-
cessed as described previously [21]. In brief, the reads
were quality filtered via fastp (v0.19.5) and assem-
bled via SPAdes (v3.15.5). Subsequent gene calling
was performed with Prokka (v1.14.6), and the average
nucleotide identity (ANI) was calculated using fastANI
(v1.33). A dendrogram was constructed in R (4.2.2) with
dendextend (v1.17.1). SNP calling was performed via
snippy (v4.6.0) at the contig level, with representatives
of each clade of the dendrogram taken as references; a
threshold of 30 SNPs was set to define a group. Carbap-
enemase-encoding genes were identified as described
previously [22] using ariba (v2.14.4) and the CARD
database (version July 2023). The Pasteur scheme from
PubMLST.org [23] was used for multilocus sequence
typing (MLST). In addition, we performed core genome
multilocus sequence typing (cgMLST) analysis for Aci-
netobacter baumannii [24] with the SeqSphere + soft-
ware suite (Ridom, Miinster, Germany; client software
version 10.0.4). Using the software’s default settings, de
novo assembly with SKESA was performed, and a mini-
mum spanning tree based on the cgMLST results was
generated.

Results

Basic epidemiology and clinical characteristics

During the study period, 3999 cases were hospitalized
in the two wards for a total of 22,796 patient-days. Of
those, 694 (17.4%) cases and 4470 patient-days (19.6%)
were in the BICU.

CRAB was detected in eight cases (six male and two
female), corresponding to an overall incidence of 0.2
CRAB cases per 100 cases and an incidence density of
0.35 CRAB cases per 1000 patient-days. Six cases (75%)
were treated in the BICU. Considering the BICU alone,
we observed an incidence of 0.86 CRAB cases per 100
cases and an incidence density of 1.34 CRAB cases per
1000 patient-days. A summary overview of the CRAB
cases, including the patient clinical characteristics, is
shown in Table 1. One of the eight patients developed a
bloodstream CRAB infection.

Four cases (50%; case 2, case 5, case 6 and case 7)
acquired CRAB within the hospital (nosocomial). The
other four cases (case 1, case 3, case 4 and case 8) were
found to be CRAB positive on admission (brought in).
Those patients were all directly transferred from hos-
pitals outside Germany (two patients from Poland and
one patient each from Romania and Ukraine).
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Table 1 Epidemiological and clinical characteristics of the eight cases with carbapenem-resistant Acinetobacter baumannii

Item

Number (percentage)

Total number of cases

Female cases

Nosocomial cases

Cases with direct transfer from a foreign country hospital
Median age in years [IQR]

Median length of stay in days [IQR]

Cases with stay in the BICU

Cases according to underlying disease

Explosion trauma and related burn injury

Burn injury

Fournier gangrene

Cases with positive sample sites

Rectal sample(s) positive

Nasopharyngeal sample(s) positive
Skin/wound sample(s) positive

Urine sample(s) positive

Respiratory sample(s) positive

Cases with cocarriage of other multidrug-resistant bacteria
Vancomycin-resistant enterococci
Methicillin-resistant Staphylococcus aureus
Carbapenem-resistant Klebsiella pneumoniae
Carbapenem-resistant Pseudomonas aeruginosa
Cases with surgeries during hospital stay

One surgical intervention

Two surgical interventions

More than two surgical interventions

8 (100%)

2 (25%)

4 (50%)

4 (50%)

54.5 [36.6-56.5]
27 [13.5-41.5]
6 (75%)

3(37.5%)
4 (50%)
1(12.5%)

5(62.5%)
3(37.5%)
8 (100%)
2 (25%)

5(62.5%)

0 (0%)
1(12.5%)
2 (25%)
1(12.5%)
7 (87.5%)
6 (75%)
5(62.5%)

IQR =Interquartile range; BICU =burn intensive care unit

Epidemiologic curve

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 a4
2020 2021 2022

Number of cases
o - N w =) v ()] ~N

Fig. 1 Epidemiologic curve of cases with carbapenem-resistant
Acinetobacter baumannii

Infection prevention and control measures, clusters

and environmental samples

Figure 1 (epidemiologic curve) shows the distribution of
the eight CRAB cases over the study period, demonstrat-
ing an increase in the number of cases in the 3rd and 4th
quarters of 2021. Given the epidemiological situation at

that time (e.g., joint/overlapping or subsequent stay in
the BICU, care by joint staff, stay in the same functional
medical units), we assumed two separate transmission
events (denoted as epidemiologic clusters 1 and 2). On
the one hand, we suspected transmission from Case
1 (index case) to Case 2 (cluster 1). The two impacted
patients had a temporal overlap in their stay in the BICU,
stayed in neighboring rooms and were cared for by the
same staff. These two cases also both received hydro-
therapeutic care in a tub in the BICU, but environmental
examinations using swabs and contact plates revealed no
evidence of CRAB in the therapy tub. The situation was
resolved by strengthening the existing IPC measures and
training in the ward.

Second, shortly after the first transmission event, a
second epidemiological cluster appeared (cluster 2) with
connections to the BICU (overlapping and subsequent
stays at the BICU, care provided by the same staff), con-
sisting of cases 3, 5, 6 and 7, with case 3 most likely rep-
resenting the index case. Three of these four cases were
also repeatedly treated in the operating theatre next to
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Fig. 2 Positive environmental samples in the operating theatre. A Anesthesia tower in the operating theatre. B Documentation workplace

in the operating theatre. Positive sites are marked with X"

the BICU, and CRAB was found at three environmen-
tal sample sites in the operating theatre (e.g., the anes-
thesia tower; see also the Phylogeny section and Fig. 2)
after standard cleaning/disinfection procedures had been
performed. Intensified patient screening (twice a week),
intensified cleaning/disinfection in the BICU and the
operating theatre, and an extensive onsite audit, training
and education program for all staff (e.g., healthcare work-
ers, cleaning staff) ended the suspected transmission
chain in cluster 2. Case 4 and case 8 were not epidemio-
logically linked to each other or to the other cases.

MLST and antimicrobial susceptibility

In total, 88 CRAB isolates were identified in patient sam-
ples (screening and clinical) from the department dur-
ing the study period (median of seven isolates per case).
Among those, 71 (80.7%) were available for sequencing.
These patient isolates and the three environmental sam-
ple isolates were subjected to molecular analyses (in total,
74 isolates, see Supplementary Material 1). As a first step,
we performed MLST according to the Pasteur scheme.
All eight cases were colonized with ST?2 isolates and case
3 was additionally colonized with ST1 isolates and ST636
isolates (see Supplementary Material 1). Table 2 shows
the MIC results of selected CRAB isolates. All tested
isolates were resistant to ciprofloxacin, levofloxacin,
imipenem, meropenem, gentamicin and amikacin. Two
isolates were susceptible or susceptible under increased
exposure to trimethoprim/sulfamethoxazole; one isolate
was susceptible to tobramycin, and all isolates were sus-
ceptible to colistin. All isolates but one were susceptible

to cefiderocol, and all isolates but two were susceptible to
sulbactam/durlobactam.

Phylogenetic analysis and distribution of carbapenemase
genes

ANI and SNP analyses revealed seven distinct groups
(G_#1 to G_#7) encompassing phylogenetically closely
related isolates each (Fig. 3). In accordance with the
results from the MLST analyses presented above, all of
the ST2 isolates clustered closely together in the dendro-
gram, except for E1, which displayed lower nucleotide
similarity to the other strains of this group. The ST636
and ST1 isolates formed separate clades; however, the
ANI values were still well within the species boundary
of 95% similarity, confirming that all isolates were Aci-
netobacter baumannii. SNP analyses largely confirmed
the clustering determined on the basis of ANIs, except
for ACI_34, which was linked to group G_#1 by SNP
analysis, but clustered separately by ANI analysis. This
discrepancy is probably due to the acquisition of addi-
tional genomic material in ACI_34, which is supported
by the detection of blaOXA-72 in ACI_34 but no other
G_#1 member (see below). ACI_52 was assigned to G_#5
(22 and 29 SNPs to references, respectively); however, it
displayed only 35 SNPs to the reference of G_#6. Group
G_#5 comprised isolates from the cases 1 and 2 (cases in
epidemiologic cluster 1). Group G_#2 comprised isolates
from the cases in epidemiologic cluster 2 (Cases 3, 5, 6
and 7), including the three CRAB-positive environmen-
tal samples. In addition, several isolates from Cases 3 and
5 (which were part of cluster 2) clustered within another
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Fig. 3 Dendrogram based on the average nucleotide identity (ANI) values of carbapenem-resistant Acinetobacter baumannii isolates (n=74),
along with the detected carbapenemase genes, sequence types (STs) and cgMLST results. The leaf color indicates the individual patient;
environmental isolates are shown in black. Strains were grouped on the basis of their phylogenetic relatedness (G_#) via ANl and SNP analysis (30
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group (G_#1). Case 1, Case 3 and Case 5 carried phylo-
genetically distinct CRAB isolates, indicating intrahost
diversity of CRAB strains.

Additionally, a ¢cgMLST analysis was performed to
add another molecular method frequently used for
epidemiological analysis. The minimum spanning tree
based on the cgMLST analysis was largely congruent

with the ANI based results (Fig. 3); a detailed analysis
(minimum spanning tree) is shown in Supplementary
Material 2.

For all isolates, genes encoding carbapenemases were
detected, explaining their resistance phenotypes (Fig. 3).
However, the individual enzyme types differed between
groups. All isolates except those linked to G_#7 (ST1)
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exhibited blaOXA-66. The isolates in G_#1 and G_#2,
along with ACI_34, ACI_62 and ACI_50, additionally
contained blaOXA-23. The strains in groups G_#3 —
G_#7 possessed genes encoding blaOXA-72. Notably, all
three OXA types were detected in ACI_34 and ACI_50.
The strains in G_#7 (ST1) also presented genes associ-
ated with blaOXA-92.

Discussion

In the present retrospective study of the Department
of Plastic, Aesthetic, Hand and Reconstructive Surgery
covering the years 2020-2022, we detected a higher
incidence (0.2 CRAB cases per 100 cases in the entire
department, 0.86 CRAB cases per 100 cases in the BICU)
than did a previous study covering the years 2015-2019,
where an overall CRAB incidence of 0.019 CRAB cases
per 100 inpatient cases was observed in our entire hos-
pital [13]. This was mainly attributable to two transmis-
sion clusters and there was no change in the overarching
IPC concept compared with our prior study. An Aus-
tralian study focusing on a BICU reported a higher inci-
dence density, 3.3 per 1000 patient days from July 2019 to
June 2020 [25]. In addition, studies from the U.S., South
Africa, India and Singapore reported high numbers of
infections caused by Acinetobacter baumannii, including
carbapenem-resistant isolates [26—29], emphasizing the
global importance of this pathogen.

The literature describes hospital clusters/outbreaks
caused by CRAB in burn medicine [7, 30] and in other
settings [10, 31]. High-resolution molecular analyses
are helpful in providing support for epidemiologically
suspected transmission clusters [4, 10]. In our case, the
epidemiological assumption (two separate clusters) was
confirmed by the molecular typing methods used (apply-
ing ANI and SNP analyses as well as cgMLST). We per-
formed analyses based on ANI and SNPs to deduce the
phylogenetic relationship between strains and obtain
detailed insights at the whole-genome level. Further-
more, cgMLST, which represents a standardized method
for investigating epidemiological events, was effective for
understanding the relevant transmission patterns. Nota-
bly, within the two epidemiologically defined clusters
(cluster 1 and 2), cases (patients) with genetically differ-
ent CRAB isolates were found (e.g., within case 3). This
emphasizes the necessity of investigating multiple iso-
lates (for example, those collected at different time points
or at different sample sites) from patients to draw appro-
priate conclusions and fully comprehend the overall pic-
ture of transmission.

In principle, rigorous and timely interventions to inter-
rupt transmission chains are necessary from an IPC per-
spective. Some reported CRAB outbreaks required harsh
measures, such as temporary closure of the affected ward,
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to stop the outbreak [7, 32]. The fact that environmental
contamination may also have facilitated individual trans-
mission events in the present work underlines the impor-
tance of thorough cleaning/disinfection.

Importantly, adherence to basic IPC measures (such
as hand hygiene, thorough cleaning/disinfection [14]
and correct handling of medical devices) is crucial for
controlling CRAB in endemic and epidemic contexts, as
previously reported [31]. Notably, in our case, transmis-
sion events occurred despite the use of comprehensive
IPC measures and hygiene-supportive framework con-
ditions, such as general single-room accommodations in
the BICU. We have therefore strengthened adherence to
known and established IPC measures through repeated
training sessions and audits by the IPC team, an interven-
tion that has been highlighted previously in a CRAB out-
break in a Swedish burn center [14].

As described by others [32], we also observed the
introduction of CRAB by patients who were previously
treated in hospitals outside Germany. Admission screen-
ing and prophylactic isolation for transferred patients
are cornerstones to address this challenge and should be
implemented.

In the event of an infection, CRAB is difficult to treat.
Reserve antibiotics such as cefiderocol or colistin may
be important therapeutic options in such cases [33-35].
The antimicrobial resistance tests carried out on selected
isolates in this study showed broad susceptibility to these
substances. Every isolate was susceptible to at least two
antimicrobial substances that have been approved for use
in Germany. As recent studies from India have reported
resistance to colistin [36, 37] and colistin resistance has
also been observed in ST2 (Pasteur) isolates in the U.S.
[38], novel antibiotics such as sulbactam/durlobactam
have gained importance and have been shown to be
effective against CRAB infections [39]. Notably, dur-
lobactam decreased the MIC of sulbactam by at least
twofold compared with sulbactam alone, except for the
isolate Case4_ACI62 in our study. One possible explana-
tion for the phenotype of Case4_ACI62, is that the previ-
ously reported single-nucleotide polymorphism A515V
in penicillin-binding protein 3 (PBP3) [40, 41] was identi-
fied in this isolate. According to a previous case report,
sulbactam/durlobactam was effectively used in a criti-
cally ill burn patient [42].

In some cases, we identified isolates with differ-
ing antimicrobial susceptibility phenotype within the
same patient. This may support the need for repeated
MIC testing of clinically relevant CRAB isolates for a
broad range of antimicrobial substances via high-quality
methods.

The molecular (Pasteur sequence type) distribution of
the isolates in our study is comparable to those found in
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Europe in the recent overview of global CRAB epidemi-
ology by Miiller et al. [43]. Notably, our three ST1 isolates
(all from case 3) carry a blaOXA-92 (OXA-51-like) vari-
ant, which is not represented in the global collection ana-
lyzed in that study [43].

This study has several limitations. First, we collected
data retrospectively and focused on a single burn and
plastic surgery department, which may limit the general-
izability of our findings to other healthcare settings (e.g.,
other medical specialties, different countries, other types
of hospitals). However, investigating the epidemiology of
CRAB in our entire hospital, including all departments,
was beyond the scope of this study. Another limitation
concerns the environmental sampling methods used in
this study. Specifically, common contact plates and swabs
were used and we did not use more sensitive sampling
methods, such as premoistened sponge swabs (e.g., the
commercially available product POLYWIPE™ Range,
Medical Wire & Equipment, Corsham, England) or other
comparable products. This could have led to a lower
recovery rate in the environmental samples.

Conclusions

The present study shows that in a country such as Ger-
many, which has a comparatively low prevalence of car-
bapenem resistance within Gram-negative bacteria,
CRAB can still occur and may be challenging in terms
of IPC, particularly when clusters occur on a ward. We
demonstrated that analyzing many available bacterial iso-
lates from the same patients is an advantage for under-
standing transmission chains, as it allows the elucidation
of potential intrahost diversity, whereas analyses of single
isolates might mask transmission events. Furthermore, in
our case, environmental sampling was useful for CRAB
management. Finally, our results indicate that CRAB will
continue to be an IPC challenge in burn medicine and
beyond.
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