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Clinical Infectious Diseases
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Clinical Outcomes and Bacterial Characteristics
of Carbapenem-resistant Acinetobacter baumannii
Among Patients From Different Global Regions
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Background. Carbapenem-resistant Acinetobacter baumannii (CRAD) is 1 of the most problematic antimicrobial-resistant
bacteria. We sought to elucidate the international epidemiology and clinical impact of CRAb.

Methods. Ina prospective observational cohort study, 842 hospitalized patients with a clinical CRAD culture were enrolled at 46
hospitals in five global regions between 2017 and 2019. The primary outcome was all-cause mortality at 30 days from the index
culture. The strains underwent whole-genome analysis.

Results.  Of 842 cases, 536 (64%) represented infection. By 30 days, 128 (24%) of the infected patients died, ranging from 1 (6%)
of 18 in Australia-Singapore to 54 (25%) of 216 in the United States and 24 (49%) of 49 in South-Central America, whereas 42 (14%)
of non-infected patients died. Bacteremia was associated with a higher risk of death compared with other types of infection
(40 [42%] of 96 vs 88 [20%] of 440). In a multivariable logistic regression analysis, bloodstream infection and higher age-
adjusted Charlson comorbidity index were independently associated with 30-day mortality. Clonal group 2 (CG2) strains
predominated except in South-Central America, ranging from 216 (59%) of 369 in the United States to 282 (97%) of 291 in China.
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Acquired carbapenemase genes were carried by 769 (91%) of the 842 isolates. CG2 strains were significantly associated with higher
levels of meropenem resistance, yet non-CG2 cases were over-represented among the deaths compared with CG2 cases.

Conclusions.

CRAD infection types and clinical outcomes differed significantly across regions. Although CG2 strains remained

predominant, non-CG2 strains were associated with higher mortality.

Clinical Trials Registration. NCT03646227.
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Carbapenem-resistant Acinetobacter baumannii (CRAb) has
emerged as a significant healthcare-associated pathogen over
the last 2 decades [1]. Mortality rates associated with CRAb
infections are high [2]; however, CRADb is often detected in pa-
tients with poor baseline health status or significant underlying
conditions, and its true impact on their disease courses remains
undefined. The ascendancy of CRAb in healthcare facilities
during the past 2 decades coincides with the propagation of
several dominant clonal lineages, especially clonal group
2 (CG2) [3, 4]. CG2 strains producing acquired OXA-23 carba-
penemases appear to account for a large proportion of CRAb
worldwide, yet regional differences have also been recognized
[5]. How these strain differences define clinical features and
patient outcomes remains unclear.

In this analysis, we explored the clinical features of
patients with CRAD and the impact of infection over coloni-
zation in an international prospective cohort. Furthermore,
we delineated the phenotypic and genomic characteristics
of the CRAb isolates to highlight similarities and differences
across regions.

METHODS

Study Design and Patients

The Study Network of Acinetobacter baumannii as Carbapenem-
Resistant Pathogen (SNAP) is an international, prospective,
observational, multicenter study with consecutive enrollment
of hospitalized patients from whom CRAb was isolated during
their hospitalization. Surveillance cultures were excluded. The
first qualifying culture episode during the initial admission was
included for each patient enrolled during the study period, which
occurred between September 2017 and November 2019, depend-
ing on regions. Patients were enrolled from 46 health systems
in 10 countries. The study was approved by the Institutional
Review Boards of all the participating health systems with a waiv-
er of consent. This study is registered with ClinicalTrials.gov
(Clinical Trials Registration NCT03646227).

Carbapenem resistance was defined by a minimum inhibito-
ry concentration (MIC) value of 8 mg/L or greater for merope-
nem, imipenem, or doripenem [6]. A patient was eligible
without age exclusion if A. baumannii was identified from a
clinically indicated culture specimen and was resistant to at
least 1 of the 3 carbapenems tested at the local microbiology
laboratory. Meropenem resistance was confirmed by MIC

testing at central research laboratories, and cases with
meropenem-resistant isolates were included in the final
analysis.

Clinical Data Collection

Demographic and clinical data were obtained from electronic
health records (EHRs). Infections were defined by published
criteria [7], with the exception of respiratory cultures for
which the clinical diagnosis recorded by the treating clinicians
was applied based on review of the EHR [8]. Association with
healthcare was determined as previously defined [9]. Positive
cultures that did not meet the criteria for infection were con-
sidered to represent non-infection. At 90 days after discharge,
data on post-hospitalization death and readmission were col-
lected from the EHR.

Outcomes

Patient outcomes were evaluated at 30 and 90 days from the
collection date of the index culture. For patients with infection,
the primary outcome was all-cause mortality at 30 days.
Secondary outcomes included the desirability of outcome rank-
ing (DOOR) and 90-day all-cause mortality [10]. DOOR is an
ordinal outcome that globally assesses patient wellbeing. The cat-
egories were: clinical response at 30 days with no events, 1 event,
2 or 3 events, and death, where the possible events included lack
of clinical response at 30 days, worsening clinical status at dis-
charge within 30 days or readmission within 30 days, and renal
failure post-culture or Clostridioides difficile infection [7].

Microbiologic and Sequencing Analysis

The CRAD isolates were sent to central research laboratories,
where the MICs of meropenem and other agents with
anti-Acinetobacter activity were determined using the broth
microdilution method.

Sequencing of the genomic DNA extracted from the first iso-
lates of the enrolled patients was conducted using Illumina se-
quencers [11]. Draft genomes were assembled using SPAdes,
version 3.13.1 [12]. Acinetobacter species were determined by
fastANI, version 1.32, using a 95% cutoff for species identifica-
tion [13, 14]. Multilocus sequence typing (MLST) was analyzed
by MLST, version 2.22.0, using the PubMLST database [15, 16].
Clonal groups were defined as a central ST with its single-locus
variants (SLVs) and their SLVs [17]. Resistance genes were
identified by AMRFinderPlus, version 3.10.21, and ARIBA,
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version 2.14.6 [18, 19]. Acquired carbapenemase genes
were those other than blagxa . si ke intrinsic to the species.
Capsular polysaccharide locus and lipooligosaccharide outer
core locus were defined using Kaptive version 2.0.3 [20].
Core genome alignment was generated by Snippy, version
4.6.0, using the A. baumannii AYE genome (accession no.
NC_010410) as the reference [11]. A maximum likelihood phy-
logenetic tree was constructed in RAxML, version 8.2.4 [21].

Statistical Analysis

The characteristics of patients with CRAb and their outcomes
were compared. The distributions of continuous variables,
including ordered categorical variables, were compared using
the Kruskal-Wallis test. The Pearson y” test across groups
was used for nominal categorical variables. To compare
outcomes between infected and non-infected patients, both
unadjusted and inverse probability weighting-adjusted pair-
wise DOOR analyses were performed, adjusting for region,
immunocompromising conditions, pre-admission location,
and age-adjusted Charlson comorbidity index (CCI) [22].
Pairwise DOOR comparisons estimated the probability of a
more favorable outcome for a randomly selected patient with
CRAD infection versus CRAb non-infection. Pairwise DOOR
comparisons between geographic regions were also estimated.
Among the infected patients, risk factors for outcomes were
sought in exploratory logistic regression analyses that included
anatomical source of infection, age-adjusted CCI of the
patients, immunocompromising conditions, pre-admission lo-
cation, monomicrobial infection, geographic region, clonal
group, acquired carbapenemase gene (presence or absence),
capsular polysaccharide locus and lipooligosaccharide outer
core locus of the associated strains as variables of clinical and
bacteriological interest, with study site as a random effect.
P values <.05 were considered statistically significant, and all
tests were 2-sided. All analyses were performed using SAS soft-
ware version 9.4 (SAS Institute, Inc., Cary, North Carolina,
USA).

RESULTS

Patient Characteristics

A total of 990 patients were enrolled at international sites par-
ticipating in the Multi-Drug Resistant Organism (MDRO)
Network (NCT03646227). After excluding 148 patients for
various reasons, 842 patients were included in the primary
analysis (Supplementary Table 1). The final cohort included
369 (44%) patients from the United States, 291 (35%) patients
from China, 77 (9%) patients from the Middle East, 74 (9%)
patients from South-Central America, and 31 (4%) patients
from Australia-Singapore (Table 1). Males accounted for
55%-87% of the cohort depending on the region. Patients in
South-Central America were significantly younger (median

age 56; interquartile range [IQR] 38-68) than patients in the
United States (median age 62; IQR 53-72), China (median
age 63; IQR 48-73), Middle East (median age 63; IQR
32-74), or Australia-Singapore (median age 65; IQR 53-72;
P=.06 across regions). Patients in South-Central America
(median CCI 1; IQR 0-2) and China (median CCI 1; IQR
0-3) had fewer comorbidities than patients in the United
States (median CCI 3; IQR 1-5), Middle East (median CCI 2;
IQR 0-3), or Australia-Singapore (median CCI 2; IQR 0-3;
P <.0001 across regions).

Opverall, 536 (64%) of the 842 patients had CRADb infections,
and 306 (36%) had CRADb non-infection. Additionally, 328
(70%) of the 468 respiratory tract isolates, 75 (44%) of the 170
wound isolates, and 19 (41%) of the 46 urinary isolates represent-
ed infection. In terms of acquisition, 523 (62%) of the 842 CRAb
cases were defined as hospital-acquired and another 259 (31%)
as healthcare-associated but non-hospital-acquired. Overall,
430 (51%) of the 842 patients with a CRAb infection were in
an intensive care unit at the time of the first CRAD culture, rang-
ing from 7 (23%) of 31 in Australia-Singapore to 175 (60%) of
291 in China, and 45 (61%) of 74 in South-Central America.

The most common sources of CRAb were the respiratory
tract (n =468, 56% of total), followed by wound (n=170,
20%), bloodstream (n=96, 11%), and urine (n=46, 5%)
(Table 1). The respiratory tract was particularly a common
[78%] of 291 isolates), whereas
South-Central America had a relatively high proportion of
bloodstream isolates (20 [27%] of 74) compared with other re-
gions, ranging from 1 (3%) of 31 in Australia-Singapore to 11
(14%) of 77 in the Middle East. An additional organism other
than CRAb grew in 340 (40%) of the 842 patients from the
same source. Concomitant growth was particularly common

source in China (228

in wounds (48 of 75 infection cases and 61 of 95 non-infection
cases, both 64%), for which methicillin-resistant Staphylococcus
aureus (22 of 109 polymicrobial wound isolates) and
Pseudomonas spp. (22 of 109) accounted for 20% each.

Strain Characteristics

An acquired carbapenemase gene was detected in 769 (91%) of
842 isolates. The proportion of CRAD isolates with an acquired
carbapenemase was high across the regions, ranging from 305
(83%) of 369 isolates in the United States to 100% in
the Middle East (n=77) and Australia-Singapore (n=31)
(Figure 1). Also, blagxa_»3 was the most common acquired car-
bapenemase gene across all regions and was present in 680 iso-
lates (88%), including 9 with another acquired carbapenemase
gene. And blaoxa 24740 Was the next most commonly acquired
carbapenemase gene and was present in 75 isolates (10%), includ-
ing 3 isolates co-harboring blagxa 3. The other acquired carba-
penemase genes were blaxpy.; (n=11), blaoxa ss (n=8), and
blaoxa 237> @ blaoxa 134-like carbapenemase gene only found in
the United States (n=5).
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Table 1. Characteristics of Patients With CRAb Isolates by Region

United States China South-Central Middle East Australia-Singapore Total P
Characteristics (n=369) (n=291) America (n=74) (n=77) (n=31) (n=3842) Value?
Demographics

Age, y 62 (563-72) 63 (48-73) 56 (38-68) 63 (32-74) 65 (53-72) 62 (49-73) .055

Female sex 167 (45) 86 (30) 33 (45) 20 (26) 4 (13) 310 (37) <.0001
Comorbidities

Charlson comorbidity index 3(1-5) 1(0-3) 1(0-2) 2 (0-3) 2 (0-3) 2 (1-4) <.0001

Diabetes 178 (48) 74 (25) 19 (26) 35 (45) 14 (45) 320 (38) <.0001

Heart disease 131 (36) 46 (16) 6(8) 27 (35) 6 (19) 216 (26) <.0001

Cerebrovascular disease 87 (24) 63 (22) 3(4) 13(17) 3(10) 169 (20) .0014

Chronic kidney disease 53 (14) 17 (6) 5(7) 17 (22) 3(10) 95 (11) .0001

COPD 97 (26) 21(7) 10 (14) 5 (6) 5 (16) 138 (16) <.0001

History of malignancy 54 (15) 36 (12) 4 (5) 6(8) 5(16) 105 (12) 14

Immunocompromised 26 (7) 13 (4) 7(9) 3(4) 1(3) 50 (6) .34
Origin of patient <.0001

Home 112 (30) 109 (37) 61 (82) 51 (66) 18 (58) 351 (42)

Long-term care facility 155 (42) 4(1) 0(0) 0(0) 1(3) 160 (19)

Long-term acute care 47 (13) 17 (6) 0 (0) 0 (0) 1(3) 65 (8)

Hospital transfer 51 (14) 161 (55) 10 (14) 24 (31) 3(10) 249 (30)

International transfer 4 (1) 0(0) 3(4) 2 (3) 8 (26) 17 (2)
Prior ICU admission 203 (65) 204 (70) 55 (74) 56 (73) 11 (35) 529 (63) <.0001
Patient location at time of first <.0001

positive culture

Emergency department 42 (11) 8 (3) 5(7) (1) 1(3) 57 (7)

ICU 163 (44) 175 (60) 45 (61) 40 (52) 7 (23) 430 (51)

Medical ward 125 (34) 59 (20) 14 (19) 23 (30) 14 (45) 235 (28)

Surgical ward 17 (5) 42 (14) 5(7) 9(12) 8 (26) 81 (10)

Hematology/oncology ward 4(1) 1(0) 0 (0) 1(1) 0 (0) 6 (1)

Other 18 (5) 6(2) 5(7) 3 (4) 1(3) 33 (4)

Days from admission to culture 2 (1-7) 7 (2-15) 16 (9-31) 17 (1-42) 12 (3-26) 5 (1-15) <.0001
Hospital-acquired/ <.0001
healthcare-associated

Hospital-acquired 166 (45) 216 (74) 64 (86) 53 (69) 24.(77) 523 (62)

Healthcare-associated, 163 (44) 67 (23) 6(8) 17 (22) 6(19) 259 (31)

non-hospital-acquired

Non-healthcare/ 40 (11) 8 (3) 4 (5) 7(9) 1) 60 (7)

non-hospital-acquired
Infection/non-infection by source <.0001

Blood (infection only) 41 (11) 23 (8) 20 (27) 11(14) 1) 96 (11)

Respiratory (all) 163 (44) 228 (78) 25 (34) 41 (63) 11 (3b) 468 (56)

Infection 103 (28) 180 (62) 20(27) 18 (23) 7 (23) 328 (39)
Colonization 60 (16) 48 (16) 5(7) 23 (30) 4(13) 140 (17)
Urine (all) 18 (5) 7(2) 79 6 (8) 8 (26) 46 (5)
Infection 6 (2) 2(1) 4 (5) 1(1) 6 (19) 19 (2)
Colonization 12 (3) 5(2) 3 (4) 5 (6) 2 (6) 27 (3)
Wound (all) 135 (37) 8 (3) 10 (14) 8(10) 9(29) 170 (20)
Infection 60 (16) 4(1) 3(4) 4 (5) 4 (13) 75 (9)
Colonization 75 (20) 4(1) 7(9) 4 (5) 5 (16) 95 (11)
Other (all) 12 (3) 25(9) 12 (16) 11(14) 2 (6) 62 (7)
Infection 6 (2) 10 (3) 2(@3) 0(0) 01(0) 18 (2)
Colonization 6 (2) 15 (5) 10 (14) 11(14) 2 (6) 44 (5)
Pitt bacteremia score 4 (2-6) 4 (1-6) 4 (1-6) 4 (2-6) 2 (0-5) 4 (2-6) 13
Polymicrobial® 202 (55) 79 (27) 21(28) 24 (31) 14 (45) 340 (40) <.0001

All data are shown as n (% of total) or median (interquartile range).

Abbreviations: COPD, chronic obstructive pulmonary disease; CRAb, carbapenem-resistant Acinetobacter baumannii, ICU, intensive care unit.

@P-values to assess differences among groups. The 3 test was used for categorical variables, and the Kruskal-Wallis test was used for continuous variables.
®Monomicrobial and unknown were combined: n (%) for polymicrobial are shown.
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China
(N=291)
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84%

Acquired carbapenemases among CRAD isolates by region. CRAb isolates carried genes for the following acquired carbapenemases: USA: OXA-23 (n = 228),

0XA-24 (n = 68), 0XA-237 (n = 4), 0XA-23 + 0XA-24 (n = 3), OXA-23 + 0XA-237 (n = 1), and OXA-58 (n = 1); China: 0XA-23 (n = 288); South-Central America: 0XA-23 (n =
57), 0XA-58 (n =5), NDM (n = 4), 0XA-58 + NDM (n = 1), and OXA-24 (n = 1), ; Middle East: OXA-23 (n = 72), 0XA-24 (n = 3), and NDM (n = 2); and Australia-Singapore:
0XA-23 (n = 26), 0XA-23 + NDM (n = 4), and 0XA-23 + 0XA-58 (n = 1). Abbreviation: CRAb, carbapenem-resistant Acinetobacter baumannii.

Carbapenemase-producing isolates were more likely to
have meropenem MICs >32 mg/L than non-carbapenemase-
producing isolates (Supplementary Figure 1). Of 769 CRAb
isolates with an acquired carbapenemase gene, 749 (97%) had
meropenem MICs of >32 mg/L compared with 55 (75%) of 73
isolates without an acquired carbapenemase gene (P <.0001).
Resistance rates to non-carbapenem agents were variable,
but overall were high, except for polymyxins (Supplementary
Table 2).

Molecular Epidemiology

CG2 accounted for 598 of 842 CRAD isolates (71%) and was the
most common clonal group in all regions with the exception of
South-Central America, where only 3 (4%) isolates belonged to
CG2 (Figure 2). In South-Central America, the isolates were
much more diverse, with CG1 and CG25 being the most com-
mon (both 21 [28%] of 74), followed by CG15 and CG79 (both
11 [15%] of 74). In the United States (n=369), the most

common clonal groups after CG2 (n=216) were CG499
(n=77) and CG406 (n=31), accounting for 21% and 8%
and identified from 10 and 6 health systems, respectively.

CG2 was associated with higher meropenem MICs; mero-
penem MIC was >32 mg/L in 383 (64%) of the 598 CG2 iso-
lates and 134 (55%) of the 244 non-CG2 isolates (Wilcoxon
rank sum P =.023). CG2 was also associated with multidrug re-
sistance toward other agents (Supplementary Table 3). CG2 was
also significantly associated with the presence of blagx s »3 as the
acquired carbapenemase gene compared with non-CG2 (516
[96%] of 598 vs 155 [66%] of 244; P <.0001) (Supplementary
Table 4).

Clinical Outcomes

In the overall cohort of 842 patients, 170 patients (20%; 95%
confidence interval [CI] 17-23) died within 30 days. Of the
536 patients who had a CRAb infection, 128 patients
(24%; 95% CI 20-27) died within 30 days compared with 42
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Figure 2. Population structure of CRAb isolates based on WGS. Phylogenetics are linked with country, clonal group (CG), acquired carbapenemase, capsular polysaccharide
locus (KL}, lipooligosaccharide outer core locus (OCL), DOOR outcome, and meropenem (MEM) MIC value. Abbreviations: CRAb, carbapenem-resistant Acinetobacter bau-
mannii; DOOR, desirability of outcome ranking; MIC, minimum inhibitory concentration; NA, not applicable; WGS, whole-genome sequencing.

(14%; 95% CI 10-18) of 306 non-infected patients (difference:
10%, 95% CI 5-15). The unadjusted and inverse probability-
weighted DOOR values for non-infected patients over infected
patients were 58% (95% CI 54-61) and 59% (95% CI 55-62),
respectively, meaning that a randomly selected non-infected
patient had a 58% probability of a more favorable outcome
than a randomly selected infected patient, with the 95% CI rul-
ing out 50%. By infection types, 30-day mortality rates were
42% (40 of 96, 95% CI 32-52) for bloodstream infections,
23% (75 of 328, 95% CI 18-27) for respiratory infections,
11% (8 of 75, 95% CI 4-18) for wound infections, and 11% (2
of 19, 95% CI 0-24) for urinary tract infections (P <.0001)
(Supplementary Figure 2). Monomicrobial infection was asso-
ciated with higher mortality rates than polymicrobial infection
at both 30 days (89 [28%)] of 320 vs 38 [18%] of 211; difference:
10%, 95% CI 2-17) and 90 days (105 [33%] of 320 vs 50 [24%]
of 211; difference: 9%, 95% CI 1-17) (Supplementary Table 5).

This was driven by high mortality rates of monomicrobial
bloodstream infection (Supplementary Table 6).

Opverall, the 30-day mortality rates for infected patients were
uneven across the regions: 49% (24 of 49, 95% CI 35-63) in
South-Central America, 25% (54 of 216, 95% CI 19-31) in the
United States, 20% (43 of 219, 95% CI 14-25) in China, 18% (6
of 34, 95% CI 5-30) in the Middle East, and 6% (95% CI 0-16)
in Australia-Singapore (P =.0001). In the DOOR outcomes, the
proportion with the most desirable outcome (ie alive without
events) was highest in China (79 [36%)] of 219; 95% CI 30-42), fol-
lowed by the United States (74 [34%] of 216; 95% CI 28-41), the
Middle East (7 [21%] of 34; 95% CI 7-34), South-Central America
(9 [18%] of 49; 95% CI 8-29), and Australia-Singapore (2 [11%] of
18; 95% CI 0-26) (Table 2; Supplementary Figures 3-5).

The presence of an acquired carbapenemase gene was not as-
sociated with mortality at either 30 or 90 days (Supplementary
Tables 7, 8). Patients with non-CG2 isolates were significantly
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Table 2. Clinical Outcomes of Patients Infected With CRAb by Region

United South-Central
States China America Middle East Australia-Singapore Total P
Characteristics (n=216) (n=219) (n=49) (n=34) (n=18) (n=1536) Value®
Mortality®
30-day (primary outcome) 54 (25) 43 (20) 24 (49) 6 (18) 1(6) 128 (24) .0001
Risk difference (vs United States, -5 (=13 1t0 2) 24 (9-39) -7 (=191t09) -20(-28to 1)
95% Cl)
90-day 65 (30) 49 (22) 26 (53) 10 (29) 6 (33) 156 (29) .0009
Risk difference (vs United States, -8 (-161to 1) 23 (8-38) -1(-151t017) 3 (=15 to0 27)
95% Cl)
Length of hospital stay from index 9 (4-18) 15 (7-24) 15 (7-28) 34 (6-62) 33 (14-43) 12 (6-24) <.0001
culture
DOOR outcome at 30 d°
(Supplementary Figure 3)
Alive without events 74 (34) 79 (36) 9(18) 7 (21) 2(11) 171 (32)
Alive with 1 event 60 (28) 63 (28) 6(12) 7 (21) 6 (33) 142 (26)
Alive with 2 or 3 events 28 (13) 35 (16) 10 (20) 14 (41) 9 (50) 96 (18)
Death 54 (25) 43 (20) 24 (49) 6 (18) 1(6) 128 (24)
DOOR probability % (vs United 52 (47-57) 34 (26-43) 43 (34-52) 43 (34-53)
States, 95% Cl)
Disposition after discharge <.0001
Home 31 (14) 72 (33) 17 (35) 21 (62) 9 (50) 150 (28)
Long-term care facility 64 (30) 3(1) 0(0) 0(0) 2(11) 69 (13)
Long-term acute care 46 (21) 2(1) 1(2) 0(0) 1(6) 50 (9)
Transfer to another hospital 8 (4) 72 (33) 3 (6) 1(3) 1(6) 85 (16)
Hospice 22 (10 21 (10) 3(6) 0(0) 01(0) 46 (9)
Death 44 (20) 49 (22) 25 (51) 11(32) 4(22) 133 (25)
Transfer to a foreign country 1(0) 0(0) 0 (0) 1(3) 1(6) 3(1)
Clinical response 107 (50) 86 (39) 12 (24) 13 (38) 6 (33) 224 (42) .013

All data are shown as n (% of total) or median (interquartile range).

Abbreviations: Cl, confidence interval; CRAb, carbapenem-resistant Acinetobacter baumannii; DOOR, desirability of outcome ranking.

aP- values to assess differences among groups. The 2 test was used for categorical variables, and the Kruskal-Wallis test was used for continuous variables.

PPatients who were discharged to hospice were not considered to have died. When discharge to hospice was combined with death, the DOOR outcomes at 30 d were: alive without events, 73
(34%); alive with 1 event, 53 (25%); alive with 2 or 3 events, 27 (13%); deceased, 63 (29%) for the United States, and alive without events, 77 (35%); alive with 1 event, 45 (21%); alive with 2 or

3 events, 35 (16%); deceased, 62 (28%) for China; and no changes for the other regions.

°The three adverse events assessed by DOOR were: lack of clinical response, lack of discharge within 30 d or readmission within 30 d, and incident renal failure or Clostridioides difficile

infection.

more likely to die by 30 days than those with CG2 isolates (48
[33%] of 147 vs 80 [21%] of 389; difference: 12%; 95% CI 4-21)
(Supplementary Tables 9, 10). The excess mortality of non-CG2
cases over CG2 cases was also observed at 90 days (58 [39%] of
147 vs 98 [25%)] of 389; difference: 14%; 95% CI 5-23).

Risk Factors for Mortality

An exploratory analysis was conducted to probe for risk factors
associated with 30-day mortality among patients with infection.
In the univariable fixed-effect model, region (South-Central
America compared with the United States), anatomical source of
infection (blood compared with respiratory, wound, urine), clonal
group (CG1, CG15, CG25 compared with CG2), age-adjusted
CCI, monomicrobial infection, and lipooligosaccharide outer
core locus (OCL; OCL1, OCL3 compared with others) were signif-
icant risk factors for 30-day mortality. In the multivariable model,
bloodstream infection (compared with wound and urinary tract
infection), monomicrobial infection, and higher age-adjusted

CCI were significant risk factors for 30-day mortality among in-
fected patients (Supplementary Table 11).

DISCUSSION

In this analysis, large variations were observed in the sources of
CRAD and the types of infection depending on region. Almost
80% of CRAb isolates were identified from respiratory
specimens in China compared with 34%-53% from other re-
gions. Similar observations were made with the Prospective
Observational Pseudomonas (POP) study, a sister MDRO
Network study on carbapenem-resistant Pseudomonas aerugi-
nosa [8]. On the other hand, blood and wounds were common
sources of CRAD in South-Central America and the United
States relative to other regions, respectively. These differences
may be associated with infecting bacteria, host susceptibility, or
differences in healthcare delivery, and indicate that CRAb pos-
es distinct sets of clinical challenges depending on the regions.
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The global spread of CRAD has been driven by several major
lineages, including clonal groups CG1, CG2, and CG79, with
CG2 by far the most predominant [3]. The predominance
of CG2 was corroborated in our study in all regions except in
South-Central America, where non-CG2 lineages accounted
for the majority of strains, supporting the unique CRAb molec-
ular epidemiology across South-Central America [23].

In the United States, CG499 was among the isolates in 10
hospital systems confirming broad dissemination of this clonal
group, which was previously reported in the pilot portion of
this cohort [24] and more recently in outpatient settings in
Missouri [25]. CG406 was another clonal group only present
among isolates from the United States, detected in 6 hospital
systems at a lower frequency. CG406 isolates have been report-
ed as early as 2005 in the United States [25]. Strain factors that
favor their spread in the United States would be an important
area of future investigation, as well as longitudinal surveillance
to examine the trajectory of these emerging lineages.

Reported estimates of mortality associated with CRAb infec-
tion vary widely [26]. In our study, 24% of infected patients
died within 30 days, which is likely representative of mortality
associated with this condition today. In particular, the mortality
rate of patients with bloodstream infection exceeded 40%.
Striking geographic disparity in patient outcomes was also ob-
served, with a particularly high mortality rate in South-Central
America. This was despite patients in the region being younger
and healthier at baseline. This observation may be associated
with the higher incidence of bloodstream infection as well as un-
measured differences in patient characteristics, diagnostic and
treatment approaches, or healthcare delivery. Furthermore, the
excess mortality among South-Central American patients was
not as prominent among those infected with carbapenem-
resistant P. aeruginosa in the POP study or carbapenem-resistant
Enterobacterales in CRACKLE-2, another MDRO Network
study [8, 11]. This suggests that the characteristic of specific
CRAD strains prevalent in the region may play a role in the excess
mortality, including clonal group, carbapenemase production,
and key immunogenic antigens, such as the capsular polysaccha-
ride and lipooligosaccharide outer core [27]. When a model with
30-day mortality as the response variable was built, bloodstream
infection, monomicrobial infection, and higher age-adjusted
CCI were independent risk factors for death. On the other
hand, none of the strain variables that were risk factors in the
univariable analysis (clonal group, lipooligosaccharide outer
core locus) and included in the multivariable model were inde-
pendently associated with mortality. Further studies are needed
to assess whether strain lineages unique to South-Central
America are inherently more virulent than CG2.

Centralized susceptibility testing showed high rates of resis-
tance across commonly used agents in addition to carbape-
nems. An exception was polymyxins (colistin and polymyxin
B), which were active (now interpreted as intermediate for

MICs <2 mg/L by the CLSI) against 88% of the strains, but
their inherent characteristics, such as unpredictable pharmaco-
kinetics and significant nephrotoxicity, challenge their routine
use in the clinic [28]. Whether newer agents with robust
anti-CRADb activity, such as cefiderocol [29] and sulbactam-
durlobactam [30], will improve survival and other relevant
clinical outcomes of patients remains to be seen.

Our study has several limitations. The cohort did not include
hospitals from Europe and Africa, where the clinical and ge-
nome epidemiology of CRAb may differ. Additionally, the
study was conducted through waiver of consent to sequentially
enroll patients with the pathogen. The design restricted clinical
data collection to documentations available in the EHR, but this
also allowed us to describe an unbiased picture of CRAD and its
clinical impact. In summary, CRAb infection types and patient
outcomes differed significantly across the regions. CG2 was the
predominant CRAb lineage in all regions except South-Central
America, where non-CG2 lineages predominated. We also ob-
served an increasing prevalence of non-CG2 lineages unique to
the United States, which merits attention. The findings under-
score the distinct clinical challenges posed by CRAD, as well as
the need to recognize factors that may favor the emergence and
spread of new lineages in certain regions.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding
author.

Notes

Author Contributions. R. A. B. and D. v. D. conceptualized the
study. Y. D. led the protocol from which the study data are
derived. Y. D. and M. W. were responsible for overall analysis development,
supervision of the project, and review of the final manuscript. V. G. F. and
H. F. C. acquired funding for the study. Y. D, L. K, L. G, L. C,
and C. H. accessed the data in the study and take responsibility for the
verification and integrity of the data and the accuracy of the data analysis.
D.v.D, M. W,, C. A. A, and D. L. P. served as regional leads. L. K. and
L. G. performed the validation, developed the methods, and generated
the tables and figures. L. C. created the genomic visualizations. Y. D.,
C. A A, BM H, M. W, and J. R. oversaw sequencing activities, and
L. C. and C. H. reviewed the bioinformatic analysis on sequence results.
All authors were involved with the scientific review and editing of the
article.

Acknowledgments. The investigators would like to thank all the patients
and their families, and also all contributing clinical and central microbio-
logical laboratory personnel. The investigators also thank Dr Sarah
Doernberg and Dr Ebbing Lautenbach for their detailed review of an earlier
version of this article. Erin Campbell provided editorial review and submis-
sion. Ms Campbell did not receive compensation for her contributions,
apart from her employment at Duke Clinical Research Institute
(Durham, North Carolina, USA).

MDRO network investigators (listed by center alphabetically).
American University of Beirut Medical Center, Beirut, Lebanon: Souha
S. Kanj; Beijing Ditan Hospital, Capital Medical University, Beijing,
China: Fujie Zhang; Boston University, Boston, Massachusetts, USA:
Judith J. Lok; Case Western, Cleveland, Ohio, USA: Robert A. Salata;

Carbapenem-resistant A. baumannii « CID 2024:78 (15 February) « 255


http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciad556#supplementary-data

Centro de Educacion Médica e Investigaciones Clinicas, Buenos Aires,
Argentina: Martin Stryjewski, Valentina Di Castelnuovo; Centro Medico
Imbanaco, Cali, Colombia: Jose Millan Ofate Gutierrez; Cleveland
Clinic, Cleveland, Ohio, USA: Eric Cober, Susan Richter; Duke
University, Durham, North Carolina, USA: Deverick J. Anderson, Beth
Evans, Carol Hill, Heather R. Cross, Keri Baum, Rebekka Arias, Vance
G. Fowler, Jr.; E.S.E Hospital Universitario, San Jorge de Pereira, Pereira,
Colombia: Karen Ordofiez; Emory University, Atlanta, Georgia, USA:
Jesse T. Jacob; Guangzhou Eighth People’s Hospital, Guangzhou, China:
Linghua Li; Hackensack Meridian Health, Nutley, New Jersey, USA:
Barry N. Kreiswirth, Claudia Manca, Liang Chen, Samit Desai; Henry
Ford Hospital, Detroit, Michigan, USA: Erica Herc; Hospital “Cosme
Argerich” de Buenos Aires, Buenos Aires, Argentina: Ezequiel Cordova;
Hospital de Puerto Montt, Puerto Montt, Chile: Maria Rioseco; Center
for Infectious Disease Research, Department of Microbiology and
Parasitology, School of Medicine, National Autonomous University of
Nicaragua, Leon, Nicaragua: Samuel Vilchez; Hospital Italiano de Buenos
Aires, Buenos Aires, Argentina: Marisa L. Sanchez; Hospital San Ignacio,
Bogota, Colombia: Sandra Valderrama; Hospital Universitario Erasmo
Meoz ESE, Cucuta, Colombia: Jairo Figueroa; Houston Methodist,
Houston, Texas, USA: Cesar A. Arias, An Q. Dinh, Diane Panesso,
Kirsten Rydell, Truc T. Tran; Huashan Hospital, Fudan University,
Shanghai, China: Fupin Hu, Jiachun Su, Jianping Jiang, Minggui Wang,
Xiaogang Xu, Yang Yang; Instituto de Ciencias e Innovacién en
Medicina, Clinica Alemana, Universidad del Desarrollo, Santiago, Chile:
Jose M. Munita, Maria Spencer; King Abdulaziz Medical City,
Riyadh, Saudi Arabia: Thamer Alenazi; Louis Stokes Cleveland
Department of Veterans Affairs Medical Center, Cleveland, Ohio,
USA: Robert A. Bonomo, Steven H. Marshall, Susan D. Rudin;
Mayo Clinic, Rochester, Minnesota, USA: Charles Huskins, Kerry
Greenwood-Quaintance, Robin Patel, Suzannah Schmidt-Malan; Medical
College of Wisconsin, Milwaukee, Wisconsin, USA: Sara Revolinski;
MedStar Washington Hospital Center, Washington D.C., USA: Glenn
Wortmann; MetroHealth Medical Center, Cleveland, Ohio, USA: Robert
C. Kalayjian; Montefiore Medical Center, Albert Einstein College of
Medicine, New York, New York, USA: Gregory Weston; Montefiore
Medical Center, Moses Campus, Bronx, New York, USA: Belinda
Ostrowsky; Mount Sinai, New York, New York, USA: Gopi Patel;
New York University Langone Medical Center, New York, USA: Daniel
Eiras; North Shore University Hospital, Manhasset, New York, USA:
Angela Kim; Ochsner Clinic Foundation, New Orleans, Louisiana, USA:
Julia Garcia-Diaz; Organizacion Clinica General del Norte, Barranquilla,
Colombia: Soraya Salcedo; OSF Saint Francis Medical Center, Peoria,
Illinois, USA: John J. Farrell; Peking Union Medical College Hospital,
Beijing, China: Zhengyin Liu; Princess Alexandra Hospital, Brisbane,
Queensland, Australia: Andrew Henderson; Royal Brisbane and
Women’s Hospital, Brisbane, Queensland, Australia: David L. Paterson;
Ruijin Hospital, Shanghai, China: Qing Xie; Rutgers University, New
Brunswick, New Jersey, USA: Keith S. Kaye; Shulan Hangzhou Hospital,
Shulan Health, Hangzhou, China: Hainv Gao; Sir Run Shaw Hospital,
Zhejiang University School of Medicine, Hangzhou, China: Yunsong Yu;
St Vincent’s Hospital, Melbourne, Victoria, Australia: Mary Waters;
Stony Brook University, Stony Brook, New York, USA: Bettina C. Fries;
SUNY Downstate Medical Center, New York, New York, USA: Brandon
Eilertson; Tan Tock Seng Hospital, Singapore: Kalisvar Marimuthu, Oon
Tek Ng, Partha Pratim De; National University of Singapore, Singapore:
Kean Lee Chew, Nares Smitasin, Paul Ananth Tambyah; Temple
University  Hospital, Philadelphia, Pennsylvania, USA: Jason
C. Gallagher; The Alfred Hospital, Melbourne, Victoria, Australia: Anton
Peleg; The Austin Hospital, Heidelberg West, Victoria, Australia: Marcel
Leroi; The First Affiliated Hospital of Medical School of Zhejiang
University, Hangzhou, China: Lanjuan Li, Yonghong Xiao; The George
Washington University, Washington D.C., USA: Lauren Komarow,
Lizhao Ge, Scott Evans; The University of Alabama, Birmingham,
Alabama, USA: Todd McCarty; The University of California
San Francisco, California, USA: Henry F. Chambers; The University of
California, Los Angeles, California, USA: Omai B. Garner; The

University of Miami Miller School of Medicine and Jackson Health
System, Miami, Florida, USA: Lilian M. Abbo; The University of North
Carolina, Chapel Hill, North Carolina, USA: David van Duin; The
University of Pennsylvania Health System, Philadelphia, Pennsylvania,
USA: Ebbing Lautenbach, Jennifer H. Han; The University of Pittsburgh
School of Medicine, Pittsburgh, Pennsylvania, USA: Yohei Doi; The
University of Southern California, Los Angeles, California, USA: Darren
Wong; The University of Texas Health Science Center at Houston,
Houston, Texas, USA: Blake Hanson; Universidad El Bosque, Bogota,
Colombia: Jinnethe Reyes, Maria Virginia Villegas Botero, Lorena Diaz;
University Hospitals Cleveland Medical Center, Cleveland, Ohio, USA:
Federico Perez; Vanderbilt University Medical Center, Nashville,
Tennessee, USA: Ritu Banerjee; Wayne State University, Detroit,
Michigan, USA:  Sorabh  Dhar; Weill Cornell Medicine,
NewYork-Presbyterian Hospital, New York, New York, USA: Michael
J. Satlin, Lars F. Westblade; West China Hospital of Sichuan University,
Chengdu, China: Zhiyong Zong.

Data availability. Individual deidentified participant data (and support-
ing documentation, data dictionaries, and protocol) that underlie the
results in this article can be made available to investigators following sub-
mission of a plan for data use, approval by the Antibacterial Resistance
Leadership Group (ARLG) or designated entity, and execution of required
institutional agreements. Provision might be contingent upon the availabil-
ity of funding for data preparation and deidentification. More information
can be found at: https://arlg.org/request-data/. Sequences will be publicly
available through the National Center for Biotechnology Information
(accession number PRINA906166); https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA906166).

Financial support. This research was supported by the National Institute
of Allergy and Infectious Diseases (NIAID) of the National Institutes of
Health (NIH) under award numbers UM1AI104681 and R21AI135522
and was supported in part by the National Natural Science Foundation
of China under award number 81991531. The contents of this article are
solely the responsibility of the authors and do not necessarily represent
the official views of the NIH or the Department of Veterans Affairs.

Potential conflicts of interest. All authors report funding support from
the ARLG of the NIH and the NIAID (UM1AI104681) during the conduct
of this study. In addition, and outside of the submitted work the following
authors declare: B. H. reports an NIH/NIAID grant K01AI148593-01 paid
to his institution. S. S. K, reports speaker and advisory board payments
from MSD, Pfizer, and Menarini. S. S. K. is the President-Elect of
the International Society of Antimicrobial Chemotherapy. G. W. reports
payment to his institution from Allergan for contracted activities. P. T. re-
ports grants to his institution from Sanofi-Pasteur, Arcturus, and Roche,
and honoraria payments to his institution from Aj Biologics and
bioMérieux. J. G. D. reports grants and contracts paid to her institution
from the NIH, Biomedical Advanced Research and Development
Authority (BARDA), Janssen Research & Development LLC, Pfizer,
BioNTech SE, Global Coalition for Adaptive Research (GCAR), Hoffman
La-Roche, I-Mab Bioppharma Co. Ltd, Rebiotix, Inc., Target Health
LLC, OBO Lilly USA, GlaxoSmithKline, Summit Limited, UK, Cidara
Therapeutics, Merck Sharp & Dohme (MSD) Corp., Seres Therapeutics,
Inc; and Infectious Diseases Society of America (IDSA) Research
Committee participation paid to her directly. K. S. K. reports consulting
fees paid directly to him by Merck, Shionogi, Qpex, and
Micrux. J. M. M. reports grants from Pfizer, MSD, and bioMérieux, the
National Fund for Scientific and Technological Development (regular
award number 1211947); and the Agencia Nacional de Investigation y
Desarrollo Millennium Science Initiative/Millennium Initiative for
Collaborative Research on Bacterial Resistance, Government of Chile
(award number NCN17_081). M. S. reports speaker fees from Pfizer
(Argentina); advisory board participation for Wockhardt; consultancy for
Basilea; and DSMB participation with Fulcrum Therapeutics. M. V. V/ re-
ports contracts, consulting fees, and honoraria payments from Pfizer; con-
sulting fees and honoraria from MSD; consulting fee from West Quimica
Colombia; and honoraria payments from bioMérieux. A. I. reports an
NIH grant KL2TR001856 paid to her institution. S. E. reports grants

256 « CID 2024:78 (15 February) « Wang et al


https://arlg.org/request-data/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA906166
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA906166

from the NIAID and the NIH and Degruter (Editor in Chief for Statistical
Communications in Infectious Diseases); royalties from Taylor & Francis;
consulting fees from Genentech, AstraZeneca, Takeda, Microbiotix,
Johnson & Johnson, Endologix, ChemoCentryx, Becton Dickinson,
Atricure, Roviant, Neovasc, Nobel Pharma, Horizon, International Drug
Development Institute, SVB Leerink; payments from Analgesic,
Anesthetic, and Addiction Clinical Trial Translations, Innovations,
Opportunities, and Networks (ACTTION); meeting support from the US
Food and Drug Administration, the Deming Conference on Applied
Statistics, the Clinical Trial Transformation Initiative, the Council for
International Organizations of Medical Sciences, the International
Chinese Statistical Association Applied Statistics Symposium, and the
Antimicrobial Resistance and Stewardship Conference; and board member
participation for the NIH, the Breast International Group, the University of
Pennsylvania, Duke University, Roche, Pfizer, Takeda, Akouos, Apellis,
Teva, Vir, DayOneBio, Alexion, Tracon, Rakuten, Abbvie, Nuvelution,
Clover, FHI Clinical, Lung Biotech, SAB Biopharm, Advantagene, the
American Statistical Association, the Society for Clinical Trials, and the
Frontier Science Foundation. R. P. reports grants from ContraFect,
TenNor Therapeutics Limited, and BioFire. R. P. is a consultant to
PhAST, Torus Biosystems, Day Zero Diagnostics, Mammoth Biosciences,
and HealthTrackRx; monies are paid to Mayo Clinic. Mayo Clinic and
R. P. have a relationship with Pathogenomix. R. P. has research supported
by Adaptive Phage Therapeutics. Mayo Clinic has a royalty-bearing know-
how and equity in Adaptive Phage Therapeutics. R. P. is also a consultant to
Netflix, Abbott Laboratories, and CARB-X. R. P. has a patent on Bordetella
pertussis/parapertussis PCR issued, a patent on a device/method for soni-
cation with royalties paid by Samsung to Mayo Clinic, and a patent on an
anti-biofilm substance issued. R. P. receives honoraria from the NBME,
Up-to-Date  and  the Infectious Diseases Board  Review
Course. D. L. P. reports grants and contracts paid to his institution from
Merck, Pfizer, and Shionogi; consulting and honoraria payments to him
by Merck, Shionogi, QPex, Spero Therapeutics, Sumitomo, Pfizer, and
bioMérieux; meeting support from Shionogi; board and committee partic-
ipation with Symvivo, and Antimicrobial Resistance (AMR) action
fund. C. A. A. reports the following grants and contracts paid to his insti-
tution NIH/NIAID 1 P01 AI152999, NIH/NIAID RO1 AI148342, NIH/
NIAID RO1 AI134637, NIH/NIAID T32 AI141349, NIH/NIAID K24
AI121296, NIH/NIAID U19 AI144297, NIH/NIAID RO1 AI150685,
NIH/NIAID R21 AIl151536, MeMed Diagnostics Ltd, Entasis
Therapeutics, Merck Pharmaceuticals, Harris County Public Health;
Payments to him for UpToDate royalties, reimbursement of meeting atten-
dance and speaking from Infectious Diseases Society of America, American
Society for Microbiology, Society of Hospital Epidemiology of America
European Society for Clinical Microbiology and Infectious Diseases,
Meérieux Foundation, Sociedad Argentina de Infectologia, Sociedad
Chilena de Infectologia, Sociedad Colombiana de Infectologia,
Panamerican Society for Infectious Diseases, Brazilian Society for
Infectious Diseases, reviewer participation as part of the NIH grant
Review Study Sections, travel expenses from the IDSA Board of
Directors, and for Editor in Chief for Antimicrobial Agents and
Chemotherapy; non-paid participation includes World Health
Organization Antibacterial Pipeline Advisory Group, and participation
on the IDSA Board of Directors. R. A. B. reports grants and contracts,
paid to his institution, by VenatoRx, Wockhardt, and Merck; payments
made to him by Pfizer to moderate meeting sessions; a provisional
patent with Case Western Reserve University on the development of
boronic acid transition state inhibitors for beta-lactamases; served on a
data and safety monitoring board (DSMB) as a logistics associate for
DMID-CROMS, Safety Oversight Committee Support, and Technical
Resources International, Inc. H. F. C. reports royalties from the Sanford
Guide to Antimicrobial Therapy; payment for expert testimony from
Nexus Pharmaceuticals; participation on a Merck DSMB for molnupiravir,
and stock ownership in Moderna and Merck. V. G. F. reports grants to his
institution from the NIH, MedImmune, Allergan, Pfizer, Advanced
Liquid Logics, Theravance, Novartis, Merck, Medical Biosurfaces, Locus,
Affinergy, ContraFect, Karius, Genentech, Regeneron, Deep Blue,

Basilea, and Janssen; royalties from UpToDate; consulting fees from
Novartis, Debiopharm, Genentech, Achaogen, Affinium, Medicines Co.,
MedImmune, Bayer, Basilea, Affinergy, Janssen, ContraFect, Regeneron,
Destiny, Amphliphi Biosciences, Integrated Biotherapeutics, C3],
Armata, Valanbio, Akagera, Aridis, and Roche; editorial stipend from the
IDSA; a pending patent for a host gene expression signature diagnostic
for sepsis; and stock options with Valanbio and ArcBio. M. J. S. reports
contracts payments to his institution from Merck, bioMéreiux,
and SNIPRBiome; personal consulting fees from Shionogi; and data and
safety monitoring board participation for Spero Therapeutics and
AbbVie. D. v. D. reports grants and contracts paid to his institution from
the NIH and Merck; consulting fees paid directly to him from Merck,
Qpex, Roche, Shionogi, Union, and Utility; honoraria from Clinical Care
Options, Entasis, and Pfizer; participation on the Universidade Federal
do Rio Grande do Sul Advisory Board; and an editor’s stipend from the
British Society for Antimicrobial Chemotherapy (BSAC). Y. D. reports
grants paid to his institution from Entasis and Shionogi; consulting fees
paid directly to him from GSK, Meiji Seika Pharma, Shionogi, Gilead,
FujiFilm and bioMérieux; and speaker payments from MSD, Shionogi,
and Gilead. All other authors report no potential conflicts.

All authors have submitted the ICMJE Form for Disclosure of Potential
Contflicts of Interest. Conflicts that the editors consider relevant to the con-
tent of the manuscript have been disclosed.

References

1. Tacconelli E, Carrara E, Savoldi A, et al. Discovery, research, and development of
new antibiotics: the WHO priority list of antibiotic-resistant bacteria and tuber-
culosis. Lancet Infect Dis 2018; 18:318-27.

2. Paul M, Daikos GL, Durante-Mangoni E, et al. Colistin alone versus colistin plus
meropenem for treatment of severe infections caused by carbapenem-resistant
gram-negative bacteria: an open-label, randomised controlled trial. Lancet
Infect Dis 2018; 18:391-400.

3. Hamidian M, Nigro SJ. Emergence, molecular mechanisms and global spread of
carbapenem-resistant Acinetobacter baumannii. Microb Genom 2019; 5:
€000306.

4. Kostyanev T, Xavier BB, Garcia-Castillo M, et al. Phenotypic and molecular char-
acterizations of carbapenem-resistant Acinetobacter baumannii isolates collected
within the EURECA study. Int ] Antimicrob Agents 2021; 57:106345.

5. Rodriguez CH, Balderrama Yarhui N, Nastro M, et al. Molecular epidemiology of
carbapenem-resistant Acinetobacter baumannii in South America. ] Med
Microbiol 2016; 65:1088-91.

6. Clinical and Laboratory Standards Institute (CLSI). Performance standards for
antimicrobial susceptibility testing, 32nd edition. Malvern, PA: CLSI, 2022.

7. van Duin D, Arias CA, Komarow L, et al. Molecular and clinical epidemiology of
carbapenem-resistant enterobacterales in the USA (CRACKLE-2): a prospective
cohort study. Lancet Infect Dis 2020; 20:731-41.

8. Reyes J, Komarow L, Chen L, et al. Global epidemiology and clinical outcomes of
carbapenem-resistant Pseudomonas aeruginosa and associated carbapenemases
(POP): a prospective cohort study. Lancet Microbe 2023; 4:¢159-70.

9. Shrestha R, Luterbach CL, Dai W, et al. Characteristics of community-acquired
carbapenem-resistant enterobacterales. J Antimicrob Chemother 2022; 77:
2763-71.

10. Evans SR, Rubin D, Follmann D, et al. Desirability of outcome ranking (DOOR)
and response adjusted for duration of antibiotic risk (RADAR). Clin Infect Dis
2015; 61:800-6.

11. Wang M, Earley M, Chen L, et al. Clinical outcomes and bacterial characteristics
of carbapenem-resistant Klebsiella pneumoniae complex among patients from dif-
ferent global regions (CRACKLE-2): a prospective, multicentre, cohort study.
Lancet Infect Dis 2022; 22:401-12.

12. Prjibelski A, Antipov D, Meleshko D, Lapidus A, Korobeynikov A. Using SPAdes
de novo assembler. Curr Protoc Bioinformatics 2020; 70:102.

13. Jain C, Rodriguez RL, Phillippy AM, Konstantinidis KT, Aluru S. High through-
put ANT analysis of 90 K prokaryotic genomes reveals clear species boundaries.
Nat Commun 2018; 9:5114.

14. Qin J, Feng Y, Lu X, Zong Z. Precise species identification for Acinetobacter: a
genome-based study with description of two novel Acinetobacter species.
mSystems 2021; 6:0023721.

15. Jolley KA, Bray JE, Maiden MC]J. Open-access bacterial population genomics:
BIGSdb software, the PubMLST.org website and their applications. Wellcome
Open Res 2018; 3:124.

Carbapenem-resistant A. baumannii « CID 2024:78 (15 February) « 257



20.

21.

22.

23.

. Diancourt L, Passet V, Nemec A, Dijkshoorn L, Brisse S. The population structure

of Acinetobacter baumannii: expanding multiresistant clones from an ancestral
susceptible genetic pool. PLoS One 2010; 5:¢10034.

. Breurec S, Guessennd N, Timinouni M, et al. Klebsiella pneumoniae resistant to

third-generation cephalosporins in five African and two Vietnamese major towns:
multiclonal population structure with two major international clonal groups,
CG15 and CG258. Clin Microbiol Infect 2013; 19:349-55.

. Feldgarden M, Brover V, Gonzalez-Escalona N, et al. AMRFinderplus and

the Reference Gene Catalog facilitate examination of the genomic links among
antimicrobial resistance, stress response, and virulence. Sci Rep 2021; 11:
12728.

. Hunt M, Mather AE, Sanchez-Buso L, et al. ARIBA: rapid antimicrobial resistance

genotyping directly from sequencing reads. Microb Genom 2017; 3:e000131.
Wryres KL, Cahill SM, Holt KE, Hall RM, Kenyon JJ. Identification of Acinetobacter
baumanniiloci for capsular polysaccharide (KL) and lipooligosaccharide outer core
(OCL) synthesis in genome assemblies using curated reference databases compat-
ible with Kaptive. Microb Genom 2020; 6:¢000339.

Stamatakis A. RAXML version 8: a tool for phylogenetic analysis and post-analysis
of large phylogenies. Bioinformatics 2014; 30:1312-3.

Charlson M, Szatrowski TP, Peterson J, Gold J. Validation of a combined comor-
bidity index. J Clin Epidemiol 1994; 47:1245-51.

Rodriguez CH, Nastro M, Famiglietti A. Carbapenemases in Acinetobacter bau-
mannii. Review of their dissemination in Latin America. Rev Argent Microbiol
2018; 50:327-33.

24.

25.

26.

27.

28.

29.

30.

Tovleva A, Mustapha MM, Griffith MP, et al. Carbapenem-resistant Acinefobacter
baumannii in U.S. hospitals: diversification of circulating lineages and antimicro-
bial resistance. mBio 2022; 13:e0275921.

Calix JJ dA, Potter RF MCS, et al. Outpatient clonal propagation and rapid region-
al establishment of an emergent carbapenem-resistant Acinetobacter baumannii
lineage sequence type 499°*. J Infect Dis 2023; 227:631-40.

Chan AP, Choi Y, Clarke TH, et al. AbGRI4, a novel antibiotic resistance island in
multiply antibiotic-resistant Acinetobacter baumannii clinical isolates. ]
Antimicrob Chemother 2020; 75:2760-8.

Wong D, Nielsen TB, Bonomo RA, Pantapalangkoor P, Luna B, Spellberg B.
Clinical and pathophysiological overview of Acinetobacter infections: a century
of challenges. Clin Microbiol Rev 2017; 30:409-47.

Nang SC, Azad MAK, Velkov T, Zhou QT, LiJ. Rescuing the last-line polymyxins:
achievements and challenges. Pharmacol Rev 2021; 73:679-728.

Bassetti M, Echols R, Matsunaga Y, et al. Efficacy and safety of cefiderocol or best
available therapy for the treatment of serious infections caused by carbapenem-
resistant Gram-negative bacteria (CREDIBLE-CR): a randomised, open-label, mul-
ticentre, pathogen-focused, descriptive, phase 3 trial. Lancet Infect Dis 2021; 21:
226-40.

Kaye KS, Shorr AF, Wunderink RG, et al. Efficacy and safety of sulbactam-
durlobactam versus colistin for the treatment of patients with serious infections
caused by Acinetobacter baumannii-calcoaceticus complex: a multicentre, ran-
domized, active-controlled, phase 3, non-inferiority clinical trial (ATTACK).
Lancet Infect Dis 2023; 23:1072-84.

258 « CID 2024:78 (15 February) « Wang et al



	Clinical Outcomes and Bacterial Characteristics of Carbapenem-resistant Acinetobacter baumannii Among Patients From Different Global Regions
	METHODS
	Study Design and Patients
	Clinical Data Collection
	Outcomes
	Microbiologic and Sequencing Analysis
	Statistical Analysis

	RESULTS
	Patient Characteristics
	Strain Characteristics
	Molecular Epidemiology
	Clinical Outcomes
	Risk Factors for Mortality

	DISCUSSION
	Supplementary Data
	Notes
	References




