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a b s t r a c t 

Background: Bloodstream infections caused by carbapenem-resistant Gram-negative bacteria represent a major 

therapeutic challenge to clinicians worldwide. This study examined the epidemiology of carbapenem and colistin 

resistance in Klebsiella pneumoniae, Escherichia coli, Pseudomonas aeruginosa , and Acinetobacter baumannii blood 

isolates in an academic institution in Oman. 

Methods: Adult patients with bloodstream infections caused by Klebsiella pneumoniae, Escherichia coli, Pseudomonas 

aeruginosa , and Acinetobacter baumannii , between January 1, 2017, and December 31, 2020, were identified. Rates 

of carbapenem resistance, carbapenem-colistin dual resistance, and 30-day all-cause mortality were examined. 

Results: 585 non-repeat bloodstream infections due to Klebsiella pneumoniae, Escherichia coli, Pseudomonas aerug- 

inosa , and Acinetobacter baumannii were identified during the study period. OXA-48 was the most prevalent car- 

bapenemase gene in carbapenem-resistant K. pneumoniae blood isolates. Carbapenem resistance was observed in 

160 (27.7%) of blood isolates, with 131 (81.9%) of these being healthcare-onset cases. Carbapenem resistance 

was highest in Acinetobacter baumannii (80.4%), followed by Klebsiella pneumoniae (46.4%), and Pseudomonas 

aeruginosa (29.9%). Sixteen (13.4%) of the carbapenem-resistant blood isolates were found to be colistin resistant. 

Thirty-day all-cause mortality was 68.1% in patients with bloodstream infections caused by carbapenem-resistant 

isolates, versus 21.3% in patients with bloodstream infections caused by carbapenem-susceptible isolates. 

Conclusion: The prevalence of carbapenem resistance and carbapenem-colistin dual resistance in Gram-negative 

blood culture isolates from patients with bloodstream infections is unacceptably high. Patients with bloodstream 

infections due to carbapenem-resistant isolates had substantially higher mortality. 
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Infections caused by carbapenem-resistant Gram-negative bacteria

resent a substantial therapeutic challenge, severely limiting and com-

licating treatment options for serious infections caused by these iso-

ates [1] . Occurrences of these difficult-to-treat infections have in-

reased dramatically over the past decade, and have become a major

ublic health threat globally [2] . Carbapenem resistance poses a po-

ential public-health emergency, especially in developing countries, ac-

ounting for high morbidity, mortality, and healthcare costs [3] . Pub-

ished data on the epidemiology of carbapenem resistance in blood cul-

ure isolates from the Oman region are scarce [ 4 , 5 ]. Likewise, infor-

ation on the prevalence of colistin resistance in carbapenem-resistant

ram-negative bacteria from the region is severely limited [6] . 
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Carbapenem resistance in blood-culture Gram-negative isolates has

een shown to correlate with poor clinical outcomes, including higher

ortality [ 5 , 7 ]. Pooled outcomes in one study showed that the number

f deaths was significantly higher in patients with carbapenem-resistant

nfections, and that the number of deaths attributable to carbapenem

esistance was considerable [8] . 

With the emergence of carbapenem resistance among Acinetobac-

er baumannii, Pseudomonas aeruginosa , and Enterobacterales , and the

carcity of new and affordable antibiotics, the use of polymyxins has be-

ome essential in the management of bloodstream infections caused by

hese extensively drug-resistant pathogens [9] . Predictably, growing use

f colistin has resulted in the development of colistin-resistant strains,

urther depriving clinicians from viable therapeutic options [10] . Fur-

hermore, several studies have demonstrated that colistin resistance in
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Table 1 

Rates of carbapenem resistance in 578 evaluable blood culture isolates. 

Total blood culture isolates Carbapenem resistant (%) Carbapenem susceptible (%) Carbapenem not tested 

Escherichia coli 244 (41.7%) 7/244 (2.9%) 237/244 (97.1%) 0 

Klebsiella pneumoniae 183 (31.3%) 84/181 (46.4%) 97/181 (53.6%) 2 

Pseudomonas aeruginosa 110 (18.8%) 32/107 (29.9%) 75/107 (70.1%) 3 

Acinetobacter baumannii 48 (8.2%) 37/46 (80.4%) 9/46 (19.6%) 2 

585 160/578 (27.7%) 418/578 (72.3%) 

Table 2 

Distribution of carbapenem resistance genes, according to Xpert Carba-R testing, in carbapenem-resistant Klebsiella pneumoniae and Escherichia coli blood isolates. 

Carbapenem-resistant 

(isolates from 2017–2020) 

Xpert Carba-R tested (isolates 

from 2019 and 2020) 

OXA-48 NDM OXA-48 and NDM 

Carbapenem-resistant Klebsiella pneumoniae 84 52 (62%) 35 8 9 

Carbapenem-resistant Escherichia coli 7 5 (71%) 0 5 0 

91 57 (63%) 35 13 9 
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arbapenem-resistant A. baumannii, P. aeruginosa , and K. pneumoniae

loodstream infections increases mortality [11] . 

This study was conducted to examine the prevalence of carbapenem

esistance and carbapenem-colistin dual resistance in A. baumannii, P.

eruginosa, K. pneumoniae , and E. coli blood isolates from patients with

loodstream infections, and to describe the mortality outcome in these

atients. 

ethods 

This was a retrospective study examining carbapenem and colistin

esistance in P. aeruginosa, A. baumannii, K. pneumoniae , and E. coli

loodstream infections in adult patients, between January 1, 2017, and

ecember 31, 2020. Data were obtained using the hospital’s real-time

loodstream infection surveillance system. This semi-automated surveil-

ance system captures microbiological and demographic patient data

elating to bloodstream infections and antimicrobial resistance. Bacte-

ial identification and antibiotic susceptibility testing followed the stan-

ard operating procedures of the clinical microbiology laboratory. An-

imicrobial susceptibility testing (including carbapenems and colistin)

as performed using a commercial automated system (BD Phoenix).

urthermore, a commercialized broth microdilution method (Thermo

cientific TM Sensititre TM Gram Negative GNX3F AST) was performed

o determine the minimum inhibitory concentration for colistin, and to

onfirm colistin susceptibility. 

From 2019 onwards, carbapenem-resistant Enterobacterales blood

solates were further tested using the Xpert Carba-R (Cepheid, Sunny-

ale, CA) assay for the detection of five carbapenemase genes ( bla OXA-48 ,

la NDM 

, bla KPC , bla VIM 

, bla IMP ). Blood cultures with monomicrobial

rowth of P. aeruginosa, A. baumannii, E. coli , and K. pneumoniae , and

nly first non-repeat bacteremia episodes, were included in the study.

he classification of bloodstream infections into either healthcare onset

r community onset was based on internationally accepted definitions

hereby community-onset bloodstream infection is defined as occurring

ithin < 48 hours of admission to hospital, whereas healthcare-onset

loodstream infection is defined as being first identified ≥ 48 hours fol-

owing hospital admission or within < 48 hours of hospital discharge.

he main outcomes were the rates of carbapenem and carbapenem-

olistin dual resistance in P. aeruginosa, A. baumannii, E. coli , and K.

neumoniae blood culture isolates, and their associated 30-day all-cause

ortality. 

tudy population 

Hospitalized patients ( > 18 years old) with bloodstream infections

aused by P. aeruginosa, A. baumannii, E. coli , or K. pneumoniae , between

anuary 1, 2017 and December 31, 2020, were included. 
2 
tatistical analyses 

Data were expressed as mean ± standard deviation (SD). Compar-

sons between groups were performed using non-parametric test analy-

is. A value of p < 0.05 was considered statistically significant. Statistical

nalysis was performed using the SPSS version 19.0 software package. 

esults 

In total, 585 non-repeat bloodstream infections resulting from P.

eruginosa, A. baumannii, E. coli , or K. pneumoniae , between January 1,

017, and December 31, 2020, were identified. The distribution of these

lood isolates is shown in Table 1 . 

ate of carbapenem resistance 

Records on carbapenem susceptibility were available for 578

98.8%) of the blood culture isolates. As shown in Table 1 , 160 cases of

loodstream infection were caused by a carbapenem-resistant isolate,

ith an overall rate of carbapenem resistance of 27.7%. A. baumannii

ad the highest carbapenem resistance rate at 37/46 (80.4%), whereas

. coli had the lowest rate (2.9%). Rates of carbapenem resistance in

. pneumoniae and P. aeruginosa blood isolates were 46.4% and 29.9%,

espectively. K. pneumoniae and P. aeruginosa caused 52.5% and 20.0%

f all carbapenem-resistant bloodstream infections, respectively. In to-

al, 52 carbapenem-resistant Klebsiella pneumoniae and five carbapenem-

esistant Escherichia coli blood isolates from 2019 and 2020 were tested

or the presence of carbapenemase genes, using Xpert Carba-R. All 57

solates were found to harbor at least one carbapenemase gene, with

XA-48, NDM, and OXA-48 plus NDM present in 35, 13, and nine of

he isolates, respectively ( Table 2 ). 

arbapenem resistance in community- vs healthcare-onset bloodstream 

nfections 

Of the 160 carbapenem-resistant blood culture isolates, 81.9% were

lassified as healthcare onset. A. baumannii, K. pneumoniae, P. aeruginosa ,

nd E. coli caused 24.4%, 51.9%, 19.8%, and 3.8% of healthcare-onset

arbapenem-resistant bloodstream infections, respectively, with 86.5%

f carbapenem-resistant A. baumannii , 81% of carbapenem-resistant P.

eruginosa , 81% of carbapenem-resistant K. pneumoniae , and 71.4% of

arbapenem-resistant E. coli bloodstream infections being of healthcare

rigin ( Table 3 ). 

emographic features 

Table 4 shows the demographic characteristics of the study patients.

f the 578 evaluable patients with bloodstream infections caused by
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Table 3 

Distribution of carbapenem-resistant bloodstream infections according to source of onset. 

Number of 

carbapenem-resistant isolates 

Community onset Healthcare onset 

Klebsiella pneumoniae 84 (52.5%) 16 (19%) 68 (81%) 

Pseudomonas aeruginosa 32 (20.0%) 6 (19%) 26 (81%) 

Acinetobacter baumannii 37 (23.1%) 5 (13.5%) 32 (86.5%) 

Escherichia coli 7 (4.4%) 2 (28.6%) 5 (71.4%) 

Total 160 29 (18.1%) 131 (81.9%) 

Table 4 

Sex and age characteristics of patients with carbapenem-resistant and carbapenem-susceptible blood cul- 

ture isolates. 

Bacteremia episodes (known 

carbapenem susceptibility) 

Carbapenem resistant Carbapenem susceptible 

Escherichia coli 

Total 244 (244) 7 (2.9%) 237 (97.1%) 

Male 0 (0%) 104 (43.9%) 

Female 7 (100%) 133 (56.1%) 

Age (mean in years) 49.43 61.28 

Klebsiella pneumoniae 

Total 183 (181) 84 (46.4%) 97 (53.6%) 

Male 66 (78.6%) 57 (58.8%) 

Female 18 (21.4%) 40 (41.2%) 

Age (mean in years) 56.29 51.22 

Pseudomonas aeruginosa 

Total 110 (107) 32 (29.9%) 75 (70.1%) 

Male 17 (53.1%) 42(55.3%) 

Female 15 (46.9%) 33 (44.7%) 

Age (mean in years) 55.8 58.2 

Acinetobacter baumannii 

Total 48 (46) 37 (80.4%) 9 (19.6%) 

Male 32 (86.5%) 3(36.4%) 

Female 5 (13.5%) 6 (63.6%) 

Age (mean in years) 54.1 53.6 

Table 5 

Prevalence of colistin resistance in carbapenem-resistant blood culture isolates. 

Tested for colistin susceptibility (%) Colistin resistant Colistin susceptible Colistin not tested 

Carbapenem-resistant Acinetobacter baumannii 29/37 (78.4%) 0/29 (0%) 29/29 (100%) 8 

Carbapenem-resistant Klebsiella pneumoniae 62/84 (73.8%) 15/62 (24.2%) 47/62 (75.8%) 22 

Carbapenem-resistant Pseudomonas aeruginosa 21/32 (65.6%) 1/21 (4.8%) 20/21 (95.2%) 11 

Carbapenem-resistant Escherichia coli 7/7 (100%) 0/7 (0%) 7/7 (100%) 0 

119/160 (74.4%) 16/119 (13.4%) 103/119 (86.6%) 41/160 (25.6%) 
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ny of these four isolates, 55.5% were male. Of the 160 patients with

arbapenem-resistant blood isolates, 71.9% were male. 

revalence of colistin-carbapenem dual resistance in K. pneumoniae, E.

oli, P. aeruginosa, and A. baumannii bloodstream infections 

Of the 160 bloodstream infections caused by any of these four

arbapenem-resistant isolates, colistin susceptibility data were obtain-

ble for 119 isolates ( Table 4 ). Sixteen isolates (15 K. pneumoniae and

ne P. aeruginosa ) were found to be dually resistant to both carbapenem

nd colistin, with an overall rate of 13.4%. Prevalences of colistin re-
Table 6 

Thirty-day all-cause mortality for bloodstream infections according to carbapenem su

Klebsiella pneumoniae

Number of deaths/total 198/578 (34.3%) 87/181 (48%) 

Deaths in carbapenem-susceptible group 89/418 (21.3%) 30/97 (30.9) 

Deaths in carbapenem-resistant group 109/160 (68.1%) 57/84 (67.8%) 

3 
istance among carbapenem-resistant K. pneumoniae and P. aeruginosa

lood isolates were 24.2% and 4.8%, respectively. 

ortality 

Table 6 shows the 30-day all-cause mortality for P. aeruginosa, A. bau-

annii, E. coli , and K. pneumoniae bloodstream infections categorized by

usceptibility to carbapenem. Out of the 578 patients with bloodstream

nfections caused by any of the four examined blood culture isolates

ith known susceptibility to carbapenems, 34.3% died within 30 days of

he onset of bloodstream infection. Patients with bloodstream infections
sceptibility. 

 Pseudomonas aeruginosa Acinetobacter baumannii Escherichia coli 

35/107 (32.7%) 27/46 (58.6%) 49/244 (20.1%) 

13/75 (17.3%) 2/9 (22.2%) 44/237 (18.6%) 

22/32 (68.8%) 25/37 (67.6%) 5/7 (71.4%) 
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aused by carbapenem-resistant isolates showed significantly higher

ortality in comparison with patients with carbapenem-susceptible

solates, with 30-day all-cause mortality rates of 68.1% and 21.3%,

espectively. Thirty-day all-cause mortality was similar for all four

arbapenem-resistant blood isolates, with rates of 68.8%, 67.8%, 67.6%,

nd 71.4% for P. aeruginosa, K. pneumoniae, A. baumannii , and E. coli , re-

pectively. 

iscussion 

Bloodstream infections caused by carbapenem-resistant K. pneumo-

iae, E. coli, A. baumannii, and P. aeruginosa are a growing global health

oncern [12] . Our study found that 27.7% of the examined Gram-

egative blood culture isolates were resistant to carbapenems. Car-

apenem resistance among K. pneumoniae, A. baumannii, and P. aerug-

nosa isolates has shown a staggering 54% increase when compared

ith a previously reported combined rate of 29.8%, from a study in

he same center between 2007 and 2016 [5] . K. pneumoniae was the

ost prevalent carbapenem-resistant blood isolate, causing 54.9% of all

arbapenem-resistant bloodstream infections, while A. baumannii had

he highest rate of carbapenem resistance (80.4%). It is interesting to

ote that carbapenem resistance in K. pneumoniae has been steadily in-

reasing [5] . 

Since the introduction of Xpert Carba-R testing in 2019 in this cen-

er, all Enterobacterales blood isolates have been tested for the presence

f carbapenemase genes. OXA-48 has been shown to be the most preva-

ent carbapenemase gene in carbapenem-resistant K. pneumoniae blood

solates, accounting for 85% of carbapenemase genes. In contrast, all

ested Escherichia coli blood isolates were NDM producers. 

Although no single definition has been accepted as a reference stan-

ard, categorization of bloodstream infections as either community-

nset or healthcare-onset infections provides a discrete and objective

eans of classification [13] . In our study, rates of carbapenem resis-

ance in healthcare-onset and community-onset bloodstream infections

ere examined. Predictably, most cases of carbapenem-resistant blood

ulture isolates (81.9%) were classed as healthcare onset. This finding

as in agreement with previous reports [ 5 , 14 ]. Our study found that

early one in every six carbapenem-resistant blood isolates (18.1%) was

lassed as community onset — a finding of great public health concern.

his compares with a rate of 13% reported in a previous study from

he same institution [5] . Increasing reports of community-onset blood-

tream infections caused by carbapenem-resistant isolates are disturbing

15] . 

The prevalence of colistin resistance among the carbapenem-

esistant blood culture isolates was also explored. Sixteen of 119 blood

ulture isolates (13.4%) were found to simultaneously have dual resis-

ance to carbapenem and colistin. This shows a startling (70%) increase

n dual resistance when compared with a prevalence of 7.9% reported by

 previous study from the same setting [5] . One confounder to consider

hen comparing the findings of the two studies on dual carbapenem-

olistin resistance is that, after the previous study, the microbiology lab

n this center introduced a confirmatory broth microdilution method

Thermo Scientific TM Sensititre TM Gram Negative GNX3F AST) for col-

stin susceptibility testing. The Clinical and Laboratory Standards Insti-

ute (CLSI) and the European Committee on Antimicrobial Susceptibility

esting (EUCAST) both recommend broth microdilution as the reference

ethod for determining susceptibility to colistin [ 16 , 17 ]. 

Notably, carbapenem-resistant K. pneumoniae accounted for 93.7%

f all colistin-resistant blood isolates in our study. Moreover, the preva-

ence of colistin resistance among carbapenem-resistant K. pneumoniae

lood isolates was the highest, at 24.2%. A recent systematic review

nd meta-analysis from Iran also showed a high prevalence of colistin

esistance in K. pneumoniae isolates [18] . These findings reveal a wor-

isome trend in the prevalence of carbapenem-colistin dual resistance,

specially among K. pneumoniae blood isolates. Such resistance severely

imits antimicrobial options for the management of these serious infec-
4 
ions [9] . Interestingly, none of the examined carbapenem-resistant E.

oli or A. baumannii blood isolates showed resistance to colistin. 

Several previous studies, including one from the same institution,

ave reported higher mortality rates for patients with bloodstream in-

ections caused by carbapenem-resistant isolates when compared with

atients with carbapenem-susceptible blood isolates [ 5 , 19 ]. Similarly, a

ecent systematic review and meta-analysis of 2462 patients infected

ith carbapenem-resistant K. pneumoniae showed that these patients

ad higher mortality than those infected with carbapenem-susceptible

. pneumoniae , especially among critically ill patients with bacteremia

20] . Our study observed that patients with carbapenem-resistant blood-

tream infections had three times higher mortality rates when compared

ith patients with carbapenem-susceptible bloodstream infections, with

0-day mortality rates of 68.1% and 21.3%, respectively. Intriguingly,

0-day all-cause mortality rates were similar, albeit ominously high,

or all four carbapenem-resistant blood isolates. These findings are in

ontrast with those of a similar study from India and a larger study

rom the same center, both of which suggested higher mortality rates

or carbapenem-resistant P. aeruginosa bacteremia when compared with

arbapenem-resistant A. baumannii bacteremia [ 21 , 5 ]. Although, the ex-

ct reasons for the unrivaled mortality found for the cohort of patients

ith carbapenem-resistant Gram negative blood isolates in this study

re unclear, several recent studies have reported similar mortality rates.

 recent systematic review of the impact of carbapenem resistance on

ortality among patients with Enterobacterales suggested that, for any

ype of mortality outcome, carbapenem resistance was associated with a

reater probability of death among patients infected with carbapenem-

esistant isolates [8] . Several other studies examining mortality out-

omes in A. baumannii and P. aeruginosa bacteremia have demonstrated

imilar outcomes [ 22 , 23 ]. 

Our study had several limitations, in addition to its retrospective

ature. First, the prevalence of carbapenem resistance was only ex-

mined in four isolates and only from blood cultures, hence the ex-

ents of carbapenem resistance in other Gram-negative isolates and

n the same four isolates from other clinical sites remain unknown.

econd, the dichotomy of carbapenem-resistant bloodstream infections

nto healthcare-onset and community-onset was based solely on a ret-

ospective review of clinical records, making it impossible to accu-

ately ascertain what percentage of community-onset bloodstream in-

ections was indeed community-acquired. This limitation may have re-

ulted in overestimating community acquisition of carbapenem resis-

ance. Third, notwithstanding having a well-defined 30-day all-cause

ortality endpoint, factors known to impact mortality outcomes, such

s timing and appropriateness of empirical antibiotics, sources of bac-

eremia and their control, and the severity of infection, were not stud-

ed. It is worth mentioning that intravenous colistin in combination

ith high-dose meropenem was the main antimicrobial therapeutic

ption available to most patients with carbapenem-resistant, colistin-

usceptible bloodstream infections in this institution during the study

eriod, while intravenous fosfomycin was used in instances of colistin

esistance. 

Despite these limitations, this study illustrated the temporal trend of

arbapenem resistance in blood culture isolates in the same institution,

ncluded a relatively large number of patients, had a clearly defined

tudy population, studied colistin and carbapenem dual resistance, and

xamined mortality in these double-resistance cases. Unlike the previous

tudy from the same institution, in which only non-molecular, pheno-

ypic laboratory methods were used to detect carbapenem resistance,

he present study used Xpert Carba-R as an additional diagnostic tool.

he Xpert Carba-R assay is a reliable and accurate reference standard

or detecting carbapenem resistance caused by the production of car-

apenemases [24] . 

In summary, this research revealed a startling rise in the prevalence

f carbapenem resistance and dual carbapenem-colistin resistance in

he examined blood culture isolates from a single academic institution.

hese findings present an unparalleled therapeutic challenge associated
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ith an unacceptably greater mortality. Furthermore, this research high-

ights the urgent need for implementing effective national antibiotic

tewardship practices, and for implementing stringent infection preven-

ion and control actions. 

onclusion 

Our data demonstrate an alarming increase in the prevalence of car-

apenem resistance in K. pneumoniae, E. coli, A. baumannii , and P. aerug-

nosa blood culture isolates, with a large proportion of K. pneumoniae

emonstrating additional resistance to colistin. This poses a significant

nd unprecedented therapeutic challenge, combined with unacceptably

igher mortality. These findings call for urgent public health action to

ombat this threat. 
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