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a b s t r a c t 

Increasing resistance to polymyxin, a last-line antibiotic, is a growing public health concern worldwide. 

The primary objective of this study was to identify predictors for the isolation of polymyxin-resistant (PR) 

carbapenem-resistant Enterobacteriaceae (CRE) among hospitalized patients. The secondary objective was 

to describe the clinical outcomes of patients with PR-CRE infections. A retrospective case–control study 

including patients admitted to Singapore General Hospital between June 2012 and June 2016 was con- 

ducted. Cases were defined as patients who had clinical cultures from which a PR-CRE was isolated. 

Controls were randomly selected from patients with polymyxin-susceptible (PS) CRE admitted during the 

same period, and frequency-matched to site of isolation. We included 37 PR cases and 111 PS controls. 

Polymyxin resistance was detected predominantly in Enterobacter spp. (54.1%) and Klebsiella pneumoniae 

(43.2%). Multilocus sequence typing showed little clonal relatedness among the isolates. mcr-1 was de- 

tected in two PR-CRE isolates. Multivariable analyses showed that PR-CRE isolation was associated with 

prior polymyxins (adjusted odds ratio (OR), 21.31; 95% confidence interval (CI), 3.04–150.96) and car- 

bapenem exposures (OR 3.74; CI 1.13–12.44), when adjusted for time at risk and bacteria species. In PR- 

CRE patients with infections, the 30-day all-cause in-hospital mortality was 50.0% as compared to 38.1% 

in patients with PS-CRE ( P = 0.346). Prior polymyxin and carbapenem exposures were independent risk 

factors for isolation of PR-CRE. Outcomes of PR-CRE and PS-CRE infections were similar in this study. 

© 2019 Elsevier B.V. and International Society of Chemotherapy. All rights reserved. 
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. Introduction 

Carbapenem-resistant Enterobacteriaceae (CRE) infections are 

ifficult-to-treat infections with limited therapeutic options.

olymyxins are one of the last-line antibiotics for such infections.

owever, high rates of polymyxin resistance have been reported in
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ome parts of the world and were found to be independently as-

ociated with mortality [1,2] . 

In our hospital we have been observing an increasing preva-

ence of CRE, with a corresponding increase in polymyxins usage.

onsequently, polymyxin resistance was detected in our CRE iso-

ates, even as early as in 2012 [3] . There are only a few existing

tudies which investigated the risk factors of polymyxin resistance

n CRE [4–7] . Whilst some of these studies have suggested the as-

ociation between polymyxin use and acquisition of polymyxin re-

istance, results were not consistent. Hence, the primary objective

f our study was to assess the risk factors associated with isolation

f polymyxin-resistant (PR) CRE. The secondary objective was to

escribe the clinical outcomes of patients with PR-CRE infections. 
rved. 
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2. Materials and Methods 

2.1. Study design 

A retrospective matched case–control study was conducted at

a large acute care hospital in Singapore between June 2012 and

June 2016 to investigate the risk factors associated with the isola-

tion of PR-CRE. All adult inpatients ( ≥21 years old) with a clinical

(non-surveillance) culture yielding PR-CRE, regardless of whether

the culture represents a clinical infection or colonization, were de-

fined as cases. Three controls with polymyxin-B-susceptible (PS)

CRE cultures were selected for each case. Controls were frequency-

matched to cases by specimen type. 

Patients with CRE were identified from the databases of the mi-

crobiological laboratory. Each patient was included in the study

only once, at the time of the first PR/PS-CRE isolation, which is

defined as the index date. Clinical cultures yielding Enterobac-

teriaceae which were intrinsically resistant to polymyxins (e.g.

Proteus spp., Providencia spp., Morganella morganii, Serratia spp.

and Burkholderia cepacia ) or more than one type of carbapenem-

resistant Gram-negative organism were excluded. 

2.2. Data collection 

Data were sought from electronic medical records and clinical

microbiology laboratory computerized databases. Information was

collected in a structured data collection form by medically trained

staff. Variables analyzed as risk factors included: (1) demograph-

ics (age, gender); (2) presence of comorbid conditions and age-

adjusted Charlson comorbidity index; (3) neutropenic status (de-

fined as absolute neutrophil count < 500/mm 

3 ); (4) severity of ill-

ness as determined by APACHE II score; (5) hospitalization history

such as previous hospital stay, time at risk (defined as the num-

ber of days from the time of admission to the time of index cul-

ture), previous intensive care unit (ICU) stay; (6) exposure to in-

vasive interventions (e.g. central venous catheter (CVC), invasive

ventilation, dialysis, invasive surgery); (7) receipt of immunosup-

pressive therapy (defined as receipt of ≥1 dose of chemotherapy

or immunosuppressant, or ≥14 days of corticosteroids at an equiv-

alent daily dose of 20 mg prednisolone); and (8) antibiotics ex-

posure (receipt of more than one dose). Daily doses of intravenous

(IV) polymyxin B and total duration of use were tabulated. All vari-

ables were recorded for a period of 30 days prior to the index date.

Outcomes were evaluated for patients with clinically relevant

infections, i.e. if clinical specimens were obtained from sterile sites

(e.g. blood or pleural effusion); and/or if there was a presence of

clinical symptoms consistent with infection. The primary outcome

of interest was 30-day all-cause in-hospital mortality (death oc-

curring for any reason within 30 days of index date during the

hospital stay). Secondary outcomes included the following: (1) 30-

day infection-related mortality (death occurring due to infection

(as indicated as cause of death in hospital medical records) within

30 days of index date during the hospital stay); (2) clinical re-

sponse (resolution of abnormalities of vital signs and infection

markers, or resolution of symptoms specific to the infection); (3)

microbiological clearance (documented clearance of index organ-

ism from blood cultures (assessed only in patients with positive

blood cultures)); (4) length of stay post-infection (number of days

that the patient spent in the hospital after the index date); and (5)

30-day readmission (non-elective readmission within 30 days of

discharge). 

2.3. Microbiological methods 

Genus identity was determined using VITEK GNI + cards

(bioMérieux, Hazelwood, MO, USA). Antibiotic susceptibilities were
etermined using commercial microbroth dilution panels (Trek Di-

gnostics, East Grinstead, UK), performed according to manufac-

urer’s recommendations. The minimum inhibitory concentrations

MICs) of most antibiotics were interpreted in accordance with

he Clinical and Laboratory Standards Institute (CLSI) guidelines.

he European Committee on Antimicrobial Susceptibility Testing

olistin susceptibility breakpoints for Enterobacteriaceae and the

ood and Drug Administration (FDA) criteria for tigecycline were

sed to interpret the susceptibilities of polymyxin B and tigecy-

line, respectively. Isolates with a MIC of > 2 mg/L for polymyxin B

ere considered non-susceptible, while isolates which were non-

usceptible to at least one carbapenem or where carbapenemase

enes were detected were considered CRE. 

Presence of carbapenemase and mcr-1 genes were detected by

olymerase chain reaction (PCR) as previously described [8] . In sil-

co analysis of the draft genomes obtained from whole genome se-

uencing using the multilocus sequence typing (MLST) database

 http://pubmlst.org/ ) was conducted to determine the sequence

ypes of the polymyxin B-resistant isolates. 

.4. Statistical analyses 

Data are expressed as mean ± standard deviation for con-

inuous variables with normal distribution, median (interquartile

ange) for continuous variables with skewed distribution, and

 (percentage) for categorical variables. Normality of continuous

ariables was checked by visual inspection of histograms. 

Unconditional logistic regression was used to compute the odds

atio (OR) and corresponding 95% confidence intervals (CI). Re-

tricted cubic spline regression was used to examine the linearity

f continuous explanatory variables. To identify the risk factors for

solation of PR-CRE, multivariable logistic regression models were

onstructed. The base model was adjusted for time at risk and

acteria species. Clinically plausible variables with P- values < 0.10

dentified in the univariate analysis were included individually into

he base model in a stepwise manner. The likelihood ratio test was

sed to determine inclusion in the final parsimonious model. The

oodness-of-fit of all models were assessed by Hosmer–Lemeshow

est and Akaike information criteria (AIC). All statistical analyses

ere conducted with the software package STATA MP 14.0 (Stata

orp., College Station, TX) and a two-tailed value of P < 0.05 was

onsidered to be statistically significant. 

. Results 

During the four-year study period, a total of 37 PR-CRE cases

ere identified, and 111 corresponding PS-CRE controls were in-

luded. The microbiological characteristics and antibiotic suscep-

ibility profiles are detailed in Tables 1 and 2 . Polymyxin re-

istance was detected predominantly in Enterobacter spp. (20/37,

4.1%) and Klebsiella pneumoniae (16/37, 43.2%). Most of these

R-CRE isolates were KPC-producers (59.5%) and were highly re-

istant to all beta-lactams tested. Susceptibilities were retained

or amikacin (100%), tigecycline (89.2%), ceftazidime-avibactam

83.8%), fosfomycin (70.3%) and levofloxacin (64.9%). When com-

ared to PS-CRE controls, the distribution of carbapenemases was

argely similar. However, it appears that PR-CRE isolates tended to

e more susceptible to levofloxacin and amikacin, while suscepti-

ility to fosfomycin was lower. 

MLST analyses of the major Enterobacteriaceae species showed

iverse STs among the species. PR K. pneumoniae belonged to nine

ifferent STs (11, 15, 20, 273, 392, 513, 719, 841, 978), of which ST11

four isolates) and ST20 (three isolates) were the most common. PR

. cloacae belonged to 10 different STs (54, 78, 93, 109, 131, 144,

75, 182, 418, 502), of which ST93 (nine isolates) was the most

http://pubmlst.org/
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Table 1 

Microbiological characteristics of polymyxin-resistant (PR) carbapenem-resistant 

Enterobacteriaceae (CRE) and polymyxin-susceptible (PS) CRE isolates. 

PR-CRE ( n = 37) PS-CRE ( n = 111) P -value 

n (%) n (%) 

Species < 0.002 

Enterobacter spp. 20 (54.1) 26 (23.4) 

Klebsiella spp. 16 (43.2) 63 (56.8) 

Escherichia coli 1 (2.7) 19 (17.1) 

Citrobacter spp. 0 (0) 3 (2.7) 

Specimen type 1.0 0 0 

Abdominal 4 (10.8) 12 (10.8) 

Blood 7 (18.9) 21 (18.9) 

Respiratory 6 (16.2) 18 (16.2) 

Skin and soft tissue 6 (16.2) 18 (16.2) 

Urinary 14 (37.8) 42 (37.8) 

Carbapenemase type 0.073 

KPC 22 (59.5) 49 (44.1) 

Metallobetalactamase 6 (16.2) 22 (19.8) 

OXA-48-like 0 (0) 15 (13.5) 

Co-producers 0 (0) 3 (2.7) 

None 9 (24.3) 22 (19.8) 
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ommon. The one PR E. coli was ST354. mcr-1 was detected only in

wo PR-CRE isolates. 

Table 3 compares the baseline demographics and clinical char-

cteristics of the PR cases and PS controls. Isolation of PR CRE was

ssociated with a longer time at risk (33 vs 15 days, P = 0.021), pre-

ious ICU stay (48.7% vs 20.7%, P = 0.001), tracheostomy (18.9% vs

.3%, P = 0.03), central venous catheter (70.3% vs 44.1%, P = 0.007),

nd nasogastric tube (64.9% vs 44.1%, P = 0.03) use. PR-CRE was

ore commonly isolated in patients with concurrent infections

70.3% vs 40.5%, P = 0.002). Previous carbapenem (62.2% vs 35.1%,

 = 0.005) and polymyxin (24.3% vs 1.8%, p < 0.001) exposures

ere more frequent in patients with PR-CRE. 

Upon multivariable analysis ( Table 4 ), previous carbapenem and

olymyxin exposures were directly associated with PR-CRE isola-

ion. Polymyxin resistance was more likely to occur in Enterobacter

pp. (compared to Klebsiella spp.), and in patients with Charlson

omorbidity index < 5. 

Among the nine patients (eight PR cases, one PS control) who

ere exposed to IV polymyxins, three were isolated from blood

two PR cases, one PS control), three from respiratory specimens,

nd one each from urinary, abdominal and soft tissue specimens.

n the PR cases, the median IV polymyxin exposure duration prior

o index was 13 days (range: 4–19 days). The median dose was

7,785 units/kg per day (range: 13,700–31,250 units/kg per day).

ll cases were receiving polymyxin as part of antibiotic combina-
Table 2 

Antimicrobial susceptibilities of polymyxin-resistant (PR) carbapenem-resistant E

PR-CRE ( n = 37) 

Proportion 

susceptible (%) 

MIC 50 MIC 90 Range 

Cefepime 3 (8.1) ≥64 ≥64 ≤1 to ≥64 

Piperacillin-tazobactam 1 (2.7) ≥128 ≥128 8 to ≥128 

Aztreonam 2 (5.4) ≥64 ≥64 ≤0.5 to ≥64

Ertapenem 3 (8.1) ≥32 ≥32 ≤0.5 to ≥32

Imipenem 9 (24.3) 16 ≥32 0.5 to ≥32 

Doripenem 9 (24.3) 8 ≥32 ≤0.25 to ≥3

Meropenem 7 (18.9) 16 ≥32 ≤0.25 to ≥3

Levofloxacin 24 (64.9) 4 ≥32 ≤0.5 to ≥32

Amikacin 37 (100) 4 16 1 to 32 

Tigecycline 33 (89.2) 1 4 ≤0.25 to ≥1

Ceftazidime-avibactam 31 (83.8) 1 ≥128 0.25 to ≥12

Fosfomycin 26 (70.3) 64 256 1 to ≥2048 

Polymyxin B — ≥16 ≥16 4 to ≥16 

MIC, minimum inhibitory concentration. 
ion therapy, except for one case who was exposed to five days of

olymyxin monotherapy. The most common combination antibiotic

as meropenem (six cases). The PS-CRE control received two days

f IV polymyxin at 18,200 units/kg per day, which was given con-

urrently with imipenem/cilastatin. 

Outcomes were analyzed for 83 (56.1%) patients who had clin-

cally significant infections (abdominal – 14/16 (87.5%), respiratory

12/24 (50.0%), skin and soft tissue – 10/24 (41.7%), urine – 20/56 

35.7%), blood – 27/28 (96.4%)). The proportion of patients whose

ultures represented clinically significant infections were similar in

he PR and PS group [20/37 (54.0%) vs 63/111 (56.8%), P = 0.774].

he outcomes of patients with PR-CRE and PS-CRE infections are

hown in Table 5 . Clinical presentation on index date of the two

roups were similar, with the exception of higher occurrence of

o-infections in patients with PR-CRE (85.0% vs 50.8%, P = 0.012).

utcomes were similar in the two groups, although microbiolog-

cal clearance was more often observed in patients with PR-CRE

loodstream infections (100% vs 55.0%, P = 0.059). 

. Discussion 

Polymyxins are one of the last-line antibiotics for CRE and de-

elopment of polymyxin resistance is of great concern. Monitor-

ng for the emergence and elucidation of predictors for polymyxin

esistance might be useful to prevent resistance emergence. Our

tudy analyzed the predictors in the isolation of PR-CRE among

ospitalized patients. We demonstrated that previous polymyxins

xposure was the strongest predictor for the isolation of PR-CRE in

ur study population. 

The polyclonal nature and the low occurrence of mcr-1 among

R-CRE suggested that development of polymyxin resistance via

orizontal transmission was unlikely in our study. As in many of

he previous epidemiological studies, we observed that polymyxin

xposure is one of the key factors associated with polymyxin re-

istance [6,7,9,10] . This is founded on the biological basis that ac-

uired resistance to polymyxin can arise due to selection pressure

rom excessive or inadequate polymyxin use in patients colonized

ith previously polymyxin-susceptible strains. Phenotypic adap-

ation occurs via selection of polymyxin-dependent/polymyxin-

esistant populations among a heteroresistant population [11] .

owever, the breakpoint/threshold for emergence of resistance

s not evident in our study, as polymyxin resistance was de-

ected in patients receiving polymyxins for as short as four days,

hereas most previous reports documented resistance only with

rolonged exposures [10,12] . The relationship of resistance emer-

ence and polymyxin dosing is also not apparent in our study.

osing of polymyxins is an evolving field and perhaps polymyxin
nterobacteriaceae (CRE) and polymyxin-susceptible (PS) CRE isolates. 

PS-CRE ( n = 111) 

Proportion 

susceptible (%) 

MIC 50 MIC 90 Range P -value 

8 (7.2) ≥64 ≥64 ≤1 to ≥64 1.0 0 0 

5 (4.5) ≥128 ≥128 8 to ≥128 1.0 0 0 

 8 (7.2) ≥64 ≥64 ≤0.5 to ≥64 1.0 0 0 

 3 (2.7) ≥32 ≥32 1 to ≥32 0.165 

17 (15.3) 8 ≥32 ≤0.25 to ≥32 0.212 

2 24 (21.6) 8 ≥32 ≤0.25 to ≥32 0.732 

2 20 (18.0) 8 ≥32 ≤0.25 to ≥32 0.902 

 51 (46.0) 8 ≥32 ≤0.5 to ≥32 0.046 

99 (89.2) 8 64 ≤1 to ≥128 0.037 

6 98 (88.3) 0.5 4 ≤0.25 to 4 1.0 0 0 

8 86 (77.5) 1 ≥128 ≤0.12 to ≥128 0.414 

97 (87.4) 32 256 ≤0.5 to ≥2048 0.016 

— 0.5 2 ≤0.25 to 2 —
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Table 3 

Clinical characteristics of patients with polymyxin-resistant (PR) carbapenem-resistant Enterobacteriaceae (CRE) 

and polymyxin-susceptible (PS) CRE isolates. 

PR-CRE ( n = 37) PS-CRE ( n = 111) OR (95% CI) P -value 

Age 65 (43–85) 68 (37–86) 1.00 (0.97 0–1.02) 0.703 

Male 19 (51.3) 60 (54.1) 0.90 (0.43–1.89) 0.775 

Medical ward 25 (67.6) 71 (64.0) 1.17 (0.53–2.59) 0.691 

Time at risk 33 (12–48) 15 (2–30) 1.02 (1.00–1.03) 0.021 

Co-morbidities 

Ischemic heart disease 9 (24.3) 30 (27.0) 0.87 (0.37–2.05) 0.747 

Diabetes 15 (40.5) 48 (43.2) 0.89 (0.42–1.91) 0.773 

Chronic renal failure 4 (10.8) 24 (21.6) 0.44 (0.14–1.36) 0.154 

Malignancy 12 (32.4) 42 (37.8) 0.79 (0.36–1.73) 0.555 

Neutropenia 0 7 (6.3) — 0.130 

Charlson comorbidity index ≥ 5 15 (40.5) 66 (59.5) 0.46 (0.22–0.99) 0.048 

Concurrent infection 20 (70.3) 45 (40.5) 3.47 (1.56–7.71) 0.002 

Severity of illness 

APACHE II ≥15 13 (35.1) 42 (37.8) 0.89 (0.41–1.93) 0.768 

Septic shock 5 (13.5) 8 (7.2) 1.99 (0.61–6.52) 0.255 

Hospital exposures 

Previous hospitalisation 8 (21.6) 36 (32.4) 0.57 (0.24–1.38) 0.216 

Previous ICU stay 18 (48.7) 23 (20.7) 3.62 (1.64–8.00) 0.001 

ICU days 0 (0–17) 0 (0–12) 1.11 (1.04–1.19) 0.002 

Mechanical ventilation 13 (35.1) 26 (23.4) 1.77 (0.79–3.96) 0.164 

Tracheostomy 7 (18.9) 7 (6.3) 3.47 (1.13–10.66) 0.030 

Central venous catheter 26 (70.3) 49 (44.1) 2.99 (1.35–6.64) 0.007 

Nasogastric tube 24 (64.9) 49 (44.1) 2.34 (1.08–5.05) 0.030 

Surgery 18 (48.7) 35 (31.5) 2.05 (0.96–4.39) 0.062 

Medication exposures 

Immunosuppresive therapy 12 (32.4) 19 (17.1) 2.32 (1.00–5.42) 0.051 

Aminoglycosides 8 (21.6) 14 (12.6) 1.91 (0.73–5.00) 0.187 

Fluoroquinolones 11 (29.7) 37 (33.3) 0.84 (0.38–1.90) 0.685 

Carbapenems 23 (62.2) 39 (35.1) 3.03 (1.40–6.55) 0.005 

Beta-lactam/beta-lactamase inhibitors 29 (78.4) 75 (67.6) 1.74 (0.72–4.19) 0.217 

3rd/4th-generation cephalosporins 13 (35.1) 28 (25.2) 1.61 (0.72–3.57) 0.246 

Tigecycline 2 (5.4) 4 (3.6) 1.53 (0.27–8.71) 0.633 

Intravenous polymyxin B 8 (21.6) 1 (0.9) 30.33 (3.65–252.48) 0.002 

Inhaled colistin 4 (10.8) 1 (0.9) 13.33 (1.4 4–123.4 4) 0.023 

Polymyxin B and/or inhaled colistin 9 (24.3) 2 (1.8) 17.51 (3.58–85.68) < 0.001 

Data are expressed as mean ± standard deviation for continuous variables with normal distribution, median (in- 

terquartile range) for continuous variables with skewed distribution, and n (%) for categorical variables. ICU, inten- 

sive care unit. 

Table 4 

Multivariable analysis of risk factors for polymyxin-resistant (PR) carbapenem- 

resistant Enterobacteriaceae (CRE) isolation. 

Risk factor OR (95% CI) ∗

Time at risk a 

4–14 days 0.88 (0.19–4.05) 

15–30 days 0.29 (0.06–1.42) 

> 30 days 1.57 (0.37–6.62) 

Bacterial species b 

Enterobacter spp. 8.44 (2.86–24.86) 

Others 0.15 (0.01–1.47) 

Charlson comorbidity index ≥5 0.20 (0.07–0.59) 

Previous carbapenem exposure 3.74 (1.13–12.44) 

Previous polymyxins exposure 21.31 (3.04–150.96) 

CI, confidence interval; OR, odds ratio. 
a Reference group: time at risk 0–3 days. 
b Reference group: Klebsiella spp.; the other species were grouped as ‘Others’. 
∗ The Hosmer–Lemeshow goodness of fit test showed that the model fitted 

the data well ( χ2 =2.84, d.f. 8, P =0.944). 
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a  
therapeutic drug monitoring may help shed light on the pharma-

codynamics/pharmacokinetic optimization of dosing to retard re-

sistance emergence. 

Interestingly, almost all patients were receiving polymyxin in

combination with another antibiotic, the most common being a

carbapenem. Combination therapy can preferentially select for ef-

flux pump-mediated resistance, leading to broad-spectrum resis-

tance [13] . Therefore, there is a necessity to monitor the use of

antibiotic combinations and to identify strategies to optimize the

administration of combination therapy. 
It is also noted that polymyxin exposure was only detected in

 25% of the PR-CRE cohort. This is in spite of measuring polymyxin

xposure for up to 30 days prior to the index culture, reducing the

isk of under detection of polymyxin exposure. While polymyxin

xposure remains an important factor for the development of

olymyxin resistance, it appears that this development is a com-

lex multifactorial process and may be driven by factors other than

olymyxin use. In our study, we observed that prior carbapenem

xposure was also associated with the isolation of PR-CRE, which

as similar to findings from another study conducted in Turkey

14] . This might be a chance association since carbapenems were

ften administered in combination with polymyxins or other an-

ibiotics for treatment of previous polymyxin-susceptible infec-

ions. On the other hand, there is also mechanistic plausibility sup-

orting the relationship of carbapenem exposure and polymyxin

esistance, because resistance may arise due to other de novo mu-

ations triggered by antibacterials other than polymyxin, especially

f it involves non-specific drug efflux regulatory pathways. For in-

tance, colistin resistance was associated with phoPQ mutations

hich arose through chlorhexidine adaptation in K. pneumoniae

15] . 

PR-CRE isolation was also associated with lower Charlson co-

orbidity index in our study, which was contrary to another

olymyxin resistance study [7] . This suggests that the comorbid-

ty status might be a chance finding. It might be because PR-CRE

ourish in certain gut microbiomes, which are in turn affected by

ultiple factors not limited to underlying comorbidities, or caused

y de novo mutations triggered by other antibacterials exposure,

s discussed above. Among the patients with infection, outcomes
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Table 5 

Outcomes of patients with polymyxin-resistant (PR) carbapenem-resistant Enterobacteriaceae (CRE) 

and polymyxin-susceptible (PS) CRE infections. 

PR-CRE ( n = 20) PS-CRE ( n = 63) P -value 

Clinical presentation 

Charlson comorbidity index ≥5 10 (50.0) 40 (63.5) 0.283 

APACHE II score ≥15 9 (45.0) 32 (50.8) 0.652 

Septic shock 4 (20.0) 7 (11.3) 0.449 

Intensive care unit stay 9 (45.0) 15 (23.8) 0.069 

Concurrent infection 17 (85.0) 32 (50.8) 0.012 

Outcomes 

30-day all-cause in-hospital mortality 10 (50.0) 24 (38.1) 0.346 

30-day infection-related in-hospital mortality 4 (20.0) 10 (15.9) 0.668 

Clinical response 13 (65.0) 37 (58.7) 0.618 

Microbiologic clearance ∗ 7 (100.0) 11 (55.0) 0.059 

Hospital length of stay post-infection 16 (9–24) 15 (7–26) 0.930 

30-day readmission 2 (20.0) 16 (41.0) 0.288 

Data are expressed as mean ± standard deviation for continuous variables with normal distribu- 

tion, median (interquartile range) for continuous variables with skewed distribution, and n (%) for 

categorical variables. 
∗ Only assessed in patients with positive blood cultures (7 PR-CRE cases and 20 PS-CRE controls). 
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ere similar between those with PR-CRE and PS-CRE. This might

e related to PR-CRE isolates still retaining susceptibility to agents

uch as quinolones. 

Our study is limited by its retrospective nature and small sam-

le size. Furthermore, unknown confounders and unmeasured fac-

ors could have contributed to our findings. We were unable to in-

lude surveillance cultures in our study, as surveillance screening

f CRE was not routine in our institution and only limited to pa-

ients with certain risk factors such as previous healthcare facility

tay or admission to the renal or oncology units. Hence, we can-

ot exclude that patients included in the study were already colo-

ized with PR-CRE. mcr was also the only plasmid gene we stud-

ed, and unknown transmissible polymyxin resistance mechanisms

ould have contributed to the observations of this study. Additional

hole-genome sequencing/RNA sequencing are required to eluci-

ate other unknown polymyxin resistance mechanisms. 

. Conclusions 

Polymyxin exposure was strongly associated with the emer-

ence of polymyxin resistance. However, polymyxin resistance de-

elopment appears to be a complex multifactorial process and is

nlikely to be controlled with polymyxin stewardship alone. Inade-

uate usage of other antimicrobials such as carbapenems may also

ontribute to polymyxin resistance. Owing to the lack of new an-

ibiotics in the pipeline, future research should focus on optimizing

olymyxin administration including identifying the optimal dosing

egimen and strain-specific combination therapy effective in pre-

enting resistance development. 
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