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M A J O R A R T I C L E

Tracking Colistin-Treated Patients to Monitor
the Incidence and Outcome of Carbapenem-
Resistant Gram-Negative Infections

Sameer S. Kadri,1,3 Samuel F. Hohmann,7,8 E. John Orav,5 Stephanie L. Bonne,9 Matthew A. Moffa,10 Joseph G. Timpone,10

Jeffrey R. Strich,11 Tara Palmore,2 Kenneth B. Christopher,6 Christy Varughese,4 David C. Hooper,3 and Robert L. Danner1

1Critical Care Medicine Department, and 2Hospital Epidemiology Service, Clinical Center, National Institutes of Health, Bethesda, Maryland; 3Division of
Infectious Diseases, 4Department of Pharmacy, Massachusetts General Hospital, 5Department of Medicine, Harvard Medical School, and 6Renal Division,
Brigham and Women’s Hospital, Boston, Massachusetts; 7University HealthSystem Consortium, and 8Department of Health Systems Management, Rush
University, Chicago, Illinois; 9Department of General Surgery, Barnes Jewish Hospital, St. Louis, Missouri; 10Division of Infectious Diseases and Travel
Medicine, and 11Department of Medicine, Georgetown University Hospital, Washington, District of Columbia

Background. Existing surveillance mechanisms may underestimate the incidence of carbapenem-resistant
gram-negative infections (CRGNIs). Although carbapenem resistance increases the risk of death, the trend in mor-
tality over time is unknown.

Methods. A retrospective cohort study was conducted at 40 academic medical centers using a discharge database
to identify adult hospital admissions without cystic fibrosis in 2006–2012 and received intravenous colistin for >3
consecutive days or died during therapy (termed colistin cases). The primary outcomes were the number of colistin
cases per 100 000 admissions per year and change in the hospital mortality rate over time compared with the rate of
discharges to home. Secondary outcomes included median overall and intensive care unit lengths of stay.

Results. From 2006 to 2012, a total of 5011 unique patients were identified as colistin cases. The number per
100 000 admissions per year increased from 35.56 to 92.98 during the 7-year study (P < .001). The odds of in-hospital
death among colistin cases (compared with discharge to home) decreased by a mean of 5.2%/y (P = .04), whereas
discharge to an institution (P = .24) or hospice (P = .89) remained steady over time. The median overall and intensive
care unit lengths of stay decreased by 7.5 and 6 days, respectively (P < .001). In a 4-hospital chart review, 81.6% of
colistin cases were found to have culture-positive CRGNIs. Conversely, 53% of extensively drug-resistant blood-
stream CRGNIs at 2 of these hospitals met colistin case criteria.

Conclusions. Colistin cases represent a severely ill population with a high probability of having culture-con-
firmed CRGNIs. Colistin tracking is a novel strategy for monitoring the incidence and mortality of CRGNIs, partic-
ularly those caused by extensively drug-resistant bacteria. Although the incidence of colistin cases nearly tripled
within 7 years, more of these patients are surviving hospitalization and going home.

Keywords. colistin; carbapenem resistance; gram-negative infection; extensively drug resistant; surveillance.

Infections caused bymultidrug-resistant and extensively
drug-resistant gram-negative organisms may be
the greatest emerging threat to critically ill patients

worldwide. According to recent estimates, 63% of Aci-
netobacter isolates, 13% of Pseudomonas isolates, and
11% of Klebsiella isolates causing healthcare-associated
infections in the United States are multidrug resistant
[1]. In particular, the emergence and dissemination
of resistance to carbapenems, a β-lactam antibiotic
class effective against extended-spectrum β-lactamase
producers, have profoundly limited treatment options
[2, 3]. During the past decade, carbapenem-resistant
Enterobacteriaceae have spread at an alarming rate
and have now been identified in at least 44 US states
[4]. Although the Centers for Disease Control and
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Prevention have been vital to identifying the threat posed by
carbapenem-resistant gram-negative infections (CRGNIs),
available surveillance tools have been limited by sample size
and reporting bias [1]. New surveillance strategies are clearly
needed to clarify the true burden and clinical consequences of
these infections [5].

Patients with CRGNIs are thought to carry mortality rates
ranging from 35% to 60%, and resistance has been shown to
be an independent risk factor for death [6–11]. Delay in the ad-
ministration of effective antibiotics (especially after the onset of
septic shock) [12], serious comorbid conditions in affected pa-
tient populations [13], and toxicity from alternative drug regi-
mens probably contribute to excess mortality in CRGNIs. With
the recent emergence of widespread carbapenem resistance
among gram-negative pathogens, colistin use has surged in
US hospitals, requiring clinicians to become reacquainted
with this toxic drug [14, 15] of limited efficacy. Administration
of colistin intravenously for >72 hours has been used as an in-
clusion criterion in studies evaluating colistin dosage and out-
comes and offers a reasonable indication of nonempiric
postantibiogram therapy [16–18].

Despite recognition of excess mortality rates associated with
CRGNIs and evolving management strategies [10, 13, 19, 20],
mortality trends over time have not yet been investigated. In
the current study, we used a unique surveillance strategy to
track colistin cases among hospitalized adults at 40 US academ-
ic medical centers (AMCs). Seven-year trends in mortality and
length of stay were investigated, and the association of colistin
cases with CRGNIs was examined by means of chart review in a
subset of patients.

MATERIALS AND METHODS

Study Design
A multicenter, retrospective, observational cohort study was
conducted within the University HealthSystem Consortium
to identify colistin cases as representative units of CRGNIs.
Trends in yearly incidence and in-hospital mortality rates
were examined for a 7-year period (calendar years 2006–
2012). A colistin case patient was defined as any adult (aged
≥18 years) admission receiving intravenous colistin for >3 con-
secutive days or dying within 3 days after starting intravenous
colistin therapy.

The University HealthSystem Consortium is a collaboration
of 120 AMCs and 300 affiliated hospitals comprising >90% of
the nation’s nonprofit AMCs. Data are compiled using billing
records for quality improvement and research purposes. Addi-
tional details can be found in the Supplementary Data.

Patients with cystic fibrosis (CF) were excluded a priori from
the primary analysis. In CF, colistin is usually administered by
inhalation to manage colonization by multidrug-resistant

Pseudomonas aeruginosa [21–25]. A sensitivity analysis was
performed to confirm that patients with CF are epidemiologi-
cally distinct and have a lower mortality risk.

Demographic variables, comorbid conditions, and data relat-
ed to site of infection were based on International Classification
of Diseases, Ninth Revision, diagnosis related groups and diag-
nostic and procedure codes (Supplementary Table 1). Discharge
destinations (Supplementary Table 2), use of critical care servic-
es, antibiotic administration, and the corresponding route of
administration were obtained from the Clinical Database/Re-
source Manager. For severity stratification, we used the 3M™
All Patient Refined Diagnosis Related Groups classification sys-
tem with 4 severity of illness levels, based on comorbid condi-
tions, age, procedures, and principal diagnosis [26].

The primary outcomes were colistin cases per 100 000 admis-
sions per year and change in the in-hospital mortality rate over
time compared with the rate of discharges to home. Secondary
outcomes included change over time in discharge to hospice or
institution compared with discharge to home and in median
overall and intensive care unit (ICU) lengths of stay.

Chart reviews (with institutional review board approval) were
performed at 4 hospitals (Brigham and Women’s Hospital,
Massachusetts General Hospital, Barnes Jewish Hospital, and
Georgetown University Hospital) to determine the positive pre-
dictive value of colistin case criteria for tracking true CRGNIs.
In a reverse analysis performed at 2 centers (Barnes Jewish Hos-
pital and Georgetown University Hospital), patients with
bloodstream CRGNIs were identified though the microbiology
laboratories to determine what proportion became colistin
cases. See the Supplementary Data for methodological details
and carbapenem susceptibility breakpoints used at the 4 centers
during the study period (Supplementary Table 3).

Statistical Methods
Patient characteristics for the first and last years (2006 and
2012) are presented as frequencies and percentages or medians
and interquartile ranges and compared using χ2 or Wilcoxon
tests, as appropriate for categorical and continuous variables.
The incidence of colistin cases was compared during the 7
years of the study using a χ2 trend test. Multinomial logistic re-
gression analysis was used to test the effect of time on the prob-
ability of in-hospital death or discharge to home, an institution,
or hospice.

Discharge to home was selected as the reference category so
that all odds ratios (ORs) represented a comparison against this
subgroup of patients (denominator). This model allowed us to
examine whether there was a time trend for the rate of in-
hospital mortality compared with discharge to home, as well as
separate time trends in discharge to institutional care or to an-
other hospital, each compared with discharge to home. Sensitivity
analyses were performed on patients with CF otherwise meeting
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the colistin case definition as well as the subsets with respiratory
and nonrespiratory site of infection. The following variables
were included in the model based on an a priori clinical concern
about confounding: age, sex, geographic region, diabetes, malig-
nancy, neutropenia, mechanical ventilation, vasopressor use,
ICU admission, severity of illness scale, and chronic kidney dis-
ease (CKD). For the remaining covariates, we calculated the
correlation with time, and any covariate that showed a signifi-
cant correlation with time (at P < .05) was considered a poten-
tial confounder and also included in the model.

Relationships between discharge year and median overall
and ICU length of stay, respectively, were tested using median
regression, because length of stay was right skewed. The mod-
els were adjusted for the same covariates as the mortality mod-
els, and resampling was used to calculate confidence intervals
(CIs) [27]. The QUANTREG procedure in the SAS statistical
package was used to fit the median regression model, and the
RESAMPLING option was chosen to enable bootstrapping to
provide repeat estimates of model coefficients from which var-
iability and CIs could be calculated. Time was included in the
models initially as a linear term to simplify the presentation

but later as a categorical indicator to assess the linearity
assumption.

All statistical analyses were performed using SAS software
(version 9.3; SAS Institute). Differences were considered statisti-
cally significant at P < .05 (2 sided). Bonferroni corrections were
not applied because our primary interest focused on in-hospital
death compared with discharge to home. Discharge to a hospice
or institution, length of stay, and the effects of the covariates are
reported but are considered secondary findings.

RESULTS

Comparison of Baseline Characteristics (2006 and 2012)
For the 7-year period, we identified a total of 20 338 adult en-
counters with any intravenous colistin administration, which
included 5288 colistin cases among 5011 patients (see Figure 1
for a stepwise description of colistin case patient selection).
Demographic and clinical variables for 2006 and 2012 are pre-
sented in Table 1. The median age was higher in 2012 than in
2006 (56.9 vs 54.9 years; P = .02), and the proportion of men
was higher in 2006 (61.2% vs 59.8% in 2012; P = .65). The

Figure 1. Flowchart describing the selection of colistin cases. A colistin case was defined as an encounter wherein intravenous colistin was administered
to an adult patient without cystic fibrosis for >3 consecutive days or ≤3 days if the patient died while receiving intravenous colistin. aQuarterly reporting of
charge-level pharmacy data to the Clinical Database/Resource Manager by member AMCs. Abbreviations: AMC, academic medical center; HCO, health care
organization.
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proportion of patients with neutropenia among colistin cases
remained low but more than doubled during the 7-year periods
(from 2.5% to 5.6%; P = .02). The proportion who were diabetic
nearly doubled, from 20.3% to 37.8% (P < .001) and the propor-
tion with CKD rose from 25.8% to 38.5% (P < .001).

Concomitant tigecycline use with colistin more than doubled
from 2006 to 2012 (from 8.3% to 17.5%; P < .001), but concom-
itant intravenous aminoglycoside use declined significantly
(from 34.5% to 28.1%; P = .03). Although the rate of respiratory
tract infections decreased (P < .002), the respiratory tract re-
mained the most common site. The incidence of bacteremia re-
mained low (8.3% in 2006 and 7.5% in 2012), but this incidence
was probably underestimated owing to inadequate coding of
this entity. Nearly 88% of all colistin cases were classified as hav-
ing severe illness (ie, severity of illness level IV). More than two-
thirds had acute respiratory failure requiring mechanical venti-
lation, and shock developed in a similar proportion, requiring
vasopressors; these proportions remained relatively constant
in 2006 and 2012.

7-Year Time Trends
Incidence
The number of colistin cases in the 40-AMC cohort rose from
325 in 2006 to 905 in 2012 (P < .001). This represented a 178.5%

Table 1. Baseline Characteristics of Colistin Cases in 2006 and
2012a

Variable

Colistin Cases, No. (%)b
P

Value2006 (n = 325) 2012 (n = 905)

Age, median (IQR), y 54.9 (44–66) 56.9 (47–68) .02
Sex .65c

Male 199 (61.2) 541 (59.8)

Female 126 (38.8) 364 (40.2)
Race .001c

White 185 (56.9) 507 (56.0)

Hispanic 15 (4.6) 50 (5.5)
African American 78 (24.0) 242 (26.7)

Asian 7 (2.2) 13 (1.4)

Other 40 (12.3) 93 (10.3)
Regiond <.001c

Northeast 32.8 (26.1) 115.5 (28.9)

South 33.6 (26.7) 182.7 (45.7)
Midwest 40.2 (40.0) 53.6 (13.4)

West 19.1 (15.2) 47.6 (11.9)

Comorbid conditione

Diabetes 66 (20.3) 342 (37.8) <.001

Malignancy 23 (7.1) 57 (6.3) .62

Organ or allogeneic
hematopoietic
transplantation

16 (4.9) 44 (4.9) .96

Neutropenia 8 (2.5) 51 (5.6) .02
Tracheostomy/ chronic
mechanical ventilation

80 (24.6) 217 (24.0) .82

CKD 84 (25.8) 348 (38.5) <.001

Dialysis status (receiving
dialysis before
admission)

NA 89 (9.8) <.001

Presumed site of infectionf

Respiratory 219 (67.4) 522 (57.7) .002

Abdominal 54 (16.6) 189 (20.9) .10

Urinary 113 (34.8) 316 (34.9) .96
Skin and soft tissue 31 (9.5) 79 (8.7) .66

Bacteremiag 27 (8.3) 68 (7.5) .65

Central venous catheterh NA 64 (7.1) <.001
Other known site 99 (30.5) 206 (22.8) .006

Other unknown site 213 (65.5) 602 (66.5) .78

Concomitant intravenous
antimicrobial usei

Tigecycline and colistin 27 (8.3) 158 (17.5) <.001

Aminoglycosides and
colistin

112 (34.5) 254 (28.1) .03

Tigecycline,
aminoglycoside, and
colistin

7 (2.2) 56 (6.2) <.001

APR DRG SOI levelj .12c

Minor 1 (0.3) 1 (0.1)

Moderate 11 (3.4) 15 (1.7)
Major 26 (8.0) 98 (10.8)

Severe 287 (88.3) 791 (87.4)

Table 1 continued.

Variable

Colistin Cases, No. (%)b
P

Value2006 (n = 325) 2012 (n = 905)

ICU admission 262 (80.6) 718 (79.3) .62
Mechanical ventilation 227 (69.8) 616 (68.1) .55

Vasopressor use (shock) 229 (70.5) 656 (72.5) .49

Abbreviations: APR DRG, All Patient Refined Diagnosis Related Group; CKD,
chronic kidney disease; ICU, intensive care unit; IQR, interquartile range; NA,
not available; SOI, severity of illness.
a See Supplementary Data for the list of International Classification of Diseases,
Ninth Revision (ICD-9) codes used to populate this table.
b Unless otherwise indicated, data represent No. (%) of colistin cases.
c P value based on a multiple-degree-of-freedom χ2 test across all categories of
the variable.
d Numbers represent colistin cases per 100 000 discharges and percentages
represent relative proportions by region
e ICD-9 codes for all comorbid conditions were present at admission except
where reported as NA.
f Not mutually exclusive. For instance, a patient may be coded as having more
than one site of infection (eg, both abdominal AND respiratory).
g Potentially underestimated due to under coding.
h There was no ICD-9 diagnosis code for central line–associated bloodstream
infection before October 2008.
i The 3 categories represented are not mutually exclusive.
j Classification system developed by 3M™ Health Information Systems.
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increase compared with a 6.5% increase in overall admissions to
the same hospitals (from 913 866 to 973 331; Table 2 and Fig-
ure 2). The incidence of colistin cases increased from 35.56 to
92.98 per 100 000 admissions per year (P < .001). Interestingly,
the incidence plateaued in 2009 and fell in 2012 relative to 2011.
The distribution of increase by region during the 7-year period
revealed the highest increase in the South (444%), followed by
the Northeast (252%), West (170%), and Midwest (33.3%). The

median duration of intravenous colistin use fell from 19 days in
2006 to 16 days in 2012 (P = .01).

In-Hospital Death
Of the 5011 patients included in the multinomial logistic regres-
sion model (Table 3), 1811 (36.1%) died in the hospital, 979
(19.5%) were discharged to home, 2094 (41.8%) were dis-
charged to an institution, and 127 (2.5%) were discharged to ei-
ther inpatient or home hospice. In the multinomial logistic
regression model, the odds of in-hospital death among colistin
cases, compared with discharge to home, decreased by a mean
of 5.2%/y (Figure 3A), and this difference was statistically signif-
icant (P = .04).

Among demographic variables, age >65 years (OR, 2.16; 95%
CI, 1.75–2.66) and Northeast region compared with the West
(OR, 1.73; 95% CI, 1.24–2.41) were independently associated
with in-hospital death. Among comorbid conditions, indepen-
dent associations with mortality were seen among colistin cases
with diabetes (OR, 1.28; 95% CI, 1.05–1.57), malignancy (OR,
1.53; 1.09–2.15), or CKD (OR, 1.36; 1.10–1.68). The odds of
dying (compared with being discharged home) in colistin cases
increased 4.37-fold (95% CI, 2.90–6.61) per stratum increase in
the severity of illness level, 1.43-fold (1.05–1.95) with admission
to the ICU, 4.02-fold (3.18–5.08) with mechanical ventilation,
and 5.40-fold (4.23–6.89) if vasopressor-dependent shock en-
sued. Simultaneous administration of any aminoglycoside with
intravenous colistin was also independently associated with in-
hospital death (OR, 1.38; 95% CI, 1.13–1.70), whereas a similar

Table 2. Colistin Cases: Incidence, Increase, In-Hospital Mortality Rate, and Median Overall and ICU Lengths of Stay at 40 US Academic
Medical Centers (2006–2012)a

Year

All Admissions Colistin Casesb

No.
Increase From

2006, % No.
Increase From

2006, %
No./100 000
Admissions

In-Hospital
Mortality Rate, %c

LOS, Median, d

Overalld ICUe

2006 913 866 0.0 325 0.0 35.56 36.22 34.15 26.65

2007 929 041 1.7 503 54.8 54.14 37.45 36.50 25.99
2008 940 914 3.0 715 120.0 75.99 38.37 33.21 26.04

2009 947 584 3.7 904 178.2 95.40 37.62 30.00 23.14

2010 958 767 4.9 976 200.3 101.80 33.73 28.56 21.88
2011 970 350 6.2 960 195.4 98.93 36.94 29.63 22.85

2012 973 331 6.5 905 178.5 92.98 33.80 28.00 21.00

Abbreviations: ICU, intensive care unit; LOS, length of stay.
a Data represent all admissions and colistin cases from 40 academic medical centers that subscribe to the Clinical Database/Resource Manager of the University
Health Systems Consortium and reported continuous pharmacy data between 2006 and 2012. The number of colistin cases per 100 000 admissions increased
significantly over time (P < .001).
b Inpatient adult encounters among patients not carrying a diagnosis of cystic fibrosis who received intravenous colistin for >3 consecutive days or died while
receiving intravenous colistin, regardless of the duration of administration.
c Unadjusted proportions (see Figure 3 for adjusted in-hospital mortality rate over time).
d Adjusted values using categorical changes over time (P < .001)
e Adjusted values using categorical changes over time (P < .001).

Figure 2. Incidence trends at 40 academic medical centers in the United
States. From 2006 to 2012, the number colistin cases per 100 000 admis-
sions per year increased by 178.5%, while overall admissions rose by only
6.5% (P < .001).
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association with tigecycline trended toward but did not reach
significance (OR, 1.27; .99–1.62).

Discharge to an Institution or Hospice and Median Overall
and ICU Lengths of Stay
The odds of discharge to an institution compared with dis-
charge to home decreased by 2.8%/y, which was not statistically
significant (P = .24). The odds of discharge to hospice com-
pared with discharge to home decreased by 0.8%/y, which
was also not statistically significant (P = .89).

In the multivariate median regression models, the median
overall length of stay was reduced significantly by 1.25 days
each year (P < .001) to 28 days in 2012, and the median ICU
length of stay was reduced significantly by 1 day each year
(P < .001) to 21 days in 2012 (Supplementary Figure 1). For fur-
ther details, see the sensitivity analyses (Figure 3B and Supple-
mentary Data: Results) and effects of secondary covariates on
discharge to an institution or hospice (Results in Supplementa-
ry Data and Supplementary Table 4) and on median overall and
ICU lengths of stay (Results in Supplementary Data).

Colistin Cases and CRGNI Association
Of the 277 colistin cases examined in the 4-center chart review,
226 (81.6%) had both ≥1 positive culture (regardless of sam-
pling site) for carbapenem-resistant gram-negative bacteria
and evidence of an active infection (Supplementary Table 5).
The organisms identified among the 226 colistin cases with doc-
umented CRGNIs included Pseudomonas spp. in 97 (42.9%),
Acinetobacter spp. in 90 (39.8%), Klebsiella pneumoniae in 29
(12.8%), and other organisms in 10 (4.4%). In the complemen-
tary analysis of unique cases of bloodstream CRGNIs, data from
Barnes Jewish Hospital demonstrated that colistin cases were al-
most entirely restricted (97%) to extensively drug-resistant
CRGNIs (26 of 29 blood isolates and isolates from nonblood
sites in 2 patients; see Supplementary Data for definition
and Supplementary Table 6). Focusing only on extensively
drug-resistant bloodstream CRGNIs, 53% overall (54% at
Barnes Jewish Hospital and 50% at Georgetown University
Hospital) met the criteria for a colistin case. Therefore colistin
tracking missed nearly half of all extensively drug-resistant
bloodstream CRGNIs.

DISCUSSION

The World Health Organization has recommended the moni-
toring of antimicrobial use at the health systems level and link-
ing these findings to resistance surveillance as part of a global
strategy [28]. Our retrospective cohort study of 40 US AMCs
adopted this approach and revealed a substantial increase over
time in adult patients receiving intravenous colistin for >3 con-
secutive days or dying during therapy. Notably, our definition of
colistin cases captured acutely ill patients with serious comorbid
conditions. The 7-year trend in colistin case incidence reflects
the parallel increase in serious CRGNIs at these centers. Despite
the successful control of local outbreaks [29], our findings and
those of the Centers for Disease Control and Prevention [3] in-
dicate that the CRGNI crisis has not been controlled on a na-
tional level. This is the first multicenter, large-scale study
reporting temporal trends within in-hospital mortality rates
among CRGNIs in the United States. Notably, more patients
with these infections (as represented by colistin cases) survived
to hospital discharge, and more improved enough to go home
rather than be discharged to institutions or hospice. In addition,
after illness severity and other temporal confounders were
controlled for, colistin cases have had shorter hospital and
ICU stays each year.

Observed decreases in hospital mortality rates among colis-
tin cases may be explained by increased awareness of CRGNIs,
earlier initiation of intravenous colistin, national trends in
sepsis outcomes [30], changes in supportive care [31], im-
proved awareness and management of colistin-related toxic ef-
fects, and improvements in treating underlying diseases over

Table 3. Multinomial Logistic Regression: Variables Associated
With In-Hospital Death Among Colistin Cases

Variable OR (95% CI)a P Value

Primary predictor

Discharge year 0.95 (.90–.99) .04
Secondary predictor

Regionb

Midwest 1.17 (.84–1.64) .34
Northeast 1.73 (1.24–2.41) .001

South 0.78 (.56–1.10) .15

Age > 65 y 2.16 (1.75–2.66) <.001
APR DRG SOI levelc 4.37 (2.90–6.61) <.001

Diabetes 1.28 (1.05–1.57) .02

Cancer 1.53 (1.09–2.15) .01
Neutropenia 1.23 (.82–1.85) .32

Mechanical ventilation 4.02 (3.18–5.08) <.001

Vasopressor use 5.40 (4.23–6.89) <.001
Concomitant antimicrobials

Tigecycline 1.27 (.99–1.62) .052

Aminoglycoside 1.38 (1.13–1.70) .002
ICU admission 1.43 (1.05–1.95) .02

Presumed pulmonary source 0.96 (.80–1.17) .71

Male sex 0.96 (.80–1.16) .67
Chronic renal insufficiency 1.36 (1.10–1.68) .004

Abbreviations: APR DRG, All Patient Refined Diagnosis Related Group; CI,
confidence interval; ICU, intensive care unit; OR, odds ratio; SOI, severity of
illness.
a Ratio of the odds of in-hospital death to that of being discharged to home.
b The West was the reference region.
c Classification system developed by 3M™ Health Information Systems.
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time. Most secondary covariates identified here as indepen-
dent risk factors for mortality are plausible and supported
by studies of more general populations with severe sepsis
[32]. Interestingly, patients in the Northeast had worse out-
comes. One might speculate that this finding was influenced
by the K. pneumoniae carbapenemase–producing subgroup
of CRGNIs, because initial outbreaks followed by endemicity
were clustered in the Northeast starting in 2005. By December
2010, however, 36 US states, Washington, DC, and Puerto Rico
reported the presence of K. pneumoniae carbapenemase–
producing isolates [33]. An increasing proportion of colistin
cases with CKD suggests increased colonization with exten-
sively drug-resistant gram-negative bacteria and growing fa-
miliarity with colistin in this population. High mortality in
the presence of CKD may reflect a greater risk for colistin tox-
icity [18] or just a higher risk of death from sepsis in these pa-
tients. Recently available pharmacokinetic/pharmacodynamic
data for colistin [34, 35] and evidence of improved efficacy
using higher-dose colistin regimens [16–18]may have contrib-
uted to overall improved outcomes.

Our study was not designed to evaluate the efficacy of mono-
therapy versus combination therapy. In a previous observation-
al study, tigecycline combined with colistin was associated with
worse microbiological outcomes [18]. In the current study, mor-
tality rates were higher when colistin was combined with either
tigecycline or aminoglycoside, but this difference reached sig-
nificance only for aminoglycoside. The practice of administer-
ing empiric aminoglycoside in patients whose condition is
deteriorating may explain, this association, at least in part. How-
ever, evidence of efficacy [35] and even robust comparisons be-
tween monotherapy and combination therapy [10, 36] are
currently lacking.

Our study has several limitations. The results are representa-
tive only of AMCs. Mortality data beyond discharge were not
available. Nationwide trends toward increased postdischarge
institutionalization [37] may contribute to the observed in-
hospital mortality rate reductions. Among colistin cases in our
study, the rates of discharge to institutions remained unchanged
over time. Another limitation of all administrative databases re-
lates to variability in coding practices, which can be mitigated
only partially by adequate sample size and validating substudies.

Carbapenem susceptibility breakpoints for Enterobacteria-
ceae from the Clinical and Laboratory Standards Institute
[38] have been lowered based on emerging carbapenem phar-
macokinetic/pharmacodynamic data, poor capture of carbape-
nemase-producers, and suboptimal implementation of the
modified Hodge test. Temporal changes in breakpoints and in-
consistency in their implementation across laboratories could
confound attempts to track colistin use as a marker for quanti-
fying the burden of CRGNIs. Notwithstanding, the impact of
breakpoint variance may be minimized by our large sample of
patients and centers. Moreover, the trajectory for colistin case
incidence was seen to rise before the new cutoffs were widely
implemented (Supplementary Table 3). Subjects that died while
receiving colistin were included regardless of the duration of ad-
ministration. These patients may have had a lower incidence of
CRGNI, but their proportion in our cohort was small (1.1%).

Significant heterogeneity in susceptibility to other agents
among carbapenem-resistant gram-negative isolates makes co-
listin cases a less sensitive means for tracking these infections.
The colistin case definition almost exclusively captures CRGNIs
that are extensively drug-resistant, an important subset owing to
severely limited treatment options. Extensively drug-resistant
organisms caused 90% of bloodstream CRGNIs that met

Figure 3. Multinomial logistic regression analysis showing probabilities of in-hospital death or discharge to home, an institution, or hospice (2006–2012).
A, For colistin cases without cystic fibrosis, the odds of in-hospital death compared with discharge to home decreased by a mean of 5.2%/y (P = .04). In
contrast, the odds of discharge to an institution (P = .24) or to hospice (P = .89), compared with discharge to home, did not change significantly during the
study. B, Patients with cystic fibrosis otherwise meeting the colistin case definition had a substantially lower overall mortality rate and no changes over time
for rates of in-hospital death (P = .12), discharge to an institution (P = .94), or discharge to hospice (P = .51).
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colistin case criteria. Including concomitant nonblood infec-
tions, 97% of these colistin cases had extensively drug-resistant
gram-negative infections. Notably, colistin case tracking missed
nearly half of all patients with extensively drug-resistant gram-
negative bacteremia. Although some of these patients were
treated with aminoglycosides or source control alone, almost
half died or transitioned to hospice before final susceptibility
results were available. Other reasons colistin tracking may un-
derestimate the burden of disease include lack of colistin avail-
ability or familiarity and under sampling (eg, pneumonia). In
addition, organisms with constitutive or emerging resistance
to colistin cannot be monitored using this strategy.

Patients with CF were excluded a priori from our definition
of colistin cases. Inhaled colistin is commonly prescribed for
these patients, and these doses may sometimes be misrepresent-
ed as intravenous. Further justifying the exclusion of this group,
colistin use in the CF population remained constant over time,
and mortality rates were low and unchanging, findings substan-
tially different from those among colistin cases without CF
(Figure 3).

These data on the rising incidence of CRGNIs, especially
those that are extensively drug-resistant, underscore the need
to bolster antibiotic stewardship, prevent the spread of resistant
organisms, and develop new agents with novel mechanisms of
action and more favorable toxicity profiles. Although mortality
rates improved modestly, the sharply rising incidence indicates
that the absolute mortality burden is increasing. Further studies
(particularly in a community hospital cohort) should focus on
identifying pathogen-, host-, and practice-related factors
that might explain current and future trends in mortality. De-
spite the limitations stated above, we used a unique strategy to
track the incidence and outcome of CRGNIs at a time when no
single perfect system exists to survey the true burden of this
crisis.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online
(http://cid.oxfordjournals.org). Supplementary materials consist of data
provided by the author that are published to benefit the reader. The posted
materials are not copyedited. The contents of all supplementary data are the
sole responsibility of the authors. Questions or messages regarding errors
should be addressed to the author.

Notes

Acknowledgments. We thank Judith Welsh, a librarian, for her help
with the literature search; Kelly Byrne and Brigit Sullivan for editing and
formatting the manuscript; John Z. Ayanian for assistance with study de-
sign; Aaron Sacco, a systems analyst, for help with obtaining pharmacy
data; Leslie M. Gates and Carey-Ann D. Burnham for help with obtaining
microbiology data; John Dekker for guidance on reporting microbiology
breakpoints; and Ron E. Polk for reviewing the manuscript.
Author contributions. S. S. K. and R. L. D. conceptualized the

project. S. S. K primarily formulated the study design, conducted all the

analyses under the supervision of E. J. O., and drafted the manuscript, tables,
figures, and Supplementary Data. S. F. H. extracted data for the primary
analysis and contributed to the study design, analysis, manuscript, tables,
figures, and Supplementary Data. E. J. O. supervised the analysis and edited
the manuscript. S. L. B., M. A. M., J. R. S., K. B. C., and C. V. performed
institutional chart reviews for the validation analyses. T. P. reviewed and
contributed to the manuscript. J. G. T. and D. C. H. contributed to the
study design and reviewed the manuscript. R. L. D. oversaw the study design
and analysis and edited and contributed to the manuscript.
Disclaimer. The authors’ work was done as part of US government–

funded research; however, the opinions expressed are not necessarily
those of the National Institutes of Health or other participating institutions.
Financial support. This work was supported by intramural National

Institutes of Health funds.
Potential conflicts of interest. All authors: No reported conflicts.
All authors have submitted the ICMJE Form for Disclosure of Potential

Conflicts of Interest. Conflicts that the editors consider relevant to the con-
tent of the manuscript have been disclosed.

References

1. Centers for Disease Control and Prevention (CDC). Antibiotic resis-
tance threats in the United States, 2013. Available at: http://www.cdc.
gov/drugresistance/threat-report-2013/. Accessed 6 March 2014.

2. Bush K. Bench-to-bedside review: the role of beta-lactamases in antibi-
otic-resistant gram-negative infections. Crit Care 2010; 14:224.

3. Centers for Disease Control and Prevention (CDC). Vital signs: carba-
penem-resistant Enterobacteriaceae. MMWR Morb Mortal Wkly Rep
2013; 62:165–70.

4. Fauci AS, Marston ID. The perpetual challenge of antimicrobial resis-
tance. JAMA 2014; 311:1853–4.

5. Munoz-Price LS, Poirel L, Bonomo RA, et al. Clinical epidemiology of
the global expansion of Klebsiella pneumoniae carbapenemases. Lancet
Infect Dis 2013; 13:785–96.

6. Crusio R, Rao S, Changawala N, et al. Epidemiology and outcome of
infections with carbapenem-resistant gram-negative bacteria treated
with polymyxin B-based combination therapy. Scand J Infect Dis
2014; 46:1–8.

7. Esterly JS, Griffith M, Qi C, Malczynski M, Postelnick MJ, Scheetz MH.
Impact of carbapenem resistance and receipt of active antimicrobial
therapy on clinical outcomes of Acinetobacter baumannii bloodstream
infections. Antimicrob Agents Chemother 2011; 55:4844–9.

8. Falagas ME, Rafailidis PI, Ioannidou E, et al. Colistin therapy for micro-
biologically documented multidrug-resistant gram-negative bacterial
infections: a retrospective cohort study of 258 patients. Int J Antimicrob
Agents 2010; 35:194–9.

9. Patel G, Huprikar S, Factor SH, Jenkins SG, Calfee DP. Outcomes of
carbapenem-resistant Klebsiella pneumoniae infection and the impact
of antimicrobial and adjunctive therapies. Infect Control Hosp Epide-
miol 2008; 29:1099–106.

10. Tumbarello M, Viale P, Viscoli C, et al. Predictors of mortality in blood-
stream infections caused by Klebsiella pneumoniae carbapenemase-
producing K. pneumoniae: importance of combination therapy. Clin
Infect Dis 2012; 55:943–50.

11. Vardakas KZ, Rafailidis PI, Konstantelias AA, Falagas ME. Predictors of
mortality in patients with infections due to multi-drug resistant gram
negative bacteria: the study, the patient, the bug or the drug? J Infect
2013; 66:401–14.

12. Kumar A, Roberts D, Wood KE, et al. Duration of hypotension before
initiation of effective antimicrobial therapy is the critical determinant of
survival in human septic shock. Crit Care Med 2006; 34:1589–96.

13. Batirel A, Balkan II, Karabay O, et al. Comparison of colistin-carbape-
nem, colistin-sulbactam, and colistin plus other antibacterial agents for
the treatment of extremely drug-resistant Acinetobacter baumannii
bloodstream infections. Eur J Clin Microbiol Infect Dis 2014; 33:
1311–22.

86 • CID 2015:60 (1 January) • Kadri et al

 at H
arvard L

ibrary on February 2, 2015
http://cid.oxfordjournals.org/

D
ow

nloaded from
 

http://cid.oxfordjournals.org/lookup/suppl/doi:10.1093/cid/ciu741/-/DC1
http://cid.oxfordjournals.org
http://cid.oxfordjournals.org
http://cid.oxfordjournals.org/lookup/suppl/doi:10.1093/cid/ciu741/-/DC1
http://cid.oxfordjournals.org/lookup/suppl/doi:10.1093/cid/ciu741/-/DC1
http://www.cdc.gov/drugresistance/threat-report-2013/
http://www.cdc.gov/drugresistance/threat-report-2013/
http://www.cdc.gov/drugresistance/threat-report-2013/
http://cid.oxfordjournals.org/


14. Falagas ME, Kasiakou SK. Colistin: the revival of polymyxins for the
management of multidrug-resistant gram-negative bacterial infections.
Clin Infect Dis 2005; 40:1333–41.

15. Li J, Nation RL, Turnidge JD, et al. Colistin: the re-emerging antibiotic
for multidrug-resistant gram-negative bacterial infections. Lancet Infect
Dis 2006; 6:589–601.

16. Dalfino L, Puntillo F, Mosca A, et al. High-dose, extended-interval co-
listin administration in critically ill patients: is this the right dosing strat-
egy? a preliminary study. Clin Infect Dis 2012; 54:1720–6.

17. Florescu DF, Qiu F, McCartan MA, Mindru C, Fey PD, Kalil AC. What
is the efficacy and safety of colistin for the treatment of ventilator-
associated pneumonia? a systematic review and meta-regression. Clin
Infect Dis 2012; 54:670–80.

18. Vicari G, Bauer SR, Neuner EA, Lam SW. Association between colistin
dose and microbiologic outcomes in patients with multidrug-resistant
gram-negative bacteremia. Clin Infect Dis 2013; 56:398–404.

19. Knoll BM, Mylonakis E. Antibacterial bioagents based on principles of
bacteriophage biology: an overview. Clin Infect Dis 2014; 58:528–34.

20. Nicolau DP. Pharmacodynamic optimization of beta-lactams in the pa-
tient care setting. Crit Care 2008; 12(suppl 4):S2.

21. Beringer P. The clinical use of colistin in patients with cystic fibrosis.
Curr Opin Pulm Med 2001; 7:434–40.

22. Frederiksen B, Koch C, Hoiby N. Antibiotic treatment of initial coloni-
zation with Pseudomonas aeruginosa postpones chronic infection and
prevents deterioration of pulmonary function in cystic fibrosis. Pediatr
Pulmonol 1997; 23:330–5.

23. Jensen T, Pedersen SS, Garne S, Heilmann C, Hoiby N, Koch C. Colistin
inhalation therapy in cystic fibrosis patients with chronic Pseudomonas
aeruginosa lung infection. J Antimicrob Chemother 1987; 19:831–8.

24. Valerius NH, Koch C, Hoiby N. Prevention of chronic Pseudomonas
aeruginosa colonisation in cystic fibrosis by early treatment. Lancet
1991; 338:725–6.

25. Vazquez C, Municio M, Corera M, Gaztelurrutia L, Sojo A, Vitoria JC.
Early treatment of Pseudomonas aeruginosa colonization in cystic fibro-
sis. Acta Paediatr 1993; 82:308–9.

26. Main ML, Hibberd MG, Ryan A, Lowe TJ, Miller P, Bhat G. Acute mor-
tality in critically ill patients undergoing echocardiography with or

without an ultrasound contrast agent. JACC Cardiovasc Imaging
2014; 7:40–8.

27. He X, Hu F. Markov chain marginal bootstrap. J Am Stat Assoc 2002;
97:783–95.

28. World Health Organization (WHO). WHO global strategy for contain-
ment of antimicrobial resistance. Available at: http://www.who.int/csr/
resources/publications/drugresist/en/EGlobal_Strat.pdf?ua=1. Accessed
18 April 2014.

29. Palmore TN, Henderson DK. Managing transmission of carbapenem-
resistant enterobacteriaceae in healthcare settings: a view from the
trenches. Clin Infect Dis 2013; 57:1593–9.

30. Martin GS, Mannino DM, Eaton S, Moss M. The epidemiology of sepsis
in the United States from 1979 through 2000. N Engl J Med 2003;
348:1546–54.

31. Stevenson EK, Rubenstein AR, Radin GT, Wiener RS, Walkey AJ. Two
decades of mortality trends among patients with severe sepsis: a com-
parative meta-analysis. Crit Care Med 2014; 42:625–31.

32. Mayr FB, Yende S, Angus DC. Epidemiology of severe sepsis. Virulence
2014; 5:4–11.

33. Gupta N, Limbago BM, Patel JB, Kallen AJ. Carbapenem-resistant En-
terobacteriaceae: epidemiology and prevention. Clin Infect Dis 2011;
53:60–7.

34. Bergen PJ, Li J, Nation RL. Dosing of colistin-back to basic PK/PD. Curr
Opin Pharmacol 2011; 11:464–9.

35. Michalopoulos AS, Falagas ME. Colistin: recent data on pharmacody-
namics properties and clinical efficacy in critically ill patients. Ann In-
tensive Care 2011; 1:30.

36. Petrosillo N, Giannella M, Antonelli M, et al. Clinical experience of co-
listin-glycopeptide combination in critically ill patients infected with
gram-negative bacteria. Antimicrob Agents Chemother 2014; 58:851–8.

37. Mor V, Intrator O, Feng Z, Grabowski DC. The revolving door of rehos-
pitalization from skilled nursing facilities. Health Aff (Millwood) 2010;
29:57–64.

38. Clinical and Laboratory Standards Institute. Performance standards for
antimicrobial susceptibility testing; twenty-third informational supple-
ment. CLSI document M100-S23. Wayne, PA: Clinical and Laboratory
Standards Institute, 2013.

Colistin in the Tracking of Carbapenem Resistance • CID 2015:60 (1 January) • 87

 at H
arvard L

ibrary on February 2, 2015
http://cid.oxfordjournals.org/

D
ow

nloaded from
 

View publication stats

http://www.who.int/csr/resources/publications/drugresist/en/EGlobal_Strat.pdf?ua=1
http://www.who.int/csr/resources/publications/drugresist/en/EGlobal_Strat.pdf?ua=1
http://www.who.int/csr/resources/publications/drugresist/en/EGlobal_Strat.pdf?ua=1
http://cid.oxfordjournals.org/
https://www.researchgate.net/publication/266028764


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


