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ABSTRACT Nonclinical studies have suggested that oxidative damage, caspase-mediated
apoptosis, and inducible nitric oxide synthase levels may be involved in the patho-
genesis of colistin (CST)-associated acute renal failure. MIN inhibits caspase 1,
caspase 3, and inducible nitric oxide synthase, leading to the hypothesis that coad-
ministration of CST with MIN (CST-MIN) may reduce the incidence of acute renal fail-
ure as well as produce additive or synergistic antimicrobial effects. A multicenter ret-
rospective cohort study was conducted using the Premier Research database to
examine the impact of CST-MIN on acute renal failure. Inclusion criteria were as fol-
lows: age of �18 years, intensive care unit admission at CST initiation, primary Inter-
national Classification of Diseases 9 (ICD-9) diagnosis of pneumonia or sepsis, nondi-
alysis at hospital admission, and discharge between January 2010 and December
2015. ICD-9 code 584.XX or ICD-10 code N17 was used to define acute renal failure.
Baseline comparisons, 1:8 propensity score matching, and confirmatory logistic re-
gression analyses were conducted. In total, 4,817 patients received CST and met in-
clusion criteria; 93 received CST-MIN. Unadjusted frequency of acute renal failure
was significantly lower in patients receiving CST-MIN than CST (11.8% versus 23.7%,
P � 0.007). Similar results were seen in propensity score matching (12.0% versus
22.3%, P � 0.031) and logistic regression analyses (odds ratio of 0.403, P � 0.006).
Mortalities and 30-day readmission rates were similar between groups. The acute re-
nal failure rate was not impacted by prevalence of baseline renal disease. CST-MIN
in critically ill patients may reduce CST-associated acute renal failure. Further evalua-
tion of this combination in prospective clinical studies is warranted.

KEYWORDS multidrug resistance, acute renal failure, nephrotoxicity, minocycline,
colistin

The prevalence of serious infections due to highly resistant Gram-negative patho-
gens is increasing worldwide (1–3). Due to the dearth of commercially available

antibiotics with reliable microbiologic activity against multidrug-resistant Gram-
negative bacteria (MDR-GNB), clinicians have often resorted to using older agents that
carry a risk of toxicity, such as colistin (CST), alone or in combination with other agents
(4, 5). While long considered an agent of last resort, there has been a substantial
increase in CST use over the past decade. Recent studies indicate that it is frequently
employed as an early directed therapy in combination with other agents in patients
with documented or suspected infections due to MDR-GNB in many parts of the world
(6–8).

The occurrence of acute renal failure (ARF) with CST use remains problematic (9). A
recent study showed that CST exposures required for a demonstrable antibacterial
effect (1-log killing in a neutropenic mouse thigh infection model) are associated with
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ARF rates of 32% at day 7 and 52% at end of treatment (10). Since the occurrence of
ARF appears to be unavoidable with the use of CST at the currently recommended
therapeutic dosing regimens, a number of studies have explored the mechanism of
polymyxin-induced nephrotoxicity and the potential role of nephroprotective agents to
minimize the extent of CST-induced ARF and have produced differing results (11–13).

Minocycline (MIN) is a member of the tetracycline class of antibiotics, with broad-
spectrum activity against many Gram-positive and Gram-negative bacteria. It is active
against Acinetobacter spp., including MDR strains, and has been increasingly used alone
or in combination with other agents, including polymyxins, in the treatment of infec-
tions due to these pathogens (14). Data suggest that combining MIN with CST may
produce synergistic bactericidal effects (15). MIN also has a number of other nonanti-
microbial pharmacological effects, including inhibition of the production of mediators
of inflammatory and apoptotic pathways that have been associated with nephrotoxicity
due to polymyxins (16). We hypothesized that MIN may have nephroprotective effects
in patients when administered in combination with CST (CST-MIN). We used a large,
representative hospital database to test the hypothesis that patients in the intensive
care unit (ICU) who received CST-MIN have a lower occurrence of ARF than patients
who received CST without MIN.

RESULTS
Demographic and baseline characteristics. In this study, 4,910 patients were

eligible for analyses (4,817 receiving CST and 93 receiving CST-MIN) (Fig. 1). CST
patients were slightly younger than those receiving CST-MIN (mean age, 61.3 � 16.0
years versus 64.6 � 16.2 years, P � 0.040); other baseline characteristics were similar
between the two groups. Mean and median Charlson comorbidity index scores were
similar between the groups, though with respect to the individual comorbidities, CST
patients had a significantly lower prevalence of baseline chronic renal disease (CRD)
(37.1% with CST versus 50.5% with CST-MIN, P � 0.008) and HIV/AIDS (0.6% with CST
versus 3.2% with CST-MIN, P � 0.026) (Table 1). No differences in infection type
(pneumonia versus sepsis) or patient distribution by year were found between treat-
ment groups. Use of other medications that could cause ARF (see Table S1 in the
supplemental material) was quite frequent in both the CST and CST-MIN groups (98.2%
with CST versus 98.9% with CST-MIN, P � 1.000) (Table S2); however, it varied with type
of medications, particularly the use of contrast media (11.1% with CST versus 33.3%
with CST-MIN, P � 0.001) and tobramycin (30.3% with CST versus 66.7% with CST-MIN,
P � 0.001).

Hospital characteristics varied between groups, with CST-MIN patients more likely to
be treated at urban hospitals (95.1% with CST versus 100.0% with CST-MIN, P � 0.023)
and CST patients more likely to be treated at teaching hospitals (52.6% with CST versus
38.7% with CST-MIN, P � 0.008) (Table 1).

Study drug dosing and administration. Patients in the CST-MIN group received
significantly more days of CST therapy than those receiving CST alone (mean, 10.0 days
with CST versus 12.7 days with CST-MIN, P � 0.009), although the total numbers of vials
of CST were similar between groups (mean, 21.4 vials with CST versus 22.8 vials with
CST-MIN, P � 0.428). Distribution of the number of daily vials received was similar
between the treatment groups, including patients with and without CRD (Table S3). The
mean (median) number of days of study drug overlap in the CST-MIN group was 7.2 (6)
(Table 2). In the CST-MIN group, MIN was initiated prior to CST therapy in 18 (19.4%)
cases, after CST in 42 (45.2%) cases, and concomitantly with CST in 33 (35.5%) cases. In
the 42 patients in whom MIN was started after CST, CST use was initiated a median of
4 days before the initiation of MIN, and the median study drug overlap in this subset
of patients was 6 days.

Unadjusted outcomes. In the unadjusted analysis, patients receiving CST-MIN were
significantly less likely to experience ARF than those receiving CST (23.7% with CST
versus 11.8% with CST-MIN, P � 0.007; unadjusted odds ratio [OR], 0.431; 95% confi-
dence interval [CI], 0.229, 0.812). Mortality and 30-day all-cause readmission rates were
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similar between groups (Table 3). ARF rates were numerically higher in patients with
baseline CRD receiving CST than in those receiving CST-MIN (22.3% with CST versus
10.6% with CST-MIN, P � 0.058); similar results were seen in those without baseline CRD
(ARF rate, 24.6% versus 13.0% in patients receiving CST and CST-MIN, respectively, P �

0.070).
We further evaluated if the number of days of treatment with CST alone versus the

number of days with CST-MIN was associated with different rates of ARF. The frequency
of ARF increased with the number of days on CST (from 20.1% with 3 to 5 days of CST
treatment to 28.7% with �14 days of CST treatment). A similar increase in ARF, though
of a smaller magnitude, was observed with an increasing number of days of CST-MIN
coadministration overlap (from 9.5% with a 3- to 5-day study drug overlap to 15.4%
with �14 days of study drug overlap) (Table 4). No differences were seen in ARF rates
by timing of MIN administration relative to CST administration (e.g., initiation of MIN
prior to, at the same time, or after initiation of CST) (data not shown).

Adjusted outcomes. Also in this study, 83/93 (89.3%) CST-MIN patients were
matched 1:8 with 664 patients receiving CST. Propensity score matching (PSM) results

FIG 1 Patient selection flowchart. Abbreviations: CST, colistin; MIN, minocycline; DOT, days of therapy;
ICU, intensive care unit.
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were consistent with the unadjusted analysis: patients receiving CST-MIN were less
likely to experience ARF than those receiving CST (22.3% with CST versus 12.0% with
CST-MIN; OR, 0.478; P � 0.031) (Table 3). Confirmatory logistic regression found an OR
of 0.403 for ARF in CST-MIN versus CST patients (P � 0.006). Both the PSM method and

TABLE 1 Demographic and baseline characteristicsa

Patient variable

Value for:

Primary population PSM population

CST (n � 4,817) CST-MIN (n � 93) P valueb CST (n � 664) CST-MIN (n � 83)
Absolute standard
difference (%)

Age (yr)
Mean � SD 61.3 � 16.0 64.6 � 16.2 0.040 63.6 � 14.6 63.4 � 16.0 1.7
Median (Q1, Q3) 63 (52, 73) 66 (57, 77) 65 (55, 75) 65 (56, 74)

Age � 65 yr, % 45.9 53.8 0.130 51.7 50.6 2.1
Male, % 58.2 48.4 0.058 51.4 50.6 1.5
White, % 58.4 62.4 0.735 63.3 62.7 1.2

Primary payer, %
Medicare 61.3 63.4 0.598 63.3 61.4 3.7
Medicaid 19.3 16.1 17.2 16.9 0.8
Commercial/managed 14.1 17.2 14.8 18.1 9.0
Other 5.2 3.2 4.8 3.6 6.0

CCI score
Mean � SD 3.1 � 2.3 3.2 � 2.3 0.519 3.2 � 2.1 3.2 � 2.3 2.9
Median (Q1, Q3) 3 (1, 4) 3 (2, 4) 3 (2, 4) 3 (2, 4)

Charlson comorbidity, %
Myocardial infarction 8.9 5.4 0.231 6.2 6.0 0.6
CHF 31.9 36.6 0.341 33.6 34.9 2.9
PVD 11.2 9.7 0.638 9.2 9.6 1.5
Cerebrovascular disease 10.9 6.5 0.168 9.8 7.2 9.2
Dementia 3.6 3.2 1.000 4.2 3.6 3.1
COPD 37.9 35.5 0.639 36.4 36.1 0.6
Rheumatic disease 3.2 4.3 0.567 3.6 4.8 6.0
Peptic ulcer disease 2.9 2.2 1.000 2.1 1.2 7.1
Mild liver disease 8.2 3.2 0.085 4.7 3.6 5.3
Diabetes without complication 36.4 33.3 0.549 36.6 34.9 3.5
Diabetes with complication 7.0 3.2 0.213 3.2 3.6 2.5
Paraplegia and hemiplegia 14.9 14.0 0.795 15.8 15.7 0.4
Chronic renal disease 37.1 50.5 0.008 47.0 47.0 0.0
Cancer 7.1 7.5 0.868 7.7 8.4 2.8
Moderate/severe liver disease 1.9 2.2 0.699 2.3 1.2 8.1
Metastatic carcinoma 2.6 1.1 0.733 1.8 1.2 4.9
HIV/AIDS 0.6 3.2 0.026 1.1 3.2 8.5

Region, %
Midwest 19.1 8.6 <0.001 9.6 9.6 0.0
Northeast 16.0 0.0 0.0 0.0 0.0
South 55.1 90.3 89.2 89.2 0.0
West 9.8 1.1 1.2 1.2 0.0

Urban hospital, % 95.1 100.0 0.023 100.0 100.0 0.0
Teaching hospital, % 52.6 38.7 0.008 44.3 39.8 9.2

Hospital bed size, %
0–299 26.5 33.3 0.298 27.5 30.1 6.0
300–499 40.4 34.4 36.3 37.3 2.2
�500 33.0 32.3 36.3 32.5 7.9

Infection type, %
Pneumonia 74.3 68.8 0.228 70.5 71.1 1.3
Sepsis 85.6 88.2 0.479 88.3 86.7 4.6

aAbbreviations: PSM, propensity score matching; CST, colistin; CST-MIN, colistin-minocycline; CCI, Charlson comorbidity index; CHF, congestive heart failure; PVD,
peripheral vascular disease; COPD, chronic obstructive pulmonary disease.

bP values in bold indicate a significance difference.
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the conventional logistic regression modeling technique confirmed that mortality and
30-day readmission rates remained similar between the groups.

Attributable costs and LOS associated with ARF. In addition, 1,068 patients with
ARF were matched 1:1 to patients without ARF. Attributable costs and length of stay
(LOS) associated with ARF were $13,931 (P � 0.001) and 1.81 days (P � 0.037),
respectively. Similar results were seen with confirmatory logistic regression; ARF was
associated with an incremental cost increase of $10,837 and an additional 3.02 days in
LOS (P � 0.001 for both) (Table 5).

DISCUSSION

The lack of availability of new agents with demonstrated clinical efficacy against
infections due to MDR-GNB has resulted in an increased use of older, “last resort”
antibiotics like CST. Although studies clearly demonstrate that the use of CST results in
an increased incidence of ARF, particularly in critically ill patients, clinicians have few
available options for treating patients with these life-threatening infections.

TABLE 2 Study drug dosing and administrationa

Patient variable

Value for patients treated
with:

P valueb

CST
(n � 4,817)

CST-MIN
(n � 93)

No. of days on MIN
Mean � SD NA 10.1 � 7.6
Median (Q1, Q3) NA 8 (5, 14)

Total no. of vials of MIN
Mean � SD NA 21.5 � 18.6
Median (Q1, Q3) NA 16 (10, 29)

Daily no. of vials of MIN, % of patients
2 vials NA 88.2
3 vials NA 8.6
4 vials NA 3.2

No. of days on CST
Mean � SD 10.0 � 8.3 12.7 � 10.4 0.009
Median (Q1, Q3) 8 (5, 12) 9 (6, 15)

Total no. of vials of CST
Mean � SD 21.4 � 23.2 22.8 � 18.9 0.428
Median (Q1, Q3) 15 (9, 27) 17 (9, 30)

Daily no. of vials of CST,c % of patients
1 vial 22.3 35.5 0.058
2 vials 54.1 51.6
3 vials 15.6 9.7
�4 vials 8.0 3.2

No. of days of treatment overlap
Mean � SD NA 7.2 � 4.3
Median (Q1, Q3) NA 6 (4, 9)

No. of days from admission to initiation of study
drug

Mean � SD 14.6 � 20.0 14.3 � 23.2 0.069
Median (Q1, Q3) 8 (4, 18) 5 (2, 17)

Sequence of CST-MIN administration, % of patients
MIN initiated prior to CST NA 19.4
MIN and CST initiated on the same day NA 35.5
MIN initiated after CST NA 45.2

aAbbreviations: CST, colistin; CST-MIN, colistin-minocycline; MIN, minocycline; NA, not applicable.
bP values in bold indicate a significance difference.
cOne vial of colistin � 150 mg colistin-based activity (CBA).
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CST alone or in combination with other antimicrobial agents has been increasingly
used to manage infections due to MDR-GNB; however, nephrotoxicity may occur in up
to 40% of patients treated with CST or other polymyxins (9). The mechanism of
polymyxin-induced nephrotoxicity is associated with uptake into kidney tissue and
membrane effects on proximal tubular cells. Recent studies with polymyxin B in human
and rat renal proximal tubular cell lines demonstrated concentration- and time-
dependent apoptosis. DNA breakage associated with certain apoptotic pathways,
including those activated by caspases, was also observed (11). In vivo studies in a rat
model demonstrated that the pathogenesis of CST-induced nephrotoxicity was asso-
ciated with increases in markers for inflammation, oxidative damage, and apoptosis,
including involvement of caspase 1, calpain 1, and inducible nitric oxide synthase
(iNOS) pathways (17). Consistent with the involvement of these pathways in polymyxin-
induced nephrotoxicity, studies have shown that damage to kidney cells can be
prevented through the use of antioxidant agents (12, 13, 17).

MIN is a tetracycline agent with broad-spectrum activity against many bacteria,
including Acinetobacter spp. Microbiological studies have shown in vitro synergism
against Acinetobacter, including isolates resistant to MIN or CST (14, 18). In addition to
the potential microbiological and therapeutic benefit of the combination, we hypoth-
esized that the nonantimicrobial effects of MIN might mitigate CST-mediated nephro-
toxicity. MIN demonstrates antioxidant properties, inhibition of caspase 1 and caspase
3 activation, inhibition of iNOS, and enhancement of Bcl-2-derived effects (19–21). All
of these properties could be useful in reducing apoptosis and oxidative damage
associated with polymyxins.

In view of the potential nephroprotective effects of MIN in patients treated with
polymyxins, we conducted a retrospective cohort study to assess if critically ill patients
who received CST-MIN had lower rates of ARF than those who received CST without

TABLE 3 Unadjusted and adjusted outcomes in patients treated with CST or CST-MINa

Parameterb

Value for patients treated
with:

OR (95% CI) P valuec C statisticCST CST-MIN

Unadjusted outcomes, % of patients n � 4,817 n � 93
ARF 23.7 11.8 0.431 (0.229, 0.812) 0.007
Mortality 29.5 31.2 1.081 (0.694, 1.683) 0.731
30-day readmission 26.6 31.3 1.256 (0.736, 2.142) 0.402

PSM (1:8 matching), % of patients n � 664 n � 83
ARF 22.3 12.0 0.478 (0.241, 0.948) 0.031
Mortality 28.9 32.5 1.185 (0.727, 1.933) 0.495
30-day readmission 29.9 30.4 1.023 (0.560, 1.870) 0.940

Logistic regression model n � 4,817 n � 93
ARF 0.403 (0.211, 0.770) 0.006 0.673
Mortality 1.031 (0.642, 1.656) 0.898 0.714
30-day readmission 1.139 (0.664, 1.954) 0.636 0.577

aAbbreviations: PSM, propensity score matching; OR, odds ratio; CI, confidence interval; ARF, acute renal failure.
bThirty-day readmission was estimated based on the patients who survived from index hospitalization.
cP values in bold indicate a significance difference.

TABLE 4 Effect of number of days on CST or CST-MIN on incidence of ARFa

Duration of CST
treatment (days)

Frequency (%) of ARF
in patients on CST

Duration of CST-MIN
coadministrationb (days)

Frequency (%) of ARF
in patients on CST-MIN P value

3–5 305/1,517 (20.1) 3–5 2/21 (9.5) 0.284
6–8 266/1,179 (22.6) 6–8 2/19 (10.5) 0.275
9–13 280/1,102 (25.4) 9–13 3/27 (11.1) 0.115
�14 292/1,019 (28.7) �14 4/26 (15.4) 0.186
aAbbreviations: ARF, acute renal failure; CST, colistin; CST-MIN, colistin-minocycline.
bDuration of overlap of CST and MIN; duration of either or both study drugs individually may be longer than the duration of overlap.
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MIN. Similar to other studies, the overall occurrence of ARF in patients who received
CST without MIN was 23.7%, and rates of ARF increased as a function of CST duration.
In contrast, the overall occurrence of ARF among patients who received CST-MIN was
11.8%, and occurrence of ARF increased only modestly with prolonged CST therapy,
with a consistent reduction of approximately 50% in the CST-MIN cohort compared
with that in the CST cohort, regardless of therapy duration. Interestingly, the rate of ARF
observed in patients who received CST-MIN is comparable to the incidence of ARF
typically reported in patients with infections in the ICU who do not receive well-
described nephrotoxic antibiotics (22–26).

The disparity in ARF rates between the groups does not appear to be due to confound-
ing or prescribing bias, as patients who received CST-MIN were typically older, had a higher
prevalence of baseline CRD, and were more likely to receive other agents that could result
in ARF than patients who received CST without MIN. The consistency in findings in the
stratified, propensity-score-matched, and multivariate analyses further suggest that results
were not severely distorted by other conditions or discordant baseline characteristics
between treatment groups. Duration of CST therapy, a major driver of CST-associated acute
kidney failure (10), was also found to be longer among patients who received CST-MIN than
among those who received CST, further minimizing the likelihood of biased results due to
systemic errors. In contrast, the weighted mean number of daily vials received was higher
among CST patients, and this was true for patients both with and without CRD. However,
distribution of the number of daily vials administered, which is a better marker of what was
actually administered, was similar between CST groups. Unfortunately, data on the actual
CST dose received was not available, as Premier Research reports only the number of vials
administered. If one considers the number of vials received as a surrogate for the actual
daily dose, CST patients, on average, received only 0.25 more vials per day than the
CST-MIN patients. This equates to �50 mg more of colistin-based activity per day in the CST
group than in the CST-MIN group. Given the modest daily vial difference between groups
and substantial (�12) interpatient variability in the plasma colistin concentrations associ-
ated with colistimethate, it is unlikely that the differences in number of daily vials substan-
tially contributed to the differences in ARF finding between groups. To further test that
these nephroprotective effects were unique to MIN relative to other tetracyclines, we
performed a post hoc analysis in patients who received CST without tigecycline (TIG) in
comparison to those receiving CST in combination with tigecycline (CST-TIG), using the
methodology described herein. Rates of ARF were comparable between patients who
received CST and those receiving CST-TIG (unadjusted ARF rate, 22.0% with CST versus
27.6% with CST-TIG) (data not shown). Collectively, the findings from this analysis support
the hypothesis that the use of CST-MIN may reduce CST-induced ARF rates.

These findings may have important implications for clinical practice if future studies
substantiate the results of this pilot study. Although no meaningful differences in
outcomes were noted between comparison groups, patients who experienced ARF had
an associated approximate 3-day increase in hospital LOS and more than $10,000 in

TABLE 5 Attributable cost and LOS associated with ARFa

Parameterb

Value for patients

Difference (95% CI) P value C statisticWithout ARF With ARF

PSM n � 1,068 n � 1,068
Incremental costs of ARF ($) 60,784 74,715 13,931 (8,251, 19,611) �0.001
Incremental LOS of ARF

(mean [median] no. of days)
20.34 (14) 22.14 (16) 1.81 (0.11 3.50) 0.037

Logistic regression model n � 3,756 n � 1,154
Incremental costs of ARF ($) 10,837 (8,039, 13,635) �0.001 0.667
Incremental LOS of ARF

(mean [median] no. of days)
3.02 (1.80, 4.23) �0.001 0.128

aAbbreviations: ARF, acute renal failure; PSM, propensity score matching; CI, confidence interval; LOS, length of stay.
bIncremental costs and LOS were calculated post-study drug initiation.
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excess hospital costs. These findings are consistent with other published studies, which
clearly demonstrate that the occurrence of ARF, regardless of cause, results in consid-
erable increases in morbidity, mortality, and health care expenditures (27, 28).

Several limitations should be noted when interpreting these findings. This was a
retrospective, observational study and is subject to all the limitations associated with
this study design. Comorbidity data and diagnoses are coded using ICD-9 and ICD-10
codes, which may not be consistent across hospitals. Of the approximate 5,000 patients
who received CST either alone or in combination, only 93 received CST-MIN; therefore,
results may be imprecise, especially from the stratified analyses. The Premier Research
database does not contain detailed laboratory results; therefore, occurrence of ARF was
based on diagnosis codes. While use of serum creatinine data to determine ARF would
have been preferred, our approach is associated with high specificity and positive
predictive value (29, 30). We further reduced the chance of coding bias by using a single
ICD code indicative of ARF rather than a group of several codes that may fall under the
broader definition of acute kidney injury but would be subject to higher rates of
misclassification. Independent nondifferential outcome disease misclassification with
perfect specificity would not bias the risk-ratio estimate and would only downwardly
bias the absolute magnitude of the risk-difference estimate by a factor equal to the
false-negative probability. Therefore, more attention should be placed on the relative
risk contrasts between treatment groups rather than the absolute differences.

Microbiology data were available only in a small subset of patients: 919 (17.9%)
patients had microbiology data available (918 CST patients, 1 CST-MIN patient). The
most commonly reported pathogens included Enterobacteriaceae (n � 533, 56.8%),
Pseudomonas aeruginosa (n � 425, 46.3%), and Acinetobacter baumannii (n � 400,
43.5%). It is unclear if observed differences in ARF rates between treatment groups are
biased due to differences in the invading pathogen. However, the study was restricted
to patients in the ICU, and there were no notable differences in collected baseline
characteristics and CST therapy to suggest that findings were distorted due to systemic
errors. We did not include polymyxin B in our analyses, because too few patients
received it in combination with MIN in the master data set (n � 4); however, rates of
ARF among ICU patients who received polymyxin B were comparable to those ob-
served in patients with CST (24.1% [106/439] versus 23.7% [1,143/4,817], respectively).
In addition, detailed weight/body mass index and dosing information is not available
in the Premier Research database; drug use is reported as vials only, and therefore we
did not attempt to convert to colistin-based activity.

In conclusion, the findings from this large, representative, retrospective multicenter
cohort analysis suggest that coadministration of MIN with CST in critically ill patients may
reduce the occurrence of CST-associated ARF. At a minimum, these findings should be
evaluated in prospective clinical studies that include collection of detailed laboratory
(including serum creatinine concentrations), microbiologic, treatment, and outcome data. If
these findings are validated, we may be able to vastly improve the care of difficult-to-treat
patients with infections due to MDR-GNB by combining MIN with CST.

MATERIALS AND METHODS
We conducted a multicenter retrospective cohort study using the Premier Research database to

examine the impact of CST-MIN on ARF. Because this study used already existing Health Insurance
Portability and Accountability Act (HIPAA)-compliant fully deidentified data, it was exempt from Insti-
tutional Review Board review.

Data source. The Premier Research database is an electronic laboratory, pharmacy, and billing data
repository that contains data from more than 600 U.S. hospitals, comprising nearly 20% of all hospital-
izations nationwide. In addition to patient age, gender, race/ethnicity, insurance information, principal
and secondary diagnoses, and procedures, the database contains a date-stamped log of all medications,
laboratory tests, and diagnostic and therapeutic services charged to the patient or their insurer. The
database also includes total and individual component costs. In addition, 176 contributing institutions
submit microbiology data, including pathogen and susceptibility information.

Study population. Patients were eligible for study inclusion if they were �18 years of age,
hospitalized with a primary diagnosis of pneumonia or sepsis (or secondary diagnosis in the setting of
respiratory failure), and discharged between 1 January 2010 and 31 December 31 2015. Pneumonia was
identified by the principal diagnosis International Classification of Diseases (ICD)-9-CM codes 480 to 486
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(ICD-10-CM codes J12 to J18) or by respiratory failure code 518.81 or 518.84 (ICD-10-CM code J96.0X or
J96.2X) with pneumonia as a secondary diagnosis. Sepsis was identified by the principal diagnosis code
038, 038.9, 790.7, 995.91, 995.92, or 785.52 (ICD-10-CM code A41, R78.81, R65.1X, or R65.2X) or by
respiratory failure codes with sepsis as a secondary diagnosis (19, 31–33). Patients must have had an ICU
stay during study drug administration and must have received a minimum of 3 days of intravenous CST
with or without coadministration of intravenous MIN. In the CST-MIN cohort, study drug overlap must
have occurred for at least 3 days. Patients in either cohort may have received additional antibiotics at any
time during their hospitalization. Patients with a diagnosis of cystic fibrosis or with hemodialysis that
occurred in the month immediately prior to the admission date of the hospitalization of interest were
excluded from the analysis.

Data elements and outcomes of interest. The primary outcome of interest was frequency of ARF,
defined as ICD-9 codes of 584.XX or ICD-10 codes of N17.XX (29). Secondary outcomes included
in-hospital mortality and 30-day hospital readmission. Baseline characteristics for analysis included
demographic characteristics, hospital characteristics, patient comorbidities, index infection, hospital LOS
prior to study drug initiation, source of admission, receipt of other medications that could cause ARF
(including amikacin, gentamicin, contrast media, and others) (see Table S1 in the supplemental material),
study drug dose, and duration of treatment. The incremental costs and LOS attributed to ARF were also
examined.

Statistical methods. The primary objective was to examine the frequency of ARF among patients
who received CST compared with that of patients who received CST-MIN. Baseline comparisons between
patients receiving CST versus CST-MIN were conducted. Discrete data were reported as frequencies and
percentages; continuous data were reported as means, standard deviations (SD), medians, and inter-
quartile ranges. Differences between treatment groups were tested using the Mann-Whitney U test for
continuous variables and the chi-square or Fisher’s exact test (for cell counts of �5) for categorical
variables. ARF frequency was examined in the overall study cohort and stratified by duration of CST use,
duration of study drug coadministration, and presence of baseline CRD.

PSM was conducted in cases where each CST-MIN patient was matched to 8 CST patients using
nearest-neighbor matching without replacement. Propensity scores were matched using a caliper width
0.2 logit of the standard deviation (34), and exact matches were performed on CRD status and Census
Bureau region. We assessed the success of PSM by examining standardized differences in the baseline
variables between the matched CST-MIN and CST groups. It has been suggested that a standardized
difference of �10% represents the threshold for an important imbalance in a given confounder between
treatment groups (35). If the standardized difference was �10%, we reestimated the variables in the
logistic regression model and repeated this process until all standardized differences were �10%.
Variables included in the regression were age, gender, race (white or nonwhite), diagnosis (pneumonia
or sepsis), use of meropenem (yes/no) or tigecycline (yes/no), discharge year, hospital bed size, region,
payor type, 17 individual Charlson comorbidities, use of other medications that could cause ARF (yes/no),
LOS prior to initiation of CST or MIN, mechanical ventilation use (yes/no), and the number of vials of
colistin received. A confirmatory logistic regression analysis was conducted on the entire study popu-
lation to confirm the results obtained from the PSM-derived subpopulation.

Incremental costs and attributable LOS associated with ARF were explored using PSM with a 1:1
matching ratio (patients with ARF versus those without ARF, regardless of treatment group) and
confirmatory conventional regression models.

All tests were two-tailed, and a P value of �0.05 was deemed a priori to represent statistical
significance. Given the nature of exploratory analysis, no adjustment was made for multiple comparisons.
All data and analyses were performed using SAS version 9.2 (SAS Institute Inc., Cary, NC).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.01165-17.
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