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Background.  Ceftazidime-avibactam has in vitro activity against some carbapenem-resistant gram-negative infections (GNIs), 
and therefore may be a useful alternative to more toxic antibiotics such as colistin. Understanding ceftazidime-avibactam uptake and 
usage patterns would inform hospital formularies, stewardship, and antibiotic development.

Methods.  A retrospective cohort study assessed inpatient encounters in the Vizient database. Ceftazidime-avibactam and 
colistin administrations were categorized into presumed empiric (3 consecutive days of therapy or less with qualifying exclusions) 
versus targeted therapy (≥4 consecutive days of therapy) for presumed carbapenem-resistant GNIs. Quarterly percentage change 
(QPC) using modified Poisson regression and relative change in frequency of targeted ceftazidime-avibactam to colistin encounters 
was calculated. Factors associated with preferentially receiving targeted ceftazidime-avibactam versus colistin were identified using 
generalized estimating equations.

Results.  Between 2015 quarter (q) 1 and 2017q4, ceftazidime-avibactam was administered 21 215 times across 1901 encounters. 
Inpatient prescriptions for ceftazidime-avibactam increased from 0.44/10 000 hospitalizations in 2015q1 to 7.7/10 000 in 2017q4 (QPC, 
+11%; 95% CI, 10–13%; P < .01), while conversely colistin prescriptions decreased quarterly by 5% (95% CI, 4–6%; P < .01). Ceftazidime-
avibactam therapy was categorized as empiric 25% of the time, targeted 65% of the time, and indeterminate 10% of the time. Patients 
with chronic kidney disease were twice as likely to receive targeted ceftazidime-avibactam versus colistin (RR, 2.02; 95% CI, 1.82–2.25), 
whereas those on dialysis were less likely to receive ceftazidime-avibactam than colistin (RR, 0.71; 95% CI, .61–.83).

Conclusions.  Since approval in 2015, ceftazidime-avibactam use has grown for presumed carbapenem-resistant GNIs, while 
colistin has correspondingly declined. Renal function drove the choice between ceftazidime-avibactam and colistin as targeted 
therapy.

Keywords.   ceftazidime-avibactam; gram-negative resistance; novel beta-lactamase inhibitors; carbapenem resistance.

Each year, an estimated 35 000 deaths in the United States are as-
sociated with antibiotic-resistant infections [1]. Awareness of the 
morbidity and mortality associated with highly resistant patho-
gens and consequent action by professional societies, industry, 
along with national and global leaders have led to a revival in the 
dwindling antibiotic pipeline [2, 3]. In 2015, the US Food and 
Drug Administration (FDA) approved the novel β-lactam/β-
lactamase inhibitor combination ceftazidime-avibactam for the 

treatment of complicated urinary tract infections and compli-
cated intra-abdominal infections based on the results of phase 
II noninferiority trials, followed by hospital-associated pneu-
monia/ventilator-associated pneumonia in 2018 [4]. While 
ceftazidime has been in clinical use for years, the addition of 
the novel β-lactamase inhibitor avibactam restores in vitro ac-
tivity against Klebsiella pneumoniae carbapenemase (KPC)– and 
OXA-48–producing gram-negative pathogens. Following the 
approval of ceftazidime-avibactam, 2 additional β-lactam/β-
lactamase inhibitor combinations with activity against KPC-
producing Enterobactericeae, meropenem/vaborbactam (2017) 
and imipenem-cilastatin/relebactam (2019), have been FDA ap-
proved. Collectively, these new drug combinations might be ex-
pected to partially displace older nephrotoxic antibiotics with 
limited efficacy such as colistin.
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Despite FDA approval, the introduction of these agents into 
the clinical practice has been limited due to the paucity of data 
on their performance in the treatment of infections against 
which they are most needed, high cost, limited availability of 
in-house in vitro testing capabilities, overlapping spectra of ac-
tivity, and remaining effective older, less expensive therapies 
[5]. Understanding uptake characteristics, as well as patterns of 
use at the patient and hospital level could inform stewardship 
programs and hospital formulary development and provide 
additional evidence to support clinical use. Here, real-world 
prescribing trends for ceftazidime-avibactam versus colistin 
were examined, as well as predictors of receiving ceftazidime-
avibactam as opposed to colistin for presumed carbapenem-
resistant gram-negative infections (GNIs).

METHODS

Study Design

A multicenter, retrospective cohort study was used to identify 
encounters in which ceftazidime-avibactam or colistin was 
prescribed between 2015 and 2017 at hospitals that contribute 
pharmacy data to the Vizient clinical database/resource man-
ager (CDB/RM). The CDB/RM contains billing records from a 
large collaboration of academic and nonacademic medical cen-
ters. We hypothesized that ceftazidime-avibactam is primarily 
being utilized for the treatment of carbapenem-resistant GNIs 
based on common stewardship practices [6]. Patients receiving 
colistin were chosen as the comparator group since this drug 
is commonly also used for patients with carbapenem-resistant 
GNIs. Prior studies have shown that, within this database, 4 
or more consecutive days of colistin (or death while receiving 
colistin) has an 82% positive-predictive value for carbapenem-
resistant GNIs [7]. Encounters with International Classification 
of Diseases, 9th or 10th revision (ICD-9, ICD-10), diagnosis 
codes for cystic fibrosis (CF) were excluded. Based on prior 
work, patients with CF often receive inhaled colistin (for which 
there is no inhaled ceftazidime-avibactam equivalent) to reduce 
colonization burden, which is poorly discernible from intrave-
nous administration in administrative datasets, and represent 
an overall different risk set [7, 8].

Empiric and Targeted Therapy Definitions and Analysis

The first administration within each encounter of ceftazidime-
avibactam and/or colistin was identified and used to categorize 
encounters into empiric, targeted, or indeterminate therapy. 
Empiric therapy was defined as 3 or fewer consecutive days of 
therapy excluding as indeterminate those transferred from an 
outside hospital who received the first dose within 3 days and 
those transferred out of a participating hospital (including due 
to death) on day 3 to avoid misclassifying a targeted therapy 
patient as empiric. Targeted therapy was defined as 4 or more 
consecutive days of therapy. Although the absence of micro-
biology precluded a precise estimate of empiric and targeted 

therapy, we used these terms for scenarios that suggest high 
probability of empiric and targeted therapy. Baseline charac-
teristics were compared in patients who received empiric and 
targeted therapy across 3 groups: (1) ceftazidime-avibactam 
only, (2) colistin only, and (3) both ceftazidime-avibactam 
and colistin. Targeted ceftazidime-avibactam encounters were 
assessed to determine the frequency of monotherapy versus 
combination therapy and, for the latter, the distribution of 
concomitantly prescribed agents. Concomitant antibiotics was 
defined as gram-negative agents prescribed with at least 4 con-
secutive days of overlap anytime during ceftazidime-avibactam 
administration. When evaluating characteristics of empiric and 
targeted cohorts for ceftazidime-avibactam and colistin, en-
counters with overlapping administrations of both drugs were 
evaluated independently.

Demographics, comorbidities, and site of infection were clas-
sified based on ICD-9 and ICD-10 codes (Supplementary Table 
1). All Patient Refined Diagnosis-Related Groups (APR-DRGs) 
severity-of-illness (SOI) and risk-of-mortality (ROM) assign-
ments, procedure codes, and medication administrations were 
used to evaluate illness severity and treatment characteristics 
(Supplementary Table 1).

Statistical Methods

Baseline patient characteristics are presented as frequencies with 
associated percentages or medians with their associated confi-
dence intervals (CIs) and interquartile ranges (IQRs). Modified 
Poisson regression was used to calculate the quarterly percentage 
change (QPC) in the frequency of ceftazidime-avibactam and 
colistin encounters. To determine patient characteristics associ-
ated with receiving ceftazidime-avibactam versus colistin-based 
regimens for the treatment of carbapenem-resistant GNIs, we 
also used generalized estimating equations (GEEs) with an ex-
changeable correlation structure for robust variation estima-
tion allowing for the inclusion of patient- and hospital-level 
variables to account for unknown correlations that may affect 
prescribing patterns. The variance inflation factor was used to 
check for multicollinearity; no substantial collinearity was found 
between variables. Patients who received ceftazidime-avibactam 
and colistin concomitantly were excluded from the risk factor 
model and were categorized based on the first prescription per 
encounter. Clinically relevant encounter-level variables included 
age, sex, comorbid conditions (tracheostomy, congestive heart 
failure, diabetes, metastatic cancer, dialysis, neutropenia, and 
chronic kidney disease), septic shock, APR-DRG SOI score, site 
of infection, and admission quarter (Supplementary Table 1). 
Hospital characteristics included hospital region, bed capacity, 
and teaching status. Logistic regression with GEEs was used to 
determine unadjusted and adjusted odds of mortality for empiric 
and targeted ceftazidime-avibactam to colistin and ceftazidime-
avibactam monotherapy to combination therapy. All statistical 
analysis was done using R software version 3.5.1.
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RESULTS

Encounter and Hospital Trends

Between 2015 quarter (q) 1 and 2017q4, 93 of 210 hospitals in 
the CDB/RM reported ceftazidime-avibactam use. After ex-
cluding patients with a diagnosis of CF, ceftazidime-avibactam 
was administered 21 215 times across 1901 encounters among 
1524 patients potentially for suspected or known carbapenem-
resistant GNIs (Figure 1). There was a progressive increase in 
the number of hospitals that prescribed ceftazidime-avibactam 
from 5 (2.4%) out of 210 to 93 (44%) over 3 years (Figure 2). 
The frequency of ceftazidime-avibactam prescriptions in-
creased from 0.44 of 10 000 hospitalizations in 2015q1 to 7.7 
of 10  000 in 2017q4, representing a QPC of +11% (95% CI, 
10–13%; P < .01). Conversely, the prescription rate for colistin 
decreased from 17.4 of 10 000 hospitalizations to 8.2 of 10 000 
hospitalizations, a QPC of −5% (95% CI, 4–6%; P < .01) across 
the 3-year study period (Figure 3A).

Baseline Patient and Hospital Characteristics for Ceftazidime-avibactam 
Encounters

Patients who received any ceftazidime-avibactam had a me-
dian age of 59.7 years (IQR, 21.3 years) and were approximately 
60% were male and white of the time (Table 1). The most prev-
alent comorbidity was chronic kidney disease (36%), followed 
by congestive heart failure (28%) and diabetes mellitus (28%). 
The lower respiratory tract was the most common presumed 

site of infection at 39%. Overall, the ceftazidime-avibactam co-
hort was very sick, with 60% classified in the “extreme” category 
of admission APR-DRG SOI, and less than 1% in the “minor” 
category. The first administration occurred in the intensive care 
unit 49% of the time and the median overall length of hospital 
stay was 19 days, with a crude mortality of 23%. More than 50% 
of ceftazidime-avibactam encounters occurred at hospitals with 
bed capacities that were 750 or greater and were more common 
at teaching hospitals (94.8% of encounters) (Supplementary  
Table 2).

Ceftazidime-avibactam Prescribing Patterns

Ceftazidime-avibactam was prescribed as empiric therapy 25% 
of the time (469 encounters) and 65% of the time as targeted 
therapy (1238 encounters), whereas 10% of courses (194 en-
counters) were indeterminate (Figure 1, Supplementary Table 
3). With a more conservative definition of empiric therapy 
(≤2 days), the percentage of empiric therapy decreases to 19%. 
There were no significant differences over time in the propor-
tion of ceftazidime-avibactam encounters that were prescribed 
as empiric versus combination therapy (Supplementary Figure 
1A). Targeted ceftazidime-avibactam was prescribed as mono-
therapy in 36% of encounters and as combination therapy in 
64% of encounters (Figure  4). Although there was a signifi-
cant increase in the proportion of targeted therapy that was 
prescribed as monotherapy over the entire study period, there 

Ceftazidime-avibactam
2015q1-2017q4

Administrations: 24,294
Encounters: 2,181

Patients: 1,694

Inpatient Admission Receiving Select
Gram Negative Therapy a 

in 93 Hospitals
Administrations: 20,173,189

Encounters: 2,901,494
Patients: 2,030,045

Presumed Carbapenem-resistant
gram-negative infection
Administrations: 21,215

Encounters:1,901
Patients: 1,524

Indeterminate Therapy
Encounters: 194 (10%)

Patientsb: 180

Targeted Therapy
Encounters: 1,238 (65%)

Patientsb: 1,062

Empiric Therapy
Encounters: 469 (25%)

Patientsb: 417

Cystic Fibrosis
Encounters: 280

Patients:170

Colistin
2015q1-2017q4

Administrations: 110,176
Encounters: 9,252

Patients: 5,575

Presumed Carbapenem-resistant
gram-negative infection
Administrations: 52,382

Encounters: 4,473
Patients: 3,788

Indeterminate Therapy
Encounters: 309 (14%)

Patientsb: 286

Targeted Therapy
Encounters: 2,896 (65%)

Patientsb: 2,544

Cystic Fibrosis
Encounters: 4,779

Patients: 1,817

Empiric Therapy
Encounters: 1,268 (22%)

Patientsb: 1,197

Figure 1.  Encounter flowsheet. aList of select antibiotics in which ceftazidime-avibactam was prescribed: amikacin, aztreonam, ceftazidime, chloramphenicol, colistin, 
imipenem/cilastatin, minocycline, ampicillin/sulbactam, ticarcillin/clavulanate/tobramycin, ertapenem, tigecycline, fosfomycin, doripenem, ceftazidime-avibactam, 
ceftolozane-tazobactam, piperacillin-tazobactam, ciprofloxacin, cefepime, meropenem, levofloxacin, gentamicin. bPatients non–mutually exclusive as encounters who re-
ceived concomitant ceftazidime-avibactam and colistin are not removed and they may have multiple encounters across different therapy categories and multiple encounters 
within a therapy category. Abbreviation: q, quarter.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa061#supplementary-data
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was no significant increase between 2016q1 and the end of 
the study (Supplementary Figure 1B). Most commonly, com-
bination therapy consisted of 1 concomitant GNI-directed 
antibiotic, with the most common second antibiotic class 
being carbapenems (38%) followed by aminoglycosides (22%) 
and colistin (14%). Mortality was 17% (95% CI, 12–21%) in 
the monotherapy group and 28% (95% CI, 25–32%) in the 
combination therapy group. After risk adjustment for pa-
tient- and hospital-level characteristics, patients who received 
ceftazidime-avibactam monotherapy had a decreased odds 
of mortality compared with combination therapy (odds ratio 
[OR], .48; 95% CI. .32–.7; P = .0002) (Supplementary Table 4). 
In hospitals reporting infectious disease consultation 99.8% 
(1236/1238) of targeted ceftazidime-avibactam encounters had 
an infectious disease consult.

Comparison of Characteristics of Empiric Ceftazidime-avibactam Versus 
Colistin Groups

Age, sex, and race had similar distributions between groups 
(Table  2). Patients receiving empiric ceftazidime-avibactam 
were more likely to have chronic kidney disease (38% vs 5%; 

P <  .001) or be on dialysis (17% vs 11%; P <  .001) compared 
with patients receiving colistin, but the drugs were prescribed at 
similar rates in patients with acute kidney injury. A majority of 
patients in both the empiric ceftazidime-avibactam and empiric 
colistin cohorts also had APR-DRG SOI scores in the extreme 
category.

Rates and Predictors Associated With Receipt of Targeted Ceftazidime-
avibactam Versus Colistin for Presumed Carbapenem-resistant Gram-
negative Infection and Mortality

Over the study period there was a shift in trends of targeted 
therapy for presumed carbapenem-resistant GNIs. In 2015q1, 
ceftazidime-avibactam–based therapy accounted for 3% of 
evaluated targeted treatments for presumed carbapenem-
resistant GNIs, which increased to 53% in 2017q4 (Figure 3B). 
Factors associated with prescriptions for targeted ceftazidime-
avibactam versus colistin are shown in Table  3. Encounters 
with chronic kidney disease (relative risk [RR], 2.02; 95% CI, 
1.82–2.25) and diabetes (RR, 1.14; 95% CI, 1.04–1.26) were 
more likely to be prescribed targeted ceftazidime-avibactam 
compared with colistin, while those on dialysis were less 

Figure 2.  Cumulative hospital uptake was evaluated by quarter. Blue bars represent a summation of the number of hospitals eligible to prescribe each quarter based on 
prescriptions in prior quarters. In quarter 1 of 2015, there were a total of 5 hospitals that had prescribed ceftazidime-avibactam and this increased to 93 in quarter 4 of 2017. 
The overlaying dark-red trend line represents the percentage of hospitals that actually prescribed in each respective quarter out of the total that had prescribed at least 1 
dose in prior quarters (n = 93). A total of 210 hospitals reported any pharmacy data during the study period. Abbreviation: q, quarter.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa061#supplementary-data
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P < .01

P < .01

P < .01

Figure 3.  Ceftazidime-avibactam utilization by quarter. A, After the removal of all encounters with diagnosis codes for cystic fibrosis quarterly rates in prescriptions for 
ceftazidime-avibactam and colistin were evaluated. Using Poisson regression, the number of ceftazidime-avibactam prescriptions increased by 11.2% (95% CI, 9.6–12.7%; 
P < .01), and over the same time period, colistin decreased by 5.1% (95% CI, 4.3–6.0%; P < .01). The red line represents colistin prescription, the light blue line represents 
ceftazidime-avibactam, the dark-blue lines represent trend lines, and gray shading represents CIs. B, Targeted encounters for ceftazidime-avibactam and colistin were 
summed to quantify the overall treatments for carbapenem-resistant gram-negative infections. The percentage of carbapenem-resistant gram-negative infections treated 
with ceftazidime-avibactam increased from 3% in 2015q1 to 53% in 2017q4, a QPC of 12.6% (95% CI, 10.6–14.5%). Abbreviations: CI, confidence interval; q, quarter; QPC, 
quarterly percentage change.
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likely to be prescribed targeted ceftazidime-avibactam (RR, 
0.71; 95% CI, .61–.83) (Table  3). Targeted colistin therapy 
was also more common in transplant (hematologic and solid 
organ) patients and those on mechanical ventilation or with a 

tracheostomy. Infections with intra-abdominal, central venous 
catheters, or skin/soft tissue sites were more likely to receive 
targeted ceftazidime-avibactam, while for respiratory site there 
was no difference. As compared with patients with a “minor” 
APR-DRG SOI assignment, those with “moderate,” “major,” or 
“extreme” categories were all more likely to receive ceftazidime-
avibactam regimens. Patients at hospitals in the Northeast 
(RR, 1.63; 95% CI, 1.46–1.83) were more likely to receive a 
ceftazidime-avibactam–based regimen compared with those at 
hospitals in the Midwest. For each successive quarter of admis-
sion, patients were 8% more likely to receive targeted therapy 
with ceftazidime-avibactam than colistin (RR, 1.08; 95% CI, 
1.06–1.10). When evaluating targeted ceftazidime-avibactam 
and colistin cases after removal of overlapping colistin, 
ceftazidime-avibactam had a crude mortality of 22% (95% CI, 
19–25%), while those receiving colistin had a crude mortality 
of 26% (95% CI, 24–27%) (Supplementary Table 5). Following 
risk adjustment, there was no significant difference in the odds 
of death (OR, 0.84; 95% CI, .61–1.06; P = .15) (Supplementary 
Table 4).

DISCUSSION

Our study represents the first pharmaco-epidemiologic as-
sessment of uptake and utilization for the novel β-lactam/β-
lactamase inhibitor ceftazidime-avibactam at US medical 
centers since its US regulatory approval in 2015. We observed 
a steady increase from 0.44 prescriptions per 10 000 encoun-
ters in 2015q1 to 7.7 per 10 000 encounters in 2017q4, an 11% 
growth in use per quarter. This was accompanied by a 5% de-
crease in colistin use per quarter. Over 3 years, this translates 
to a dramatic change in the relative proportion of ceftazidime-
avibactam to colistin prescriptions from 1:38 in 2015q1 to 
nearly 1:1 in 2017q4 for presumed carbapenem-resistant GNIs.

While our data demonstrate a simultaneous decrease in 
the prescribing of colistin and an increase in ceftazidime-
avibactam, we found ongoing high usage rates of colistin at the 
end of the study period. This mirrors the aggregate vial sales 
reported from the IQVIA National Sales Perspective Database 
in which colistin accounted for 245 894 days of therapy in 2017 
while ceftazidime-avibactam only accounted for 64  833  days 
[5, 9]. However, the decrease in colistin prescribing seen in this 
study is greater than previously reported. We hypothesize that 
this may have been because prior reports included patients with 
CF (53% of colistin encounters in our study had a diagnosis 
of CF) who are sometimes treated for organisms other than 
carbapenem-resistant Enterobacteriaceae with inhaled colistin. 
Highlighting this fact, in 2017, IQVIA vial data show the ratio of 
sales of ceftazidime-avibactam to colistin was 0.26. On the other 
hand, in our study, the ratio of administrations of ceftazidime-
avibactam to colistin in 2017 was 0.41 when including patients 
with CF and 1.01 after removing patients with CF.

Table 1.  Baseline Patient Characteristics for Any Patient Who Received 
Ceftazidime-Avibactam for Presumed Carbapenem-Resistant Gram-
negative Infections

Variable Values

Age, median (IQR), years 59.7 (49.1–70.4)

Sex  

  Male 914 (60)

  Female 610 (40)

Race  

  White 924 (60)

  African American 347 (23)

  Other 196 (13)

  Unknown 57 (4)

Comorbid conditiona  

  Congestive heart failure 426 (28)

  Diabetes mellitus 425 (28)

  Transplant 58 (4)

  Malignancy 79 (5)

  Dialysis 171 (11)

  Tracheostomy 202 (13)

  Chronic kidney disease 544 (36)

  Neutropenia 82 (5)

Presumed site of infectionb  

  Abdominal 286 (19)

  Bacteremia 95 (6)

  Central nervous system 9 (0.6)

  Central venous catheter 126 (8)

  Respiratory 590 (39)

  Skin/soft tissue 157(10)

  Urinary 510 (34)

  Unknown/other 380 (25)

APR-DRG severity of Illness  

  Minor 11 (0.7)

  Moderate 104 (7)

  Major 475 (32)

  Extreme 899 (60)

APR-DRG risk of mortality  

  Minor 79 (5)

  Moderate 256 (17)

  Major 584 (39)

  Extreme 570 (38)

ICU during first dose 460 (49)

Vasopressor administrationc 633 (42)

Mechanical ventilation 241 (16)

Overall length of stay, median (IQR), days 19 (3.5–34.5)

Data are shown as n (%) unless otherwise indicated. N = 1524 patients.

Abbreviations: APR-DRG, All Patient Refined Diagnosis Related Group; ICU, intensive care 
unit; IQR, interquartile range.
aComorbid conditions reported on admission (see Supplementary Table 1 for list of associ-
ated International Classification of Diseases, 9th and 10th revision, codes).
bNon–mutually exclusive.
cDefined as administration of dopamine, epinephrine, norepinephrine, phenylephrine, or 
vasopressin ±1 day from initial ceftazidime-avibactam administration.
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Notably, complete replacement of colistin by ceftazidime-
avibactam would be inappropriate for carbapenem-resistant 
GNIs for which it lacks activity, such as Acinetobacter baumannii 
and metallo-β-lactamase producers. Nonetheless, other consid-
erations may also impact its use, including limited access and ex-
perience with ceftazidime-avibactam, prescribing volume, lack of 
immediate reliable ceftazidime-avibactam susceptibility testing, 
and most importantly, limited safety and efficacy data in pa-
tients with carbapenem-resistant infections for whom this drug 
should be reserved [10]. Poorly defined safety concerns include 

the phase III study comparing meropenem to ceftazidime-
avibactam for treatment of complicated intra-abdominal in-
fections, which showed a numerical increase in mortality in 
patients with moderate renal impairment (>30 to ≤50 mL/min) 
treated with ceftazidime-avibactam, and the phase III study for 
nosocomial pneumonia demonstrating excess serious adverse 
events in the ceftazidime-avibactam arm [11, 12]. Furthermore, 
only 1 clinical trial of ceftazidime-avibactam has been pub-
lished in patients with antibiotic-resistant infections, specifically 
ceftazidime-nonsusceptible urinary tract infections. This small 

Figure 4.  A, Percentage of targeted ceftazidime-avibactam encounters that were prescribed as monotherapy and combination therapy with concomitant antibiotics having 
at least 4 consecutive days of overlap with ceftazidime-avibactam therapy. Monotherapy (36%), 1 concomitant antibiotic (30%), 2 concomitant antibiotics (19%), 3+ con-
comitant antibiotics (15%). B, Distribution of concomitant antibiotics. Carbapenems (38%), aminoglycosides (22%), colistin (14%), fluoroquinolones (15%), tigecycline (11%), 
aztreonam (4%), minocycline (3%), ampicillin/sulbactam (2%). Cefepime, ceftazidime, and piperacillin-tazobactam not included as concomitant antibiotics as they are unlikely 
to maintain in vitro activity in carbapenem-resistant gram-negative infections. aCarbapenems (meropenem, doripenem, imipenem, ertapenem). bAminoglycosides (amikacin, 
gentamicin, tobramycin). cFluoroquinolones (ciprofloxacin and levofloxacin).
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study demonstrated a higher clinical cure rate with ceftazidime-
avibactam compared with the best available therapy, but did 
not assess death “related to infection” or all-cause mortality 
[13]. Further evidence of efficacy is limited to a small number 

of observational studies that suggest superior outcomes in pa-
tients treated with ceftazidime-avibactam compared with the best 
available therapy for carbapenem-resistant GNIs; however, these 
studies have a high risk of unmeasured confounding [14–17].

Table 2.  Baseline Patient-level Characteristics for Patients Who Received Empiric or Targeted Ceftazidime-avibactam and Colistin

Empiric Therapy Targeted Therapy

 

Ceftazidime-
avibactam  
(n = 349)

Ceftazidime-
avibactam 

and Colistin  
(n = 72)

Colistin  
(n = 1034)

Ceftazidime-
avibactam  
(n = 819)

Ceftazidime-
avibactam and 

Colistin  
(n = 265)

Colistin  
(n = 2177)

Variable n % n % n % n % n % n %

Age, median (IQR), years 59.1 (22.9) 59.5 (18.0) 60.2 (23.1) 60.5 (20.6)  
 

58.3 (21.9)  
 

59.7 (20.7)  
 

Sex             

  Male 217 62.2 37 51.4 624 60.4 491 60.0 171 64.5 1336 61.4

  Female 132 37.8 35 48.6 410 39.7 328 40.1 94 35.5 840 38.6

Race             

  White 196 56.2 43 59.7 642 62.1 506 61.8 154 58.1 1367 62.8

  African American 89 25.5 19 26.4 274 26.5 180 22.0 65 24.5 484 22.2

  Other 39 11.2 8 11.1 84 8.1 64 7.8 27 10.2 213 9.8 

  Asian 13 3.7 1 1.4 19 1.8 32 3.9 10 3.8 66 3.0 

  Unknown 12 3.4 1 1.4 15 1.5 37 4.5 9 3.4 47 2.2 

Comorbid conditiona,b             

  Congestive heart failure 97 27.8 19 26.4 318 30.8 237 28.9 67 25.2 579 26.6

  Diabetes mellitus 89 25.5 33 45.8 226 21.9 227 27.7 64 24.1 425 19.5

  Transplant 15 4.3 3 4.2 26 2.5 39 4.8 9 3.4 295 13.6

  Mechanical ventilation 73 20.9 11 15.3 240 23.2 116 14.2 46 17.4 569 26.1

  Malignancy 23 6.6 2 2.8 51 4.9 34 4.2 12 4.5 54 2.5 

  Dialysis 59 16.9 15 20.8 115 11.1 68 8.3 29 10.9 178 8.2 

  Tracheostomy 36 10.3 9 12.5 193 18.7 96 11.7 59 22.3 461 21.2

  Chronic kidney disease 132 37.8 37 51.4 51 4.9 289 35.2 86 32.5 91 4.2 

  Neutropenia 14 4.0 5 6.9 30 2.9 42 5.1 20 7.5 46 2.1 

  Vasopressor administrationc 126 36.1 33 45.8 432 41.8 320 39.1 135 50.9 1036 47.6

  Acute kidney injury 170 48.7 47 65.3 493 47.7 442 54.0 178 67.2 1006 46.2

Presumed site of infection             

  Abdominal 55 15.8 13 18.1 17 1.6 168 20.5 53 20.0 31 1.4 

  Bacteremia 28 8.0 2 2.8 22 2.1 66 8.1 13 4.1 45 2.1 

  Central nervous system 2 0.6 2 2.8 2 0.2 2 0.2 3 1.1 2 0.1 

  Central venous catheter 28 8.0 8 11.1 8 0.7 70 8.5 29 10.9 14 0.6 

  Respiratory 118 33.8 44 61.1 189 18.3 289 35.3 147 55.5 374 17.2

  Skin/soft tissue 40 11.5 9 12.5 13 1.3 94 11.5 26 9.8 20 0.2 

  Urinary 127 36.4 26 36.1 230 22.2 279 34.1 100 37.7 402 18.5

  Unknown/other 78 22.4 7 9.7 654 63.3 169 20.6 35 13.2 333 64.8

APR-DRG severity of illness             

  Minor 4 1.2 0 NA 17 1.6 3 0.4 1 0.4 63 2.9 

  Moderate 31 8.9 3 4.2 71 6.9 54 6.7 11 4.2 194 8.9 

  Major 119 34.1 19 26.4 308 29.8 267 32.9 59 22.3 540 24.8

  Extreme 176 50.4 50 69.4 638 61.7 487 60.1 194 73.2 1378 63.4

APR-DRG risk of mortality             

  Minor 19 5.4 4 5.6 55 5.3 43 5.3 4 1.5 90 4.4 

  Moderate 63 18.1 7 9.7 148 14.3 137 16.9 36 13.6 344 15.8

  Major 143 41.0 26 36.1 411 39.8 325 40.1 96 36.2 902 41.5

  Extreme 105 30.1 35 48.6 420 40.6 306 37.7 129 48.7 839 38.6

 ICU during first dose 92 26.4 26 36.1 38 3.7 232 47.4 102 48.6 272 12.5

Abbreviations: APR-DRG, All Patient Refined Diagnosis Related Group; ICU, intensive care unit; IQR, interquartile range.
aComorbid conditions reported on admission (see Supplementary Table 1 for list of associated International Classification of Diseases, 9th and 10th revision, codes).
bNon–mutually exclusive.
cDefined as administration of dopamine, epinephrine, norepinephrine, phenylephrine, or vasopressin ±1 day from initial ceftazidime-avibactam administration.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa061#supplementary-data
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While awaiting further prospective and innovative clin-
ical trial data on safety and efficacy in patients with highly 
resistant, gram-negative pathogens, our study identifies spe-
cific scenarios where prescribers are choosing ceftazidime-
avibactam over colistin-based regimens [18]. The strongest 

predictor of receiving ceftazidime-avibactam was chronic 
kidney disease, while those patients already on dialysis are 
much more likely to receive colistin. This is interesting given 
evidence suggesting less efficacy with ceftazidime-avibactam 
in patients with renal insufficiency noted in the prescribing in-
formation for the drug [19]. One explanatory hypothesis for 
this observation is that prescribers are reluctant to prescribe a 
known nephrotoxic antibiotic to patients with reduced kidney 
function, but a lower threshold in those whose kidneys are ir-
recoverable. Furthermore, we note that patients who received 
targeted ceftazidime-avibactam compared with colistin were 
more often coded for acute kidney injury, again suggesting 
possible attempts to avoid nephrotoxic agents in patients with 
kidney dysfunction (Table 2). Because coding encompasses the 
entire hospitalization, it was not possible to relate the timing 
of acute kidney injury to whether it occurred before or after 
drug administration, therefore limiting any conclusions about 
toxicity. Finally, patients who have a history of prior transplant 
are more likely to receive targeted colistin therapy as compared 
with ceftazidime-avibactam, potentially reflecting the lack of 
data in this population, as history of heart/lung transplant and 
immunosuppression were exclusion criteria from the phase III 
randomized controlled trial of ceftazidime-avibactam for noso-
comial pneumonia [12].

Some practitioners and literature recommend treatment of 
carbapenem-resistant GNIs with combination therapy; how-
ever, some recent randomized controlled trials suggest no ad-
vantage over monotherapy [20, 21]. Colistin is the antibiotic 
most commonly included in combination regimens and is often 
the backbone of such therapy [22]. Combination therapy has 
not been sufficiently evaluated since the introduction of novel 
β-lactam/β-lactamase agents with activity against carbapenem-
resistant GNIs. Notably, in our study, the majority (64%) of tar-
geted therapy with ceftazidime-avibactam occurred in the form 
of combination therapy. It remains unclear whether this finding 
represents providers’ belief in the value of combination therapy 
or simply their reluctance to rely on ceftazidime-avibactam 
alone. Furthermore, the finding of increased mortality associ-
ated with combination must be interpreted with caution and 
evaluated further as risk adjustment is limited and SOI may 
drive the decision of combination therapy in some patients.

Despite the introduction of several antibiotics in recent 
years there remains a need for the development of drugs 
with novel mechanisms of action and improved efficacy [23]. 
However, there is concern that the antibiotic pipeline lacks 
innovation [2]. Compounding the urgency of this problem is 
the emergence of resistance to ceftazidime-avibactam [24, 25]. 
Additionally, an epidemiological shift in intensive care units 
has been reported between KPC and Verona Integron mediated 
β-lactamase (VIM)-producing organisms following the intro-
duction of ceftazidime-avibactam [26]. Optimally deploying a 
new drug under the guidance of antibiotic stewardship remains 

Table 3.  Risk Factor Model To Predict Variables Associated With 
Receiving a Targeted Ceftazidime-Avibactam Versus Colistin-based 
Regimen

Variable

Relative Risk of Receiving 
Ceftazidime-Avibactam Versus 

Colistina (95% CI)

Age (years) 1.01 (.96–1.06)

Sex (male) 1.05 (.96–1.15)

APR-ARG SOIb  

  Moderate 2.07 (1.12–3.81)

  Major 2.00 (1.09–3.66)

  Extreme 1.75 (.95–3.22)

Septic shock 1.05 (.95–1.15)

Mechanical ventilation 0.80 (.70–.90)

Vasopressor administration 1.11 (1.00–1.23)

Comorbid conditionsc  

  Elixhauser comorbidity index 0.96 (.94–.98)

  Congestive heart failure 1.00 (.90–1.11)

  Chronic kidney disease 2.02 (1.82–2.25)

  Diabetes 1.14 (1.04–1.26)

  Transplant 0.72 (.59–.89)

  Dialysis 0.71 (.61–.83)

  Metastatic cancer 1.18 (.96–1.47)

  Neutropenia 1.16 (.94–1.43)

  Tracheostomy 0.67 (.58–.78)

Presumed site of infectiond  

  Abdominal 1.68 (1.51–1.87)

  Bacteremia 1.01 (.88–1.17)

  Central nervous system 1.65 (.81–3.37)

  Central venous catheter 1.44 (1.27–1.64)

  Respiratory 0.94 (.85–1.04)

  Skin/soft tissue 1.50 (1.35–1.68)

  Urine 0.93 (.84–1.04)

  Unknown source 0.4 (.34–.47)

Hospital regione  

  Northeast 1.63 (1.46–1.83)

  South 0.90 (.78–1.04)

  West 1.10 (.94–1.29)

Hospital teaching status 0.93 (.70–1.25)

Hospital bed capacityf  

  250–499 0.92 (.65–1.31)

  500–749 1.27 (.90–1.80)

  ≥750 1.21 (.85–1.71)

Admission quarterg 1.08 (1.06–1.10)

Abbreviations: APR-DRG, All Patient Refined Diagnosis Related Group; CI, confidence in-
terval; IQR, interquartile range; SOI, severity of illness.
aRelative risk >1 favors ceftazidime-avibactam and <1 favors colistin.
bAPR-DRG SOI compared with minor.
cComorbid conditions reported on admission.
dSite of infection not mutually exclusive.
eCompared with Midwest.
fBed capacity compared with <250.
gReported as a continuous variable.
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a challenging and an evolving endeavor. Importantly, providers 
are relying heavily on infectious disease specialists to guide 
them in the use of ceftazidime-avibactam, as seen in our study 
where nearly all targeted ceftazidime-avibactam use involved 
their oversight. This trend is likely to continue as other novel 
antibiotics enter clinical care and represents an important lead-
ership role for infectious disease consultants [27].

While this study provides insight into real-world prescribing 
patterns along with hospital- and patient-level uptake, several 
limitations warrant mention. Our study was not designed to 
make precise estimates of empiric and targeted therapy and 
these estimates are further limited as microbiology data are not 
available in this dataset and site of infection relies on coding. 
We have created algorithms that account for outside hospital 
transfer and discharge to help discriminate between empiric 
and targeted therapy. Although we have performed prior studies 
to validate the colistin algorithm used in this study to identify 
highly resistant GNIs, uncertainty remains, particularly re-
volving around the treatment of highly resistant A. baumannii 
complex and metallo-β-lactamase producers for which colistin 
would be the preferred agent over ceftazidime-avibactam 
[7, 28]. Furthermore, there are case reports of ceftazidime-
avibactam having been used for less common organisms such 
as Burkholderia spp., with most of these case reports in patients 
with CF [29–32]. Mortality data in our study are adjusted but 
there is a lack of microbiological, physiologic, and laboratory 
data. This along with inability to adjust for confounding by in-
dication limits the conclusions that can be drawn regarding the 
comparative effectiveness or safety of ceftazidime-avibactam 
versus colistin and ceftazidime-avibactam monotherapy versus 
combination therapy. However, our study’s purpose was not to 
compare effectiveness but solely to describe the populations 
being treated with 1 agent versus the other. Last, the use of 
polymyxin-B could not be quantified due to previously reported 
limitations in the way polymyxin-B is mapped in the Vizient 
electronic clinical database [8].

In conclusion, ceftazidime-avibactam utilization is 
increasing, while there are concomitant decreases in the utiliza-
tion of colistin for the treatment of carbapenem-resistant GNIs. 
A preference for ceftazidime-avibactam appeared to be driven 
by concern for colistin nephrotoxicity in patients with chronic 
kidney disease and/or diabetes who do not require dialysis.
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