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Ceftazidime-avibactam was used to treat 77 patients with carbapenemresistant Enterobacteriaceae (CRE) infections at our center. Thirty- and 90-day survival
rates were 81% and 69%, respectively; these rates were higher than those predicted
by SAPS II and SOFA scores at the onset of infection. Clinical success was achieved
for 55% of patients but differed by the site of infection. Success rates were lowest
for pneumonia (36%) and higher for bacteremia (75%) and urinary tract infections
(88%). By multivariate analysis, pneumonia (P ⫽ 0.045) and receipt of renal replacement therapy (RRT) (P ⫽ 0.046) were associated with clinical failure. Microbiologic
failures occurred in 32% of patients and occurred more commonly among patients
infected with KPC-3-producing CRE than among those infected with KPC-2-producing
CRE (P ⫽ 0.002). Pneumonia was an independent predictor of microbiologic failure
(P ⫽ 0.007). Ceftazidime-avibactam resistance emerged in 10% of patients, including
14% of those infected with Klebsiella pneumoniae and 32% of those with microbiologic failure. RRT was an independent predictor of the development of resistance
(P ⫽ 0.009). Resistance was identiﬁed exclusively among K. pneumoniae bacteria harboring variant KPC-3 enzymes. Upon phylogenetic analysis of whole-genome sequences, resistant isolates from 87.5% (7/8) of patients clustered within a previously
deﬁned sequence type 258 (ST258) clade II sublineage; resistant isolates from one
patient clustered independently from other ST258 clade II isolates. In conclusion, our report offers new insights into the utility and limitations of ceftazidime-avibactam across
CRE infection types. Immediate priorities are to identify ceftazidime-avibactam dosing
and therapeutic regimens that improve on the poor outcomes among patients with
pneumonia and those receiving RRT.
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C

eftazidime-avibactam (Cef-Avi) has been commercially available in the United
States for more than 2 years following Food and Drug Administration (FDA)
approval for treatment of complicated urinary tract and intra-abdominal infections.
Avibactam, a ␤-lactamase inhibitor, is active against class A (e.g., KPC), class C (e.g.,
AmpC), and certain class D (e.g., OXA-48) carbapenemases but not against class B
metallo-␤-lactamases (e.g., VIM, IMP, and NDM). Clinical experience with ceftazidimeavibactam against carbapenem-resistant Enterobacteriaceae (CRE) infections is accumulating, but important knowledge gaps remain, and real-world experience reported in
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TABLE 1 Characteristics of CRE isolates from patients treated with ceftazidime-avibactam
No. (%) of isolates with the following
␤-lactamase:

Median (range) MIC (g/ml)
Pathogen (no. of
isolates)
K. pneumoniae (60)
E. coli (9)
E. cloacae (5)
E. aerogenes (1)
K. oxytoca (1)
S. marcescens (1)

Ceftazidimeavibactam
1 (0.12 to 2)
1 (0.25 to 2)
0.5 (0.5 to 8)
0.5
0.5
1

Ceftazidime
256 (32 to ⬎512)
128 (2 to ⬎512)
32 (0.5 to 128)
128
128
128

Ertapenema
32 (0.06 to ⬎64)
2 (0.06 to 64)
0.5 (0.06 to 8)
4
8
1

Meropenema
16 (0.06 to ⬎64)
0.12 (0.06 to 4)
0.12 (0.06 to 0.5)
1
0.25
0.25

CTX-M
7 (12)
8 (89)
3 (60)
0 (0)
0 (0)
1 (100)

OXAb
11 (18)
5 (56)
2 (40)
0 (0)
0 (0)
0 (0)

SHV
56 (93)
0 (0)
1 (20)
0 (0)
0 (0)
0 (0)

TEM
53 (88)
1 (11)
3 (60)
0 (0)
0 (0)
0 (0)

KPCc
56 (93)
0 (0)
1 (20)
0 (0)
1 (100)
0 (0)

Total (77)

1 (0.12 to 8)

256 (0.5 to ⬎512)

32 (0.06 to ⬎64)

16 (0.06 to ⬎64)

19 (25)

18 (23)

57 (74)

57 (74)

58 (75)

aEighty-ﬁve

the literature is limited. We have published a study of 37 patients treated with
ceftazidime-avibactam for a variety of CRE infections (1) and a subsequent study
comparing patients treated with ceftazidime-avibactam to those receiving other treatment options for CRE bacteremia (2). In our experience, ceftazidime-avibactam was
efﬁcacious and well tolerated, but microbiologic failures occurred in 27% of patients
and ceftazidime-avibactam resistance emerged in 8% (1). Ceftazidime-avibactam resistance arose in KPC-3-producing Klebsiella pneumoniae isolates of a novel sequence type
(ST), ST258, clade II sublineage, which are phylogenetically distinct from previously
characterized ST258 clade II isolates (3).
Important questions remain about the effectiveness of ceftazidime-avibactam across
CRE infection types, the clinical and microbiologic features associated with poor
treatment outcomes, and the emergence of resistance. The objectives of this study
were to report our ongoing experience with ceftazidime-avibactam in the treatment of
CRE infections, determine risk factors associated with treatment failure and the emergence of resistance, and describe resistance mechanisms and the genomics of resistant
isolates.
RESULTS
Patients, microbiology, and treatment regimens. Seventy-seven consecutive
patients treated with ⱖ3 days of ceftazidime-avibactam were evaluated. The median
age was 62 years (range, 19 to 91); 61% (47/77) were men. The median Charlson
Comorbidity Index score was 4 (range, 0 to 10). Twenty-six percent (20/77) of patients
were transplant recipients (18 solid-organ and 2 bone marrow transplants). At the onset
of infection, median SAPS II and SOFA scores were 41 (range, 8 to 81) and 5 (range, 0
to 20), respectively. Infections included pneumonia (43% [33/77]), primary bacteremia
(26% [20/77]), urinary tract infection (UTI) (10% [8/77]), intra-abdominal infection (9%
[7/77]), skin/soft tissue infection (8% [6/77]), and mediastinitis, subdural empyema/
ventriculitis, and purulent tracheobronchitis (1% [1/77] each). Seventy-nine percent
(26/33) and 21% (7/33) of pneumonia cases were ventilator and health care associated,
respectively. Pyelonephritis was present in 50% (4/8) of UTIs; 25% (2/8) of UTIs resulted
in secondary bacteremia.
K. pneumoniae was the predominant pathogen (78% [60/77]), followed by Escherichia coli (12% [9/77]), Enterobacter cloacae (6% [5/77]), and Enterobacter aerogenes,
Serratia marcescens, and Klebsiella oxytoca (1 case each). All baseline CRE isolates were
resistant to at least one carbapenem, as determined by the University of Pittsburgh
Medical Center (UPMC) clinical microbiology laboratory, and susceptible to ceftazidimeavibactam, as determined using broth microdilution (Table 1) (median MIC, 1 g/ml;
range, 0.12 to 8 g/ml). By broth microdilution methods, 96% (74/77), 88% (68/77), and
78% (60/77) of isolates were nonsusceptible to ceftazidime, ertapenem, and meroMay 2018 Volume 62 Issue 5 e02497-17

aac.asm.org 2

Downloaded from http://aac.asm.org/ on May 8, 2021 by guest

percent (58/68) and 92% (55/60) of isolates that were not susceptible to ertapenem and meropenem, respectively, produced KPC. Non-KPC-producing
isolates (n ⫽ 19) generally carried extended-spectrum CTX-M (n ⫽ 15) or AmpC (n ⫽ 1) variant ␤-lactamases; 3 isolates did not harbor KPC or ESBL.
bNo isolate harbored an OXA-48 variant.
cOf KPC-producing isolates, 62% (36/58) had KPC-3 and 38% (22/58) had KPC-2.

Risk Factors for Cef-Avi Treatment Failure

Antimicrobial Agents and Chemotherapy

TABLE 2 Predicted versus actual mortality among patients treated with ceftazidimeavibactam for CRE infection
Scoring system
SAPS II

Score range
0–29
30–40
41–52
53–64
ⱖ65

Predicted mortality (%)a
⬍10
10–25
26–50
53–75
⬎77

Actual mortalityb
21 (4/19)
0 (0/18)
15 (3/20)
15 (2/13)
86 (6/7)

SOFA

0–6
7–9
10–12
13–14
15–24

⬍10
15–20
40–50
50–60
⬎80

9.5 (4/42)
21 (3/14)
22 (2/9)
0 (0/4)
75 (6/8)

aDerived

from previous publications validating the SAPS II (30) and SOFA (29) scores.
as a percentage (number of patients dying/total number of patients).
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bExpressed

penem, respectively. Seventy-ﬁve percent (58/77) of isolates harbored a blaKPC gene,
including 93% (56/60) of K. pneumoniae isolates. Fifty-eight percent (35/60) and 35%
(21/60) of K. pneumoniae isolates carried blaKPC-2 and blaKPC-3, respectively. No isolates
had genes encoding NDM, VIM, IMP, or OXA-48-like carbapenemases.
Ceftazidime-avibactam was administered as monotherapy or in combination regimens to 69% (53/77) or 31% (24/77) of patients, respectively. Combinations included
intravenous (i.v.) (n ⫽ 10), inhaled (n ⫽ 7), or both i.v. and inhaled (n ⫽ 2) gentamicin,
i.v. (n ⫽ 1) or intrathecal (n ⫽ 1) colistin, i.v. amikacin (n ⫽ 1), i.v. ciproﬂoxacin (n ⫽ 1),
and i.v. tigecycline (n ⫽ 1). The median ceftazidime-avibactam treatment duration was
14 days (range, 4 to 71 days).
Treatment outcomes. Thirty- and 90-day survival rates were 81% (62/77) and 69%
(54/72), respectively. Survival rates were higher than those predicted by SAPS II and
SOFA scores, in particular for scores in the ranges of 30 to 64 for SAPS II and 10 to 14
for SOFA (Table 2). Clinical success was achieved for 55% (42/77) of patients and did not
differ between those receiving monotherapy (56% [30/53]) and those receiving
combination therapy (50% [12/24], P ⫽ 0.62). Failures were due to death (n ⫽ 15),
recurrence (n ⫽ 11), or the absence of clinical improvement (n ⫽ 9). Success rates were
88% (7/8) for patients with urinary tract infections, 75% (15/20) for primary bacteremia,
67% (4/6) for skin/soft tissue infections, 43% (3/7) for intra-abdominal infections, 36%
for pneumonia (12/33), and 33% (1/3) for other infections. Seventeen percent (7/42) of
patients with 30-day clinical success had subsequent relapsing CRE infections at the
same or contiguous infection sites within 90 days; the median time to relapse was 38
days (range, 34 to 84 days). By multivariate analysis, pneumonia (odds ratio [OR], 3.10;
95% conﬁdence interval [CI], 1.03 to 9.34; P ⫽ 0.045) and receipt of renal replacement
therapy (RRT) (OR, 4.78; 95% CI, 1.03 to 22.20; P ⫽ 0.046) were independent predictors
of clinical failure (Table 3). The time to initiation of ceftazidime-avibactam treatment
was not associated with clinical failure.
Microbiologic failures occurred in 32% (25/77) of patients, due to recurrent/ongoing
infection (n ⫽ 14; within 30 days), relapsing infection (n ⫽ 9; within 31 to 90 days), or
colonization (n ⫽ 2). The median time to microbiologic failure was 21 days (range, 7 to
84 days) from the initiation of ceftazidime-avibactam therapy. Failures were caused by
K. pneumoniae (n ⫽ 22; 8 KPC-2- and 14 KPC-3-producing isolates) and E. coli (n ⫽ 3).
For K. pneumoniae speciﬁcally, microbiologic failures were more common among
KPC-3-producing isolates (67% [14/21]) than among KPC-2-producing isolates (23%
[8/35]) (P ⫽ 0.002). Across all patients, pneumonia was the only independent predictor
of microbiologic failure (OR, 2.71; 95% CI, 1.53 to 14.57; P ⫽ 0.007).
Ceftazidime-avibactam resistance and toxicity. Ceftazidime-avibactam resistance
developed in 10% (8/77) of all patients and in 14% (8/59) of patients infected with K.
pneumoniae. Thirty-two percent (8/25) of isolates associated with microbiologic failure
were ceftazidime-avibactam resistant. Resistance emerged in 22% (8/37) and 0% (0/19)
May 2018 Volume 62 Issue 5 e02497-17
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TABLE 3 Risk factors for clinical failure of ceftazidime-avibactam therapy among patients with CRE infection
Valueb for patients with:

Multivariate P value
(OR, 95% CI)c

Success (n ⴝ 42)

Failure (n ⴝ 35)

P value

29 (69)
64 (19–91)
9 (21)
4 (0–10)

18 (51)
59 (26–79)
9 (26)
5 (0–10)

0.16
0.22
0.79
0.86

Severity of illness
ICU at disease onset
Renal replacement therapy
SOFA score
SAPS II score

17 (40)
3 (7)
5 (0–18)
37 (8–62)

27 (77)
13 (37)
8 (0–20)
43 (17–81)

0.001
0.002
0.0007
0.04

Excluded
0.046 (4.78, 1.03–22.2)
0.13
0.98

12 (29)
15 (36)
7 (17)
3 (7)
4 (10)
1 (2)

21 (60)
5 (14)
1 (3)
4 (11)
2 (6)
2 (6)

0.01
0.04
0.07
0.70
0.68
0.59

0.045 (3.09, 1.03–9.34)

34 (81)
5 (12)
2 (5)
2 (5)

25 (71)
4 (11)
3 (9)
2 (6)

0.42
1.00
0.65
1.00

15 (36)
19 (45)
8 (19)

7 (20)
17 (49)
11 (31)

0.20
0.82
0.29

71 (15–162)
30 (71)

76 (3–168)
23 (66)

0.87
0.63

Infection characteristics
Infection type
Pneumonia
Primary bacteremia
Urinary tract infection
Intra-abdominal infection
Skin/soft tissue infection
Other
CRE pathogen
K. pneumoniae
E. coli
E. cloacae
Other
Presence of blaKPC
KPC-2
KPC-3
KPC negative
Treatment characteristics
Time to treatment initiation (h)
Ceftazidime-avibactam monotherapy
aStatistically

signiﬁcant risk factors for clinical failure of ceftazidime-avibactam are shown in boldface. ICU, intensive care unit.
for categorical variables are numbers (percentages) of patients with the risk factor. Values for continuous variables are medians (ranges).
cOR, odds ratio; CI, conﬁdence interval.
bValues

of KPC-3- and KPC-2-producing K. pneumoniae infections, respectively (P ⫽ 0.04).
Resistant isolates carried mutant blaKPC-3 encoding variant KPC-3 enzymes (Table 4; see
also Table S1 in the supplemental material). Most mutations were within the KPC-3
⍀-loop; a variant with a tyrosine-for-aspartic acid substitution at Ambler amino acid
position 179 (D179Y), alone or in combination with other mutations, was identiﬁed in
88% (7/8) of patients. Less commonly, mutations were identiﬁed outside the ⍀-loop,
including a glycine-for-valine substitution at amino acid 240 (V240G), which corresponds to KPC-8. Meropenem MICs against isolates carrying variant KPC-3 enzymes
were decreased by ⱖ4-fold (Table S1). Resistance developed following a median of 15
days (range, 7 to 31 days) of ceftazidime-avibactam therapy. Receipt of RRT was a
strong independent predictor of the development of ceftazidime-avibactam resistance
among patients with microbiologic failures (Table 5) (OR, 26.67; 95% CI, 2.24 to 317.1;
P ⫽ 0.009). All cases of resistance were due to KPC-3, so this variable was excluded from
multivariate analysis.
Overall, 21% (16/77) of patients required RRT at the time of treatment initiation.
Among the remaining patients, 11% (7/61) developed acute kidney injury (AKI; deﬁned
by a 1.5⫻ increase in serum creatinine levels from baseline [4]) within 7 days of
treatment initiation, including one and two patients receiving concomitant colistin and
aminoglycosides, respectively.
Phylogenetic analysis. Whole-genome sequences of baseline (n ⫽ 8) and postexposure (n ⫽ 15) K. pneumoniae isolates from patients in whom resistance emerged were
compared to those of 22 ST258 clade II isolates from our center and others (Fig. 1). For
May 2018 Volume 62 Issue 5 e02497-17
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Risk factora
Demographics and underlying conditions
Male gender
Age (yr)
Solid-organ transplant recipient
Charlson Comorbidity Index

49 (F)

58 (F)

73 (M)

67 (M)

43 (F)

59 (M)

60 (F)

68 (M)

Pta

1

2

3

4

5

6

7

8

ST258, KPC-3-producing
CRKP

ST258, KPC-3-producing
CRKP

ST258, KPC-3-producing
CRKP

ST258, KPC-3-producing
CRKP

ST258, KPC-3-producing
CRKP

ST258, KPC-3-producing
CRKP
ST258, KPC-3-producing
CRKP

ST258, KPC-3-producing
CRKP

CRE pathogend

Pneumonia

Pneumonia

Pneumonia

Pneumonia

Pneumonia

Intra-abdominal
infection
Pneumonia

Pneumonia

CRRT

iHD

47

iHD

CRRT

113

CRRT

51

Baseline
creatinine
clearance
(ml/min)e

bM,

patient.
male; F, female.
cs/p, status post.
dCRE, carbapenem-resistant Enterobacteriaceae; CRKP, carbapenem-resistant K. pneumoniae.
eCRRT, continuous renal replacement therapy; iHD, intermittent hemodialysis.
fC-A, ceftazidime-avibactam; q8h, every 8 h.
gTwo morphologies isolated from the same biologic specimen.

Double lung transplant

Double lung transplant

Coronary artery disease,
diabetes mellitus

Double lung transplant

Esophageal cancer s/p
esophagectomy

Morbid obesity s/p gastric
sleeve surgery
Esophageal cancer s/p
esophagectomy

Double lung transplant

Underlying diseasec

Type of initial
infection

C-A, 2.5 g i.v. q8h
(14); i.v. and
inhaled gentamicin
(12)

C-A, 0.94 g i.v. q48h
(7)

C-A, 2.5 g i.v. q8h (11)

C-A, 0.94 g i.v. q48h
(11)

C-A, 1.25 g i.v. q8h
(15); inhaled
gentamicin (15)

C-A, 0.94 g i.v. q12h
(19)
C-A, 2.5 g i.v. q8h (15)

C-A, 2.5 g i.v. q8h (10)

Initial treatmentf
(days)

Failure

Failure

Failure

Failure

Failure

Success

Failure

Failure

Clinical
outcome
at 30 days

61

42

33

101

7

26

7

74

72

25

76

34
58

41

28

14

Relapsing tracheobronchitis, treated
with C-A and inhaled gentamicin
for 17 days
Persistent tracheobronchitis, treated
with meropenem and gentamicin
for 11 days until death

Recurrent pneumonia, treated with
meropenem and colistin for 14
days and survived
Relapsing intra-abdominal infection,
treated with C-A for an additional
15 days
Relapsing bacteremia, treated with
meropenem for 14 days and
survived
Relapsing pneumonia, treated with
C-A for 4 additional days prior to
death
Persistent pneumonia, treated with
doripenem and gentamicin for 14
days
Respiratory colonization, not treated
and survived
Breakthrough bacteremia, treated
with C-A for an additional 18 days
Respiratory colonization, not treated
and survived
Respiratory colonization, not treated

Reinfection: pneumonia, treated with
C-A for an additional 14 days
Persistent pneumonia, treated with
meropenem and gentamicin until
death
Urine colonization, not treated and
survived
Respiratory colonization, not treated
Respiratory colonization, not treated

Time to
microbiologic Causes of microbiologic failure and
failure (days) outcome at 90 days
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aPt,

Age
(sex)b

TABLE 4 Clinical and microbiologic characteristics of patients in whom ceftazidime-avibactam resistance developed

Not applicable

Not applicable

2

Not applicable

4

Not applicable

2

2

Not applicable

1

Not applicable

2
Not applicable

4

Not applicable

2

Pretreatment
isolate

64
128g
2
64g

32
⬎256g

64

1) 2
2) 4g
2

64

1) 4
2) 32g
1

64

64

128

256

1)
2)
2
1)
2)
1)
2)

1) 32
2) 256g
256

D179Y

1) Wild type
2) Wild type
Wild type

166–167 EL ins

1) Wild type
2) D179Y
Wild type

D179Y

D179Y

A177E D179Y

A177E D179Y

1) V240G
2) D179Y
Wild type
1) D179Y
2) D179Y
1) Wild type
2) D179Y

1) D179Y T243M
2) D179Y T243M
D179Y T243M

KPC-3 variant of
Posttreatment posttreatment
isolate
isolate

C-A MIC (g/ml) for:
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TABLE 5 Risk factors for ceftazidime-avibactam resistance among patients with microbiologic failure
Valueb for patients with:
Risk factora
Demographics and underlying conditions
Male gender
Age (yr)
Solid organ transplant recipient
Charlson Comorbidity Index
Severity of illness
ICU at disease onset
Renal replacement therapy
SOFA score
SAPS II score

Resistance
(n ⴝ 8)

No resistance
(n ⴝ 17)

P value

4 (50)
63 (43–73)
4 (50)
4.5 (2–7)

13 (76)
65 (29–79)
3 (18)
7 (0–10)

0.36
0.98
0.16
0.68

7 (88)
5 (63)
6.5 (2–14)
37.5 (23–75)

12 (67)
1 (6)
5 (2–19)
43 (17–78)

0.63
0.006
0.68
0.38

7 (88)
0 (0)
0 (0)
1 (13)
0 (0)

8 (47)
5 (29)
3 (18)
0 (0)
1 (6)

0.09
0.14
0.53
0.32
1.00

8 (100)
0 (0)
8 (100)
8 (100)

14 (82)
3 (18)
14 (82)
6 (35)

0.53
0.53
0.53
0.003

Treatment characteristics
Time to treatment initiation (h)
Duration of initial treatment (days)
Ceftazidime-avibactam monotherapy

74 (3–214)
13.5 (10–25)
6 (75)

62 (46–114)
14 (4–71)
11 (65)

0.17
0.38
1.00

0.31

0.009 (26.67, 2.24–317.1)

0.23

Excluded

0.52

aStatistically

signiﬁcant risk factors for ceftazidime-avibactam resistance are shown in boldface. ICU, intensive care unit.
for categorical variables are numbers (percentages) of patients with the risk factor. Values for continuous variables are medians (ranges).
cKPC-3 was excluded from multivariate analysis because all cases of resistance were due to KPC-3-producing isolates. OR, odds ratio; CI, conﬁdence interval.
bValues

seven patients, ceftazidime-avibactam-susceptible baseline isolates and resistant postexposure isolates clustered within the novel ST258 clade II sublineage that we reported
previously (3). The 21 isolates from these patients were phylogenetically distinct from
reference ST258 clade II K. pneumoniae isolates from our center and others in the
United States. In contrast, baseline and postexposure isolates from patient 6 did not
cluster within previously deﬁned ST258 clade II lineages (Fig. 1) (3). Within individual
patients, the median number of core genome single nucleotide polymorphisms (SNPs)
between baseline and subsequent isolates was 20; however, the isolates from patient
6 differed from all other isolates by a median of 157 SNPs. Antibiotic resistance genes
and plasmids carried by baseline and postexposure isolates are presented in Table S1
in the supplemental material.
DISCUSSION
This is the largest single-center study to date of patients treated with ceftazidimeavibactam. Our ﬁndings corroborate previous data from our center and others on
clinical outcomes among patients receiving ceftazidime-avibactam for CRE infections
(1, 2, 5–8), as well as preliminary data from our center on the rates and mechanisms of
resistance (1, 3, 9, 10). The study also reports new ﬁndings, that pneumonia and RRT
are independent risk factors for clinical failure of ceftazidime-avibactam treatment
and independent risk factors for microbiologic treatment failure and the emergence
of resistance, respectively. Our experience provides important insights into the
clinical utility of ceftazidime-avibactam against CRE infections and the challenges
and unanswered questions facing clinicians as they seek to use the agent most
effectively.
May 2018 Volume 62 Issue 5 e02497-17
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Infection characteristics
Infection type
Pneumonia
Primary bacteremia
Urinary tract infection
Intra-abdominal infection
Other
CRE pathogen
K. pneumoniae
E. coli
Presence of blaKPC
KPC-3

Multivariate P value
(OR, 95% CI)c

Risk Factors for Cef-Avi Treatment Failure
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FIG 1 Phylogenetic comparison of ST258 clade II K. pneumoniae isolates from our center and others in the United States. The phylogenetic tree, based on core
genome SNP analysis, was generated with the use of the maximum-likelihood optimality criterion. Branch lengths are proportional to the number of
evolutionary changes, and all nodes had 100% bootstrap support. Twenty-three K. pneumoniae isolates from the present study and 22 isolates collected from
hospitals in New York, New Jersey, Pennsylvania, Maryland, and Michigan in previous studies (41–43) were included. Isolates from our medical center
are indicated by red lines. The colored ovals indicate the previously deﬁned ST258 clade II sublineage associated with ceftazidime-avibactam resistance
(orange) (3), the reference ST258 clade II lineage (green), and two distinct isolates from a single patient who developed ceftazidime-avibactam resistance
(blue).

Overall 30-day survival and clinical success rates among our patients were 81% and
55%, respectively. Ceftazidime-avibactam treatment was not associated with excess
mortality, compared to that predicted by SAPS II or SOFA scores (Table 2). In fact,
among patients with middle-range SAPS II or SOFA scores, the mortality observed was
less than that expected. Patients’ outcomes differed strikingly by the type of infection.
The clinical success rate for treating pneumonia, the most common infection in our
cohort, was only 36%. In contrast, clinical success rates were 75%, 88%, and 67% for
treating primary bacteremia, UTIs, and skin/soft tissue infections, respectively. By
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combining our data with those from other centers (5, 8), clinical success rates for
ceftazidime-avibactam treatment of pneumonia and bacteremia are 43% (24/56) and
65% (45/69), respectively (P ⫽ 0.02). A previous study from our center reported that
survival and clinical success rates were signiﬁcantly higher if ceftazidime-avibactam,
rather than other regimens, was used to treat carbapenem-resistant K. pneumoniae
bacteremia (2). In a recent multicenter observational study of 137 patients with CRE
infections, patients initially treated with ceftazidime-avibactam had lower rates of
all-cause 30-day hospital mortality than patients initially treated with colistin (11). We
reported previously that nephrotoxicity was signiﬁcantly more likely with colistin- or
aminoglycoside-containing regimens than with ceftazidime-avibactam (2). Here, AKI
was documented in 11% of patients who were not on RRT at baseline; 43% of these
patients were receiving colistin or an aminoglycoside with ceftazidime-avibactam.
Therefore, a growing body of data demonstrates that ceftazidime-avibactam is a major
advance in the treatment of CRE infections, offering an effective and well-tolerated
alternative to salvage regimens.
It is not clear if ceftazidime-avibactam pharmacokinetics-pharmacodynamics contribute to worse outcomes among patients with CRE pneumonia. In healthy volunteers,
both ceftazidime and avibactam demonstrated rapid penetration into the epithelial
lining ﬂuid (ELF), achieving average concentrations that were ⬃30% of those in plasma
(12). These concentrations generally exceeded those that are effective in animal
pneumonia models (13). However, there is no evidence as yet to support similar
exposures among critically ill patients. Furthermore, the geometric mean maximum
concentration [Cmax] of avibactam in ELF of healthy volunteers was 5.1 mg/liter, well
below the concentration (8 mg/liter) that suppressed resistance ampliﬁcation of a
KPC-producing K. pneumoniae isolate in the hollow-ﬁber infection model (14). The
importance of ELF avibactam exposures for patient outcomes or the development of
resistance is unknown.
In a recently completed phase 3 randomized controlled trial, ceftazidime-avibactam
was noninferior to meropenem among 527 clinically evaluable patients with nosocomial pneumonia. Clinical cure rates at the test-of-cure (TOC) visit were 77% (96/125) and
79% (103/131) for ceftazidime-avibactam and meropenem, respectively, among patients in the extended microbiologically evaluable population. Only six isolates in the
study were CRE (ﬁve K. pneumoniae isolates and one Serratia marcescens isolate). The
mortality rate among 56 patients with CRE pneumonia at our center and others who
were treated with ceftazidime-avibactam is 39% (5, 8), which falls within the 34-to-41%
range reported for 302 patients with CRE pneumonia in cohort studies prior to the
availability of ceftazidime-avibactam (15–18). Further studies are needed to determine
if poor pneumonia outcomes are due to underlying comorbid conditions and the
severity of illness or to drug failure.
RRT was independently associated with ceftazidime-avibactam clinical failure and
the emergence of resistance, suggesting that RRT may lead to inadequate drug
exposures. Optimal dosing of ceftazidime-avibactam in patients with renal insufﬁciency,
particularly those receiving continuous RRT (CRRT), is an ongoing challenge for clinicians. There are currently no ceftazidime-avibactam dosing recommendations in the
setting of CRRT, and doses administered to patients differ considerably (1). A recent
report described a patient on continuous venovenous hemoﬁltration (CVVH) who
received 1.25 g ceftazidime-avibactam i.v. every 8 h and had adequate exposures
throughout the dosing interval (19). The calculated mean CVVH extraction ratio percentages were 14.4% and 11.5% for ceftazidime and avibactam, respectively. Devising
and validating ceftazidime-avibactam dosing strategies among patients requiring RRT,
and CRRT speciﬁcally, are pressing priorities.
Ceftazidime-avibactam resistance emerged in 10% of patients, including 14% and
32% of those with KPC-producing K. pneumoniae infections and microbiologic treatment failures, respectively. The mechanisms of resistance were mutations in plasmidborne blaKPC-3, which resulted in variant KPC-3 enzymes. As reported previously, KPC-3
variants were generally associated with the restoration of carbapenem susceptibility
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(Table S1 in the supplemental material) (3, 9, 10). The predominant mutation was
D179Y within the KPC-3 ⍀-loop, which forms the ﬂoor of the ␤-lactamase active site (3).
In one patient, we identiﬁed a previously unreported KPC-3 variant (insertion of
glutamic acid and leucine at amino acids 166 to 167 [166 –167 EL ins]). Similar
mutations have been selected during ceftazidime-avibactam exposure in vitro (20). It is
not clear if a novel ST258 clade II K. pneumoniae sublineage at our center is particularly
predisposed to KPC mutations and ceftazidime-avibactam resistance. Finally, clinicians
should be aware that ceftazidime-avibactam resistant isolates may be reported
as extended-spectrum-␤-lactamase-producing, carbapenem-susceptible isolates
rather than KPC-producing isolates (3, 10). Therefore, ceftazidime-avibactam susceptibility testing should be performed on all isolates recovered in cases of microbiologic
treatment failure, regardless of the reported phenotype.
Combination therapy has been advocated as a strategy to improve clinical outcomes of CRE infections and prevent the emergence of further resistance (21–23). In a
recent large retrospective multicenter study of CRE bacteremia that did not include
treatment with ceftazidime-avibactam (24), combination therapy with active agents
was not associated with an overall mortality rate lower than that for monotherapy with
an active agent. However, combination therapy was associated with lower mortality in
the subset of patients with higher severity-of-illness scores. Ceftazidime-avibactam
combination therapy has not been linked with improved outcomes across retrospective
cohort studies (1, 5, 8). In the present study, clinical success rates were nearly identical
among patients receiving ceftazidime-avibactam monotherapy or combination therapy. In
retrospective studies, it is impossible to rule out indication bias as an explanation for the
lack of beneﬁt with ceftazidime-avibactam combination regimens. Our data indicate that
the administration of ceftazidime-avibactam was delayed by an average of 3 days from the
time of culture collection. In the future, it will be important to determine if rapid CRE
detection assays can shorten times to treatment with ceftazidime-avibactam (or other
appropriate agents) and improve outcomes.
This study is limited by its single-center, retrospective design. We acknowledge that
our results may not be representative of the experience at other institutions. Nevertheless, our report offers new insights into the utility and limitations of ceftazidimeavibactam across CRE infection types. Moving forward, priorities are to identify dosing
and therapeutic regimens that improve upon the poor outcomes among patients with
pneumonia and those receiving RRT. Ceftazidime-avibactam was approved by the FDA
for the treatment of complicated UTIs and complicated intra-abdominal infections, but
at many centers such as ours, its primary use will be in treating diverse CRE and other highly
resistant bacterial infections. For this reason, it is important for clinicians to share their
real-world experiences, so that the community can learn how to employ ceftazidimeavibactam most rationally. This mandate also holds for newly FDA approved agents, such
as meropenem-vaborbactam, as they reach the clinic. Studies that characterize strain
genomes, plasmid content, and resistance mechanisms will be necessary in order to reﬁne
CRE treatment paradigms.
MATERIALS AND METHODS
Study design and deﬁnitions. We conducted a retrospective study of patients with CRE infections
who were treated with ceftazidime-avibactam for ⬎48 h at the University of Pittsburgh Medical Center
between April 2015 and April 2017. This study includes 38 patients who were previously reported from
our center (1–3, 25).
CRE was deﬁned by current Centers for Disease Control criteria as resistance to any carbapenem as
determined by automated susceptibility testing methods (MicroScan; Beckman Coulter, Inc., Indianapolis,
IN) in the clinical microbiology laboratory (26). A standard dosage of 2.5 g given intravenously (i.v.) every
8 h was used, with adjustments for renal impairment made according to manufacturer recommendations
(27). Combination therapy was deﬁned as concomitant administration (ⱖ72 h) of another agent to which
the CRE isolate was susceptible in vitro. Types of CRE infection were classiﬁed according to National
Healthcare Safety Network (NHSN) criteria (28). Severity of illness was calculated using the simpliﬁed
acute physiology (SAPS II) and sequential organ failure assessment (SOFA) scores (29, 30). Clinical success
was deﬁned as survival and absence of recurrence at 30 days following the onset of infection, resolution
of signs and symptoms of infection, and the absence of microbiologic failure. Patient outcomes were
determined by at least two independent investigators (from among R.K.S., M.H.N., and C.J.C.); in the
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event of disagreement, cases were adjudicated by a third investigator. Microbiologic failure was
deﬁned as isolation of the same species following ⱖ7 days of ceftazidime-avibactam treatment.
Recurring and relapsing infections were deﬁned by microbiologic failure and concomitant signs of
infection within 30 and 31 to 90 days of onset, respectively. Acute kidney injury (AKI) was deﬁned
by modiﬁed KDIGO guidelines as a 1.5⫻ increase in baseline serum creatinine levels within 7 days
of treatment initiation (4).
CRE isolate characterization. MICs were measured for ceftazidime, ceftazidime-avibactam, ertapenem, and meropenem using reference Clinical and Laboratory Standards Institute (CLSI) broth microdilution methods; avibactam was tested at a ﬁxed concentration of 4 g/ml (31). Quality control (QC) was
performed with Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 700603, and Pseudomonas
aeruginosa ATCC 27853; all QC MICs were within the speciﬁed ranges (32). The presence or absence of
␤-lactamases was determined for all baseline CRE isolates as described previously (33, 34). In cases in
which ceftazidime-avibactam resistance arose, baseline and postexposure isolates underwent wholegenome sequencing as described previously (3). In brief, core genome single nucleotide polymorphism
(SNP) analysis was performed using BWA (35) and SAMtools (36), and a phylogenetic tree was generated
using RAxML 8.0.0 (37) based on concatenated core SNPs. Twenty-two additional ST258 clade II genomes
from a previous study were included for comparison (3). Sequences were assembled de novo using
SPAdes 3.10.1 (38), followed by acquired resistance gene in silico mining using ResFinder (39). Plasmid
replicon identiﬁcation was performed using PlasmidFinder (40), as well as a BLASTN search against the
complete sequenced plasmid database in GenBank.
Univariate comparisons between groups were made by the Fisher’s exact test (for categorical
variables) and Mann-Whitney U test (for continuous variables). Multivariate logistic regression was
performed with backward selection procedures using covariates with a P value of ⬍0.20 on univariate
analysis. Signiﬁcance was deﬁned as a P value of ⱕ0.05 (two-tailed).
Accession number(s). The sequence data obtained in this study have been deposited in NCBI under
BioProject number PRJNA326665.
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