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Background. The global emergence of carbapenem-resistant Enterobacteriaceae highlights the urgent need to reduce carbape-

nem dependence. The phase 3 RECAPTURE program compared the efficacy and safety of ceftazidime-avibactam and doripenem in

patients with complicated urinary tract infection (cUTI), including acute pyelonephritis.

Methods. Hospitalized adults with suspected or microbiologically confirmed cUTI/acute pyelonephritis were randomized 1:1 to

ceftazidime-avibactam 2000 mg/500 mg every 8 hours or doripenem 500 mg every 8 hours (doses adjusted for renal function), with

possible oral antibiotic switch after ≥5 days (total treatment duration up to 10 days or 14 days for patients with bacteremia).

Results. Of 1033 randomized patients, 393 and 417 treated with ceftazidime-avibactam and doripenem, respectively, were eli-

gible for the primary efficacy analyses; 19.6% had ceftazidime-nonsusceptible baseline pathogens. Noninferiority of ceftazidime-

avibactam vs doripenem was demonstrated for the US Food and Drug Administration co-primary endpoints of (1) patient-reported

symptomatic resolution at day 5: 276 of 393 (70.2%) vs 276 of 417 (66.2%) patients (difference, 4.0% [95% confidence interval {CI},

−2.39% to 10.42%]); and (2) combined symptomatic resolution/microbiological eradication at test of cure (TOC): 280 of 393 (71.2%)

vs 269 of 417 (64.5%) patients (difference, 6.7% [95% CI, .30% to 13.12%]). Microbiological eradication at TOC (EuropeanMedicines

Agency primary endpoint) occurred in 304 of 393 (77.4%) ceftazidime-avibactam vs 296 of 417 (71.0%) doripenem patients (dif-

ference, 6.4% [95% CI, .33% to 12.36%]), demonstrating superiority at the 5% significance level. Both treatments showed similar

efficacy against ceftazidime-nonsusceptible pathogens. Ceftazidime-avibactam had a safety profile consistent with that of ceftazidime

alone.

Conclusions. Ceftazidime-avibactam was highly effective for the empiric treatment of cUTI (including acute pyelonephritis),

and may offer an alternative to carbapenems in this setting.

Clinical Trials Registration. NCT01595438; NCT01599806.
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Urinary tract infections (UTIs) are a substantial cause of global

morbidity, mortality, and healthcare expenditure [1, 2].UTIs are

considered complicated (cUTI) when associated with acute py-

elonephritis, chronic urinary retention in men, or obstruction,

urinary catheters, recent urinary instrumentation, or urologic

abnormalities [3, 4]. The gram-negative bacteria frequently

implicated in cUTI, including various Enterobacteriaceae (par-

ticularly Escherichia coli, Klebsiella pneumoniae, and Proteus

mirabilis), and Pseudomonas aeruginosa [5–7], often harbor

multidrug resistancemechanisms (particularly extended-spectrum

β-lactamases [ESBLs]) that limit the effectiveness of antibiotics

previously considered first-line treatments [5, 8–10]. The risks of

initial antimicrobial therapy failure, which include increased

mortality [11–13], are thus driving ever-increasing reliance on

carbapenems. The global emergence of carbapenem-resistant En-

terobacteriaceae and P. aeruginosa [14–17] is undermining the ef-

fectiveness of the carbapenems, and highlights the urgent need for

new antimicrobial treatments [18, 19].

Ceftazidime-avibactam combines ceftazidime and avibactam, a

first-in-class non–β-lactam β-lactamase inhibitor which restores

the in vitro activity of ceftazidime against Ambler class A (eg,

ESBL and K. pneumoniae carbapenemase), class C (eg, AmpC),

and some class D β-lactamase–producing bacteria [20, 21]; it is

not active against metallo-β-lactamases. Ceftazidime-avibactam
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(2000 mg/500 mg every 8 hours) was approved by the US Food

and Drug Administration (FDA) [22]based on phase 2 data (in-

cluding a phase 2 cUTI trial [NCT00690378] evaluating effica-

cy and safety of ceftazidime-avibactam 500 mg/125 mg every 8

hours [23]) for the treatment of cUTI, including acute pyelone-

phritis, and complicated intra-abdominal infections (in combi-

nation with metronidazole) in adults with limited/no alternative

treatment options. Approval of ceftazidime-avibactam has also

been granted by the European Medicines Agency (EMA) based

on additional data from the phase 3 RECAPTURE program,

which evaluated the efficacy and safety of ceftazidime-avibactam

(2000 mg/500 mg every 8 hours) in patients with cUTI including

acute pyelonephritis.

METHODS

Study Design and Participants

RECAPTURE 1 and 2 comprised 2 identical phase 3, random-

ized, multicenter, double-blind, double-dummy, parallel-group

trials designed incorporating FDA and EMA guidance [24, 25].

All patients (or their legal representatives) provided written

informed consent. The studies were conducted in accordance

with Good Clinical Practice guidelines and the Declaration of

Helsinki. Protocols (available at: www.astrazenecaclinicaltrials.

com) were approved by study sites’ independent ethics commit-

tees and/or institutional review boards.

The Supplementary Appendix lists full inclusion/exclusion cri-

teria. In brief, eligible patients were aged 18–90 years, and had

cUTI or acute pyelonephritis considered by the investigator to

be serious and requiring hospitalization for intravenous (IV) an-

tibiotic therapy. Diagnosis was based on positive urine cultures

obtained within 48 hours of enrollment showing 1–2 gram-

negative uropathogens at ≥105 colony-forming units (CFU)/mL,

and pyuria. Complicated UTI without pyelonephritis was defined

as presence of ≥2 symptoms, including ≥1 UTI-specific symptom

(dysuria, urgency, frequency, and suprapubic pain with onset/

worsening within the previous 7 days) as well as ≥1 complicating

factor. Acute pyelonephritis was indicated by flank pain with

onset/worsening within the previous 7 days, and/or costovertebral

angle tenderness, with fever and/or nausea/vomiting. Patients

could be enrolled before cultures were available, providing that

positive results were expected, the study drugs were considered

appropriate empiric therapy, and a urine Gram stain showed

gram-negative bacilli and no gram-positive bacteria. Indwelling

bladder catheters in place for >24 hours had to be removed or re-

placed (unless considered unsafe or contraindicated) before the

baseline urine collection. Standardized catheter management

guidelines (Supplementary Appendix) were followed.

Key exclusion criteria included complete obstruction of any

portion of the urinary tract, perinephric or intrarenal abscess,

or prostatitis; UTI symptoms potentially attributable to another

process; urinary diversion or vesicoureteral reflux; creatinine

clearance (CrCl)≤30 mL/minute (including patients on dialysis).

Randomization and Masking

Eligible patients were randomized 1:1 to ceftazidime-avibactam

2000 mg/500 mg every 8 hours or doripenem 500 mg every 8

hours (see Supplementary Appendix for renal dose adjustment

protocol) using a computer-generated central randomization

code and an interactive voice/web response system. Randomiza-

tion was stratified by baseline infection type (acute pyelonephri-

tis or cUTI) and region (North America and Western Europe,

Eastern Europe, and rest of world); randomization codes were

assigned sequentially within each stratum using a block size

of 4. Ceftazidime-avibactam was administered as 2 concurrent

1-hour IV infusions and doripenem as a 1-hour IV infusion fol-

lowed by a 1-hour matching dummy (placebo) infusion to

maintain blinding.

Patients meeting prespecified clinical improvement criteria

(Supplementary Appendix) after ≥5 days of IV therapy could

be switched to oral ciprofloxacin (500 mg every 12 hours) or

sulfamethoxazole-trimethoprim (800 mg/160 mg every 12

hours) for those with a fluoroquinolone-resistant pathogen, ad-

ministered approximately 8 hours after the last dose of IV treat-

ment. Total study treatment duration (IV plus optional oral

therapy) was 10 days, or up to 14 days for patients with bacter-

emia at baseline.

Study Procedures

The schedule of procedures (Supplementary Appendix) includ-

ed urine collections for quantitative culture as well as blood cul-

tures at baseline and as clinically indicated. Routine pathogen

identification and susceptibility testing were performed at

local laboratories, including study drug susceptibility assessed

by Clinical and Laboratory Standards Institute (CLSI) disk

diffusion methodology; all isolates were shipped to a central

reference laboratory (Covance Central Laboratory Services

Inc., Indianapolis, Indiana) for identification confirmation

and CLSI broth microdilution susceptibility testing [26].

Assessments (Supplementary Appendix) included a patient

symptom assessment questionnaire (PSAQ). Patient-reported

symptomatic responses were derived programmatically from

the PSAQ as resolution, persistence, or indeterminate. Microbi-

ological outcomes were classified as eradication, persistence,

persistence with increasing minimum inhibitory concentration

(MIC), or indeterminate. Per-patient and per-pathogen micro-

biological responses were assessed as favorable (ie, eradication),

unfavorable (ie, persistence or persistence with increasing MIC),

or indeterminate. Investigator-determined clinical responses

were assessed as cure, failure, or indeterminate.

Primary Endpoints

Separate primary efficacy endpoints were defined for the FDA

and the EMAwith guidance from the respective authorities. The

FDA co-primary endpoints were (1) the proportion of patients

with symptomatic resolution (or return to premorbid state) of

UTI-specific symptoms, except flank pain, with resolution or
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improvement in flank pain from baseline at the day 5 visit

(based on the PSAQ); (2) the proportion of patients with

both microbiological eradication and symptomatic resolution

(or return to premorbid state) of all UTI-specific symptoms at

test of cure (TOC) (21–25 days post-randomization) in the mi-

crobiological modified intent-to-treat (mMITT) population.

The EMA primary endpoint was the proportion of patients

with a favorable per-patient microbiological response (ie, erad-

ication) at TOC in the mMITT population.

Secondary and Exploratory Endpoints

Secondary endpoints included per-patient microbiological re-

sponse at end of IV study treatment (EOT [IV]) and late fol-

low-up (LFU; 45–52 days post-randomization); per-patient and

per-pathogen microbiological response at TOC and LFU in pa-

tients with ≥1 ceftazidime-nonsusceptible (based on CLSI break-

points [26]) or only ceftazidime-susceptible pathogens isolated at

baseline; investigator-determined clinical cure at EOT (IV), TOC,

and LFU; sustained clinical cure at LFU; and safety. Exploratory

endpoints included per-patient and per-pathogen microbiologi-

cal response using a cutoff of 103 CFU/mL.

Statistical Analysis

Data from the 2 studies were analyzed as a single dataset. The

safety population included all patients who received any IV

study therapy. The mMITT population comprised all random-

ized patients with minimum disease criteria and eligible base-

line pathogen(s). The microbiologically evaluable (ME),

extended ME (eME), and clinically evaluable populations (Sup-

plementary Appendix) were used to verify the primary analyses,

and perform secondary and exploratory analyses. Sample size

was calculated using nQuery version 7 (Statistical Solutions

Ltd, Cork, Ireland) using the Newcombe-Wilson score method

(uncorrected) [27]. The sample size across the combined study

database ensured 90% power for a 10.0% noninferiority margin

and 95% power for a 12.5% noninferiority margin. Assuming

both treatments had an underlying true response of >73.5%

for each co-primary endpoint, and that the mMITT population

included 85% of randomized patients, a sample size of 964

patients was required. Between-group treatment differences

and 2-sided 95% confidence intervals (CIs) were determined

using the Miettinen and Nurminen unstratified method [28].

For each primary endpoint, noninferiority of ceftazidime-avi-

bactam vs doripenem was considered demonstrated if the

lower limit of the 2-sided 95% CI around the treatment differ-

ence was greater than −12.5% (EMA) or greater than −10.0%

(FDA).

Sensitivity analyses for the primary efficacy variables includ-

ed (1) adjusting for prespecified stratification factors (type of in-

fection, region, and protocol [ie, RECAPTURE 1 or 2]) using

the Miettinen and Nurminen stratified method with Cochran-

Mantel-Haenszel weights for the stratum weights; (2) treating

indeterminate response as favorable response; and (3)

considering symptomatic response at day 5 using a last post-

baseline completed questionnaire carried-forward approach.

Subgroup analyses assessed the impact of protocol, age group,

sex, race, infection type (acute pyelonephritis or cUTI without

pyelonephritis), region, baseline CrCl, bacteremia, and prior an-

tibiotic usage on the primary efficacy variables. All analyses

were performed using SAS version 9.1 or higher (SAS Institute,

Cary, North Carolina).

RESULTS

Patients

Between October 2012 and August 2014, 1033 patients at 160

centers in 25 countries were randomized (Supplementary

Table 1), and 1020 received ≥1 dose of IV study drug (Figure 1).

The mMITT population comprised 810 patients; 227 (28.0%)

had cUTI without pyelonephritis and 583 (72.0%) had acute py-

elonephritis, of whom 64 (7.9%) had ≥1 complicating factor

and ≥2 symptoms, thus also meeting the cUTI enrollment cri-

teria (Table 1). Premorbid and baseline PSAQ scores were sim-

ilar between groups (data not shown).

Most patients (801/810 [98.9%]) had a single baseline

uropathogen; 9 patients each had 2 pathogens. Uropathogens

identified in ≥10 patients in either group are shown in Table 1.

E. coli was the most frequently isolated pathogen from urine and

blood. In the mMITT population, ceftazidime-nonsusceptible

pathogens were identified in 159 (19.6%) patients (ceftazi-

dime-avibactam, n = 75; doripenem, n = 84); most were E. coli

or K. pneumoniae. Twenty-seven patients had baseline patho-

gens potentially nonsusceptible to ceftazidime-avibactam

(breakpoints were provisional at time of study) or doripenem

(19 isolates nonsusceptible to doripenem, 5 to doripenem and

ceftazidime-avibactam, 1 to ceftazidime-avibactam only, and 7

had missing susceptibility data/breakpoint undefined).

Treatments

Median durations of IV therapy (safety population) were 7 and

8 days for ceftazidime-avibactam and doripenem, respectively;

992 of 1020 (97.3%) patients received 5‒14 days of IV treatment.

In the mMITT population, 468 (57.7%) patients switched to

oral antibiotics after day 5; 188 and 207 ceftazidime-avibactam

and doripenem patients, respectively, switched to ciprofloxacin,

23 and 33 switched to sulfamethoxazole-trimethoprim, and 10

and 7 received alternative antibiotics.

Primary Endpoints

The efficacy analyses are summarized in Table 2. Noninferiority

of ceftazidime-avibactam vs doripenem was demonstrated for

the FDA co-primary endpoints (prespecified margin of −10%),

as well for the EMA primary endpoint (prespecified margin

of −12.5%). The lower limit of the 2-sided 95% CI for the

treatment difference for the EMA primary endpoint was also

>0%, showing superiority of ceftazidime-avibactam at the 5%

significance level. The primary efficacy results were generally
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consistent across the mMITT, eME, and ME populations,

and sensitivity analyses confirmed the robustness of the results

(data not shown). Subgroup analyses of the primary endpoints

(Supplementary Figures 1–3) were largely consistent across

various baseline patient characteristics, with point estimates of

treatment difference generally favoring ceftazidime-avibactam;

exceptions were bacteremia for FDA co-primary endpoint 1,

and moderate renal impairment (CrCl 30–50 mL/minute) for

FDA co-primary endpoint 2 and the EMA primary endpoint.

Across treatment groups, fewer patients with cUTI without py-

elonephritis achieved the primary endpoints compared to those

with acute pyelonephritis.

Secondary and Exploratory Efficacy Endpoints

The higher microbiological eradication rate at TOC with cefta-

zidime-avibactam vs doripenem (EMA primary endpoint) was

maintained at LFU (Table 2). Among patients with ceftazidime-

nonsusceptible pathogens, eradication rates were similar for cef-

tazidime-avibactam and doripenem at TOC, and numerically

higher for ceftazidime-avibactam at LFU; for ceftazidime-

susceptible pathogens, eradication rates at TOC and LFU were

numerically higher with ceftazidime-avibactam (Table 2).

Per-pathogen eradication rates at TOC were numeri-

cally higher for ceftazidime-avibactam vs doripenem for

all baseline pathogens, for ceftazidime-nonsusceptible and

Figure 1. Flow of patients in the RECAPTURE trials. Abbreviations: IV, intravenous; LFU, late follow-up (45–52 days after randomization); TOC, test of cure (21–25 days after

randomization).
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ceftazidime-susceptible Enterobacteriaceae (Table 3), and for

E. coli, K. pneumoniae, and P. mirabilis across all analysis pop-

ulations (data not shown). P. aeruginosa eradication rates at

TOC were higher for doripenem in the mMITT and eME pop-

ulations, and higher for ceftazidime-avibactam in the ME pop-

ulation (in all cases 95% CI included 0). Persistence with

increasing MIC at TOC (≥4-fold to study drug received from

baseline) was documented for 11 pathogens (6 E. coli, 2

K. pneumoniae, 2 Enterobacter cloacae, 1 P. aeruginosa) in 11

patients (8 ceftazidime-avibactam, 3 doripenem). Apart from

1 P. aeruginosa isolate (doripenem group), MICs remained

within the susceptible ranges of the respective study drugs. Mul-

tilocus sequence typing (MLST) indicated that 5 cases (4 cefta-

zidime-avibactam, 1 doripenem) were actually new infections.

Of the remaining 4 cases (2 E. coli, 1 K. pneumoniae, 1 E. clo-

acae) with the same MLST in ceftazidime-avibactam patients,

the observed MIC increases were exactly 4-fold and could be

considered within the error of the susceptibility test. Whole-

genome sequencing was used to investigate differences between

the baseline and TOC isolates in these cases. Interestingly, in one

K. pneumoniae, there was acquisition of a single plasmid con-

taining the genes for SCO-1 carbapenemase and CTX-M-15

and OXA-9 β-lactamases, as well as other antibiotic resistance

genes. The ceftazidime-avibactam MIC was 0.25 mg/L at base-

line for this strain and 1 mg/L at TOC. In the 2 E. coli isolates,

there were no obvious differences in penicillin binding proteins

or β-lactamase resistance–related genes in the sequences to sug-

gest resistance emergence. In the E. cloacae, variation in ampG

was observed; however, the effect of this variation on the regu-

lation of AmpC in this strain is unknown.

Investigator-determined clinical cure rates were high and

similar across treatment groups (Table 2). Clinical cure rates for

patients with ceftazidime-nonsusceptible E. coli and K. pneu-

moniae were numerically higher for ceftazidime-avibactam;

those for ceftazidime-nonsusceptible E. cloacae and P. aerugino-

sa were numerically higher for doripenem (data not shown).

Microbiological eradication at TOC using the exploratory

<103 CFU/mL cutoff (mMITT population) occurred in 299 of

393 (76.1%) ceftazidime-avibactam and 291 of 417 (69.8%) dor-

ipenem patients (difference, 6.3% [95% CI, .17% to 12.38%];

Supplementary Table 2). Eradication at TOC using the more

stringent criteria occurred for 10 fewer pathogens in 10 patients:

5 additional cases of persistence for ceftazidime-avibactam and

2 for doripenem (none with increasing MIC) and 3 indetermi-

nate responses for doripenem.

Safety

At least 1 adverse event (AE) occurred in 185 of 511 (36.2%)

and 158 of 509 (31.0%) ceftazidime-avibactam and doripenem

recipients, respectively (Table 4). AEs were predominantly mild

or moderate in intensity, and generally balanced across groups.

Twenty-one (4.1%) and 12 (2.4%) patients treated with ceftazi-

dime-avibactam and doripenem, respectively, had ≥1 serious

AE, of which most occurred after the last dose of IV treatment.

Few AEs led to study drug discontinuation and no deaths oc-

curred (Table 4). AEs reported in ≥2% of patients comprised

headache, nausea, diarrhea, and constipation (Table 4); no

new safety concerns were identified. Three AEs of Clostridium

difficile colitis occurred in 2 (0.4%) ceftazidime-avibactam

patients (none were reported for doripenem). No clinically

Table 1. Baseline Patient Characteristics (Microbiological Modified

Intent-to-Treat Population)

Characteristic

Ceftazidime-

Avibactam

(n = 393)

Doripenem

(n = 417)

Age, y, mean (SD) 51.4 (20.2) 53.3 (18.6)

Male 121 (30.8) 124 (29.7)

Race

White 321 (81.7) 351 (84.2)

Black or African American 1 (0.3) 4 (1.0)

Asian 35 (8.9) 28 (6.7)

American Indian or Alaska Native 1 (0.3) 3 (0.7)

Other 35 (8.9) 31 (7.4)

Body mass index, kg/m2, mean (SD) 26.2 (5.9) 26.3 (5.6)

Diagnosis

cUTI without pyelonephritis 106 (27.0) 121 (29.0)

Pyelonephritis 287 (73.0) 296 (71.0)

With ≥1 complicating factor 41 (10.4) 39 (9.4)

Meeting symptom criteria for cUTI 33 (8.4) 31 (7.4)

Bacteremia 38 (9.7) 33 (7.9)

Fever 157 (39.9) 150 (36.0)

White blood cell count, 109/mL,
median (range)

8.5 (3.3–27.8) 7.9 (3.1–35.4)

CrCl, mL/min, mean (SD)a 87.6 (34.5) 85.9 (34.5)

Renal status

Normal renal function/mild
impairment (CrCl >50 mL/min)

350 (89.1) 379 (90.9)

Moderate impairment (CrCl
31–50 mL/min)

42 (10.7) 35 (8.4)

Severe impairment (CrCl
<31 mL/min)

1 (0.3) 3 (0.7)

Baseline pathogen in urineb

Enterobacteriaceae 376 (95.7) 396 (95.0)

Escherichia coli 292 (74.3) 306 (73.4)

Klebsiella pneumoniae 44 (11.2) 56 (13.4)

Proteus mirabilis 17 (4.3) 13 (3.1)

Enterobacter cloacae 11 (2.8) 13 (3.1)

ESBL-positive Enterobacteriaceae 73 (18.6) 82 (19.7)

Other gram-negative bacteria 18 (4.6) 21 (5.0)

Pseudomonas aeruginosa 18 (4.6) 20 (4.8)

Prior systemic antibiotic use 28 (7.1) 27 (6.5)

Data are presented as No. (%) unless otherwise indicated.

Abbreviations: CrCl, creatinine clearance; cUTI, complicated urinary tract infection; ESBL,

extended-spectrum β-lactamase; SD, standard deviation.

a As reported by the site using the Cockcroft-Gault method based on local laboratory data.

b Includes pathogens reported with a combined frequency of ≥10 patients. Patients could

have >1 pathogen. Multiple isolates of the same species from the same patient are

counted only once. Other pathogens isolated in <10 patients were Citrobacter freundii

complex (n = 6 overall), Citrobacter koseri (n = 2), Enterobacter aerogenes (n = 2),

Klebsiella oxytoca (n = 7), Morganella morganii (n = 4), Serratia marcescens (n = 3),

Proteus vulgaris group (n = 2), Providencia rettgeri (n = 2), and Burkholderia cepacia

complex (n = 1).
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meaningful trends in laboratory values, electrocardiographic

parameters, physical examination, or vital signs were identified.

Clinically significant changes in these parameters were infre-

quent and balanced across groups.

DISCUSSION

These findings demonstrate the noninferiority of ceftazidime-

avibactam vs doripenem for the treatment of hospitalized

patients with cUTI or acute pyelonephritis based on FDA-

and EMA-defined endpoints. The CI around the treatment

difference for microbiological eradication at TOC (EMA

primary endpoint) also demonstrated superiority of ceftazi-

dime-avibactam over doripenem at the 5% significance level.

Moreover, an exploratory analysis using a more stringent cutoff

(<103 CFU/mL) was consistent with the primary analysis, also

showing superiority of ceftazidime-avibactam. The safety pro-

file of ceftazidime-avibactam appeared consistent with that of

ceftazidime alone; no new safety concerns were identified.

Baseline pathogens were typical of cUTI and similar be-

tween groups. Enterobacteriaceae were isolated from >95% of

patients; almost 75% were E. coli. The most frequently isolated

non-Enterobacteriaceae was P. aeruginosa (<5% of patients).

Table 2. Summary of Primary and Secondary Efficacy Endpoints (Microbiological Modified Intent-to-Treat Population)

Endpoint

Patients, No. (%)

Difference, % (95% CI)

Ceftazidime-Avibactam

(n = 393)

Doripenem

(n = 417)

FDA co-primary endpoints

Patient-assessed symptomatic resolutiona at day 5b 276 (70.2) 276 (66.2) 4.0 (−2.39 to 10.42)

Combined patient-assessed symptomatic resolutionc and favorable per-patient
microbiological response at TOCb

280 (71.2) 269 (64.5) 6.7 (.30 to 13.12)

Per-patient favorable microbiological response at TOC 304 (77.4) 296 (71.0) 6.4 (.33 to 12.36)

Patient-reported symptomatic resolution at TOC 332 (84.5) 360 (86.3) −1.9 (−6.78 to 3.02)

EMA primary endpoint

Per-patient favorable microbiological response at TOCd 304 (77.4) 296 (71.0) 6.4 (.33 to 12.36)

Secondary endpoints

Microbiological

Per-patient favorable microbiological response at EOT (IV) 374 (95.2) 395 (94.7) 0.4 (−2.7 to 3.56)

Per-patient favorable microbiological response at LFU 268 (68.2) 254 (60.9) 7.3 (.68 to 13.81)

Per-patient favorable microbiological response at TOC in patients with
a ceftazidime-nonsusceptible pathogene

47/75 (62.7) 51/84f (60.7) 2.0 (−13.18 to 16.89)

Per-patient favorable microbiological response at LFU in patients with
a ceftazidime-nonsusceptible pathogene

46/75 (61.3) 38/84 (45.2) 16.1 (.50 to 30.89)

Per-patient favorable microbiological response at TOC in patients with
a ceftazidime-susceptible pathogene

256/316 (81.0) 238/326 (73.0) 8.0 (1.50 to 14.48)

Per-patient favorable microbiological response at LFU in patients with
a ceftazidime-susceptible pathogene

221/316 (69.9) 209/326 (64.1) 5.8 (−1.46 to 13.05)

Clinical

Investigator-determined clinical cure

EOT (IV) 378 (96.2) 407 (97.6) −1.4 (−4.07 to 1.02)

TOC 355 (90.3) 377 (90.4) −0.1 (−4.23 to 4.03)

LFU 335 (85.2) 350 (83.9) 1.3 (−3.71 to 6.30)

Sustained clinical cure at LFU in patients who were cured at TOC 330/355 (93.0) 345/377 (91.5) 1.4 (−2.5 to 5.4)

Investigator-determined clinical cure at TOC in patients with a
ceftazidime-susceptible pathogene

287/316 (90.8) 295/326 (90.5) 0.3 (−4.3 to 4.9)

Investigator-determined clinical cure at TOC in patients with a
ceftazidime-nonsusceptible pathogene

67/75 (89.3) 75/84f (89.3) 0.0 (−10.4 to 10.1)

Denominators are the total numbers in each group unless shown otherwise.

Abbreviations: CI, confidence interval; EMA, European Medicines Agency; EOT (IV), end of intravenous therapy; FDA, US Food and Drug Administration; LFU, late follow–up (45–52 days after

randomization); TOC, test of cure (21–25 days after randomization).

a Symptomatic resolution of symptoms of frequency, urgency, dysuria, and suprapubic pain with resolution or improvement in flank pain, based on the patient-reported symptom assessment

questionnaire (PSAQ).

b Co-primary endpoints for the FDA. The sponsor concluded noninferiority if the lower limit of the 95% CI at TOC was greater than −12.5%. The FDA noninferiority margin was a lower limit of

the 95% CI greater than −10.0%.

c Symptomatic resolution of all symptoms (frequency, urgency, dysuria, suprapubic pain, and flank pain) based on the PSAQ.

d Primary endpoint for the EMA. The sponsor concluded noninferiority if the lower limit of the 95% CI at TOC was greater than −12.5%.

e Ceftazidime nonsusceptibility was defined as a central microbiology reference laboratory minimum inhibitory concentration ≥8 µg/mL for Enterobacteriaceae or ≥16 µg/mL for Pseudomonas

aeruginosa, or local laboratory disk diffusion diameter (from a 30 μg ceftazidime disk) of ≤20 mm for Enterobacteriaceae and ≤17 mm for P. aeruginosa. Nine patients were not included in either

subset (ceftazidime-nonsusceptible or ceftazidime-susceptible) because no susceptibility tests were performed (6 patients) or baseline blood or urine susceptibility results were missing (3

bacteremic patients).

f One patient in the doripenem group had 2 ceftazidime-nonsusceptible pathogens isolated at baseline.
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Table 3. Per-Pathogen Favorable Microbiological Response Rates at Test of Cure (Microbiological Modified Intent-to-Treat Population)

Pathogen

Favorable Response Rate, no./No. (%)

Difference, % (95% CI)

Ceftazidime-Avibactam

(n = 393)

Doripenem

(n = 417)

All baseline pathogens

Overall 311/400 (77.8) 297/419 (70.9) 6.9 (.88 to 12.81)

Enterobacteriaceae 299/382 (78.3) 281/398 (70.6) 7.7 (1.54 to 13.75)

Citrobacter freundii complex 4/4 (100.0) 1/2 (50.0) 50.0 (23.13 to 91.76)

Citrobacter koseri 0/1 (0.0) 1/1 (100.0) −100.0 (−100.00 to 58.69)

Enterobacter aerogenes 1/1 (100.0) 1/1 (100.0) 0.0 (−88.48 to 88.48)

Enterobacter cloacae 6/11 (54.5) 9/13 (69.2) −14.7 (−50.01 to 23.88)

Escherichia coli 229/292 (78.4) 220/306 (71.9) 6.5 (−.41 to 13.41)

Klebsiella oxytoca 5/6 (83.3) 1/1 (100.0) −16.7 (−59.15 to 71.03)

Klebsiella pneumoniae 33/44 (75.0) 35/56 (62.5) 12.5 (−6.15 to 29.84)

Morganella morganii 4/4 (100.0) 0/0 . . .

Proteus mirabilis 16/17 (94.1) 9/13 (69.2) 24.9 (−2.79 to 53.59)

Proteus vulgaris group 0/0 2/2 (100.0) . . .

Providencia rettgeri 0/1 (0.0) 0/1 (0.0) 0.0 (−88.48 to 88.48)

Serratia marcescens 1/1 (100.0) 2/2 (100.0) 0.0 (−85.21 to 74.23)

Other gram-negative pathogens 12/18 (66.7) 16/21 (76.2) −9.5 (−37.59 to 18.91)

Burkholderia cepacia complex 0/0 1/1 (100.0) . . .

Pseudomonas aeruginosa 12/18 (66.7) 15/20 (75.0) −8.3 (−36.77 to 20.66)

Ceftazidime-nonsusceptible pathogensa

Overall 48/75 (64.0) 51/85 (60.0)b 4.0 (−11.11 to 18.81)

Enterobacteriaceae 43/68 (63.2) 46/79 (58.2) 5.0 (−10.87 to 20.50)

Citrobacter freundii complex 3/3 (100.0) 0/0 . . .

Enterobacter cloacae 3/7 (42.9) 5/6 (83.3) −40.5 (−76.04 to 14.76)

Escherichia coli 22/36 (61.1) 20/37 (54.1) 7.1 (−15.54 to 28.93)

Klebsiella pneumoniae 13/18 (72.2) 17/30 (56.7) 15.6 (−13.30 to 40.34)

Morganella morganii 1/1 (100.0) 0/0 . . .

Proteus mirabilis 1/2 (50.0) 4/5 (80.0) −30.0 (−82.00 to 39.20)

Providencia rettgeri 0/1 (0.0) 0/1 (0.0) 0.0 (−88.48 to 88.48)

Other gram-negative pathogens 5/7 (71.4) 5/6 (83.3) −11.9 (−54.78 to 37.60)

Pseudomonas aeruginosa 5/7 (71.4) 5/6 (83.3) −11.9 (−54.78 to 37.60)

Ceftazidime-susceptible pathogensa

Overall 254/311 (81.7) 228/312 (73.1) 8.6 (2.03 to 15.14)

Enterobacteriaceae 247/301 (82.1) 217/297 (73.1) 9.0 (2.32 to 15.66)

Citrobacter freundii complex 1/1 (100.0) 1/2 (50.0) 50.0 (−64.16 to 93.08)

Citrobacter koseri 0/1 (0.0) 1/1 (100.0) −100.0 (−100.00 to 58.69)

Enterobacter aerogenes 1/1 (100.0) 1/1 (100.0) 0.0 (−88.48 to 88.48)

Enterobacter cloacae 3/4 (75.0) 4/7 (57.1) 17.9 (−41.27 to 62.79)

Escherichia coli 206/254 (81.1) 193/262 (73.7) 7.4 (.21 to 14.63)

Klebsiella oxytoca 5/6 (83.3) 1/1 (100.0) −16.7 (−59.15 to 71.03)

Klebsiella pneumoniae 20/26 (76.9) 18/26 (69.2) 7.7 (−16.81 to 31.50)

Morganella morganii 2/2 (100.0) 0/0 . . .

Proteus mirabilis 15/15 (100.0) 5/8 (62.5) 37.5 (11.44 to 69.98)

Proteus vulgaris group 0/0 2/2 (100.0) . . .

Serratia marcescens 1/1 (100.0) 2/2 (100.0) 0.0 (−85.21 to 74.23)

Other gram-negative pathogens 7/10 (70.0) 11/15 (73.3) −3.3 (−40.10 to 30.94)

Burkholderia cepacia complex 0/0 1/1 (100.0) . . .

Pseudomonas aeruginosa 7/10 (70.0) 10/14 (71.4) −1.4 (−38.84 to 33.69)

Patients could have >1 pathogen. Multiple isolates of the same species in the same patient are counted only once. Test of cure occurred 21–25 days after randomization.

Abbreviation: CI, confidence interval.

a Ceftazidime-nonsusceptible was defined as a central microbiology reference laboratory minimum inhibitory concentration ≥8 µg/mL for Enterobacteriaceae or ≥16 µg/mL for P. aeruginosa, or

local laboratory disk diffusion diameter (from a 30-μg ceftazidime disk) of ≤20 mm for Enterobacteriaceae and ≤17 mm for P. aeruginosa. Nine patients were not included in either subset

(ceftazidime-nonsusceptible or ceftazidime-susceptible) because no susceptibility tests were performed (6 patients) or baseline blood or urine susceptibility results were missing (3

bacteremic patients).

b One patient in the doripenem group had 2 ceftazidime-nonsusceptible pathogens isolated at baseline.
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Per-pathogen eradication rates at TOC numerically favored cef-

tazidime-avibactam over doripenem for all Enterobacteriaceae,

including those most commonly isolated (E. coli,

K. pneumoniae, and P. mirabilis). Eradication rates in both groups

were lower among patients with ceftazidime-nonsusceptible

pathogens compared with the overall population. Investigator-

determined clinical cure rates at TOC were approximately

90% across groups, and similar for patients with ceftazidime-

nonsusceptible and ceftazidime-susceptible pathogens.

The efficacy of ceftazidime-avibactam for infections caused

by ceftazidime-nonsusceptible pathogens in RECAPTURE

is consistent with in vitro and preclinical studies [21, 29–31]

and available clinical data [32, 33]. The phase 3 REPRISE trial

(NCT01644643) randomized patients with cUTI (n = 281

[93%]) or complicated intra-abdominal infection (n = 21

[7%]) caused by ceftazidime-nonsusceptible gram-negative

pathogens to ceftazidime-avibactam or best available therapy

(approximately 97% received a carbapenem) [33]. Differences

in trial design limit direct comparisons. Nonetheless, in com-

mon with RECAPTURE, microbiological response rates in

REPRISE were consistently higher for ceftazidime-avibactam

vs best available therapy at all study visits [33].

RECAPTURE endpoints and noninferiority margins were se-

lected with FDA and EMA guidance; consideration was also

given to the need to switch patients from IV to oral antibiotic

therapy as early as possible to expedite hospital discharge. Strict

criteria were applied for oral switch, ensuring substantial im-

provement or resolution of infection; the TOC assessments

were therefore considered appropriate endpoints.

A possible limitation is that no validated questionnaire was

available to assess symptoms in cUTI patients. The PSAQ,

which was based on a validated questionnaire for uncomplicat-

ed UTI [34], was able to detect symptomatic improvement over

time; it was therefore considered a suitable endpoint, and could

serve as a useful tool in monitoring patient response in future

studies.

The choice of doripenem as comparator was based on its ef-

ficacy in cUTI [35, 36], expected activity against ceftazidime-

resistant pathogens, dosing schedule, and recommended use

in severe UTI [37], as well as its availability; other carbapenems

were not approved for cUTI in all study regions. Of note, dor-

ipenem was withdrawn in Europe in July 2014 for reasons relat-

ed to its efficacy and safety in nosocomial pneumonia, but it

remains available for treatment of cUTI in the United States

[38]. In addition, although reduced efficacy in patients with

renal impairment was not evident in RECAPTURE, it is impor-

tant to note that the ceftazidime-avibactam renal dose adjust-

ment protocol differed from the current FDA label [22].

In summary, the microbiological profile of pathogens isolated

in RECAPTURE illustrates the need for effective alternative

antimicrobials: nearly 20% were ceftazidime-nonsusceptible.

The effectiveness of ceftazidime-avibactam in RECAPTURE

and REPRISE, including against ceftazidime-nonsusceptible

pathogens, highlights its potential clinical value as a carbapenem-

sparing treatment in this setting. In vitro and in vivo data suggest

that ceftazidime-avibactam is also likely to be effective in infections

caused by carbapenemase-producers [29, 31, 39, 40].
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