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Background. Ceftolozane-tazobactam and ceftazidime-avibactam are considered first-line treatment for multidrug-resistant
(MDR) and/or difficult-to-treat resistant (DTR) Pseudomonas aeruginosa infections. Conflicting results in terms of clinical
outcome and resistance development emerged from real-world comparative studies. We performed a systematic review with
meta-analysis to compare ceftolozane-tazobactam and ceftazidime-avibactam in the treatment of MDR/DTR P. aeruginosa
infections.

Methods. Two authors independently searched PubMed-MEDLINE and Scopus databases from inception to 18 November
2025 to retrieve studies comparing ceftolozane-tazobactam versus ceftazidime-avibactam in the management of MDR/DTR P.
aeruginosa infections. Clinical cure was set as the primary outcome, whereas 90-day resistance development, microbiological
failure, and the 30-day mortality rate were set as the secondary outcomes. Meta-analysis was performed by pooling the odds
ratios (ORs) retrieved from studies providing adjustment for confounders by means of a random-effects model with the inverse
variance method. The risk of bias in the included studies was independently assessed using the RoB 2.0 and the ROBINS-I tools.

Results. Among a total of 1193 articles screened, 6 observational studies were retrieved and included (n = 1161; 644 receiving
ceftolozane-tazobactam vs 517 receiving ceftazidime-avibactam). Ceftolozane-tazobactam showed a higher clinical cure rate than
ceftazidime-avibactam (n=4; OR, 1.82 [95% confidence interval, 1.10-2.99]; I> = 25.3%). No difference emerged in terms of
microbiological failure (n =2; OR, 0.66 [95% confidence interval, .36-1.19]; P=21.9%), 90-day resistance development (n = 3;
OR, 1.11 [.51-2.42]; I* = 50.0%), or 30-day mortality rate (n =4; OR, 1.00 [.89-1.12]; I* = 0.0%).

Conclusions. Our meta-analysis showed that, after appropriate adjustment for confounders, ceftolozane-tazobactam could
grant a higher clinical cure rate than ceftazidime-avibactam in the treatment of MDR/DTR P. aeruginosa infections.

Keywords. ceftolozane-tazobactam; ceftazidime-avibactam; MDR/DTR Pseudomonas aeruginosa; clinical cure; resistance
development.

Pseudomonas aeruginosa is among the pathogens most frequently
causing healthcare-associated infections in immunocompro-
mised or critically ill patients and may account for a remarkable
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increase in morbidity and mortality rates [1, 2]. The most com-
mon types of infection caused by P. aeruginosa in hospitalized pa-
tients are hospital-acquired pneumonia, ventilator-associated
pneumonia, bloodstream infections (BSIs), urinary tract infec-
tions, and surgical site infections [2]. Unfortunately, P. aeruginosa
shows an intrinsic ability to rapidly develop resistance to first-line
antibacterial agents by means of several underlying mechanisms.
This may make the choice of an appropriate treatment for P. ger-
uginosa infections extremely challenging [2, 3]. In addition, the
adoption of several different definitions of the phenotypic resis-
tance of P. aeruginosa (ie, multidrug-resistant [MDR] or
difficult-to-treat resistant [DTR]) [4, 5] may be confusing, making
it even more complicated to select the most appropriate agent [6].

Ceftolozane-tazobactam and ceftazidime-avibactam are 2
B-lactam-B-lactamase inhibitor combinations showing excellent
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activity against MDR and/or DTR P. aeruginosa infections [7]. In
vitro testing of different large collections of P. aeruginosa isolates
showed that >90% of the strains were fully susceptible to both
combinations, irrespective of being resistant to piperacillin-
tazobactam, antipseudomonal cephalosporins, and carbapenems
[8, 9]. Currently, both of these agents are recommended by the
Infectious Diseases Society of America guidance as first-line
treatment for severe MDR or DTR P. aeruginosa-related infec-
tions [10]. Indeed, from a pharmacological standpoint it should
not be overlooked that the 2 agents may exhibit some differences,
possibly affecting clinical outcomes.

The intrinsic activity against P. aeruginosa may differ according
to the microbiological spectrum [1, 3, 11, 12]. Ceftolozane showed
valuable activity against those strains overexpressing AmpC or
defecting OprD porin [3, 13, 14]. In addition, in terms of pharma-
cokinetic/pharmacodynamic (PK/PD) targets, ceftolozane does
not need tazobactam to restore activity against DTR P. aeruginosa,
irrespective of several resistance mechanisms. Conversely,
ceftazidime-avibactam needs appropriate targeting of avibactam
to restore ceftazidime activity against DTR P. aeruginosa.
Avibactam is essential for preventing ceftazidime from degrada-
tion by both wild-type Pseudomonas-derived cephalosporinase
and other types of B-lactamases [1-3, 11, 12]. Unfortunately, in
patients without renal dysfunction the right proportion between
ceftazidime and avibactam may be affected by faster renal elimi-
nation of avibactam than of ceftazidime, leading to a dispropor-
tion between the 2 compounds [15]. Consequently, the proper
joint PK/PD target of ceftazidime-avibactam may be more diffi-
cult to attain in patients with normal renal function or augmented
renal clearance [15]. Overall, these pharmacological differences
between ceftolozane-tazobactam and ceftazidime-avibactam
could theoretically lead to differences in the treatment of MDR/
DTR P. aeruginosa infections.

Several studies have compared ceftolozane-tazobactam with
ceftazidime-avibactam in the treatment of MDR and/or DTR
P. aeruginosa infections. Unfortunately, the emerged findings
were conflicting in terms of both clinical efficacy and resistance de-
velopment, raising some key questions for today’s clinicians [3].
Based on these assumptions, a systematic review with meta-
analysis was performed to compare the clinical efficacy of
ceftolozane-tazobactam versus ceftazidime-avibactam in the man-
agement of documented MDR and/or DTR P. aeruginosa
infections.

METHODS

The systematic review comparing clinical efficacy of ceftolozane-
tazobactam versus ceftazidime-avibactam in the management of
documented MDR and/or DTR P. aeruginosa infections was reg-
istered in the PROSPERO database (CRD420251236181) and
conducted according to the Preferred Reporting Items for
Systematic Review and Meta-Analyses (PRISMA) guideline [16].

PICO Framework

Defined according to the PICO framework (ie, Population,
Intervention, Comparator, and Outcome), the study popula-
tion included patients with documented infections caused by
MDR or DTR P. aeruginosa; the intervention, targeted therapy
with ceftolozane-tazobactam; the comparator, targeted therapy
with ceftazidime-avibactam; and the outcome, clinical cure.

Search Strategy

The PubMed-MEDLINE and Scopus databases were searched
independently by 2 authors (M. G. and R. D. P.) from inception
to 18 November 2025. The specific search string was
(“Pseudomonas” OR “Pseudomonas aeruginosa” OR “multidrug
resistant Pseudomonas aeruginosa” OR “MDR Pseudomonas”
OR “DTR Pseudomonas aeruginosa” OR “difficult-to-treat
resistant Pseudomonas aeruginosa”) AND (“ceftolozane-
tazobactam” OR “ceftolozane”) AND (“ceftazidime-avibactam”
OR “avibactam”). No language restriction was set. The reference
lists of the retrieved studies were screened independently by 2
authors (M. G. and R. D. P.) to identify articles potentially fulfill-
ing the inclusion criteria, paying attention to duplicate removal.

Study Selection
Only randomized controlled trials (RCT's) and/or observation-
al studies comparing the clinical efficacy of ceftolozane-
tazobactam versus ceftazidime-avibactam in the treatment of
adult patients with documented MDR/DTR P. aeruginosa in-
fections were included. The MDR/DTR status of P. aeruginosa
was defined based on the original definition set in each includ-
ed study. Exclusion criteria were the absence of quantitative
data concerning the selected outcomes, of a comparator group,
or of any analysis providing adjustment for confounders.
Clinical cure was set as the primary outcome, and it was de-
fined based on the original definition set in each included study.
Microbiological failure, 90-day resistance development, and
the 30-day mortality rates were set as the secondary outcomes.
Screening of titles and abstracts of the retrieved records was
performed independently by 2 authors (M. G. and R. D. P.).
Potential discrepancies were resolved by means of discussion
between the 2 authors.

Data Extraction

Relevant data of each included study were extracted indepen-
dently by 2 authors (R. D. P. and B. G.). Specifically, the follow-
ing information was collected: study authors and year of
publication, study characteristics (study design and country),
funding, demographic features (age and sex), clinical severity
of patients’ condition (ie, underlying comorbid conditions,
Sequential Organ Failure Assessment score, intensive care
unit admission, need for mechanical ventilation, and require-
ment for vasopressors or continuous renal replacement thera-

py), site/type of infection, B-lactam administration mode and
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Figure 1. Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA) flow diagram for study selection.

daily dosing regimens, treatment duration, monotherapy or
combination therapy, and outcome data. Corresponding au-
thors of included studies reporting unclear and/or missing
data were contacted for clarification.

Risk of Bias Assessment

Two authors (R. D. P. and B. G.) assessed independently the
risk of bias of the included studies in regard to the primary out-
come. The Cochrane risk of bias (RoB 2.0) tool [17] and the
Risk of Bias in Non-randomized Studies of Interventions
(ROBINS-I) tool [18] were adopted for assessing RCTs and ob-
servational studies, respectively. Any disagreement between the
2 was discussed with a third author (M. G.).

Meta-analysis

Both the primary and secondary outcomes retrieved from the in-
cluded studies were meta-analyzed by pooling the adjusted odds
ratios (ORs) of propensity score models, matched cohorts, or
multivariate logistic regression analyses comparing ceftolozane-
tazobactam and ceftazidime-avibactam and providing an adjust-
ment for confounders. The treatment effects were expressed as
ORs and 95% confidence intervals (CIs) for dichotomous data
by using a random-effects model with an inverse variance meth-
od. Statistical significance was assessed by means of a Z test, de-
fining as significant differences with P values <.05.

Statistical heterogeneity among studies was assessed by
means of y” tests (with P < .10 indicating significant heteroge-
neity) and I” tests (with >50% indicating substantial heteroge-
neity). Publication bias was assessed by visually inspecting the

funnel plot of the Egger test [19]. Subgroup analyses based on
the site/type of infection and on the B-lactam administration
mode (intermittent infusion [II] vs extended infusion [EI] or
continuous infusion) were also performed. Sensitivity analysis
was carried out by excluding studies at high or serious/critical
risk of bias. Statistical analysis was performed using of MedCalc
for Windows statistical software (version 19.6.1).

RESULTS

Literature Search

A total of 1193 potential studies was retrieved, of which 308
were removed as duplicates. Among the remaining 885 studies,
877 were excluded after screening of titles and abstracts.
Overall, 8 full-text articles were assessed for eligibility, and fi-
nally 6 studies met the inclusion criteria, since 2 were excluded,
one lacking an adjusted analysis and the other lacking a com-
parator group (Figure 1).

Features of the Included Studies

All 6 included studies were observational (Table 1). One was pro-
spective [22] and 5 retrospective [20, 21, 23-25], 4 were multi-
centric [20, 22, 23, 25], and 2 were monocentric [21, 24]. Four
were conducted in the United States [22-25], and 1 each in
Saudi Arabia [20] and the United Arab Emirates [21]. Overall,
1161 patients with documented MDR/DTR P. aeruginosa infec-
tions were enrolled (644 receiving ceftolozane-tazobactam and
517 receiving ceftazidime-avibactam). The P. aeruginosa status
was defined as MDR based on Magiorakos et al [4] in 5 studies
[20, 21, 23-25], and as DTR based on Kadri et al [5] in 1 [22].
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The demographics and clinical features of included studies
are detailed in Table 1 and the Supplementary materials. No sig-
nificant differences emerged between ceftolozane-tazobactam
and ceftazidime-avibactam in terms of demographics, underly-
ing comorbid conditions, the severity of clinical conditions, or
the infection site/type, except for a higher prevalence of immu-
nosuppressed patients among those receiving ceftolozane-
tazobactam in the study by Hareza et al [22] (Table 1).
Pneumonia represented the most frequent infection in all of
the included studies (49%-100%), followed by BSI (4%-24%).

Meta-analysis of the Primary and of Secondary Outcomes

The definitions of both primary and secondary outcomes and
the type of adjusted analysis provided in each of the included
studies are summarized in Table 2. The forest plot of the meta-
analyses concerning the primary and secondary outcomes are
shown in Figure 2, and the corresponding findings are summa-
rized in Table 3.

Four studies provided data for assessing clinical cure (862
patients) [20, 21, 23, 25]. Overall, the clinical cure rate was higher
with ceftolozane-tazobactam than with ceftazidime-avibactam in
the treatment of documented MDR/DTR P. aeruginosa infec-
tions (OR, 1.82 [95% CI, 1.10-2.99]; P=.02) (Figure 2A).
Neither the degree of heterogeneity (I*=25.3%; P=.26) nor
the publication bias (P = .87) showed significant differences.

Two studies provided data for assessing microbiological fail-
ure (620 patients) [20, 25]. Overall, no significant difference
emerged between the use of ceftolozane-tazobactam and of
ceftazidime-avibactam (OR, 0.66 [95% CI, .36-1.19]; P =.16)
(Figure 2B). The degree of heterogeneity was not significant
(I* = 21.9%; P = .26).

Three studies provided data for assessing the 90-day resis-
tance occurrence (719 patients) [22, 24, 25]. Overall, no signifi-
cant difference emerged between ceftolozane-tazobactam and
ceftazidime-avibactam (OR, 1.11 [95% CI, .51-2.42]; P=.79)
(Figure 2C). The degree of heterogeneity (I* = 50.0%; P = .14)
and the publication bias (P =.72) were not significant.

Four studies provided data for assessing the 30-day mortality
rate (1003 patients) [20, 22, 23, 25]. Overall, no significant dif-
ference was reported between ceftolozane-tazobactam and
ceftazidime-avibactam (OR, 1.00 [95% CI, .89-1.12]; P =.99)
(Figure 2D). The degree of heterogeneity (I* = 0.0%; P =.80)
and the publication bias (P =.50) were not significant.

Subgroup and Sensitivity Analyses

Two studies provided adjusted data for the primary outcome
and for the 30-day mortality rate in the subgroup of patients af-
fected by pneumonia (547 patients) [23, 25]. Overall,
ceftolozane-tazobactam was associated with a higher clinical
cure rate than ceftazidime-avibactam (OR, 2.48 [95% CI,
1.47-4.18]; ?=0.0%), but no difference was seen in the
30-day mortality rate (OR, 0.90 [.54-1.52]; P =0.0%).

Two studies included patients with antimicrobial therapy ad-
ministered via I [20, 21]. The subgroup meta-analysis showed
no significant impact of this modality on clinical cure differenc-
es between the 2 agents (OR, 1.16 [95% CI, .48-2.77]; P=
13.1%). Meta-analyses of the secondary outcomes were not fea-
sible since only 1 study provided adjusted outcome data for mi-
crobiological failure or the mortality rate [20].

Two studies included patients in which antimicrobial thera-
pies were administered via EI [24, 25]. The subgroup meta-
analysis showed no significant impact of this modality on differ-
ences in 90-day resistance between the 2 agents (OR, 0.62 [95%
CI, .13-3.08]; I* = 39.1%). Meta-analyses of the primary and of
the other secondary outcomes were not feasible since only 1
study provided adjusted data for these outcomes [25].

Sensitivity analysis for both the primary outcome and micro-
biological failure was not feasible given that only 1 study was at
moderate risk of bias in this regard [25]. Regarding the other
secondary outcomes, no significant difference emerged be-
tween 90-day resistance occurrence and 30-day mortality rate
compared with the primary analysis, after exclusion of studies
at serious and/or critical risk of bias.

Quality of the Included Studies

Three of the 6 included studies were at moderate risk of bias, and
the other 3 were at serious risk of bias in >1 domain, with con-
founders being the most frequent bias (Supplementary Table 1).

DISCUSSION

To the best of our knowledge, this is the first meta-analysis
comparing the clinical efficacy of ceftolozane-tazobactam and
ceftazidime-avibactam in the treatment of hospitalized patients
affected by MDR/DTR P. aeruginosa infections after adjust-
ment for confounders. Notably, our findings showed that in
this challenging scenario ceftolozane-tazobactam could enable
a higher clinical cure rate than ceftazidime-avibactam, whereas
microbiological outcome, 90-day resistance development, and
mortality rates did not differ between the 2 agents.

Regarding the primary outcome, it may be speculated that
some peculiar pharmacological differences between the 2 agents
could explain the better clinical cure rate with ceftolozane-
tazobactam in the management of MDR/DTR P. aeruginosa
infections. Looking at the antipseudomonal activity,
ceftolozane-tazobactam may exhibit wider coverage against
MDR/DTR P. aeruginosa strains than ceftazidime-avibactam.
In fact, ceftolozane only, by being stable to AmpC degradation
and at the same time by crossing the outer membrane irrespec-
tive of the expression of the OprD porin, retains valuable activ-
ity against strains either overexpressing AmpC or defecting
OprD porin [3, 13, 14]. Looking at the PK/PD profile, it could
be expected that optimal PK/PD target attainment against

MDR/DTR P. aeruginosa could be more likely with standard
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Table 2. Summary of Qutcome Definitions for Each Included Study

Study Authors

(Year)
[Referencel]

Clinical Cure

Resistance Occurrence

Microbiological Failure

Mortality Rate

Almangour
et al (2023)
[20]

El Nekidy
et al (2024)
[21]

Hareza et al
(2024) [22]

Lodise et al
(2024) 23]

Shah et al
(2024) [24]

Clinical cure was defined as

resolution of infection
manifestations after use of
study drug, without a need for
therapy to be modified due to
failure or toxicity; clinical failure
was defined as persistence of
infection manifestations,
despite adequate antimicrobial
therapy; clinical, laboratory,
and radiological findings were
used to evaluate clinical
outcomes, including fever,
pulse rate, white blood cell
counts, arterial blood gas, CRP,
and procalcitonin levels, and
imaging studies, when
applicable; assessed by
unblinded investigators at the
end of treatment; adjusted
according to multivariate
logistic regression analysis

Clinical cure was defined as

resolution of infection signs
and symptoms, as reported in
the treating physician’s notes;
clinical failure was defined as
either persistence of functional
symptoms for >72 h after
initiation of the study drugs or
failure documented by the
treating physician, requiring a
change in antimicrobials;
efficacy parameters included
clinical and microbiological
clearance of bacteria, as well
as changes in inflammatory
markers;

assessed at 30 d;

adjusted according to
multivariate logistic regression
analysis

NA

Defined as absence of recurrent

MDR Pseudomonas
aeruginosa pneumonia during
index hospitalization and/or
hospital readmission due to
pneumonia/sepsis at 30 d;
assessed at 30 d;

adjusted according to
multivariate logistic regression
analysis

NA

NA

NA

Defined as >4-fold rise in MIC of

the antibiotic administered for
the index infection; assessed
at 90 d;

adjusted according to inverse
probability weighting using
propensity score according to
baseline patient and microbial
characteristics

NA

Defined as MIC increased

>4-fold from baseline;
assessed at 90 d;

adjusted according to inverse
probability weighting using

Defined as persistence of
positive cultures of etiological
microorganisms at the same
infection site, despite clinical
outcome of infection
(evaluated only if repeated
cultures were available);
assessed at 30 d; adjusted
according to multivariate
logistic regression analysis

No adjusted data provided

NA

NA

No adjusted data provided

Assessed at 30 d; adjusted
according to multivariate
logistic regression analysis

No adjusted data provided

Assessed at 30 d;
adjusted according to inverse
probability weighting using
propensity score according to
baseline patient and microbial
characteristics

Assessed at 30 d; adjusted
according to multivariate
logistic regression analysis

No adjusted data provided
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Table 2. Continued

Study Authors

(Year)

[Referencel] Clinical Cure Resistance Occurrence Microbiological Failure Mortality Rate
propensity score based on
receipt of combination therapy,
prolonged infusion, severity of
iliness, and prior cefepime
exposure

Shields et al Defined as survival, resolution of ~ Defined as isolation of any Defined as recurrence of Assessed at 30 d;

(2025) [25] signs and symptoms of subsequent isolate infection with or without adjusted according to logistic

infection with the intended
treatment course, and absence
of recurrent infection due to P.
aeruginosa; assessed by
unblinded investigators at 30 d;
adjusted according to logistic
regression analyses performed
after 1:1 matching of the 2
cohorts, with adjustment for
clinically relevant variables,
including those
disproportionately associated

demonstrating
nonsusceptibility to study drug
after >72 h of treatment as
defined by CLSI breakpoints;
assessed at 90 d;

adjusted according to logistic
regression analyses performed
after 1:1 matching of the 2
cohorts, with adjustment for
clinically relevant variables,
including those
disproportionately associated

resistance development;
assessed at 90 d;

adjusted according to logistic
regression analyses performed
after 1:1 matching of the 2
cohort, with adjustment for
clinically relevant variables,
including those
disproportionately associated
with 1 treatment group or
outcome based on modified
disjunctive cause criterion

regression analyses performed
after 1:1 matching of the 2
cohorts, with adjustment for
clinically relevant variables,
including those
disproportionately associated
with 1 treatment group or
outcome based on modified
disjunctive cause criterion

with 1 treatment group or
outcome based on modified
disjunctive cause criterion

with 1 treatment group or
outcome based on modified
disjunctive cause criterion

Abbreviations: CLSI, Clinical and Laboratory Standards Institute; CRP, C-reactive protein; MDR, multidrug-resistant; MIC, minimum inhibitory concentration; NA, not assessed.

A Clinical cure B Microbiological eradication Emwnae WA Vs
Estimate  95%Cl  Weight %
Almangour et al (2023) - e 092 41-206 87
Almangour et al (2023) |- — 0m 41208 28 angour et al (2023)
El Nekidy et al (2024) |- s 280 -A4-18.03 671
Shields et al (2024) - —_— 050 2100 513
Lodise et al (2024) b e — a7 1.15-6.70 2415
Shields et al (2024) b —— 248 118374 4148
Total (random effects) |- <\) 086 38118 10
Heterogenaty: F =21.0% P= 26 T
Total (random effects) |- <> 1w 1imass o
Heterogeneity: F = 25.3%; F= 26 ot
L | L
1 L L L 01 1 10
e W s 19 TUZE Estimate  wian
s Estimate -
C 90-d Resistance development 30-d Mortality rate Estimalo  95%Cl  Wioight, %
Estimatn  BS%CI  Welght, % D
Hareza etal (2024) |- S 1w ssaz e Almangour et al (2023) - —_—— » as-a0 152
Shah et al (2024) o —_—. 01 01-261 816 Hareza el al (2024) o - " 90-1.14 9356
Shields et al (2024) - —— 0 56-162 5342 Lodise et al (2024) " —_— om 37-183 200
Shields et al (2024) L —_— or a0-150 281
Total {random effects) [- O 11 st-242 100
Hatarogsnaity: F = S0.0% P = 16
| Total (random effects) |- 100 stz 100
< - d A H i F=0.0% P=.80
0,001 0.01 [X] 1 10 clorogenely: £= 00%
+———  Estimate
p——
‘azsbacam 1 1
01 e 1 ——n 10
e o oz
SR Eetimate e

Figure 2. Forest plots of adjusted odds ratios showing clinical cure rate (), microbiological failure rate (B), 90-day resistance development (C), and 30-day mortality rate ()
in patients treated with ceftolozane-tazobactam versus ceftazidime-avibactam for documented multidrug-resistant or difficult-to-treat resistant Pseudomonas aeruginosa
infections [20-25]. Abbreviation: Cl, confidence interval.
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Table 3. Meta-analysis of Primary and Secondary Outcomes in Patients With Multidrug-Resistant and/or Difficult-to-Treat Resistant Pseudomonas
aeruginosa Treated With Ceftolozane-Tazobactam Versus Ceftazidime-Avibactam

Studies, Patients, No. (Ceftolozane-Tazobactam Heterogeneity, 2, %; Publication Bias, P
Outcome No. vs Ceftazidime-Avibactam) OR (95% Cl); P Value P Value Value (Egger Test)
Clinical cure 4 862 (452 vs 410) 1.82 (1.10-2.99); .02 25.3; .26 .87
Microbiological failure 2 620 (310 vs 310) 0.66 (.36-1.19); .16 21.9; .26 NA
90-d Resistance development 3 719 (402 vs 317) 1.11(.51-2.42); .79 50.0; .14 72
30-d Mortality rate 4 1003 (529 vs 474) 1.00 (.89-1.12); .99 0.0; .80 .50

Abbreviations: Cl, confidence interval; NA, not assessed; OR, odds ratio.

than with
ceftazidime-avibactam. In fact, it should not be overlooked
that the activity of ceftolozane-tazobactam against MDR/DTR
P. aeruginosa depends only on ceftolozane and is completely

dosing regimens for ceftolozane-tazobactam

unaffected by tazobactam [11]. Conversely, the activity of
ceftazidime-avibactam depends strictly on avibactam’s restoring
of susceptibility to ceftazidime [11]. Consequently, the likelihood
of optimal joint PK/PD target attainment with ceftazidime-
avibactam may be affected whenever a patient’s underlying path-
ophysiological conditions alters the balance between ceftazidime
and avibactam concentrations.

Notably, a retrospective observational study carried out
among critically ill patients receiving ceftazidime-avibactam
by continuous infusion showed that in patients without renal
dysfunction avibactam clearance may be much faster than cef-
tazidime clearance, so that an optimal joint PK/PD target could
be more difficult to be attained in these cases [15]. Specifically,
patients with a creatinine clearance >80 mL/min/1.73 m’
showed significantly greater proportions of ceftazidime-to-
avibactam ratios >5:1 (59.3% vs 23.8%; P <.001) and >6:1
(32.1% vs 6.3%; P <.001) than patients with mild-to-severe
renal dysfunction and a creatinine clearance <80 mL/min/
1.73 m” [15]. Attaining an optimal joint PK/PD target with
ceftazidime-avibactam could be even more difficult than with
ceftolozane alone when treating hospital-acquired or ventilator-
associated pneumonia with standard dosing regimens deliv-
ered via II, namely 2 conditions shared by the vast majority
of the patients included in this meta-analysis [20-25]. On the
one hand, in fact, II administration may result in signifi-
cantly lower plasma trough levels than continuous infusion,
and on the other hand, the higher penetration rate of cefto-
lozane in the epithelial lining fluid (about 50% [26]) com-
pared with the penetration rates of both ceftazidime and
avibactam (about 32%-35% [27]) may increase the likeli-
hood of optimal PK/PD target attainment at this infection
site with ceftolozane.

This could explain why the clinical cure rate in the pneumo-
nia subgroup was found to be approximately 2.5-fold higher
with ceftolozane-tazobactam than with ceftazidime-avibactam.
Conversely, the subgroup analysis based on different admin-
istration modes did not show any difference between the 2

agents in terms of either clinical cure or 90-day resistance de-
velopment. Indeed, it may be speculated that the absence of
patients receiving continuous infusion in any of the included
studies could have biased the findings. Previous studies
showed that continuous infusion of ceftolozane-tazobactam,
compared with both II and EI, was associated with higher
bacterial burden reduction and better likelihood of aggressive
PK/PD target attainment against MDR/DTR P. aeruginosa
[28, 29].

The findings of our meta-analysis are in contrast with those
of 2 others recently published studies [30, 31]. Almangour et al
[30] meta-analyzed 10 observational studies and found no
significant difference between ceftazidime-avibactam and
ceftolozane-tazobactam in terms of clinical cure (OR, 0.94
[.61-1.43]). Likewise, Collings et al [31] meta-analyzed 16 ob-
servational studies (many comparing ceftolozane-tazobactam
with aminoglycosides and/or with polymyxin and not with
ceftazidime-avibactam) and did not find any difference be-
tween ceftazidime-avibactam and ceftolozane-tazobactam in
terms of clinical cure (OR, 0.92; [95% CI, .57-1.60]) [31].
Indeed, the differences in clinical outcome between study and
the 2 other meta-analyses could be at least partially explained
by the presence of some potential methodological flaws affect-
ing the other studies [30, 31]. Almangour et al [30] included 2
studies in which P. aeruginosa infections were caused either by
MDR/DTR or multisusceptible clinical isolates. The authors
pooled crude unadjusted data to estimate the eventual associa-
tion effect of ceftolozane-tazobactam with the different selected
outcomes, a practice strongly discouraged by the Cochrane
group for analyses of observational studies because they are
prone to multiple biases and confounding factors [32]. Both
of the other meta-analyses [30, 31] also included studies that
were excluded in ours according to the selection criteria, name-
ly, those with unadjusted effect estimates for the different se-
lected outcomes. In addition, these studies did not adopt the
inverse variance method for pooling adjusted effect estimates.

The current meta-analysis did not show any significant dif-
ference between the 2 agents in terms of secondary outcomes,
namely, microbiological outcome and 90-day resistance devel-
opment. The prevalence rates of resistance development to
both ceftolozane-tazobactam and ceftazidime-avibactam in 3
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of the included studies were quite high (22% and 23%, respec-
tively, in the study of Shields et al [25], 10% and 40% in that of
Shah et al [24], 38% and 25% in that of Hareza et al [22]). In
this regard, it should not be overlooked that the vast majority
of the patients included in this meta-analysis received both
agents as standard dosing regimens (namely 3 g every 8 hours
for ceftolozane-tazobactam over 1hour and 2.5g every
8 hours over 2 hours for ceftazidime-avibactam, adapted
for renal dysfunction) administered by II. This dosing regi-
men was shown to suffice for attaining the conventional
PK/PD target needed for clinical efficacy (ie, 50%-100% of
the time with B-lactam concentrations persisting above the
minimum inhibitory concentration [MIC]). However, it
could be insufficient for attaining the aggressive PK/PD tar-
get needed to prevent resistance development (ie, 100% of
the time with B-lactam concentrations persisting at >4-fold
the MIC) [12].

It is noteworthy that a recent meta-analysis showed that at-
taining an aggressive PK/PD target may be much more pro-
tective than attaining a conventional one when dealing with
resistance development to B-lactams used to treat document-
ed gram-negative infections in critically ill patients (OR, 0.06
[95% CI, .01-.29]; P <.001) [33]. Several studies have shown
that continuous infusion administration may be a helpful
strategy either for increasing the likelihood of aggressive
PK/PD target attainment or for decreasing that of resistance
development to ceftolozane-tazobactam [29, 34-36]. Specifically,
regarding the former, in a prospective study including 72 pa-
tients receiving ceftolozane-tazobactam for the treatment of
DTR P. aeruginosa infections, continuous infusion was shown
be more effective than both IT and EI in attaining the aggressive
PK/PD target in borderline-susceptible isolates with an MIC
>2 mg/L [29]. In a case-control study in 28 patients receiving
ceftolozane-tazobactam for the treatment of DTR P. aeruginosa
infections, EI (over 3 hours) was significantly associated with
a lower resistance development rate than II (0.0% vs 58.3%;
P=.04) [34].

A population PK model conducted among 88 critically ill pa-
tients receiving ceftolozane-tazobactam by continuous infusion
showed that this approach always allowed aggressive PK/PD
target attainment across all the kidney function strata against
P. aeruginosa isolates exhibiting MICs up to the EUCAST clin-
ical breakpoint of 4 mg/L [35]. Regarding the latter, a prepost
quasi-experimental study carried in 85 patients with P. aerugi-
nosa BSIs and/or ventilator-associated pneumonia treated with
continuous infusion ceftolozane-tazobactam monotherapy
found that an aggressive PK/PD target was attain in all patients
in the postintervention phase by means of a therapeutic drug
monitoring-guided strategy and that 30-day resistance devel-
opment was almost halved compared with the preintervention
phase, although this difference was not significant (10.8% vs
18.8%; P =.37) [36].

Overall, based on the findings of our meta-analysis, it may be
speculated that, with standard dosing regimens of ceftolozane-
tazobactam and ceftazidime-avibactam delivered by II to treat
MDR/DTR P. aeruginosa, ceftolozane-tazobactam could attain
better clinical cure compared with ceftazidime-avibactam,
especially in patients with pneumonia and without renal
dysfunction.

The limitations of our meta-analysis should be recognized.
All but 1 of the included studies comparing the 2 agents had
a retrospective design, and no RCT was retrieved. None of
the included studies was at low risk of bias. The primary out-
come was assessed based on only 4 studies, 3 of which were
at serious risk of bias. Although recall bias could not be ruled
out, none of the included studies was at serious or critical
risk for missing outcome data since the available data were ex-
haustive. It may be challenging to extrapolate the emerged find-
ings to types of infection other than pneumonia. Sensitivity
analysis for the primary outcome was not feasible considering
that only 1 study showed a moderate risk of bias. Finally, the
unavailability of studies conducted in Europe could possibly
limit the generalizability of the findings in settings with a differ-
ent P. aeruginosa epidemiology in terms of susceptibility to
these agents. Conversely, including only studies adjusted for
confounders may represent a strength of our analysis, by min-
imizing the potential risk of bias.

In conclusion, our meta-analysis showed that, after appro-
priate adjustment for confounders, ceftolozane-tazobactam en-
abled a higher clinical cure rate in the treatment of MDR/DTR
P. aeruginosa infections compared with ceftazidime-avibactam.
RCTs as well as prospective studies assessing the relationship
between aggressive PK/PD target attainment and clinical out-
come in MDR/DTR P. aeruginosa infections would be warrant-
ed to hopefully confirm our findings and provide a definitive
answer to this unmet clinical need. Meanwhile, the findings
could help clinicians facing this challenging scenario, especially
in patients with pneumonia and without renal dysfunction
having.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding
author.
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