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ABSTRACT Ceftolozane-tazobactam (C-T) and ceftazidime-avibactam (CAZ-AVI) are two
novel antimicrobials that retain activity against resistant Pseudomonas aeruginosa. The
comparative effectiveness and safety of C-T versus CAZ-AVI remain unknown. A retro-
spective, multicenter cohort study was performed in six tertiary centers in Saudi Arabia
and included patients who received either C-T or CAZ-AVI for infections due to multi-
drug-resistant (MDR) P. aeruginosa. Overall in-hospital mortality, 30-day mortality, and
clinical cure were the main study outcomes. Safety outcomes were also evaluated. A
multivariate analysis using logistic regression was used to determine the independent
impact of treatment on the main outcomes of interest. We enrolled 200 patients in the
study (100 in each treatment arm). A total of 56% were in the intensive care unit, 48%
were mechanically ventilated, and 37% were in septic shock. Approximately 19% of
patients had bacteremia. Combination therapy was administered to 41% of the patients.
The differences between the C-T and CAZ-AVI groups did not reach statistical signifi-
cance in the overall in-hospital mortality (44% versus 37%; P = 0.314; OR, 1.34; 95% CI,
0.76 to 2.36), 30-day mortality (27% versus 23%; P = 0.514; OR, 1.24; 95% CI, 0.65 to
2.35), clinical cure (61% versus 66%; P = 0.463; OR, 0.81; 95% CI, 0.43 to 1.49), or acute
kidney injury (23% versus 17%; P = 0.289; OR, 1.46; 95% CI, 0.69 to 3.14), even after
adjusting for differences between the two groups. C-T and CAZ-AVI did not significantly
differ in terms of safety and effectiveness, and they serve as potential options for the
treatment of infections caused by MDR P. aeruginosa.
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As the resistance to antimicrobial therapy increases, resistance in Gram-negative
pathogens creates a serious therapeutic challenge. Pseudomonas aeruginosa is one

of the most challenging Gram-negative microorganisms, given its capacities to possess
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intrinsic resistance and acquire a variety of resistance mechanisms (1). According to the
SENTRY Antimicrobial Surveillance Program, the global rate of multidrug-resistant (MDR)
P. aeruginosa in the last three decades was 24.9% (2). The World Health Organization
(WHO) released a global antibiotic-resistant priority pathogens list that categorized car-
bapenem-resistant P. aeruginosa as a critical priority for research and development (3). In
Saudi Arabia, antibiotic-resistant P. aeruginosa is also concerning, with the highest rate
being shown in the Makkah region, which is mostly attributed to the high influx of pil-
grims (4). Data from the Global Antimicrobial Resistance Surveillance System and data
extracted from published literature showed that the rate of carbapenem-resistant P. aer-
uginosa in Saudi Arabia ranges between 21% and 30% (5, 6).

Worldwide efforts to overcome this challenge led to the development of a few new
antimicrobials with activity against these resistant isolates. Ceftolozane-tazobactam (C-T)
and ceftazidime-avibactam (CAZ-AVI) are two novel b-lactam-b-lactamase inhibitor com-
binations with activity against P. aeruginosa, including MDR strains. These agents received
approval from the United States Food and Drug Administration (FDA) for treating compli-
cated intraabdominal infections and complicated urinary tract infections in 2014 and 2015,
as well as, more recently, for treating hospital-acquired pneumonia (HAP) and ventilator-
associated pneumonia (VAP) (7, 8). Therefore, many clinicians view the two antimicrobials
as interchangeable for the treatment of MDR P. aeruginosa. However, remarkable differen-
ces exist. Ceftolozane is a novel oxyimino-aminothiazolyl cephalosporin. Compared to cef-
tazidime, ceftolozane is less prone to hydrolysis by AmpC and is less likely to be affected
by porin loss than is ceftazidime, which are two major resistance mechanisms of P. aerugi-
nosa (9). Although it efficiently inhibits AmpC b-lactamases, avibactam can also inhibit
other serine b-lactamases of the KPC and OXA-48 families, which makes CAZ-AVI more
useful against resistant Enterobacterales (8).

Both C-T and CAZ-AVI serve as front-line treatment options when encountering infec-
tions caused by MDR P. aeruginosa. C-T is often preferred, given its selectivity against
MDR P. aeruginosa and its ability to overcome multiple resistance mechanisms. However,
some settings require the widespread use of CAZ-AVI as an alternative. Several hospitals
are unable to adopt both agents in the formulary due to limited resources and get CAZ-
AVI alone to cover multiple resistant Gram-negative pathogens. Additionally, the global
recall of C-T in December of 2020 led to the widespread use of CAZ-AVI as an alternative,
especially in countries where other novel agents against MDR P. aeruginosa are unavail-
able. Treating clinicians select one over the other without clear evidence in the literature.
Some surveillance studies showed that C-T and CAZ-AVI have high and comparable in-
hibitory activity against P. aeruginosa, including MDR isolates, while other studies
showed that one agent could be better than the other (9–15). However, no clinical study
has yet to compare them, and one should be prudent in making clinical inferences from
these in vitro data. To address this gap, we designed this study to compare the clinical
outcomes of CAZ-AVI to C-T in treating infections due to MDR P. aeruginosa.

RESULTS

A total of 1,041 patients who received either C-T or CAZ-AVI were retrieved from
the medical records, and 200 of these patients were included in this study, with 100
patients in each study arm (Fig. 1). The mean age for the overall study population was
60 6 19 years, and 132 (66%) were males. The most common comorbidities included
diabetes mellitus, hypertension, immunosuppression, moderate to severe chronic renal
failure, and cerebrovascular disease, which presented in 58%, 57%, 35%, 30%, and 22%
of the study population, respectively. The median interquartile range (IQR) charlson
comorbidity index (CCI) was 5 (3 to 8). A total of 112 (56%) patients were in the ICU,
and 96 (48%) were on mechanical ventilation. The most common infections were hos-
pital-acquired pneumonia, wound infection, ventilator-associated pneumonia, urinary
tract infection, and intraabdominal infection, which presented in 28%, 24%, 21%, 10%,
and 8% of the study population, respectively. A total of 37 (19%) patients presented
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with bacteremia. Polymicrobial infection occurred in 98 (49%) patients. More details
are shown in Table 1.

In the CAZ-AVI arm, the median (IQR) time to active therapy and time to study drug
were 55 (7 to 90) hours and 92 (29 to 134) hours, respectively, whereas the median
times in the C-T arm were 47 (10 to 86) hours and 88 (37 to 129) hours, respectively.
These differences were not statistically significant. Combination therapy was more
common in the C-T arm (47% versus 35%), but the difference was not statistically sig-
nificant. Among those cases, the isolates were susceptible in vitro to at least one com-
bination agent in 30% and 22% in the C-T arm and CAZ-AVI arm, respectively. Specific
MIC data were available or retrievable in 36 and 43 cases in the C-T and CAZ-AVI
groups, respectively. The median MIC in the C-T group was 2 mg/mL (range, 0.5 to
4 mg/mL), whereas the median MIC in the CAZ-AVI group was 4 mg/mL (range, 2 to
8 mg/mL). In the C-T group, the numbers of patients with MICs of 0.5, 1, 1.5, 2, and
4 mg/mL were 2, 6, 4, 17, and 7, respectively. In the CAZ-AVI group, the numbers of
patients with MICs of 2, 4, 6, and 8mg/mL were 18, 13, 1, and 11, respectively.

The two groups were comparable in demographics and clinical characteristics.
Significantly more patients were on concomitant carbapenems and fluoroquinolones in
the C-T arm, and more patients were on concomitant aztreonam in the CAZ-AVI arm.
More details are shown in Table 1.

When comparing the C-T group to the CAZ-AVI group in terms of clinical cure (61%
versus 66%; P = 0.463; OR, 0.81; 95% CI, 0.43 to 1.49), in-hospital mortality (44% versus
37%; P = 0.314; OR, 1.34; 95% CI, 0.76 to 2.36), 30-day mortality (27% versus 23%;
P = 0.514; OR, 1.24; 95% CI, 0.65 to 2.35), and infection-related mortality (25% versus
19%; P = 0.307; OR, 1.42; 95% CI, 0.72 to 2.79), the differences were not statistically sig-
nificant, even after adjusting for differences between the two groups. The differences
between the two groups in other outcomes, including microbiologic eradication, 30-
day readmission, 30-day recurrence, 90-day recurrence, the length of hospital stay and

FIG 1 Patient enrollment and screening for eligibility.
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TABLE 1 Demographic and baseline characteristics of included patientsa

Characteristic C-T (n = 100) CAZ-AVI (n = 100) P value
Demographic
Age in yearsb 606 20 606 18 0.998
Male 71 61 0.136

Comorbidity
Cerebrovascular disease 20 24 0.495
Chronic heart failure 19 20 0.858
Chronic obstructive pulmonary disease 5 4 0.733
Connective tissue disease 2 5 0.248
Dementia 6 6 1
Diabetes mellitus 57 59 0.774
Hemiplegia or paraplegia 8 8 1
History of myocardial infarction 18 12 0.235
Hypertension 53 60 0.318
Immunosuppressedc 33 37 0.553
Liver disease 9 4 0.152
Moderate to severe chronic renal failure 29 30 0.877
Neurological disease 16 22 0.264
Peptic ulcer disease 0 1 0.316
Peripheral vascular disease 10 13 0.506

Charlson comorbidity indexd 5 (3 to 8) 5 (3 to 8) 0.886
Baseline serum creatinine inmmol/Ld 82 (52 to 161) 91 (55 to 200) 0.423
Baseline creatinine clearance in mL/mind 65 (32 to 115) 59 (26 to 114) 0.463
Indwelling invasive devices
Central venous catheter 65 57 0.282
Foley catheter 67 57 0.145
Mechanical ventilation 50 46 0.571

Severity of illness
Intensive care unit at infection onset 52 60 0.254
No sepsis 30 38 0.232
Sepsis 31 27 0.533
Septic shock 39 35 0.558
APACHE II scored 20 (12 to 30) 19 (13 to 24) 0.706

Site of infection
HAP 25 31 0.345
Wound 27 20 0.234
VAP 20 22 0.728
UTI 11 10 0.818
Intraabdominal 6 10 0.297
CRBSI 5 2 0.248
Othere 6 5 0.756

Presence of bacteremia 23 14 0.101
Polymicrobial infection 55 43 0.09
Infectious diseases consultation 99 97 0.312
Time to active therapy in hoursd 47 (10 to 86) 55 (7 to 90) 0.97
Time to study drug in hoursd 88 (37 to 129) 92 (29 to 134) 0.73
Combination therapyf 47 35 0.084
Combination with more than one agent 11 9 0.809
Type of combination therapy
IV colistin 22 14 0.141
Aztreonam 1 15 ,0.001
Inhaled colistin 9 5 0.268
Fluoroquinolone 10 3 0.045
IV aminoglycoside 6 6 1
Carbapenem 9 0 0.002
Inhaled aminoglycoside 1 1 1

Susceptible to at least one combination agentg 30 22 0.928

(Continued on next page)
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ICU stay from the onset of infection, the duration of mechanical ventilation, acute kid-
ney injury (AKI), and acute liver injury were not statistically significant (Table 2). Two
patients in the CAZ-AVI arm developed Clostridioides difficile infections. In the C-T arm,
one patient developed a maculopapular rash, one patient developed seizures, and two
patients developed diarrhea. AKI developed in 40 (20%) patients. 26 (60%) of these
patients received combination therapy, and, among these patients, intravenous (IV)
colistin was concurrently given to 16 (40%) of them.

After conducting further analysis, 20 patients in the C-T arm received 1.5 gram-based
dosing for HAP or VAP, among which clinical failure, in-hospital mortality, and 30-day
mortality occurred in 12, 12, and 8 patients, respectively. After excluding those patients,
the rates of clinical cure in the C-T and CAZ-AVI groups did not change (61% versus 66%).
However, the rates of in-hospital mortality became closer (40% versus 37%), and the rates
of 30-day mortality became similar (23% in both groups) between the two groups.

Further, among cases with available MICs, the differences were not significant between
those who received C-T and CAZ-AVI in clinical cure (61% versus 70%; P = 0.419), in-hospital
mortality (42% versus 35%; P = 0.536), 30-day mortality (25% versus 21%; P = 0.668), infec-
tion-related mortality (25% versus 16%; P = 0.874), and microbiologic eradication (56% ver-
sus 74%; P = 0.135).

DISCUSSION

This study showed that C-T and CAZ-AVI did not significantly differ in overall in-hospi-
tal mortality, 30-day mortality, and clinical cure at the end of the treatment when used
for the treatment of infections caused by MDR P. aeruginosa. In addition, no difference
was found in the other outcomes, including the infection-related mortality, 30-day read-
mission, 30-day recurrence, 90-day recurrence, microbiologic eradication, length of stay,
duration of mechanical ventilation, AKI, or acute liver injury. Although C-T and CAZ-AVI
are available options for these cases, C-T could have been prioritized for resistant P. aeru-
ginosa in clinical practice, given the utility of CAZ-AVI against carbapenem-resistant
Enterobacterales, for which b-lactamases and carbapenemases are the predominant re-
sistance determinants. However, our study showed insignificant trends toward a higher
rate of clinical cure and a lower mortality rate in patients who received CAZ-AVI versus
those who received C-T. However, it should be noted that more isolates with available
MICs were at borderline susceptibility in the C-T arm (59%), compared to the CAZ-AVI
arm (25%), and 20% of patients in the C-T arm did not receive the appropriate dose per
indication, which might contribute to the insignificant trends toward the slightly better
outcomes in the CAZ-AVI arm. Besides the insignificant differences in clinical outcomes,
other factors may be considered, including the local epidemiology and the cost, with
CAZ-AVI currently being more affordable in the Kingdom of Saudi Arabia.

Data regarding the clinical effectiveness of C-T against infections caused by resistant
P. aeruginosa came from real-world case series (16, 17) or comparative cohort studies, as
opposed to more traditional antipseudomonal agents (18, 19). These studies showed clin-
ical success rates of approximately 70% to 80% as well as a mortality of 20%. Our study
showed less successful outcomes, which could be due to the differences in the disease

TABLE 1 (Continued)

Characteristic C-T (n = 100) CAZ-AVI (n = 100) P value
Duration of therapy in daysd 10 (7 to 15) 10 (6 to 14) 0.226
Overall duration of hospitalization in daysd 61 (32 to 137) 59 (30 to 118) 0.365
aA x2 test was applied to compare categorical variables, whereas an independent t test or a Wilcoxon rank-sum test was applied to compare continuous variables. APACHE
II, Acute Physiology and Chronic Health Evaluation; CAZ-AVI, ceftazidime-avibactam; C-T, ceftolozane-tazobactam; CRBSI, catheter-related bloodstream infection; ICU,
intensive care unit; HAP, hospital-acquired pneumonia; UTI, urinary tract infection; VAP, ventilator-associated pneumonia.

bMean6 standard deviation.
cNeutropenic, chronic therapy with corticosteroids, active chemotherapy, or solid organ/stem cell transplant patients on immunosuppressants.
dMedian (interquartile range). Otherwise, the data are presented as n (and percents, as n = 100).
eIncluding five bacteremia of unknown origin, two empyema, two cystic fibrosis, one infective endocarditis, and one meningitis.
fGiven concurrently with the study drug for at least 48 hours.
gAmong all isolates for patients who received combination therapy only.
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severity of the patients (higher rate of septic shock in our study). Additionally, more iso-
lates with available MICs were at borderline susceptibility (59% in the C-T arm and 25% in
the CAZ-AVI arm). Data investigating the clinical outcomes of CAZ-AVI versus comparators
against infections caused by MDR P. aeruginosa are lacking and are limited to pooled
data from randomized clinical trials (20). These data showed a clinical and microbiologic
success of 57%, which was comparable to our findings. The existing data comparing the
activity of C-T to CAZ-AVI against P. aeruginosa, including MDR isolates, are limited to
surveillance studies (9–15). Although earlier studies showed that C-T has better in
vitro activity (9, 10, 12), later studies showed contrary or similar activity (13–15). Our
study is the first to compare the two agents in terms of clinical outcomes. Although
AKI occurred in 40 (20%) patients in this study, 26 (60%) of those patients received
combination therapy in which IV colistin was concurrently given to 16 (40%) patients.
This is expected, as previous studies showed that the rate of AKI in patients who
received IV polymyxin was 30% to 43% (18, 21).

Around 45% of patients with HAP or VAP in the C-T arm received 1.5 gram-based dos-
ing, among which clinical failure, in-hospital mortality, and 30-day mortality occurred in
60%, 60%, and 40% of patients, respectively. Compared to all patients who received C-T,
these outcomes occurred less frequently: 39%, 44%, and 27%, respectively. In a simu-
lated probability of target attainment (PTA) of ceftolozane in epithelial lining fluid, with a
$50% fT/MIC target and a MIC of up to 8, the PTA values were approximately 90% and
59% with a 3 g dose and a 1.5 g dose, respectively (22). Our results emphasize the impor-
tance of 3 gram-based dosing for nosocomial pneumonia.

The concept of “difficult-to-treat” resistance (DTR) was proposed earlier (23) and was
recently used in the latest IDSA guidelines to support the use of C-T and CAZ-AVI for
P. aeruginosa-related infections (24). Although we included patients based on the

TABLE 2 Outcomes in patients receiving ceftolozane-tazobactam versus ceftazidime-avibactam

Outcomea C-T (n = 100) CAZ-AVI (n = 100) P Value Odds Ratio (95% CI)
Adjusted Oddsb

Ratio (95% CI)
Clinical cure 61 66 0.463 0.81 (0.43 to 1.49) 0.92 (0.41 to 2.05)
In-hospital mortality 44 37 0.314 1.34 (0.76 to 2.36) 1.13 (0.52 to 2.48)
30-day mortality 27 23 0.514 1.24 (0.65 to 2.35) 1.20 (0.48 to 3.00)
Infection-related mortality 25 19 0.307 1.42 (0.72 to 2.79) 1.00 (0.40 to 2.52)
Microbiologic outcomec

Eradication 46 43 0.843 0.94 (0.46 to 1.89)
Persistence 32 28

30-day readmissiond 11 14 0.73
30-day readmission due to infectiond 5 8 0.511
30-day recurrenced 8 13 0.364
90-day recurrenced 14 16 0.96
Length of hospital stay from onset of infection (days) 30 (20 to 75) 32 (17 to 66) 0.61
Length of ICU stay from onset of infection (days)e 25 (9 to 44) 24 (14 to 40) 0.829
Duration of mechanical ventilation (days)f 23 (7 to 45) 21 (8 to 42) 0.874
Acute kidney injury 23 17 0.289 1.46 (0.69 to 3.14) 1.74 (0.66 to 4.59)
Risk 6 8
Injury 7 1
Failure 6 7
RRT 4 1

Acute liver injury 3 1
aThe data are presented as n (and percents, as n = 100) or as the median (IQR). Either a x 2 test or a Fisher’s exact test was used to compare categorical variables, whereas
either an independent t test or a Wilcoxon rank-sum test was used to compare continuous variables. Abbreviations: CAZ-AVI, ceftazidime-avibactam; C-T, ceftolozane-
tazobactam; CI, confidence interval; ICU, intensive care unit; RRT, renal replacement therapy.

bAdjusted for gender, the presence of bacteremia, polymicrobial infections, combination therapy, liver disease, Foley catheter, time to active therapy, and duration of
therapy.

cOnly including patients who had repeated cultures (n = 78 in the ceftolozane-tazobactam arm, and n = 71 in the ceftazidime-avibactam arm).
dOnly including patients who survived (n = 56 in the ceftolozane-tazobactam arm, and n = 63 in the ceftazidime-avibactam arm).
eOnly including patients who were in the ICU at infection onset.
fOnly including patients who were mechanically ventilated during the infection episode.
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presence of MDR isolates, these isolates can be considered difficult-to-treat, given the in-
ternal protocols for the participating hospitals to allow the use of C-T or CAZ-AVI only if
the isolate is not susceptible to all traditional antipseudomonal b-lactam and antipseu-
domonal fluoroquinolones (the definition of P. aeruginosa with difficult-to-treat resist-
ance) (24).

This study has several limitations. Given its retrospective observational design, the
study was subject to selection bias, inclusion bias, healthcare access bias, data incomplete-
ness, and failure to control residual confounding. Screening for carbapenemase genes was
not performed, although 18% of the carbapenem-resistant P. aeruginosa in Saudi Arabia
were carbapenemase producers (25). In the C-T arm, 20% of patients did not receive the
appropriate dose per indication, which might contribute to the insignificant trends toward
slightly better outcomes in the CAZ-AVI arm. Although isolates confirmed as not suscepti-
ble to study drugs were excluded, the MIC data were unavailable for many included ones.
Limited local and regional data showed that P. aeruginosa susceptibility to C-T and CAZ-
AVI ranges between 63% and 97% (11, 15, 26). Additionally, data on source control, which
might have influenced the prognosis, were not documented. Further, although deferred
renal dose reduction in patients with AKI is recommended to improve the outcomes (27),
we were unable to document these data. We included different sources of infections,
which may create heterogeneity in the results. The sample size was relatively small.
However, this is not surprising, as infections caused by MDR P. aeruginosa are not com-
mon, and C-T and CAZ-AVI were introduced to the Kingdom of Saudi Arabian hospitals in
2017. Nevertheless, it is a large comparative study that was conducted across six tertiary
care hospitals.

In conclusion, this study showed that C-T and CAZ-AVI did not significantly differ in
terms of safety and effectiveness and serve as potential options for the treatment of
infections caused by MDR P. aeruginosa. These novel agents should be preferred over
more traditional antipseudomonal agents, including IV colistin and aminoglycosides.

MATERIALS ANDMETHODS
Study design and setting. This retrospective, multicenter cohort study was conducted from January of

2017 to June of 2022, and it included hospitalized patients who underwent treatment with either C-T or CAZ-
AVI for MDR P. aeruginosa infections. The study was conducted at six tertiary centers in Saudi Arabia: King
Saud University Medical City (KSUMC), a 1,500-bed academic medical center in Riyadh; King Faisal Specialist
Hospital and Research Center (KFSHRC), a 1,600-bed specialist hospital in Riyadh; Prince Sultan Military
Medical City (PSMMC), a 1,200-bed hospital in Riyadh; King Faisal Specialist Hospital and Research Center
(KFSHRC), a 500-bed specialist hospital in Jeddah; King Fahad Medical City (KFMC), a 1,200-bed hospital in
Riyadh; and King Abdulaziz Medical City (KAMC), a 750-bed hospital in Jeddah. Data from the included cohort
were retrieved from electronic health records. Eligible patients were those aged $18 years who developed
MDR P. aeruginosa infections and were treated with either CAZ-AVI or C-T for $48 h. The exclusion criteria
were as follows: if the microbiologic data showed that the isolated strain was not susceptible to the study
drug being evaluated or if concomitant or polymicrobial infections existed and were improperly treated.
Proper treatment was defined as an appropriate, in vitro active antibiotic against the causative pathogen with
an appropriate dose and duration of therapy, based on the recommendations from the guidelines of the con-
comitant infections. Patients with reported colonization, rather than infection, were excluded. In cases of mul-
tiple events of infection due to MDR P. aeruginosa, only the first event was included. The primary outcomes of
this study were overall in-hospital mortality, 30-day mortality, and clinical cure at the end of treatment.
Secondary outcomes included microbiologic eradication, infection-related mortality, the length of the hospital
stay, the length of the intensive-care unit stay from the onset of the infection, 30-day readmission, 30-day re-
currence, 90-day recurrence, and the duration of mechanical ventilation. Safety outcomes were also investi-
gated, with special attention given to acute liver injury, AKI, and Clostridioides difficile infections up to
two months after the last dose or discharge, whichever came first. CAZ-AVI was dosed as 2.5 g, intravenously
administered over 2 h, given every 8 h, and adjusted per renal function. C-T was dosed as 3 g or 1.5 g, intrave-
nously administered over 1 h, and given every 8 h, depending on the indication and adjusted per renal func-
tion. However, before the FDA approval for HAP and VAP, some patients might have received a 1.5 g dose for
these indications. Ethical reviews and approvals were obtained from the ethics committees of all participating
sites (IRB Approval of Research Project No. E-22-6628).

Data collection. The following variables were electronically retrieved: demographics, dosages of study
drugs, source of infection, time to appropriate antibiotic (any antibiotic with in vitro activity), time to study
drug (C-T or CAZ-AVI), duration of treatment, microbial susceptibility to study drugs, MICs, concurrent anti-
biotics and the susceptibility data, serum creatinine at baseline and at after treatment, presence of comor-
bidities, CCI, Acute Physiology and Chronic Health Evaluation (APACHE II) score, placement of artificial
devices, occurrence of polymicrobial infections, setting of admission, immune status, severity of illness,
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mechanical ventilation, infectious diseases consultation, and duration of hospital stay. Clinical, microbio-
logical, and safety outcomes were also collected.

Microbiological testing. Isolates of P. aeruginosa were identified, and antibiotic susceptibility testing was
conducted using automated systems, based on each hospital’s own protocol: a MicroScan WalkAway 96 Plus
(Beckman Coulter, Inc., Brea, CA, USA), a Vitek 2 system (bioMérieux, Marcy-l'�Etoile, France), or a BD Phoenix
M50 (Becton, Dickinson Diagnostic Systems, Sparks, MD, USA). The C-T breakpoints followed the guidelines
from the Clinical and Laboratory Standards Institute (CLSI): #4/4 was susceptible, 8/4 was intermediate,
and $16/4 was resistant (28). The CAZ-AVI breakpoints followed the guidelines from CLSI: #8/4 was suscepti-
ble, and$16/4 was resistant (28). The susceptibilities for C-T and CAZ-AVI were tested using gradient diffusion
by either Etest (bioMérieux, Marcyl'�Etoile, France) or MIC test strip (Liofilchem, Roseto degli Abruzzi, Italy).

Definitions. Sepsis was defined as life-threatening organ dysfunction as a response to infection,
which can be identified as an increased SOFA score of $2 from the baseline (29). Septic shock was
defined as sepsis with consistent hypotension that required vasopressors and a serum lactate level of
.2 mmol/L, despite proper volume resuscitation (29). APACHE II is a general measure of disease severity
and a mortality estimation score that is commonly used in critically ill patients (30). CCI is a validated
and readily applicable method of comorbid conditions that can be used to estimate the one-year mor-
tality of medical inpatients (31). MDR P. aeruginosa was defined as P. aeruginosa that is not susceptible
to at least one agent in $3 antimicrobial categories (32). The time to active therapy was defined as the
time to initiate any antibiotic with in vitro susceptibility from the time the cultures were collected. The
time to study drug was defined as the time to initiate the study of the antimicrobial (C-T or CAZ-AVI)
from the time the cultures were collected.

Clinical cure was defined as the resolution of the infection manifestations after the use of the study drug,
without therapy needing to have been modified due to failure or toxicity, whereas clinical failure was defined
as the persistence of infection manifestations, despite adequate antimicrobial therapy. Clinical, laboratory,
and radiologic findings were used in the evaluation of the clinical outcomes, including fever, pulse rate,
white blood cells, arterial blood gas, C-reactive protein, procalcitonin, and imaging studies, when applicable.
The assessment of clinical cure was performed by using a categorical variable with values of “yes” or “no”.
Each participating site had one to two data collectors who were clinical pharmacists with Pharm.D. degrees
or the equivalent and had specialized training in infectious diseases. They reviewed the electronic records of
the included patients by using the previously mentioned criteria as well as the documented progress reports
that were provided by the treating clinicians. In each site, at least one clinical pharmacist is classified as a
“consultant”, per the Saudi Commission for Health Specialties. Difficult cases or cases with disagreement
were resolved via open discussion to develop a consensus.

In-hospital mortality was defined as death due to any cause within the current admission. This mor-
tality was considered infection-related if patients had ongoing, unequivocal clinical and/or biochemical
signs of infection at the time of death. Likewise, difficult cases or cases with disagreement were resolved
via open discussion to develop a consensus. 30-day mortality was defined as death that occurred within
30 days of the index culture.

Microbiologic eradication was defined as the absence of microbial growth, and microbiologic failure
was defined as the persistence of positive cultures of the etiologic microorganisms at the same infection
site, despite the clinical outcome of the infection (evaluated only if repeated cultures were available).
Indeterminate was selected if no repeated microbiologic evaluation was available.

Polymicrobial infection was defined as an additional pathogen during the same infection episode,
except for possible contaminants.

Recurrence (30-day or 90-day) of infection was defined as positive cultures of P. aeruginosa and sus-
ceptibility that was similar to that observed for the index culture after evidence of at least one negative
growth within 30 or 90 days of the primary infection episode.

For the assessment of renal function, the “RIF” components of the RIFLE (risk, injury, failure, loss of
kidney function, and end-stage kidney disease) criteria were used, as long-term assessments were not
conducted. We considered the patient to have AKI if any of the previous categories occurred during the
course of treatment (33). We also included whether patients received renal replacement therapy due to
AKI. The assessment of acute liver injury was performed in accordance with the Drug-Induced Liver
Injury Network (DILIN) (34).

Statistical analysis. Descriptive statistics were used to summarize the data. Bivariate comparisons
were performed for the baseline characteristics and the outcomes of interest between patients treated
with C-T and CAZ-AVI. Categorical variables were presented as numbers and percentages and were com-
pared between treatment groups by using either a x 2 test or a Fisher’s exact test. Continuous variables
were presented as the mean6 standard deviation (SD) with an independent t test if normally distributed.
If not normally distributed, the median and the IQR were used with a Wilcoxon rank-sum test. The analyses
were conducted with the level of significance set at P , 0.05. A multivariate analysis using logistic regres-
sion was used to determine the independent impact of treatment on the outcomes of interest (overall in-
hospital mortality, 30-day mortality, infection-related mortality, clinical cure, and AKI).

Along with the treatment groups, baseline characteristics associated with a difference at a P value of
#0.20 were eligible for inclusion into the model. Then, the adjusted odds ratios (ORs) and 95% confi-
dence intervals (CIs) for treatment with C-T were calculated for each clinical outcome. All of the statisti-
cal analyses were performed using STATA 15.1 (StataCorp LP, College Station, TX, USA).
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