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This systematic review and meta-analysis evaluated the clinical efficacy and safety of carbapenems for the treatment of complicated
urinary tract infections (cUTIs), with the comparators being new antibiotics evaluated for this indication. We searched 13 electronic
databases for published randomized controlled trials (RCTs) and completed and/or ongoing trials. The search terms were developed
using the Population, Intervention, Comparison, Outcomes, and Study framework. Pooled efficacy estimates of composite cure
(clinical success and microbiological eradication) favored the new antibiotic groups, although this was not statistically significant
(risk ratio [RR], 0.91; 95% CI, 0.79-1.04). A pooled estimate examining clinical response alone showed no difference between treat-
ment arms (RR, 1.00; 95% CI, 0.96-1.05), however, new antibiotic treatments were superior to carbapenems for microbiological
response (RR, 0.85; 95% CI, 0.79-0.91). New antibiotic treatments demonstrated a superior microbiological response compared
with carbapenems in clinical trials of cUTI, despite an absence of carbapenem resistance. However, it is noteworthy that the clinical

response and safety profile of new antibiotics were not different from those of carbapenems.
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Complicated urinary tract infections (cUTIs) occur in indi-
viduals with anatomical or functional abnormalities of the uri-
nary tract and often require hospitalization and antibiotics [1].
Risk factors of cUTI are multifaceted and complex and include
comorbidities such as diabetes mellitus, pregnancy, aging, uri-
nary tract obstruction, renal failure, indwelling urinary cath-
eter use, renal transplantation, and immunosuppression [2].
Health care acquisition of UTI is also an important risk factor
for development of complications [3]. The most common
pathogens causing cUTI are the gram-negative bacteria, in-
cluding Escherichia coli, Klebsiella spp., Citrobacter spp., and
Pseudomonas spp. [1]. While beta-lactam antibiotics are usu-
ally recommended for treatment of infections caused by these
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bacteria, gram-negative pathogens often develop resistance to
cephalosporins and beta-lactam/beta-lactamase inhibitor com-
binations, mainly by producing various beta-lactamases [4].
Multidrug-resistant (MDR) pathogens, especially gram-neg-
ative bacilli, are a worldwide problem [5]. Notably, many of the
common pathogens causing cUTIs are frequently MDR in some
countries, and there is a foreseen trend of microbiological resist-
ance in urinary pathogens [6]. For these reasons, prescription
of adequate antibiotics is critical and increasingly difficult for
cUTL An inappropriate choice of antibiotics may lead to per-
sistence of infection, relapse, or reinfection, and thus increased
health care costs from prolonged length of hospital stay [7].
Carbapenems are a class within the beta-lactam family of
antibiotics, which are generally an effective treatment for se-
rious infections due to their in vitro activity against the majority
of gram-negative bacteria [8] and their proven clinical track
record, including against extended-spectrum beta-lactamase
(ESBL)-producing organisms [9]. However, the worldwide
spread of highly resistant pathogens, including carbapenem-
resistant Enterobacteriaceae (CRE), may compromise the effi-
cacy of carbapenems [10]. The urgent need for the development
of new antibiotics has been recognized in the global political
agenda and is one of the World Health Organization’s (WHO’s)
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recommendations [11]. However, the development of novel
antibiotics has been slowed over the past 30 years [12]. To con-
front the problem of MDR pathogens, several new antibiotics
have been approved by US Food and Drug Administration
(FDA) and European Medicines Agency (EMA), while others
continue in clinical development [13].

There have been promising results from well-designed ran-
domized controlled trials (RCTs) examining these new anti-
biotics for serious infections such as cUTIs [13]. However,
individual RCT results are often difficult to interpret in eve-
ryday clinical practice. Therefore, summative evidence needs
to be updated, evaluating the newly approved antibiotics vs
their comparators. While several systematic reviews and meta-
analyses that have compared the treatment effects between new
antibacterial agents and alternative antibiotics are available
[14-16], no studies have yet computed summative data of RCTs
comparing recently studied antibiotics and carbapenems for
cUTT treatment. We therefore conducted a systematic review
and meta-analysis of RCTs to evaluate the comparative efficacy
and safety of carbapenems and new antibiotic treatments for
patients with cUTIL.

METHODS

This paper adheres to the PRISMA guideline for reporting
systematic reviews and meta-analysis [17]. The protocol of
this study was registered with PROSPERO, the International
Prospective Register of Systematic Reviews, on April 10, 2019
(registration number CRD42019124987).

Patient Consent Statement
As a meta-analysis, this study does not include factors
necessitating patient consent.

Literature Search and Selection Criteria

The search terms were developed according to these Population,
Intervention, Comparison, Outcomes, and Study (PICOS)
criteria:

o Participants: adult participants (age 18 years and older) with
complicated urinary tract infections

« Intervention: carbapenem treatments

o Comparison: new antibiotic treatments (defined as those
submitted to the FDA or EMA for approval for the cUTI in-
dication from 2009 to 2019, excluding carbapenems alone or
in combination with new beta-lactamase inhibitors)

o Outcomes: efficacy and safety measures, including clinical
response, microbiological response, and adverse effects

o Study type: randomized controlled trials

In March 2019, we conducted a systematic literature search in
electronic databases, including PubMed, EMBASE, Cochrane
Central Register of Controlled Trials (CENTRAL), Scopus,

CINAHL, and MEDLINE. A complementary hand search was
also conducted by screening the reference lists of the included
articles. ClinicalTrials.gov, ANZCTR (Australian New Zealand
Clinical Trials Registry), the WHO website, and Google Scholar
were searched to identify completed and ongoing trials. The
literature was limited to English and Spanish, and the data to
publication within 10 years. The search strategies were dis-
cussed with a medical librarian, and the details are listed in
Supplementary Appendix 1.

Study Selection

Two reviewers, Y.E. and H.W,, independently screened the
titles, abstracts, and the full text of selected articles to identify
their eligibility according to the inclusion and exclusion cri-
teria (Supplementary Appendix 1). Briefly, eligible trials were
all available RCTs that compared carbapenems with any other
new antibiotics for the treatment of adult patients (over 18 years
old) who were diagnosed with/suspected to have complicated
urinary tract infections, including pyelonephritis. Therefore,
trials including placebo controls and study populations that
included individuals with uncomplicated urinary tract infec-
tions, healthy volunteers, women who were pregnant or breast-
feeding, individuals obtaining other antibacterial treatments or/
and other medical treatments that had the potential to affect
intervention outcomes, and individuals with a history of any
allergic reaction to any beta-lactam antibiotics were excluded.

Data Extraction

Relevant data from studies eligible for inclusion were ex-
tracted by following the Cochrane Handbook for Systematic
Reviews of interventions [17]. The following information was
extracted and recorded from each selected study: (i) name of
author and publication year; (ii) characteristics of study, such
as study design, study periods, and sample size; (iii) countries
included in the study and characteristics of the participants,
including age, sex, and race; (iv) intervention characteristics,
including dosage, delivery, and duration of antibiotics; (v)
types of outcomes; (vi) pathogens identified at baseline; (vii)
subgroup population analyzed in the study; (viii) end points
of efficacy. Any conflict was resolved by discussing between
all reviewers or/and seeking advice from co-authors. To en-
sure the reliability of the data, the data were extracted by 2
reviewers independently.

Risk of Bias Assessment

The “risk of bias tool” from the Cochrane Collaboration was
used to assess the quality of selected trials by classifying each
item separately as low, unclear, or high risk [18]. The assess-
ment items included (i) random sequence generation (selection
bias); (ii) allocation concealment (selection bias); (iii) blinding
of participants and personnel (performance bias); (iv) in-
complete outcome data (attrition bias); (v) selective reporting
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(reporting bias); and (vi) other bias, such as ethical aspects of
study procedures.

Outcome Measures

Not all outcome data in intent-to-treat populations were avail-
able among all selected studies; hence, we extracted data in
microbiologically modified intention-to-treat populations
(mMITT) and modified intent-to-treat (MITT) [19] popu-
lations or clinically evaluable (CE) populations, as defined in
individual studies. Target outcomes of interest in the searched
studies were clinical response (CR), microbiological response
(MR), and a composite of clinical cure and microbiological
eradication (CC) at the test of cure (TOC) visit in the relevant
populations for an efficacy measure; adverse events (AEs) and
serious adverse events (SAEs) among the safety population
during the treatment period were used for safety measures.

Statistical Analysis

We calculated treatment effects as risk ratios (RRs) and 95% Cls
for dichotomous data with the DerSimonian-Laird random-
effects model (REM) [20]. For the outcomes of treatment effi-
cacy (CR, MR, and CC), RRs <1 favor new antibiotic treatment,
whereas RRs <1 favor carbapenems for AEs and SAEs. Between-
study heterogeneity was assessed using the x” test (P < .05 as an
indication of significant heterogeneity) and I* (>30% of I* was
considered presence of heterogeneity).

To investigate the impact of outlying individual studies on
the pooled effect estimate, sensitivity analyses were performed
by excluding 1 trial each time and recalculating the pooled ef-
fect estimates. Publication bias was assessed using funnel plots
with visual inspections. As the number of studies included was
small, Egger’s regression was applied to test the presence of bias.
All statistical analyses were performed with Stata, version 15
(StataCorp, College Station, TX, USA).

RESULTS

The flow diagram in Figure 1 shows the process used to select
studies. In total, 31 articles were identified by database searches,
of which 13 were retrieved for full-text reading. Given that
the focus of this meta-analysis was new antibiotic treatments
vs carbapenem treatments, such as biapenem, doripenem,
ertapenem, imipenem, meropenem, or panipenem, 5 articles
were excluded due to being outside the scope of new antibiotics.
Another 3 articles were removed because 1 trial included
carbapenem treatments in both arms, 1 study was a duplication
of an already selected article, and 1 report was a separate anal-
ysis from an original RCT published previously [21]. Finally,
5 articles met the inclusion criteria [22-25]. An additional
registered trial was identified that is yet to be published in a
peer-reviewed journal but with results available in the public
domain, so it was also included in the analysis [26].

Study Characteristics

A total of 6 RCTs with 3343 subjects were analyzed in this
study. Table 1 summarizes the main characteristics of the
selected studies. All studies were multicentered, multina-
tional randomized controlled trials funded by pharmaceutical
companies. All participants included in this meta-analysis
were >18 years old with cUTI, including acute pyelone-
phritis. One trial included patients with complicated intra-
abdominal infections, yet relevant outcomes were stratified
and presented separately from cUTI patients [23]. The same
study compared ceftazidime-avibactam and the best available
therapies, of which 97% were carbapenems [23]. Another 2
trials also tested ceftazidime-avibactam [22, 27]; the other
trials used cefiderocol, plazomicin, and eravacycline, respec-
tively [24-26]. For carbapenem treatments, 2 studies used
imipenem-cilastatin, while the remaining trials employed
doripenem, meropenem, or ertapenem, respectively [22-25,
27]. The primary end point of all trials was measured at the
“test of cure” (TOC) visit, variably measured from initial
treatment to 5 to 10 days after the last study drug treatment.
This ranged from 12 to 31 days after randomization. The
dosage, delivery method, and duration of each treatment are
shown in Table 1.

Risk of Bias Assessment in Selected Studies

The Cochrane risk of bias assessment tool was used to assess the
quality of selected studies (Figure 2). All studies demonstrated
sufficient random sequence generation and allocation conceal-
ment, thus low risk of selection bias. One trial used open-label
antibiotics [23], and therefore performance bias and detection
bias were rated with high risk. The remaining 4 trials were per-
formed with a double-blind model, and hence they had a low
risk for performance bias and detection bias [22, 24, 25, 27].
One study had a high risk of attrition and reporting bias be-
cause it had a significant number of dropouts and the outcomes
were reported with subpopulations [22]. The other studies were
rated as having unclear risk due to exclusion of participants
after randomization [23-25, 27]. Detailed risk of bias assess-
ments are presented in Supplementary Table 2.

Efficacy of Treatments

Efficacy of treatment in the selected studies was evaluated with
clinical response rate, per-patient microbiological response
rate, and composite cure at TOC in the relevant population
groups. Five studies had the complete data of composite cure
in an mMITT or MITT population at TOC, including 1631
participants in total [22, 24, 25, 27]. Pooled effect estimates
suggested that the new antibiotic groups had a higher com-
posite cure rate than the carbapenem groups (RR, 0.91; 95% CI,
0.79-1.04; P = .15) (Figure 3A) [22, 24, 25, 27]. However, the
statistical evidence was weak, and significant heterogeneity was
observed (I* = 81.1%).
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) diagram of assessed and included studies. Abbreviation: RCT, randomized con-
trolled trial.
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Figure 2. Risk of bias summary. Ratings were based on the Cochrane guideline.
Red circles, green circles, and yellow circles indicated high risk, low risk, and un-
clear risk, respectively.

For clinical response, 5 RCTs (including 1914 participants)
reported that there was no significant difference between
carbapenem and the new antibiotic treatment in clinical re-
sponse at TOC visit (RR, 1.00; 95% CI, 0.98-1.04; P = .83)
(Figure 3B) [22-25, 27].

Regarding microbiological response, 5 studies (with 1945
participants) reported the per-patient microbiological eradica-
tion rate in an ME population or mMITT population at TOC
[22-25, 27]. The pooled effect estimates showed that new anti-
biotics had greater rates of microbiological eradication than
carbapenems (RR, 0.85; 95% CI, 0.79-0.91; P < .01) with mod-
erate heterogeneity (I* = 33.7%) (Figure 3C). Nevertheless, the
95% CI suggests that the proportion of heterogeneity can fall
between 0% and 75%, and therefore, the heterogeneity in the
true effect size remains unclear.

Safety of Treatments

Adverse events and serious adverse events were reported in
all published papers, including 2512 patients [22-25, 27]. Two
studies reported “any adverse events” and drug-related adverse
events separately. The rates of AEs and SAEs were not signif-
icantly different between treatment groups (RR,,, 1.09; 95%
CL, 0.93-1.29; P = .297; I* = 59.1%; and RR_,, 0.96; 95% CI,
0.53-1.76; P = .896; I’ = 44.1%, respectively) (Figure 4A and
B). The total number of patients who discontinued treatment
due to AEs was 20 in the new antibiotic arms and 17 in the

carbapenem arms. In total, 8 deaths were observed in 5 studies
(4 deaths in each arm); however, the association of death with
antibiotic treatment was not specified.

Sensitivity Analyses

We performed sensitivity analyses to assess the influence of
each selected study on the pooled effect estimates. For com-
posite cure, heterogeneity was eliminated by excluding the
IGNITE-3 trial (eravacyline vs ertapenem) with increment in
favor of new antibiotic treatments (RR, 0.86; 95% CI, 0.81-0.93;
P <.01; I’ =7.8%) (Supplementary Table 5). Also, the sensitivity
analysis revealed that the doripenem vs ceftazidime/avibactam
trial was the strongest contributor to heterogeneity for the out-
comes of MR, AEs, and SAEs (Supplementary Tables 3-5) [22,
24, 25, 27]. Interestingly, heterogeneity in CR was not detected,
yet the 95% Cls were too wide to confirm significance. In the
subgroup analysis including only ceftazidime-avibactam treat-
ment, no differences were reported regarding CC, CR, and MR.

Publication Bias

With the small number of included studies, evaluation of the
presence of publication bias was difficult. Visual inspection of
funnel plots in each CC, CR, and MR suggests different spread
trends in each outcome (Figure 5). When asymmetries (bias)
were tested using Egger’s metaregression test, all P values
were large, suggesting statistically nonsignificant asymmetry
(Supplementary Table 6).

DISCUSSION

This meta-analysis compared the efficacy and safety of new
antibiotic treatments and carbapenem treatments for patients
with cUTIs in 6 RCTs, with all included trials designed as
noninferiority trials, following FDA guidelines [22-27]. We
identified no significant difference between the new treatments
examined and the carbapenem comparator for the composite
measure of clinical and microbiological cure, though a favor-
able trend toward the new treatments was observed (RR, 0.91;
95% CI, 0.79-1.04). When clinical response and microbiolog-
ical cure were investigated separately, there were no differences
in clinical response between new antibiotic treatments and
carbapenem treatments. However, microbiological eradication
rates were significantly higher in the new antibiotic treatments
group compared with the carbapenem treatment groups (RR,
0.85; 95% CI, 0.79-0.91). There were no differences in the oc-
currence of AEs and SAEs between treatment arms.

The reasons for lower microbiologic eradication rates when
carbapenems were used need further exploration. Carbapenem
resistance is not the explanation, as overt carbapenem resist-
ance was not found in the infecting isolates in these studies.
There remains the possibility of “hidden” carbapenem resist-
ance due to comparatively weak carbapenemases such as OXA-
48 and related enzymes. Delivery of drug to the site of infection
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A Composite cure

Carbapenem  New antibiotic %
Study Events Total Events Total RR (95% Cl) weight
Vazquez, 2012 21 35 18 27 &——a———— 0.90 (0.62, 1.32) 8.74
Wagenlehner, 2016 269 417 280 393 —_— 0.91(0.82, 1.00) 24.43
Portsmouth, 2018 65 119 183 252 —— 0.75(0.63, 0.90) 18.61
Wagenlehner, 2019 138 197 156 191 —— 0.86 (0.77,0.96) 23.24
IGNITE3 302 403 293 428 —— 1.09 (1.00, 1.19) 24.99
Overall (12 = 81.1%, P =.000) ~ 0.91 (0.79, 1.04) 100.00
NOTE: Weights are from random-effects analysis
T T
616 1 1.62
Favors new antibiotic
Favors carbapenem
B Clinical response
Carbapenem  New antibiotic %
Study Events Total Events Total RR (95% Cl) weight
Vazquez, 2012 29 36 24 28 0.94(0.75, 1.17) 1.82
Carmeli, 2016 129 137 132 144 1.03(0.96, 1.10) 21.25
Wagenlehner, 2016 377 417 355 393 1.00 (0.96, 1.05) 43.73
Portsmouth, 2018 104 119 226 252 0.97 (0.90, 1.06) 13.81
Wagenlehner, 2019 178 197 170 191 1.02(0.95, 1.09) 19.38
Overall (12 = 0.0%, P = .830) 1.00 (0.97, 1.03) 100.00
NOTE: Weights are from random-effects analysis
I 1 Ll
754 1 1.33
Favors new antibiotic
Favors carbapenem
C Microbiological response
Carbapenem  New antibiotic %
Study Events Total Events Total RR (95% Cl) weight
Vazquez, 2012 31 49 31 46 0.94(0.70, 1.26) 5.54
Carmeli, 2016 88 137 118 144 —— 0.78 (0.68,0.91) 17.46
Wagenlchner, 2016 291 417 299 393 —lH 0.92 (0.84. 1.00) 33.67
Portsmouth, 2018 67 119 184 25— —— 0.77 (0.65,0.92) 13.36
Wagenlehner, 2019 147 197 171 191 —- 0.83(0.76, 0.92) 29.96
Overall (12 = 33.7%, P = .197) < 0.85(0.79, 0.91) 100.00
NOTE: Weights are from random-effects analysis
T T

.647

1 1.55

Favors new antibiotic

Figure 3.

Favors carbapenem

Forest plot of the meta-analysis for effects of new antibiotic treatments vs carbapenem treatments for patients with complicated urinary tract infection at test

of cure visit: (A) composite cure in the microbiologically modified intent-to-treat population (mMITT) or modified intent-to-treat population (MITT); (B) clinical response in the
mMITT or clinically evaluable population; (C) microbiological response in the MITT or mMITT population. £ shows proportion of inconsistency. Abbreviation: RR, risk ratio.

seems unlikely to be an explanation, as carbapenems manifest
high urine concentrations due to good renal clearance.

There are several potential pathogenic mechanisms for ex-
plaining recurrent urinary tract colonization: (1) bacterial
biofilms on the surface of a foreign body (eg, urinary catheter,
stent, or calculi), (2) intracellular bacterial biofilms in superfi-
cial bladder cells [28], (3) re-infection from intestinal micro-
biota [29], and (4) external re-infection [30].

How could carbapenems fail to prevent recurrent urinary
tract colonization? One possibility is that carbapenems do not
penetrate biofilms associated with indwelling urinary catheters
or urinary tract stents or calculi or that carbapenems trigger
the formation of intracellular biofilms; however, there is no ev-
idence that comparators have a higher efficacy against bacterial
biofilms or lower bacterial biofilm induction. A more compre-
hensive explanation could be the fact that carbapenems have

potent activity against the anaerobe components of the vag-
inal microbiota, in contrast to the comparators included in this
meta-analysis (cefiderocol, plazomicin, ceftazidime-avibactam),
which have poor or no activity against anaerobes. This is im-
portant, as in adult monkeys it has been documented that the
delivery of amoxicillin into the vagina significantly reduces col-
onization resistance to E. coli from the intestinal microbiota,
favoring its spread to the urethra and finally causing UTI. In
contrast, trimethoprim and nitrofurantoin did not reduce colo-
nization resistance [31]. In line with this evidence, Hooton et al.
[32] performed a randomized study in females with UTI as-
signed to receive amoxicillin-clavulanate or ciprofloxacin (with
no anaerobic activity) for 3 days. After 2 weeks of follow-up,
clinical success was significantly higher in the ciprofloxacin arm
(76% vs 95%; P < .001) while vaginal colonization with E. coli
was significantly higher in the amoxicillin-clavulanate arm
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A Adverse effects

Carbapenem New antibiotic %
Study Events  Total Events  Total RR (95% Cl) weight
Vazquez, 2012 51 67 46 68 1.13(0.91, 1.39)  22.21
Carmeli, 2016 54 153 43 152 1.25(0.90, 1.74) 14.53
Wagenlehner, 2016 158 509 185 511 0.86(0.72,1.02)  25.29
Portsmouth, 2018 76 148 122 300 1.26 (1.03, 1.55)  22.52
Wagenlehner, 2019 65 301 59 303 1.11(0.81, 1.52) 15.46
Overall (12 = 59.1%, P=.044) 1.09 (0.93, 1.29) 100.00
NOTE: Weights are from random-effects analysis
255 11.75
Favors carbapenem
Favors new antibiotic
B Seropis adverse effects
Carbapenem New antibiotic %
Study Events  Total  Events Total RR (95% Cl) weight
Vazquez, 2012 2 67 6 68 ——— 0.34 (0.07,1.62)  11.33
Carmeli, 2016 7 153 4 152 —+=— 1.74(0.52,5.82) 16.34
Wagenlehner, 2016 12 509 21 511 —. 0.57 (0.29, 1.15)  28.92
Portsmouth, 2018 12 148 14 300 - 1.74 (0.82, 3.66)  27.44
Wagenlehner, 2019 5 301 5 303 —— 1.01(0.29, 3.44)  15.97
Overall (12 = 44.1%, P=.128) —<>— 0.96(0.52, 1.76)  100.00
with estimated predictive interval (0.17,5.43)
NOTE: Weights are from random-effects analysis
255 11.75

Favors carbapenem
Favors new antibiotic

Figure 4. Forest plot of the meta-analysis for safety outcome of new antibiotic treatments vs carbapenem treatments for patients with complicated urinary tract infections:
(A) adverse events in the safety population; (B) serious adverse events in the safety population. £ shows proportion of inconsistency. Abbreviation: RR, risk ratio.

(45% vs 10%; P < .001). These studies support the importance of
maintaining the vaginal microbiota to avoid the re-colonization
of the urinary tract.

We hypothesize that what happens with carbapenems is not a
failure in bacterial eradication but a reduction in the colonization
resistance of the vaginal microbiota by rectal Enterobacterales.
Interestingly, a recent trial comparing meropenem-vaborbactam
with piperacillin-tazobactam in cUTI demonstrated that both
antibiotics had comparable microbiological eradication rates
at the test of cure visit [33]. Both rates are similar to those re-
ported in the present meta-analysis for the carbapenem arm,
suggesting that antibiotics with broad-spectrum and anaerobic
activity are associated with a more potent vaginal dysbiosis. The
prevalence of women in these clinical trials ranged between 45
and 75%; therefore, the difference between carbapenems and
comparators (without anaerobic activity) may be even higher
when analyzing only the results in women. On the other hand,
the impact of peri-urethral dysbiosis in microbiologic eradica-
tion in men with UTIs is not well studied, so we cannot rule out
a potentially deleterious effect of carbapenems in men too. As
orally administered carbapenems are likely to be future candi-
dates for cUTT trials and intravenous carbapenems are likely to
be frequently used as comparator agents for new beta-lactam/
beta-lactamase inhibitor combinations, further work needs to

be done as to why carbapenems have lower microbiologic erad-
ication rates than new antibiotics.

Several limitations to our meta-analysis should be con-
sidered. The IGNITE3 study was not included in the risk of bias
assessment because limited information was available to justify
each item. One of the included studies was rated as high risk for
attrition bias and reporting bias, while biases associated with
other included studies were identified due to uneven numbers
of dropouts between treatment groups, additional oral antibi-
otic use in 2 included studies (and the weak statistical power of
each of these trials), and analysis using CE, MITT, and mMITT
populations instead of a conventional intention-to-treat (ITT)
population [22]. These factors may have introduced bias to
the true pooled estimate of each outcome. However, sensi-
tivity analyses showed that there were no significant changes
in the pooled estimates. In 1 study, although 97% of regimen
drugs were carbapenems, we could not separate the outcome
data of carbapenem treatments from those of other treatments
among a “best available therapy” (BAT) group [23]. This may
have increased or reduced the pooled effect estimates; however,
impacts are assumed to be small, because only 5 patients were
treated with drugs other than carbapenems among 137 subjects.
It is noteworthy that the timing of the TOC visit was variable
between studies, and it remains possible that this may have had
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Figure 5. Meta-funnel plots comparing carbapenem and new antibiotics for each outcome: (a) composite cure, (b) clinical response, (c) microbiological response. The ver-
tical line corresponds to the summary log(RR) as estimated from the random effects model. Red regression lines with SE regression on effect size are embedded. Abbreviation:

RR, risk ratio.

an impact on microbiologic response. Additionally, the use of
oral antibiotics in 2 studies following the IV course is also po-
tentially important—in the 2 studies in which oral antibiotics
were permitted, there was minimal difference in microbiolog-
ical response.

Of note, these studies did not require multidrug-resistant
pathogens for enrollment; as such, the generalizability of our
findings in this clinical setting is unclear. Further trials in set-
tings with higher levels of antimicrobial resistance are war-
ranted. There was significant observed heterogeneity between
the studies in terms of population characteristics; dose, dura-
tion, and nature (monotherapy or combination therapy) of
treatments; and timing of end point assessment. Although these
factors should be accounted for in the random-effects model,
this variability needs to be acknowledged.

The evaluated articles considered microbiological failure
based on the result of a urine culture at the TOC visit, but a
genomic analysis was not performed in order to clarify if the
isolated microorganism was the same as the 1 isolated in the
index infection. In addition, whether microbiological eradica-
tion was associated with a lower risk of a subsequent episode of
UTI was not evaluated, as the patients were no longer followed
up beyond the TOC visit. Of 3 studies that reported recurrence
rates of infections, 2 studies reported that incidence rates of mi-
crobiologic recurrence were lower in the new antibiotics group

than the carbapenem group at late follow-up (5% vs 10% and
3.5% vs 8.1%) [24, 25], whereas 1 study found no differences
between study arms (30.8% vs 33.3%) [22].

CONCLUSIONS

In conclusion, this meta-analysis indicates that new antibiotics
can perform with similar clinical efficacy and safety but may have
a better microbiological response compared with carbapenems
for the treatment of patients with cUTIs. This result is con-
sistent with the previous meta-analysis evaluating the efficacy
and safety of ceftazidime-avibactam treatments compared with
alternative antibiotic agents including carbapenems [14, 16,
34]. Our analysis included newly developed antibiotics, such as
cefiderocol, plazomicin, and eravacycline, and may provide up-
dated insights into cUTT treatment. In settings where there is a
risk of a carbapenem-resistant pathogens, these new antibiotics
could be an important therapeutic option [3]. Nevertheless,
many questions still remain with regards to the appropriate use
of new antibiotics, as resistance to newer agents may emerge
quickly without cautious use [35]. It is important to acknowl-
edge that there might be variability in the regulatory and clin-
ical definitions of cUTL As it is likely that carbapenems will
be a comparator for upcoming registrational trials of other new
antibiotics for cUTI, the mechanisms by which microbiologic
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response rates are inferior when carbapenems are used need to
be further explored.

Supplementary Data

Supplementary materials are available at Open Forum 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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