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Aim: To determine the suitability of network meta-analysis (NMA) using antibacterial treatment evidence
in complicated urinary tract infection. Materials & methods: We conducted a systematic literature
review to identify published clinical trial data for complicated urinary tract infection treatments. We
performed a feasibility assessment to determine whether the available evidence would support the
creation of a robust NMA, considering key assumptions of homogeneity, similarity and consistency. Results:
Twenty-five trials met eligibility criteria. Risk of bias was low, and individual studies met their primary
end point(s). Assumptions central to the conduct of a robust NMA were not met. Heterogeneity was
ubiquitous, including baseline pathogen, treatment and patient characteristics. Conclusion: Limited and
heterogeneous data identified make the use of NMA to compare novel antibacterial agents impractical
and likely unreliable.
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Urinary tract infections (UTIs) are burdensome and one of the most common bacterial infections in the USA [1].
Clinically, UTIs are categorized as uncomplicated or complicated, with factors including genitourinary abnor-
malities, underlying disease (e.g., stone disease, diverticulum, neurogenic bladder), immunocompromised status,
indwelling catheters and/or infection with multidrug-resistant pathogens being associated with complicated UTIs
(cUTIs) [2]. According to the Premier Healthcare Database, 70,298 adults were hospitalized for cUTI between 2013
and 2015 in the USA [3]. A meta-analysis of US literature showed that catheter-associated UTIs were the third most
common healthcare-associated infections (HAIs) at acute care hospitals, with an incidence rate of 1.87 cases per
1000 device days [4]. Among all HAIs, cUTIs account for approximately 40% of all severe sepsis cases, including
urosepsis, which can have a mortality rate as high as 40% [5]. Additionally, cUTIs are frequently associated with
complications including renal scarring and end-stage renal disease [5].

cUTIs are frequently caused by Gram-negative pathogens, predominantly Enterobacterales (e.g., Escherichia
coli and Klebsiella pneumoniae) or Pseudomonas aeruginosa [6]. Data from the National Healthcare Safety Network
indicate that Gram-negative pathogens are responsible for more than 30% of HAIs and 45% of UTIs in the US [7].

The treatment of a cUTI is typically empiric (i.e., antibacterial treatment is selected prior to results from microbi-
ological and antibacterial susceptibility testing of the culture obtained from the patient), guided by an awareness of
local ecology, antimicrobial resistance data, clinical presentation of the patient and known risk factors for a particular
pathogen or resistance status [8]. Once, the infecting pathogens have been identified from the obtained culture,
therapy may be adjusted if the empiric therapy was deemed to be inappropriate [9–12]. Selecting an appropriate
therapy is critical in order to minimize the potential for the development of antibacterial resistance and to optimize
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patient outcomes, with meta-analyses demonstrating that initial inappropriate antibacterial therapy increases the
risk of mortality and increases costs and duration of hospital stay compared with appropriate therapy [13].

Widespread emergence of antibacterial resistance has compromised the effectiveness of many available cUTI
treatments and has created a significant unmet need for alternative safe and effective therapies, particularly for
infections caused by Gram-negative pathogens [14]. In order to address this unmet need rapidly, policy efforts have
allowed promising drug candidates to be designated as a streamlined development program initiative. This desig-
nation permits smaller, more rapid randomized controlled trials (RCTs) to be conducted and to support regulatory
approval. Regulatory agencies have also developed guidance for the conduct of RCTs to substantiate the efficacy and
safety of new antibacterial agents, including specific guidance to aid the investigation of treatments for cUTIs [15].
As a consequence of these regulatory-specific requirements, the available evidence typically only establishes the
noninferiority of competing interventions; this is also complicated by the use of different noninferiority threshold
values, and different standard of care therapies. The reliance on noninferiority RCTs is in part due to the nuanced
and evolving nature of infectious disease (e.g., selection of an appropriate/relevant comparator, changing ecology
[time and geography], and/or key patient and pathogen characteristics known to affect clinical outcomes). As a
result, the available data may not be sufficient to support other forms of decision-making (e.g., the development of
clinical guidelines or health technology assessments [HTA]).

In particular, HTA agencies seek to determine the comparative effectiveness of new intervention(s) versus relevant
comparators by leveraging methods such as indirect comparison by means of a network meta-analysis (NMA) [16].
The validity of NMA is based on three key assumptions: homogeneity (the absence of relevant heterogeneity between
trials assessing the same intervention), similarity (the inclusion of studies based on rigorous criteria reporting similar
populations, outcomes and effect modifiers in an attempt to minimize bias) and consistency (no relevant discrepancy
or inconsistency between direct and indirect comparative estimates between the same interventions) across those
studies being incorporated into a putative evidence network [17–19]. This requires the inclusion of evidence that are
sufficiently similar (i.e., minimal heterogeneity exists in the clinical [patient population, baseline characteristics,
interventions and outcome ascertainments] and methodological [study design, conduct or quality] criteria) [20,21].

We hypothesized that it may be challenging to use the available evidence base for cUTI antibacterial treatments
to support decision-making beyond the initial regulatory approval; specifically, the creation of a robust NMA to
support decision makers in their consideration of value and access. To explore this, we conducted a systematic
literature review (SLR) of published clinical evidence and performed a feasibility assessment to determine whether
the creation of a connected evidence network is plausible in an attempt to assess the comparative effectiveness of
antibacterial agents used in the management of cUTI.

Materials & methods
This SLR was conducted according to a prespecified protocol following guidelines published by the Cochrane
Collaboration and PRISMA group [22,23]. The SLR aimed to identify Phase II and III RCTs and controlled
clinical trials that assessed antibacterial therapy for the treatment of cUTI in adults requiring hospitalization. A
comprehensive search of EMBASE R©, MEDLINE R©, MEDLINE In-Process R©, the Cochrane Central Register of
Controlled Studies and Cochrane Database of Systematic Reviews was conducted via OVID R© on 5 April 2017,
and then updated on 17 May 2019. Searches were limited to English-language papers. The intent of the 2019
search was to identify additional trials that were published since the original search, using the same search strategy
and eligibility criteria as the original SLR. The complete search strategy can be found in Supplementary Tables 1
& 2. Database searches were supplemented by additional free-text searches of the European Congress of Clinical
Microbiology and Infectious Diseases (ECCMID), Infectious Diseases Society of America (ID Week) and American
Society for Microbiology Microbe (ASM Microbe) conference proceedings held in 2018 and 2019.

Two reviewers evaluated study eligibility reviewing the title, abstract and full text against the eligibility criteria
defined by population, intervention, comparator, outcome, time and study design (Supplementary Table 3).
Differences between reviewers were resolved through reconciliation or arbitration by a third reviewer. Distiller R©

and EndNote R© were used to manage references and the screening process. Data were extracted from studies and
entered into a predesigned, pilot-tested data extraction form. For each study, key methodological characteristics,
patient characteristics and outcomes were extracted and, when possible, calculated. Data were extracted from
eligible papers by one reviewer and independently checked against the source document by a second.
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The risk of bias in individual studies was assessed for all included trials using the Cochrane Collaboration’s tool
for assessing risk of bias [22]. The internal and external validity of studies was assessed based on selection bias,
performance bias, measurement of detection bias, attrition bias and reporting bias (Supplementary Table 4).

A full feasibility assessment was conducted using data from included studies to assess whether it was possible to
create an evidence network of interlinked studies for the outcome of clinical response (as defined by each trial).
Second, any differences in study and/or patient characteristics across included studies that are likely or known
modifiers of the relative treatment effects of the interventions of interest were assessed. The effect modifiers assessed
included parameters of study design and patient (demographic and clinical), pathogen (type and susceptibility
status) and treatment characteristics (dosing schedule and position in therapy) [16].

Results
Systematic literature review
The total evidence base for this SLR comprises 37 publications, representing 25 unique studies (Supplementary
Figure 1). The 2017 SLR identified 15 unique studies (15 publications). The SLR update conducted in April 2019
identified 22 citations representing 14 unique studies that met eligibility criteria. Of these, four studies had already
been identified in the initial SLR; therefore, a total of ten additional unique studies were identified during the 2019
SLR update, with additional publications identified for previously included studies.

The eligible studies (n = 25) assessed three major efficacy outcomes in patients with cUTI: clinical response
(n = 22), microbiological response (n = 22), and composite clinical and microbiological response (n = 14). As clinical
outcomes are typically used to drive HTA discussions related to value, and form key inputs within economic models;
we focused on the 22 studies reporting clinical response as a test case for our feasibility assessment.

Of the 22 studies reporting clinical response, a low risk of bias for the majority of domains was determined and,
thus, the overall quality of studies was deemed to be high. Four studies [24–27] demonstrated high risk of performance
bias and two studies demonstrated high risk of detection bias due to nonblinding of participants, physicians and
outcome assessors [24,26]. Supplementary Table 4 summarizes the risk of bias assessment of the included studies.

Assessing the available evidence base
We evaluated the available evidence from 22 studies that reported the clinical response outcome (Table 1).
Across studies, a marked level of heterogeneity was observed. This was present in terms of study design (analysis
population, statistical analysis methods, geography), patient characteristics (risk factors, underlying comorbidity),
treatment characteristics (empiric or confirmed, dose, schedule), disease parameter(s) (severity, causative pathogen,
susceptibility profile), outcome definition and assessment timepoint. Table 1 reports the definitions and criteria for
clinical response as reported within the original publication(s). It is apparent that the definition for this outcome is
inconsistent between studies. Furthermore, there is additional complexity added by the definitions of the analysis
population and outcome assessment timepoint (e.g., the baseline patient characteristics were typically reported
for the overall population, whereas outcomes were assessed for various subgroups of the overall population such
as the modified intention-to-treat population; Table 2 & Supplementary Table 5). There were many sources of
heterogeneity, and often there were multiple components within each study, causing a multiplicative effect.

In addition to the aforementioned challenges, there are external factors unique to the antibacterial therapeutic
space, such as evolving disease biology, geographic location, changes in clinical practice, trial design requirements,
changing diagnostic criteria and variability in local resistance patterns. Although recognized within the literature,
the impact of these confounding factors has not been assessed, nor is it possible to explore their effect as per the
data presented within this study.

The majority of evidence from the 22 studies reporting the clinical response outcome was obtained from
multinational trials (n = 15) [24,27–40], with additional studies from individual countries (India, n = 2 [25,41]; US,
n = 2 [42,43]; China, n = 1 [26]; and Sweden, n = 1 [44]); study location was not reported in one study [45]. Sample
size also varied across studies, from 7 to 1102 patients [26,42].

Studies differed by whether the tested interventions were used in an empiric or a confirmed setting and by
treatment characteristics (Table 1). Eleven of the 22 studies [24–26,28–38,42–45] reported treatment in the confirmed
setting with a known pathogen at baseline, while three studies [27,39,40] reported the use of empiric therapy (Table 1).
A single study by Mir et al. did not report any information relating to the baseline pathogen and, therefore, it
was not possible to determine whether treatment was empiric or confirmed [41]. Twelve studies investigated
antibacterial monotherapies [25,26,29,30,32–34,37,38,42–44], and ten studies investigated combination therapies (two or
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Challenges comparing antibacterial agents via NMA Systematic Review
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Challenges comparing antibacterial agents via NMA Systematic Review
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Figure 1. Complicated urinary tract infection renal status and pathogen distribution by study.
CrCl: Creatine clearance; cUTI: Complicated urinary tract infection; NR: Not reported.

more antibacterial agents) [24,27,28,31,34–36,39,40,45]. Furthermore, there was variability among the same intervention
in terms of treatment dose and schedule within and across studies (e.g., plazomicin 10 mg/kg [30] or 15 mg/kg
once daily [39] and ceftazidime 500 mg/avibactam 125 mg q8h [36] or ceftazidime 2000 mg/avibactam 500 mg
q8h) [39].

Differences and/or the absence of data relating to the severity of cUTI, patient renal status and the top three
causative pathogens at baseline are summarized in Figure 1. The proportion of patients with acute pyelonephritis at
baseline varied considerably, ranging from 13.3 to 100.0% [44,45]. Patient renal status was unknown in the majority
of studies. However, nine studies using various methods reported renal status at baseline, and/or the proportion of
patients with normal renal function or mild impairment (creatinine clearance ≥50 ml/min) ranged from 30.9 to
93.0% [38,40]. Causative baseline pathogen was available for 16 of the 22 studies reporting clinical response. Of those,
E. coli was most frequently reported (N = 14) [24,25,27,29,31–36,39,40,43,44], with proportions in each study that ranged
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from 9.3 to 93.6% [27,36]. Other commonly reported causative bacteria were K. pneumoniae [24,25,27–29,31–35,39,40,44]

and P. aeruginosa [28,34–36,39].

NMA feasibility assessment
Assuming a best-case network using the studies (N = 22) reported in Table 1 for the outcome ‘clinical response,’
a fully connected network would be possible. However, prior to the formation of a network, it is important to
consider the available evidence with regards to the key principles of NMA.

First, there are limited studies that could contribute to the formation of a potential network. Table 1 demonstrates
that only a single study would be available for each comparison between the different interventions identified in
the SLR, and thus the assumption of homogeneity typically assumed for pooled estimates in a pairwise comparison
is not relevant [18,46]. Second, the assumption of similarity between studies cannot be supported. The available
evidence highlights considerable variation among reported effect modifiers and patient characteristics, including
outcome definition, outcome assessment timepoint, trial population, baseline pathogen, proportion of patients
with acute pyelonephritis and treatment characteristics (dose and schedule; Table 1, Figure 1 & Supplemental Table
5); all of these factors, individually or cumulatively, would be expected to impact or modify the treatment effect
observed within each trial. This variability of likely effect modifiers between studies may create biased comparisons
between therapies. Unfortunately, as there is only a single study contributing to each treatment node within the
potential evidence network, methods such as meta-regression or bias adjustment cannot be used to evaluate the
impact of the reported effect modifiers, while maintaining a connected network. Finally, due to a lack of closed
loops within this potential network, it is not possible to assess the assumption of consistency, in other words, the
consensus of direct and indirect treatment effect estimates.

Given the violation of the applicable key assumptions, it does not seem possible to create a robust NMA using
the identified data for the treatment of cUTI. The validity, generalizability and clinical relevance of any findings
from such a network would be questionable.

Discussion
We conducted an SLR and feasibility assessment to determine the validity of an NMA to compare the clinical
effectiveness of antibacterial agents for the treatment of patients with cUTI. The credibility of an NMA relies on the
assumptions of homogeneity, similarity and consistency across the included studies. Unfortunately, the published
evidence identified suggests that none of these assumptions would be met or, in some cases, could not be assessed.
Of particular concern were the multiple sources of heterogeneity, which challenge the formation of a scientifically
robust network. If a network were to be established, regardless of this, it is unlikely that results would be meaningful
or generalizable to the clinical setting or form a solid base on which to make decisions on which treatments to
adopt into clinical practice and for which to provide reimbursement.

All identified and included studies discussed here met their primary efficacy end points of noninferiority. Studies
showed a low risk of bias, and the overall quality of the individual studies was deemed high. Differences were
observed in study design, patient characteristics, treatment characteristics, disease parameters, outcome definition
and assessment timepoint, and causative pathogen. Studies also differed with respect to treatment dosing and
schedule; differences were even observed within and across multiple studies evaluating the same intervention.

Understanding that the available data, when considered in isolation, do satisfy the requirements of regulatory
authorities but may pose a challenge for traditional data synthesis methods relied upon by HTA bodies and/or payor
and reimbursement groups, is worrisome. Although the value of NMA as a means of comparative effectiveness is
well established, the aforementioned challenges associated with the antibacterial evidence base has the potential to
generate spurious results that could undermine the value of novel antibacterials. Furthermore, reliance on outcome
of such methodology could lead to negative access and decisions that detract from the ethos of antimicrobial
stewardship. In an era of growing antimicrobial resistance, a lack of novel antimicrobial agents being developed,
and rising patient need, decision makers may need to assess the value of these important agents differently, and
without relying on indirect evidence comparisons.

Challenges similar to those described in our study have been documented in the literature [47–54]. A 2013 SLR
and meta-analysis of studies reporting on patients with cUTI was conducted to inform the future development
of noninferiority trials [53]. The authors discussed a number of limitations including reporting biases due to the
presence of heterogeneity, inconsistencies within the reported study measure(s), end points and the recognition of
limited evidence that may hamper a full assessment of other potential sources of heterogeneity [53].
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Similarly, reviews across other infection types, such as complicated intra-abdominal infection, identified vari-
ability among multiple data points including but not limited to definitions for the main clinical outcome
(clinical response/failure) [47,49,51] and details relating to treatment dose and schedule [49]. The authors have
also commented on external pressures unique to the antibacterial space, such as the evolving pathogen ecology,
resistance/susceptibility profiles and the variability that exists within treatment protocols in different geographic
regions, all of which can impair the generalizability of findings [48–50,54]. Finally, a recent poster by Reason et al.
commented that traditional methodologies for NMA present significant limitations when applied to antimicrobials
and that ways to overcome these challenges are important [54].

There were a few limitations in this SLR and feasibility assessment. First, searches were conducted in 2017 and
2019 to identify articles reported in English only, which could mean that potentially relevant articles were missed.
Although this SLR may not have included the most recent literature for cUTI, the challenges described herein are
likely to remain. Second, studies were assessed using a reputable risk of bias assessment tool, and although shown
to be of high quality with a low risk of bias, some studies had missing information and could not be evaluated
comprehensively. Additionally, we did not limit or exclude any references based on the quality assessment findings;
this may have introduced elements of bias across multiple domains including outcome assessment, incomplete
data and participant blinding. Also, although there were several differences across studies, there were a number of
potential effect modifiers that were not well reported. These unreported effect modifiers could have an impact on
clinical outcomes and lead to further heterogeneity and inconsistency in a potential network.

Conclusion
The results of this study provide a comprehensive overview of the published RCT and controlled trial literature for
patients with Gram-negative cUTI treated with an antibacterial agent. Heterogeneity in the evidence base suggests
that the use of NMA when comparing the clinical effectiveness of antibacterial agents used in the management of
Gram-negative cUTI is impractical and likely unreliable. An incomplete and heterogeneous evidence base, such as
this, should not be used to pool evidence in order to make inferences of superiority, particularly when the individual
trials are typically designed to assess noninferiority or to support the preferential use of specific antimicrobials, as
this runs counter to the ethos of good antimicrobial stewardship. Furthermore, the perceived suitability of these
antibacterial data, using an established NMA methodology and without careful consideration of the clinical and
microbiological environment, could prove detrimental to patient outcomes. This inability to draw meaningful
conclusions from an established methodology such as NMA highlights the deep-rooted issues associated with
antibacterial therapeutic trial designs that are considered suitable from a regulatory standpoint, but are problematic
for inclusion into the traditional comparative effectiveness framework favored by HTA bodies in this context.

Future perspective
Access to novel antibacterial therapy for patients with, or who are at risk of resistant infection(s) is paramount. The
importance of effective antibacterial therapy goes beyond the patient treated and can impact local ecology and rates
of resistance. Realistically, it may not be possible or appropriate to expect alignment in the evidence-generation
process due to the distinct role of regulators and HTA reimbursement bodies [55,56]. Instead, efforts to recognize the
suitability of clinical trial data for comparative effectiveness within this therapeutic space should be considered on a
case-by-case basis. The availability of real-world evidence (RWE) also provides decision makers with supplemental
data relevant to their individual decision problem(s). Recognizing that RWE may not sit at the top of an evidence
hierarchy, careful attention must be paid to the inclusion of these and/or any trial data when making determinations
relating to access, value and reimbursement. The use of RWE may make it possible to enhance and/or contextualize
clinical trial data using data specific to local epidemiology, pathogen susceptibility data and/or patient risk factors.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at:
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Summary points

• Widespread emergence of antibacterial resistance has reduced the effectiveness of many treatments for
complicated urinary tract infections (cUTI) and has created a significant unmet need for safe and effective
therapies, particularly for infections caused by Gram-negative pathogens; however, the evidence required by
regulatory agencies to support the use of a given treatment does not always align with the needs of health
technology assessment agencies.

• The findings of this systematic literature review suggested that data for treatment of patients with
Gram-negative cUTI are limited and heterogeneous, thereby reducing the utility and reliability of a network
meta-analysis to compare novel antibacterial agents as typically required by reimbursement and health
technology assessment agencies concerned with comparative clinical effectiveness versus relevant comparators.

• Real-world evidence may better contextualize clinical trial data to assess the value of novel antibacterial agents,
in that these data are specific and relevant to local epidemiology, pathogen susceptibility and/or patient risk
factors.
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