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In this issue of Statistics in Biopharmaceutical Research (SBR), Price, Rubin, and Valappil 

discuss challenges associated with antibiotic development, outline issues in antibiotic trials, 

and discuss opportunities for innovative strategies. We commend the authors for their 

thorough review in this important medical area. We thank the Editors of SBR for the 

opportunity to comment on these challenging issues. In our commentary, we discuss some 

important points regarding trial fundamentals, aspects of trial design, and innovation in 

antibiotic trials.

Clinical Trial Fundamentals

The integrity and clinical utility of antibiotic trials can be improved with better application 

of clinical trial fundamentals. For example, the primary endpoint in many trials is measured 

at a test-of-cure (TOC) visit scheduled at a fixed time (e.g., 2 weeks) after the end-of-

therapy (EOT). However the EOT can vary across patients depending on individual 

responses, implying that the timing of the TOC also varies. Scheduling the timing of the 

TOC in this manner is a clear violation of the standardization necessary to retain the benefits 

provided by randomization, e.g., between-arm differences observed at the end of the trial 

may be due to differences in treatment or differences in when responses were measured. The 

timing of the TOC should be anchored at a fixed interval after randomization. Another 

example is how indeterminate outcomes have become common to a degree of acceptance, 

again a violation of the ITT principle. Furthermore, surrogate endpoints (microbiological 

cure, i.e., clearance of bacteria) are sometimes used despite the availability of important 

clinical outcomes that directly measure how a patient feels, functions, or survives.

Noninferiority

The challenges with noninferiority (NI) trials are well-documented (Snappin, 2000; Powers, 

2005; Fleming, 2008; Powers, 2008; Evans, 2009; Evans 2010; Hamasaki and Evans, 2013). 

These include the necessary assumptions of assay sensitivity and constancy, as well as the 

selections of the active control and NI margin.

The integrity of a NI trial can be threatened by poor assay sensitivity, i.e., a dilution of 

treatment differences through subtle design and conduct choices e.g., entry criteria, endpoint 

selection/timing, poor adherence, or loss to follow-up. For example prior/recue/concomitant 

therapy, common in the treatment of infections, can reduce assay sensitivity. Use of all-cause 

mortality as an endpoint may reduce assay sensitivity (but conversely using cause-specific 
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death creates challenges with competing risks). Blinding provides limited protection for 

assay sensitivity, since blinded investigators can skew results toward similarity by assigning 

similar response ratings for all participants.

The integrity of antibiotic NI trials also depends on the constancy assumption (i.e., the effect 

of the control antibiotic has remained constant since the time it was proven effective). But 

constancy may be threatened by improvements in supportive medical care or—particularly 

relevant for antibiotics—the development of antibiotic resistance. If constancy does not hold 

then one could demonstrate NI, but both drugs could be ineffective.

NI is not transitive. A being noninferior to B, and B being noninferior to C, does not imply 

that A is noninferior to C. Thus when a new antibiotic is shown to be noninferior to a 

standard antibiotic in one trial, is itself selected as the active control for the next generation 

of antibiotic NI trials, there is a risk that the newest antibiotic is deemed noninferior and put 

into clinical use, but is truly inferior to the original control antibiotic (a process known as 

biocreep). Many recent antibiotic approvals were based on NI trials. From 2002-2009, 43 

new medical entity approval packages were submitted to the FDA with about half for 

antimicrobials (United States Government Accountability Office, 2010). If these newly-

approved antibiotics are utilized as controls in future NI trials, then biocreep could be a 

significant concern. For this reason, the active control should be the most effective agent 

under the conditions of the proposed trial (D'Agostino et. al., 2003).

NI margins should be selected to ensure that conclusions of NI imply: (1) new therapies are 

effective compared to placebo; and (2) clinically important levels of inferiority to control 

interventions can be ruled out, implying therapeutic exchangeability (Gau and Ware, 2008). 

Unfortunately, NI margin selection is often based on sample size considerations, or solely on 

criterion #1 with concerningly little attention paid to criterion #2 (ruling out clinically 

important differences).

A NI trial requires a margin which should be based on historical evidence of the magnitude 

of the active control compared to placebo for a specific endpoint. If there is no such 

evidence, a margin cannot be specified and a NI trial should not be conducted. Indeed, the 

validity of some completed trials that used clinical cure as an endpoint were questioned 

because it was realized there was no reliable evidence to justify a margin based on clinical 

cure, leaving the interpretation of the trial unclear (AIDAC 2012). Historical evidence is 

endpoint specific. Recent guidance on new endpoints for acute bacterial skin and skin 

structure infections used the change in lesion size because there were two studies conducted 

in Glasgow in the late 1930s that measured lesion size over time for patients treated with 

antibiotics compared to UV therapy (viewed as a proxy for a placebo) (FDA 2013). While 

newly developed endpoints based on patient reported outcomes are very attractive, it will be 

challenging to specify a margin for such endpoints.

An evaluation of a 50% random sample of the randomized controlled trials published in 

PubMed-indexed journals during 2011, concluded that 55 of 57 (96.5%) industry-funded NI 

trials had positive results (Flacco et. al., 2015). Another systematic review of 1992–2011 

publications concluded that 325/337 (96.4%) of NI trials had positive results (Li et. al., 
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2013). This may be viewed as good news but it also raises concerns about the ability of NI 

trials to objectively evaluate therapies, or whether such results could be due to poor assay 

sensitivity, lack of constancy, ineffective control groups, and overly generous NI margins.

The FDA's Deputy Commissioner, Dr. Rob Califf has called for more pragmatic trials 

(Science, 2015). Pragmatic trials seek to inform clinical practice (e.g., will the antibiotic 

work in clinical practice?) rather than study disease biology (e.g., does the antibiotic kill 

bacteria?). Unfortunately the necessary requirements for reliable NI trials often limit 

pragmatism. Thus historically antibiotic trials have not been very pragmatic, and 

unfortunately often little effort is made to link the design and analysis of trials to practical 

decision-making in the clinical setting and manner in which antibiotics are utilized. For 

example, primary analyses are often based upon a subgroup of patients (e.g., modified-

intent-to-treat population (mITT) that excludes patients without targeted pathogens) to help 

preserve assay sensitivity. Such evaluations are not directly helpful to patients or clinicians 

since a patient's subgroup-status (i.e., mITT) is unknown until after treatment has already 

been initiated due to a lack of accurate rapid diagnostics for identifying subgroup status. 

Furthermore entry criteria are often strict (e.g., limited to patients without prior therapy), 

again to preserve assay sensitivity. But this greatly limits generalizability since prior therapy 

is commonly observed in practice.

Superiority trials are inferentially stronger than NI trials and should be conducted when 

possible. While challenging for acute infections, delayed-start superiority trials may be 

acceptable for chronic infections where some delay in antibiotic initiation can be tolerated. 

A recent study randomized patients with extensively drug-resistant tuberculosis to either 

immediate initiation of linezolid or linezolid initiation two months later. The randomized 

interventions were in addition to their current therapy. The trial demonstrated a significant 

advantage of immediate linezolid versus delay (Lee et al 2012). While some settings could 

only allow short delays in therapy, even a small delay could allow for a superiority design 

with a sufficiently larger sample size.

External Controls

External-controlled trials (ECTs) have several potential advantages including: fewer 

prospectively enrolled participants, faster trials results, cost and resource efficiency, and 

attractiveness for trial participants since they have knowledge of treatment assignment. The 

major drawback of ECTs is that they are non-randomized studies. Randomization is the 

foundation for reliable statistical inference, ensuring the expectation of between-arm balance 

with respect to all factors, known or unknown, measured or unmeasured.

Because they are non-randomized studies, ECTs are vulnerable to all of the biases of 

observational studies. Bias can occur if the controls systematically differ from the 

prospective test group with regard to important factors in a manner that can affect outcome 

(e.g., supportive care, concomitant therapies, follow-up strategies, evaluation methods, or if 

patients with more favorable prognosis are selected for the prospective component of the 

trial but are included in the external component). Furthermore ECTs are not blinded and thus 

are subject to bias when eligibility or outcomes are assessed by clinicians or patients. In 
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ECTs, clinicians may also selectively prescribe additional therapies given knowledge of the 

treatment assignment.

ECTs should only be conducted when certain conditions hold (Gehan, 1984; ICH E10, 

2000) although “even in such cases, however, there are documented examples of erroneous 

conclusions arising from such trials” (ICH E10). One of the requirements is that the external 

studies produce consistent, reliable results and the disease has a highly predictable course. 

However studies in the resistant pathogen setting display inconsistent results on objective 

outcomes such as all-cause mortality. A meta-analysis of deaths attributable to carbapenem-

resistant Enterobacteriaceae infections (Falagas et al. 2014) showed substantial variation in 

mortality outcomes, with point estimates for survival ranging from 6% to 70% across nine 

studies. Research suggests that ECTs tend to produce “positive” results more frequently than 

randomized clinical trials (RCTs). Sacks et.al. (1983) reviewed 50 RCTs and 56 ECTs 

evaluating the same six therapies and found 76% of the ECTs but only 20% of the RCTs 

demonstrated superiority of the test group to the control. Given the heterogeneity of study 

results, the interpretation of ECT results would be very difficult to validate and interpret.

If the ECT is historical, then bias may occur due to factors that have changed since the time 

the historical control group data were collected (e.g., improvement in medical practice and 

patient standard of care, diagnostic criteria, or referral patterns). In a 10-year longitudinal 

study conducted at a single ICU (Rosenburger et. al., 2012), the mortality rate decreased 

despite the rise of resistant bacterial infections. The authors attributed the decrease in 

mortality to improvements in critical care and technology.

With evolving antibiotic resistance and changes in supportive care, the reliability of 

historical data is questionable. Therapies that worked yesterday, may not work well today or 

tomorrow. Trials conducted in the future will be conducted in diseases caused by organisms 

with a different resistance profile. Thus historical controls and test group participants will 

have different distributions of important baseline factors, challenging the reliability of 

historical controlled trials or Bayesian methods that use these data to support priors.

Given these concerns, randomization remains essential for reliable conclusions. The recent 

Ebola outbreak in West Africa was a crisis setting where some felt randomized trials were 

not necessary. Nonetheless, we would argue that a crisis does not change fundamentals and 

that future patients deserve proven therapies (Cox, Borio and Temple 2014). An RCT is 

currently being conducted in West Africa to see if Zmapp, a monoclonal antibody cocktail, 

improves survival over optimal supportive care (Dodd et al 2015).

Composite Endpoints

The advantages of the composite endpoint approach are numerous. First it may allow for 

superiority trial designs thus avoiding the complexities of NI trials described earlier, and 

potentially reduce sample sizes allowing for less costly and more feasible trials. The medical 

community has also called for more systematic evaluation of benefits and risk (or harms). A 

composite that incorporates benefits and harms directly addresses this challenge and has 

several advantages compared to other methods of benefit:risk assessment. Benefit:risk 
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composites incorporate the association between benefits and harms, necessary for 

understanding the overall effects on individual patients. When applying an intervention, 

some patients may benefit while some may experience harms. If the patients experiencing 

harm and the patients experiencing benefit are largely disjointed, then it is important to 

identify ways to distinguish between these 2 groups to guide treatment selection. However, if 

the 2 groups are largely overlapping, then an assessment of the net effect (i.e., whether the 

benefits outweigh the harms) is needed. The traditional approach of separate analysis of each 

endpoint cannot distinguish between these 2 scenarios and thus does not optimally evaluate 

the distribution of the totality of the effects on individual patients. Analysis of the composite 

is more pragmatic in the sense it provides direct information regarding the overall patient 

outcomes, resulting in greater utility for patients and clinicians. Furthermore incorporating 

competing risks as part of the composite, alleviates the challenges of trying to interpret the 

results on individual outcomes that are affected by competing risks (Evans et.al., 2015).

Given these advantages composite endpoints that combine benefits and harms (and possibly 

quality-of-life (QoL) outcomes) are a particularly promising area. The Antibacterial 

Resistance Leadership Group (ARLG) is using Response adjusted for duration of antibiotic 

risk (RADAR), a novel methodology utilizing a superiority design and a 2-step process: (1) 

categorizing patients into an overall clinical outcome (based on benefits and harms), and (2) 

ranking patients with respect to a desirability of outcome ranking (DOOR). DOORs are 

constructed by assigning higher ranks to patients with (1) better overall clinical outcomes 

and (2) shorter durations of antibiotic use for patients similar overall clinical outcomes. 

DOOR distributions are compared between antibiotic use strategies. The probability that a 

randomly selected patient will have a better DOOR if assigned to the new strategy is 

estimated (Evans et.al., 2015). Others note that composite/DOOR could change the 

paradigm in antimicrobial stewardship (Molina and Cisneros, 2015).

The DOOR concept may have broader utility in antibiotic development. For example, 

colistin is an antibacterial drug that was discovered in the 1940s and largely abandoned for 

several decades, but has more recently undergone revived use due to activity against several 

Gram-negative pathogens that cause life-threatening infections and are resistant to multiple 

other antibiotics (Flagas and Kasiakou, 2005). However, colistin has questionable efficacy 

(Paul et.al. 2010) and causes nephrotoxicity and neurotoxicity (Koch-Weser et.al. 1970; 

Wolinsky and Hines, 1962; Hartzell et.al., 2009). A new drug could provide a superior 

alternative to colistin if it either: (i) improves efficacy on major outcomes such as mortality, 

or (ii) has similar efficacy, but reduces rates of clinically meaningful adverse effects. In a 

randomized trial comparing colistin to a new therapy, a DOOR could be defined based on an 

ordinal composite clinical outcome as follows:

• Survives without a major adverse event

• Survives with a major adverse event

• Death

If the new drug reduces major adverse events, then a trial comparing trial participants using 

DOOR may have greater power than a mortality trial to detect a benefit over colistin. It 

would be important to utilize major adverse events of unquestioned importance to the patient 
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(e.g., irreversible renal failure or the need for hemodialysis). If the adverse events were 

loosely defined (e.g., reversible creatinine clearance changes that would go unnoticed by 

trial participants), then reductions in less meaningful adverse events could falsely imply 

overall benefit, such as when the new drug increases mortality relative to colistin, or when 

neither drug reduces mortality relative to a placebo.

One disadvantage is that construction of the composite is often novel and challenging. 

Careful deliberation is needed to synthesize the outcomes typically measured in trials of a 

particular clinical disease. The ARLG is conducting a pre-trial sub-study to develop and 

validate use of a composite DOOR strategy in a future Staphylococcus aureus bacteremia 

trial. Twenty representative patient profiles (including benefits, harms, and QoL) were 

constructed based on experiences observed in completed trials in Staphylococcus aureus 
bacteremia. The profiles are being independently ranked by each member of a group of 

expert clinicians. The correlations among the ranks are being examined to evaluate 

consensus. An average rank is being generated for each profile. Outcome characteristics that 

guide the average ranks will be evaluated to develop an objective algorithm for objectively 

ranking patient outcomes. Future trials could utilize the ranking strategy by comparing the 

distribution of ranks between randomized therapies.

Another disadvantage of composite approach is that the components that comprise the 

composite could have differing levels of importance, and the result on the composite could 

be primarily driven by components of lesser importance, effectively not providing 

appropriate weight to the most important component(s). Furthermore, significance on the 

composite does not imply significance on the components, and significance on the 

components does not imply significance on the composite. Thus a fundamental part of 

composite endpoint analyses is a careful evaluation of the effects on each component 

(Neaton et.al., 2005). A strategy that could be employed to address this concern is to specify 

and evaluate co-primary endpoints (Sozu et.al., 2015), the composite and the most important 

component, to ensure that effects on the most important component are not hidden by the 

composition.

Multiple Body Sites

While conceptually appealing, combining information across different body sites requires 

careful thought. One must specify a method of analysis for combination which implicitly 

assumes a degree of combinability across body sites. There would be little statistical power 

to assess if the assumed degree of combinability is correct, furthermore, it is dangerous to 

have a data-dependent choice of test. Thus the decision to combine across body sites would 

need to be based on data available when the study was designed and expert opinion. The 

authors describe a few approaches which we embellish and extend.

The methods can be ordered by the level of assumed similarity of effect across body sites. 

The strongest assumption would be to simply use the same endpoint e.g., clinical cure or 

mortality and ignore body site, effectively viewing body site as irrelevant. The hierarchical 

approach mentioned is an off-the-shelf technology that specifies a single model for all of the 

data. One example is
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where i=1,…,mj indexes subjects at a body site j, j=1,…,B indexes body sites, Zij is the 

indicator for new drug for person i at body site j, Yij is the indicator of success for person i 

at body site j, and bj s a random body site effect assumed to be normal with mean 0 and 

variance V. The parameter β1 is the effect of new drug on the log-odds scale while β0 + bj 

provides the effect of body site j. The variance V, which is estimated, describes the degree of 

similarity across body sites: if V is zero, the model treats body site as irrelevant.

In principle meta-analytic methods could also be used. Here an estimated treatment effect 

for a given body site would be calculated along with an estimate of its variance. The 

treatment effects could be combined using fixed or random effects meta-analysis. The 

former is similar to a stratified analysis where strata correspond to body sites.

Conclusions

In the late 1970s, in response to a sense of complacency about the threat of infectious 

disease following the mature miracle of antibiotics, Richard Krause, former Director of the 

National Institute of Allergy and Infectious Diseases (NIAID) of the National Institutes of 

Health (NIH), presciently spoke of the ”restless tide” of pathogens that would ceaselessly 

evolve and adapt to changing environments including those defined by antibiotics (Krause 

1981). Today there is broad concern about the development of antibiotic resistance and a 

sense that new antibiotics are urgently needed to deal with the seemingly inevitable crisis. 

The statistical and regulatory challenge is to use and develop strategies and methods that 

result in reliably proven drugs being placed in the medical armamentarium. The NI 

paradigm, which dominates anti-infective drug development, is challenging in many ways 

that are not present with superiority studies, and careful design and execution of a NI trial is 

essential. Innovative methods are appealing, but need to be thoughtfully and responsibly 

evaluated to ensure that they do not effectively lower the bar for licensure in an opaque 

manner. Transparent and calculated changes to conventional approaches such as requiring 

one rigorous phase III study instead of two are worth considering. Evidence from the device 

and government-funded (e.g., NIH funded) setting demonstrate that a single trial strategy 

can work. Nonetheless, even in response to evolving pathogens, it is important that 

traditional principles such as randomization, blinding, appropriate endpoints, and strong 

control of error rates be maintained.
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