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Abstract
Much infectious disease research focuses on the interaction of microorganisms and drugs in the laboratory, assuming biologi-
cal activity of inhibiting organism growth in vitro directly translates to improving patient outcomes in the clinic. Yet in vitro 
testing does not consider the important role of the human immune system in causing and response to disease. Research shows 
that patient outcomes are still suboptimal even with disease due to organisms that maintain in vitro susceptibility to currently 
available drugs. Resources and discussions have focused on “antimicrobial resistance” yet the majority of deaths are with 
susceptible organisms. Studies of new interventions do not address the questions that patients and clinicians in practice ask 
in order to improve patient outcomes regardless of causative pathogen in patients who would receive the drugs in the real-
world setting. Research in infectious diseases should shift to refocus on improving patient outcomes. This would result in 
changes in the research questions evaluated, the types of patients enrolled, the comparisons made, the interventions studied, 
the outcomes evaluated, and the types of statistical evaluations used. In turn this would provide patients and clinicians with 
better evidence for patient care and justify payment for new interventions.

Plain Language Summary
Infectious disease research has tended to focus on “bugs and drugs” and antimicrobial resistance in Petri dishes in particular. 
However, focusing on patient outcomes tells a different story, showing that many patients are treated with drugs that kill bac-
teria in the laboratory but still produce poor patient outcomes, including death. A refocus is needed on patient outcomes over 
pathogens, with resultant changes in ways in which research is designed, conducted and analyzed in patients with infections. 
Both patients and doctors need better clinical evidence for new drugs to clearly show that these are beneficial to patients.

1  Introduction

The field of infectious diseases was the first to use research 
methods such as control groups, blinding/masking, rand-
omization to treatment assignment and inferential statistics 
[1]. These methodological advances are relatively recent in 
the long history of medicine, with the first randomized tri-
als held < 80 years ago [2, 3]. These methods are key in 
allowing causal inferences between interventions and patient 

outcomes, while minimizing bias and random error, with the 
ultimate goal of applying the results for patients in clinical 
practice. The purpose of confirmatory trials is to strengthen 
the probability of certainty regarding the benefits and harms 
of new and older interventions. Ultimately, the triad of evi-
dence-based medicine, which includes the best evidence, 
clinical experience and patient values, enables the generation 
of evidence that helps patients live longer and live better [4].

Here we will discuss the current state of infectious dis-
eases research and propose ways in which clinical trials may 
be improved to provide the best evidence for clinicians to 
aid patients in practice. We will focus on the concepts of 
types of patients enrolled in studies, the interventions stud-
ied, the comparisons evaluated, the outcomes measured and 
the statistical analyses (PICOS) used in current studies with 
suggestions ways to improve these moving forward [5].
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Key Points 

Much infectious disease research focuses on the interac-
tion of bacteria and drugs in the laboratory, assuming 
this directly translates to improving patient outcomes in 
clinical care.

Research shows that patient outcomes remain poor, even 
with disease due to organisms that maintain in vitro 
susceptibility to current drugs.

Focusing on patient outcomes would result in changes 
to the research questions evaluated, the types of patients 
enrolled, comparisons made, interventions studied, out-
comes evaluated, and the types of statistical evaluations 
used.

2 � Current State of Research and Evidence 
from Clinical Trials in Infectious Diseases

2.1 � Current Focus on Pathogens Instead of Patients

The current state of research in infectious diseases is char-
acterized by an over-emphasis on pathogenic organisms 
and small molecule interventions with in vitro biological 
activity against them—“bugs and drugs” [6] (see Table 1). 
A large focus and many resources have been placed on the 
concept of antimicrobial resistance (AMR), with surveil-
lance based on specific organisms and resistance patterns 
rather than patient outcomes. Various terms have been 
used to define this idea of focusing on bugs and drugs, 
including pathogen-focused, pathogen-specific, organism-
specific, or pathogen-based development [7, 8]. Rather, 
research and resulting clinical care should be more patient-
focused and agnostic to infecting organisms as to whether 
such infections are susceptible or resistant to drugs, as 
long as it improves patient outcomes, for example, host 
directed therapies which modulate the immune response to 
infection. By “agnostic” we mean therapies that may ben-
efit patients regardless of the specific infecting organism.

The prevailing notion is that in vitro biological activity 
defined by minimal inhibitory concentrations (MICs) of 
drugs against organisms and results from animal models 
directly translate to understanding benefits and harms of 
interventions in humans with disease [7, 9]. However, pre-
clinical data that evaluate biological activity are hypoth-
esis generating, not confirmatory evidence of patient 
benefit. While the germ theory was an important advance 
in understanding the causal pathway of infections, dis-
ease is a result not solely of the presence of organisms, 
but the host immune response to those organisms and/or 
their byproducts (e.g., toxins). Indeed, the first therapies 

for serious infections like pneumonia were host-directed 
therapies like serum therapy [10]. Past and recent evi-
dence shows that drugs with promising preclinical data 
routinely fail to demonstrate benefits that exceed harms on 
patient outcomes [11–13]. This “medicine by MIC” view 
ignores the contribution to patient outcomes of the human 
immune system, patient factors and different disease states 
and severity of disease and misses the larger picture that 
would come with a broader focus on patients and improv-
ing patient outcomes.

2.2 � Patients: Enrolling Patients Who Already Have 
Effective Options

The focus on pathogenic organisms has had several conse-
quences for research and the evidence base for therapeutics 
in infectious diseases. “Pathogen focused” drug develop-
ment defines patients by the infecting organism associated 
with their disease, rather than by whether those patients 
have an existing need for improved efficacy or less toxic 
interventions to improve their outcomes.

The current development paradigm for new drugs is 
based on indirect assumptions rather than direct evidence 
in patients. Currently, new drugs are studied in trials 
which indirectly evaluate whether the new drug is more 
effective than placebo by a comparison with an older effec-
tive drug, but do not rule out worse efficacy than current 
therapies, i.e., “non-inferiority” (NI) [14]. These studies 
enroll participants who are largely immunocompetent [15] 
with a common disease for whom current drugs are effec-
tive (e.g., urinary tract infections, skin infections, pneu-
monia or intra-abdominal infections). Yahav et al showed 
that 90% of trials of new antimicrobials excluded immuno-
compromised or critically ill patients [13]. However, new 
drugs are often assumed to be more effective in immu-
nocompromised patients with disease resistant to current 
therapies [7, 8], although such patients have been excluded 
from clinical trials for these drugs [15]. Yet this assump-
tion is based on ignoring differences [16] in patient factors, 
which have a large influence on patient outcomes, noted as 
early as the 1950s [17]. This also misplaces the meaning 
of the term “susceptible”, as practicing physicians believe 
that when organisms are categorized as “susceptible” it 
means there is already evidence that the drug is effective 
for that type of patient with a specific disease. Instead, the 
practice of setting “breakpoints” for drug and organism 
susceptibility has placed an emphasis on in vitro biologi-
cal activity without requiring evidence of treatment effects 
in specific types of patients and diseases. For example 
“epidemiological cut-offs” (ECOFFs) used in Europe are 
often based on distributions of biological activity against 
a sample of so-called “wild-type” organisms in vitro rather 
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than evaluating associations with patient outcomes [18]. 
“Provisional breakpoints” are often determined in the USA 
using pharmacodynamic (PD) principles and devised prior 
to the conduct of randomized trials, which appears to be 
a case of setting the cart before the horse—a drug cannot 
be determined to be effective in human disease before it 
has been adequately studied. Recent suggested changes in 
breakpoints to define susceptibility have been suggested 
independent of evaluating treatment effects in a valid man-
ner or considering the impact on patient outcomes [19, 
20]. In addition the impact on patient outcomes of some 
types of in vitro resistance remains questionable [21]. 
Since patients with more resistant organisms are older 
and sicker, worse outcomes may reflect these patient fac-
tors rather than drug efficacy. For instance, a study of 
Staphylococcus aureus blood stream infections showed 
higher mortality with methicillin-resistant compared to 
methicillin-susceptible organisms. However, there was no 
difference in mortality once the investigators controlled 
for patient factors [22–24].

Pharmacodynamic information is helpful in forming 
hypotheses regarding which doses to evaluate in randomized 
trials, but to date there is an absence of evidence that PD 
dosing predicts benefits for patients in serious diseases like 
hospitalized pneumonia, despite its widespread use in the 
drug development process [25]. Claims of the benefits of 
PD principles are often based on post hoc subgroup analyses 
from randomized trials; however, these subgroup analyses 
may be affected by bias as patient factors that occur after 
randomization may affect drug distribution and clearance 
(e.g., larger volumes of distribution in the hyperdynamic 
state of sepsis [26]).

The consequence of the focus on bugs and drugs results 
in enrolling patients in trials for whom current therapies are 
on average already effective. This is not the population in 
whom an unmet need for greater efficacy exists. Focusing 
on patients in whom existing therapies are effective does 
not address the primary research question of whether new 
therapeutics improve outcomes in patients in whom current 
therapies lack effectiveness, including the population with 
AMR but also the population with susceptible pathogens 
in whom current therapies still fail. Ironically despite the 
pathogen-focus, few people are enrolled in trials who are 
infected with resistant pathogens [13, 27]. More importantly, 
recent research shows that 17 of 18 people (94%) with death 
associated with blood stream infection die with susceptible 
organisms [28]. The decade old model predicting “more 
deaths than cancer by 2050” with AMR have not come to 
pass given decreases or stable numbers to date in AMR and 
deaths [29]. Recent international data as well as from the US 
Veterans Administration and the US Department of Defense 
show low prevalence and decreasing incidence of disease 
from resistant organisms, and stable or decreasing mortality 

[30–33]. Since resistance occurs in patients who are sicker, 
have more co-morbidities and longer duration of hospitaliza-
tion, attributable mortality is approximately 25% meaning 
3 of 4 persons die with, not from, resistant infections [34]. 
This means that a focus solely on AMR misses the larger 
burden of patients with disease susceptible to current drug. 
New drugs with improved in vitro activity against resistant 
organisms are unlikely to improve outcomes in patients who 
died with susceptible infections. If AMR is conceived as a 
“crisis” then deaths in patients with susceptible infections 
are worthy of clinical and research focus. A return to the 
pre-antibiotic era is unlikely given the data on decreasing 
resistance, but in addition volume resuscitation, vasopressor 
therapy, mechanical ventilation and other forms of ICU care 
did not exist in the pre-antibiotic era. As seen with Ebola 
virus disease, better initial resuscitation improved patient 
outcomes. It is important to take into account that therapies 
other than antimicrobials, including non-pharmacological 
therapies, are important in achieving optimal patient out-
comes [35].

2.3 � Interventions: Sole Focus on “Antibiotics”

The pathogen focus has also resulted in centering on devel-
opment of “antimicrobial drugs”—small molecule drugs 
whose mechanism of action is inhibition of organism 
growth. A review of new antimicrobial drugs showed that 
most were from existing classes including combinations with 
beta-lactamase inhibitors. The focus on antimicrobial drugs 
does not address the role of the disordered immune response 
in deaths with resistant organisms. The use of systemic anti-
microbials also can have adverse effects on the host microbi-
ome. Such effects are not benign and may results in a greater 
incidence of allergic diseases and decreased efficacy in can-
cer immunotherapies [36, 37].

2.4 � Comparisons: The Problems of Focusing 
on Randomized Trials with Non‑Inferiority 
Hypotheses and Observational Studies

For clinical trials to provide useful evidence for patients 
and clinicians, they should address the questions that need 
answers in clinical practice. The question in the setting of 
AMR, as well as for patients with susceptible infections 
in whom current therapies fail, is whether new interven-
tions have improved efficacy in patients who lack effective 
options. Since current trials enroll patients who already have 
effective therapies, the comparison in these studies have 
used the oddly named “non-inferiority” hypotheses [14]. 
Trials with NI hypotheses are widely misunderstood, mis-
represented, misused, and poorly reported [38, 39].

Non-inferiority hypotheses are useful when the benefits 
of new interventions are not improved efficacy directly but 
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improved adverse effects or improved convenience (which 
may eventually improve efficacy for instance from improved 
adherence) [38]. Non-inferiority hypotheses do not address 
the question of whether new interventions might improve 
efficacy over available therapies. Trials with NI hypotheses 
for efficacy should inherently include evaluating superiority 
on these other non-efficacy benefits [9]. A review of current 
infectious disease studies showed a lack of specification of 
any non-efficacy benefits for new interventions [40, 41].

Despite the implication of the name, NI hypotheses do 
not evaluate whether a new intervention is “not inferior” 
to current standard of care. Nor do they evaluate whether a 
new intervention is “as effective as” or “equivalent” to an 
older effective intervention [14]. It is statistically impossi-
ble to evaluate whether two interventions are identical (zero 
difference) as this would require an infinite sample size of 
enrolled participants. Non-inferiority hypotheses address 
a one-sided question allowing some loss of efficacy with 
a new intervention—not “not inferior”—compared to an 
older intervention already shown to be effective under the 
conditions of the planned trial in trade off for non-efficacy 
benefits.

The need for some benefits to balance potential harms 
for trial participants is a requirement in the Belmont Report 
on the ethical conduct of research involving humans [42]. 
Therefore, it is unethical to enroll participants in NI trials 
with no proposed non-efficacy benefits assuming hypotheti-
cal benefits in unstudied types of future patients in whom the 
current control drug might lose effectiveness due to AMR 
[43].

This extrapolation of demonstration of NI in patients who 
have effective therapies to superiority in unstudied patients 
who lack effective therapies is scientifically invalid as well 
as unethical. The results of NI trials only apply to patients in 
whom the control drug is effective and meet the enrollment 
criteria for NI studies. Studies show the types of patients 
with AMR are older, sicker, have more co-morbidities and 
more prior therapies than patients infected with susceptible 
organisms [44]. These patients are routinely excluded from 
NI trials [15]. The results of trials with cefiderocol showed 
NI in patients with complicated urinary tract infections who 
lacked resistance but the same drug increased mortality 
in a randomized trial of patients with resistant organisms 
[45]. Patient outcomes can vary widely not just by infecting 
organism but by patient characteristics even when infected 
with the same organism. The Belmont report requires that 
the types of patients who bear the risks of research should 
be those who also obtain its benefits [42].

The inability to use placebo to avoid loss of efficacy of 
available therapies in a serious and life-threatening disease 
is not a justification to use NI hypotheses. The Declaration 
of Helsinki points out that patients should not be randomized 
to placebo or any drug less effective than the best available 

one when effective therapy exists and when patients might 
be exposed to irreparable harm [46]. Diseases classified as 
“serious and life-threatening” by regulatory agencies are cat-
egorized in this way specifically because of their potential to 
cause irreparable harm. Since patients might often choose 
to experience more adverse effects or greater inconvenience 
in exchange for greater efficacy in life-threatening diseases, 
the trade-offs in NI hypotheses do not make sense in acute 
life-threatening bacterial infections [47]. There may be no 
second chance at rescue therapy if the initial agents fail.

Furthermore, the amount of potential loss of efficacy cho-
sen before trial initiation even in settings where participants 
would not be exposed to irreparable harm is supposed to 
be clinically inconsequential to patients [48, 49]. However, 
studies show the amount of loss of efficacy allowed in trials 
with NI hypotheses has increased over time from 10 to 20% 
(1 in 5 participants potentially have worse outcomes) [12]. 
A recent survey of potential research participants found that 
over half would not agree to participate in a NI trial of a 
new infectious disease therapeutic that allowed a 10% loss 
of efficacy regardless of other benefits [50]. The goal of NI 
trials is not to assure that the new drug is simply better than 
placebo but to maintain a large proportion of the treatment 
effect of the control drug [49], especially in serious diseases, 
balanced by demonstration of non-efficacy benefits. A new 
drug as much as 20% more effective than current therapies 
would be considered a major advance; therefore, it is chal-
lenging to understand how a potential loss of efficacy as 
large as 20% could be considered clinically inconsequential.

The notion that the point estimate of the treatment differ-
ence in an NI trial is “the most likely true value” in a single 
trial, while the upper and lower bounds of the confidence 
interval (CI) are “unlikely”, is a common misunderstanding 
of frequentist CIs, confusing them with Bayesian credibility 
intervals [51, 52]. Frequentist CIs are based on a theoretical 
replication of a study over multiple repetitions, with 95% of 
the studies on average containing the true difference some-
where within the bounds of the CI, and 5% of studies giving 
erroneous results by not containing the true mean with the 
CI bounds of the study. The point estimates will be closer to 
the true mean on average across many studies, but in a single 
trial the CIs may not even include the true mean difference 
between the interventions [53].

Furthermore, research on informed consent forms for 
infectious disease trials with NI hypotheses showed that 
participants are not informed that the primary purpose of 
the study allows the new intervention to be potentially less 
effective [41]. The notion that NI trial results might on occa-
sion demonstrate superior results for the new intervention is 
not relevant at the time of consent as participants can only 
know trial hypotheses, not the results, prior to trial initiation 
[54]. Using patients who have effective therapies as means to 
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an end for regulatory approval for marketing while offering 
them no potential benefits in the NI study is unethical [55].

The results of studies with NI hypotheses often are mis-
interpreted [14, 56, 57]. Results with 95% CIs that include 
no difference do not rule out some amount of harm. Smaller 
trials with fewer participants give less precision on estimates 
of effects but do not mean a new drug “still might be a little 
better”. For example, a new drug studied in a NI trial with 
results with a point estimate of the difference between the 
new drug minus the older drug on the primary outcomes 
gives −1.0%, with a 95% CI of −4.0 to 3.0%. This result 
meets the criteria for demonstration of NI using a −10% loss 
of efficacy chosen prior to the trial. However, these results 
do not mean “the new drug still might be as much as 3% 
better”. Since NI is a one-sided question, the results only 
address how much less effective the new intervention might 
be in comparison to the older effective agent as shown by the 
lower bound of the CI. This does not rule out potential harm 
of up to 4% less efficacy compared to the older effective 
control drug. A trial, which enrolls fewer participants, that 
gives the same point estimate result of −1.0% might have 
95% CIs of −9.0 to 8.0%. Again, this meets the criteria for 
NI using a 10% loss of efficacy but also demonstrates that 
smaller trials give less precise results and wider CIs. This 
does not mean that the new drug becomes up to 8% more 
effective merely by studying fewer patients. The larger the 
loss of efficacy chosen for the new drug prior to the trial, 
the smaller the number of participants is needed to meet 
the chosen criteria for NI. For example, the US Food and 
Drug Administration (FDA) allowed the single study that 
formed the basis for approval for sulbactam-durlobactam to 
be up to 20% less effective than the control drug, colistin, in 
order to allow enrollment of fewer patients in the study [58]. 
Therefore, there is an incorrect incentive in NI trials to allow 
larger losses of efficacy prior to the trial with the goal of 
enrolling fewer participants (at the same time decreasing the 
database for adverse effects), while erroneously interpreting 
the accompanying lack of precision as “the new drug might 
be better” due to wider CIs. International guidance points 
out the loss of effect of the control drug should be clinically 
inconsequential to patients, and the loss of effect should not 
be chosen solely based on decisions to decrease the number 
of enrolled participants in the trial [49].

Lastly, trials using NI hypotheses are more prone to bias 
even if they are randomized and blinded [38]. These are 
more likely to bias towards no difference, giving a false posi-
tive conclusion of NI. One study showed over 90% of trials 
with NI hypotheses were “successful” but it is unclear how 
use of the NI hypothesis should result in a higher rate of 
positive findings compared to superiority trials [59]. Unfor-
tunately, the use of NI hypotheses has become the default 
trial design in infectious diseases, regardless of the relevant 
clinical question. Funders have urged investigators to use 

NI even when they attempt to design trials using superiority 
hypotheses [60]. The conclusions of a successful NI trial do 
not answer which intervention is better so should be used 
preferentially—the answer clinicians are seeking—but rather 
only demonstrates two interventions are ‘interchangeable” 
within the bounds set ahead of the trial. Broad conclusions 
of “showing non-inferiority” are meaningless without under-
standing the amount of efficacy loss allowed prior to the 
trial, the results compared to that choice, and the endpoints 
evaluated.

Trials in HIV provide an example of using NI hypotheses 
appropriately. A trial evaluating less frequent dosing (every 
8 weeks compared with every 4 weeks) with long-acting 
injectable agents was designed to address the non-efficacy 
benefit of greater convenience—which in a chronic dis-
ease may promote greater adherence, which in turn may be 
improve efficacy [61]. These trials do not expose patients to 
irreversible harm as those who experience virological failure 
were rescued with oral agents and only allowed a hypothesis 
of a small amount of loss of efficacy of 4% on virological 
failure at 152 weeks. The results of this study are also show 
that the results were statistically inferior for the 8-week regi-
men on the primary endpoint, and simultaneously non-infe-
rior since the amount of efficacy loss was below the amount 
chosen by investigators prior to the study (point estimate 
of 1.7% less effective on virological outcomes for 8 weeks 
vs 4 weeks with 95% CI of 0.1 to 3.3% less effective while 
excluding zero). Of interest, patients were not queried for 
their views on this amount of loss of efficacy, yet this shows 
that non-inferior does not mean “equal”.

There has also been an increased emphasis on the use 
of so-called “real world evidence” framed as comparisons 
from non-randomized, often retrospective, observational 
studies, for example, post-marketing studies of new antibi-
otics in patients with AMR and test-negative study designs 
in evaluating vaccine efficacy [62, 63]. The advent of rand-
omization in the 1940s was genius—using chance to counter 
chance and addressing the major issue of unmeasured con-
founding, which no amount of adjustment in observational 
studies can address. In observational studies differences 
remain in who does and does not receive an intervention 
[64]. Often, data used for billing are not accurate represen-
tations of patients’ health status. Methods used to adjust for 
various biases often assume “no unmeasured confounding”, 
an assumption that is unverifiable at best and erroneous at 
worst [65]. The larger number of patients in an observa-
tional study, the larger the effect of bias on study results. 
Therefore, having larger observational databases—even if 
the data are accurate—does not solve the challenges of bias 
and confounding—it worsens them. A recent study showed 
that giving the same observational dataset testing the same 
hypothesis to 73 different investigative groups resulted in 
a wide variety of answers from that same dataset, some 
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in opposite directions of effect, showing the challenges 
in the stubbornness of unmeasured biases not only in the 
data themselves, but in the choices investigators make in 
analysis as well as other unexplained sources of variance 
[66]. These choices are often opaque to readers of medi-
cal studies. Even when accurately reported, the impact of 
those choices on biasing study results is often unclear. For 
example, despite randomized trial evidence showing worse 
mortality with cefiderocol including a numerical increase of 
34% mortality in patients with Acinetobacter infections, an 
observational study claimed a survival benefit in these same 
types of patients [67]. Yet only 11% of patients in the obser-
vational study received monotherapy and only certain types 
of patients were included in the analysis, making this type of 
evidence challenging for clinical decision making in the face 
of randomized trial evidence to the contrary. Observational 
studies can address questions like who is at risk of disease 
but their use in evaluating treatment effects of medical inter-
ventions is not an advance, but a regression to methods that 
often gave erroneous results in the past.

2.5 � Outcomes: What Happens to the Bug or What 
Happens to Patients?

Since the goal of prescribing or taking a medical inter-
vention is to help patients to live longer and to live better, 
clinical trials—especially those in acute diseases—should 
directly measure survival, patient symptoms, and patient 
function in their daily lives. However, most clinical trials in 
infectious diseases use indirect “surrogate” endpoints, usu-
ally comprising clinician-reported outcomes (such as clini-
cian decisions to prescribe another non-study drug to treat 
the disease) or biomarkers such as negative cultures, body 
temperature, antibody concentrations and physical signs of 
disease [12]. The term “clinical cure” is often poorly defined 
with the specific factors measured, how they are combined, 
how they are evaluated and the criteria for success left to 
the discretion of individual investigators. Endpoints cannot 
be well defined nor reliable when evaluated in this way. A 
recent review showed that 21 FDA guidance in 27 different 
infectious disease indications recommended use of surrogate 
endpoints, either alone or combined with other outcomes 
[68]. A recent review of the evidence for new antimicrobials 
showed that none used direct patient-reported outcomes of 
symptoms or patient function as endpoints [12]. Fever—
defined as body temperature measurement—is a commonly 
used and particularly poor surrogate endpoint. Fever is 
not on the causal pathway of disease but rather the disease 
causes fever. This is important because variables not on the 
causal pathway can be affected by interventions that do not 
impact the disease, such as antipyretics affecting body tem-
perature but not the disease outcomes. While there is some 

logic to using surrogate endpoints in chronic diseases like 
HIV where direct patient outcomes may take years to occur, 
there is little reason to use surrogate endpoints in acute dis-
eases like skin infections, pneumonia, abdominal infections 
and urinary tract infections, which are the most commonly 
studied diseases.

2.6 � Statistics: Describing a Sample or Making 
Inferences?

With the use of biostatistics in medical studies, it is 
important to address random error and evaluate the play 
of chance on study results. The advent of inferential statis-
tical methods was crucial to improving the causal assess-
ments of interventions and outcome. Linked to the use 
of inferential statistics is clearly stating a hypothesis that 
the study is evaluating. Descriptive statistics are used to 
outline the results in a single study sample with no attempt 
to infer what those outcomes mean for larger populations, 
such as describing the numbers of patients who experience 
pneumonia in a single hospital. In contrast, inferential 
statistics analyze a sample from a population attempting 
to make inferences regarding that larger population from 
which the sample was drawn. Recently, infectious disease 
trials have been designed with no hypothesis and “descrip-
tive statistics only” to “gain experience” with new thera-
peutics [45]. The challenge with no hypothesis is one can 
interpret the results in whatever manner one chooses after 
the study is completed after looking at the data. Ironically, 
results in these trials are presented using p-values and CIs, 
which are themselves methods of inferential statistics [52, 
53]. The stated goal for using descriptive statistics is to 
speed up the marketing of new drugs, yet these methods 
are not advances but a reversion to methods abandoned 
almost a century ago. Inappropriate statistical methods do 
not meet the goal of providing better evidence for patients 
and clinicians. Furthermore, it is unclear how trials with 
no hypotheses and insufficient statistical methods meet 
the ethical goal of being scientifically valid and socially 
valuable, which is a requirement for all research involving 
human participants [55]. A claimed unmet need is a rea-
son to conduct a study, yet its design and conduct should 
be sufficient to be able to determine whether it provides 
evidence that the need can be met. Scientific and ethi-
cal review boards should give more scrutiny to the use of 
appropriate design methods in infectious disease trials.
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2.7 � Summarizing the Current State of Research 
and Evidence

The result of the pathogen focus has been a lack of evi-
dence of benefit with new therapeutics, mostly antibiot-
ics, with increasing costs while ignoring the larger group 
of patients with poor outcomes infected with susceptible 
pathogens [13]. The claimed benefits of new therapeutics 
have been assumed based on the notion that therapeutics 
are similarly effective across different types of patients 
as long as they are infected with the same “susceptible” 
organism in vitro, without direct evidence in those patients 
in whom the drugs would be used in practice. This view 
ignores the impact of patient factors on disease outcomes. 
Three recent reviews evaluate the evidence for new thera-
peutic agents in infectious diseases in the USA, encom-
passing a total of 23 new interventions (excluding vac-
cines) [11–13, 27]. While the need for new drugs is based 
on claims related to AMR, few patients enrolled in the 
studies had disease due to resistant organisms.

3 � Moving Forward—Suggestions 
to Improve the Evidence Base

3.1 � Refocusing on Patients Instead of Pathogens

The unmet need in infectious diseases is to improve patient 
outcomes regardless of infecting pathogen (see Table 1). 
The sole reason AMR is important is because it is associ-
ated with worse patient outcomes. While there has been 
much discussion on AMR, a focus on patients and patient 
outcomes reveals a different story. First, resistance is 
often defined by how many drugs or drug classes might 
lack effectiveness in vitro (multi-drug resistance [MDR]), 
a question that is not relevant to practicing clinicians or 
patients if effective drugs remain. The concept of “break-
points”—dichotomizing organisms into susceptible ver-
sus intermediate or resistant—is less helpful to clinicians 
than determining continuous probabilities of treatment 
success based on in vitro testing. Evaluating probabilities 
of treatment success should be based on valid assessments 
of treatment effects in specific types of patients with spe-
cific diseases, as case reports of drug failures or in vitro 
data alone are not able to assess outcomes attributable to 
treatments.

A more clinically relevant definition of “resistance” is 
how many effective drugs might remain (difficult to treat 
resistance), which is better linked to patient outcomes than 
MDR [69, 70]. Assessing resistance in this way shows 
that the greater burden in terms of number of deaths is 
associated with patients infected with organisms suscep-
tible to currently available drugs. If AMR is considered 

a public health crisis, then deaths with susceptible patho-
gens deserve at least as much if not more consideration. 
Refocusing on patients instead of pathogens has several 
downstream consequences for both research and clinical 
care.

3.2 � Patients

Understanding the greater burden of disease from sus-
ceptible organisms means we should focus surveillance 
on patients with poor outcomes in specific disease syn-
dromes, regardless of infecting pathogen. A focus on “pri-
ority pathogens” based on in vitro susceptibility will miss 
this greater burden of disease. More research is needed 
to be able to identify patients most at risk of treatment 
failure with currently available drugs even if the infect-
ing organism is categorized as “susceptible”. This would 
allow enrollment criteria for trials of new interventions 
to focus on this group of patients as well. The number of 
patients who might benefit even if there were evidence of 
superior efficacy with new drugs targeted only to resistant 
pathogens is small and as noted above does not seem to 
be increasing in developed countries. However, the overall 
number with poor outcomes remains large [71].

3.3 � Interventions

The types of new interventions evaluated should expand 
beyond small molecule drugs with direct acting antimicro-
bial activity. First, this should include rapid point of care 
diagnostics to enable better application of current drugs. 
Recent research shows that lack of appropriate empirical 
therapy has a substantial impact on patient outcomes [72]. 
Infectious diseases are unique in their reliance on empiri-
cism instead of directly applied diagnostics. Evaluation of 
new diagnostics should demonstrate their impact on patient 
outcomes rather than solely focusing on detecting more 
organisms. For example, use of rapid point of care diag-
nostics in tuberculosis and sexually transmitted infections 
has been shown to improve patient outcomes in randomized 
trials [73, 74].

Second, the types of interventions evaluated should 
include prevention as well as treatment either with active 
and/or passive immunization, which could be agnostic 
to specific organisms. Non-pharmacological interven-
tions (NPIs) should also be evaluated to determine their 
ability to prevent initiation and spread of disease. History 
has shown an improvement in mortality with infections even 
before the first antibiotic was developed, in large part due 
to infection control, and clean water and food [75]. New 
interventions should include evaluation of other forms of 
direct-acting antimicrobial therapies such as phage, which 
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is currently being targeted to patients with “resistant” infec-
tions, yet may also benefit patients with “susceptible” infec-
tions [76], either as sole therapy or in addition to current 
small molecule drug antimicrobials. Another reason for 
poor outcomes in patients with susceptible organisms is a 
disordered immune response, and immunotherapies should 
also be evaluated. In the COVID-19 pandemic one of the 
first effective interventions was host immune response modi-
fication with corticosteroids [77]. Studies have also dem-
onstrated improved survival with corticosteroids in severe 
pneumonia [78]. Microbiome therapy has also hypothesized 
benefits on patient outcomes through host immune interac-
tions [79].

3.4 � Comparisons

The greatest need for patients in whom current therapies fail 
is interventions with improved efficacy. The valid assess-
ment of such interventions should be in randomized trials 
with superiority hypotheses [80]. Superiority trials can be 
designed as either a direct comparison of a new interven-
tion to current standard of care or as add-on trials to current 
standard of care compared to standard of care alone, as com-
monly done in oncology. The claim that superiority trials are 
“unethical” is again based on bug-centered focus that one 
should not randomize patients to a drug to which an organ-
ism is resistant. However, if patients in the control group are 
receiving current best standard of care, the resistance pattern 
of an organism does not determine the ethics of a trial. The 
use of NI hypotheses should be reserved for interventions 
whose hypothesized benefits are on non-efficacy benefits 
like decreased adverse effects or improved convenience in 
settings where patients would not be exposed to increased 
harm due to loss of efficacy relative to the effective older 
intervention. The NI hypotheses do not evaluate improved 
efficacy of new interventions.

The COVID-19 pandemic and Ebola virus disease out-
breaks saw an increase in usage of platform trials, which 
allow comparison of multiple interventions against a com-
mon control group [77, 81]. Rather than evaluating the 
benefits and harms of a single intervention, platform trials 
address the question of which of several interventions is best 
for patients compared to current standard of care. Platform 
trials require more planning and would require greater coop-
eration between drug sponsors, funders and regulators [77, 
82, 83]. Telemedicine has been utilized more often in efforts 
to expand geographic diversity of trial participants and ease 
trial participation [84].

Randomized trials and real-world evidence are not incom-
patible [62]. Improving the choices in enrollment criteria 
and outcome measures in pragmatic trials can reflect real-
world practice that would improve the ability to use clinical 
trial evidence in real-world settings [85, 86].

3.5 � Outcomes

Outcome measures in observational studies used to define 
endpoints in randomized trials should focus on outcomes 
that are most important to patients, including survival, 
symptoms and function in their daily lives [87]. Survival 
is not “confounded” in randomized trials, as the process of 
randomization gives a similar distribution of the probabil-
ity of death from other causes besides the studied interven-
tions between the test and control group [80]. Since patient 
factors highly influence outcomes in serious diseases, this 
reinforces the importance of randomization, as unmeasured 
confounding still remains in many observational studies [64, 
88]. Furthermore, death can occur from drug adverse effects 
as well as lack of efficacy. Finally, other outcomes cannot 
be measures in patients who do not survive. The goal of 
randomized trials is to evaluate outcomes attributable to the 
interventions studied, not attributable to the disease.

Endpoints in trials could be improved by developing and 
choosing them based on (1) what is measured, (2) how the 
measure is performed and (3) how the endpoint data are ana-
lyzed. What is measured in trials should be clearly defined 
and include all-cause mortality as well as valid measures of 
patient function and symptoms. There is a lack of evidence 
that the surrogate endpoint of acute clearance of organisms 
from cultures reflects patient outcomes [89–91]. The meas-
urements should be performed using valid patient-reported 
outcome (PRO) instruments as done with COVID-19 and 
other viral respiratory diseases [92–95]. There is a need to 
develop valid PROs for other diseases including skin infec-
tions, pneumonia and urinary tract infections [96]. Patient-
reported outcomes can measure various outcomes including 
disease symptoms, adverse effects as well as more distal 
health-related quality of life. In other settings where patients 
cannot self-report, valid clinician-reported outcomes may 
be used [97]. The desirability of outcome ranking (DOOR) 
is an analysis method that ranks outcomes from the most 
important to the least important [98]. However, DOOR 
alone does not define an endpoint and it is only as strong 
as its measured components and the validity of the meas-
urements made. The impact on survival related to infection 
goes beyond the acute period due to the continued impact 
of inflammation, therefore the timing of endpoints requires 
longer follow-up to evaluate this impact [99, 100].

3.6 � Statistics

The analysis of analytical research studies comparing inter-
ventions should utilize appropriate inferential statistics [101, 
102]. The post-World War II advent of statistical methods 
occurred because of the errors and biases inherent in obser-
vational research before that time. Descriptive statistics 
are appropriate to describe the results in a sample without 
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extrapolating or comparing them to another group, e.g., how 
many patients in a hospital develop pneumonia in one year? 
In descriptive studies, there are often no stated hypotheses. 
Inferential statistics are appropriate when “inferring” the 
results from a studied sample to the larger population from 
which the sample was taken. This includes randomized trials 
when testing hypotheses in a sample of patients with a given 
disease are studied and the results are inferred to reflect the 
benefits and harms in the larger population with that disease 
with similar characteristics to enrolled patients. Descriptive 
statistics are not appropriate when attempting to evaluate 
the effect of interventions in the population from which the 
sample was selected. Trials analyzed in this way having no 
pre-stated hypotheses make conclusions after examining the 
data, which can bias the results. Furthermore, it is unclear 
how the use of descriptive statistics either aids patients or 
aids drug development, as unclear or biased results may 
increase patient harm. The use of Bayesian statistics, using 
prior evidence of drug effectiveness in the analysis of current 
trial results, is possible but often the prior evidence upon 
which to base such analyses is often absent for new thera-
pies in infectious diseases or changes in medical care make 
prior evidence less applicable to current care. The utility of 
adaptive methods depends upon what is adapted and how, 
and requires advance planning [102]. For example, adding 
and eliminating study interventions in so-called “platform 
trials”, which evaluate multiple interventions against a single 
control group, was used during the COVID-19 pandemic and 
in Ebola trials but required much advanced planning [77, 
103]. Secondary endpoint and subgroup analyses in trials 
should be carefully planned and more than “pre-specifica-
tion” is needed to make valid inferences [104–106]. Test-
ing multiple subgroups can increase the probability of false 
positive results without planning and adjusting statistical 
methods in the protocol to account for multiple comparisons. 
Subgroup analyses are particularly suspect when they give 
conclusions that differ from the primary trial results [107]. 
The use of methods like propensity scoring to compare 
similar patients who do and do not receive interventions in 
observational studies is increasing, yet this method is valid 
only when unmeasured confounding is unlikely, which is 
rare. Propensity scoring attempts to adjust for baseline vari-
ables but does not account for post-baseline differences in 
care and other interventions received [65]. Observational 
data can be useful in evaluating which patients are most at 
risk of disease and which outcomes occur in which types of 
patients, but randomized trials are still needed to evaluate 
unbiased effects of interventions.

Analyses in randomized superiority trials should be 
conducted according to the groups to which patients were 
randomized, i.e., the intention to treat (ITT) population 
analysis. The ITT analysis maintains the protection that 
randomization provides from selection bias, ensuring the 

patients analyzed are similar in baseline prognostic factors 
other than the interventions studied. However, a challenge 
with studies with NI hypotheses comes from the fact that 
there is no optimal analysis population. The ITT analyses 
may bias towards no difference especially if there are large 
amounts of missing data, but per-protocol analyses often 
exclude patients based on factors after randomization and 
may also give biased results [108].

4 � Conclusions

The history of infectious diseases research coincided with 
the progress of experimentation to obtain valid results on 
the benefits and harms of medical interventions for clinical 
care [1]. In recent years, infectious disease research has been 
based primarily on issues regarding pathogenic organisms 
instead of patient outcomes. This has resulted in enrolling 
patients in trials who already have effective interventions, a 
singular focus on trials with non-inferiority hypotheses eval-
uating small molecule antimicrobial drugs, using outcomes 
that are not direct measures of patient benefit analyzed with 
descriptive statistics. This has increased the quantity but not 
the quality of available interventions. To advance the field 
of infectious disease research and help patients, the focus 
should be on patients and patient outcomes and trials should 
include patients in whom current therapies are not effec-
tive, evaluating superior hypotheses in randomized trials on 
direct patient outcomes using appropriate inferential statis-
tical methods. Refocusing on patients instead of pathogens 
will improve patient outcomes and the value of clinical care 
[109, 110].
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