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Abstract

Recent Bayesian reanalyses of prominent trials in critical illness have generated controversy by
contradicting the initial frequentist conclusions. Many clinicians may be skeptical that Bayesian
analysis, a philosophical and statistical approach that combines prior beliefs with data to

generate probabilities, provides more useful information about clinical trials than the conventional
frequentist approach. In this Personal View we introduce clinicians to the rationale, process, and
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interpretation of Bayesian analysis through a systematic review and reanalysis of interventional
trials in critical illness. In the majority of cases, Bayesian and frequentist analyses agreed. In the
remainder, Bayesian analysis identified interventions (1) where benefit was probable despite the
absence of statistical significance, (2) where interpretation depended substantially on choice of
prior distribution, and (3) where benefit was improbable despite statistical significance. Bayesian
analysis in critical care medicine can help distinguish harm from uncertainty and establish the
probability of clinically important benefit for clinicians, policymakers, and patients.

Introduction

Randomized trials evaluating interventions in critical illness are nearly universally analyzed
using frequentist statistics. However, frequentist analysis addresses the probability of

the data assuming there is no difference between treatment and control. This can lead

to potentially misleading results that may cause critical care clinicians to abandon

therapies where benefit is possible or adopt therapies where benefit is equivocal.1-4
Challenges to interpreting frequentist analysis include multiple hypothesis testing, difficulty
comprehending the proper meaning of the p-value and confidence intervals, inability to
estimate the probability of clinical benefit, and no mechanism for incorporating prior
information.24> A Bayesian approach can address some aspects of these challenges®-10
but the extent to which the systematic application of Bayesian analysis would revise
interpretations of trial analyses in critical illness has not been evaluated.

Unlike frequentist analysis, Bayesian analysis can directly estimate the probability of
clinically meaningful treatment benefit,”"11 a quantity of direct interest and intuitive
meaning for clinicians. Bayesian analysis combines observed trial data with prior
information derived from expert opinion, clinical experience, basic science, and previous
trials.8:12:13 Critics of Bayesian analysis maintain that the incorporation of prior information
introduces subjectivity into scientific analyses and is used to reframe “negative” trial results
as “positive.”314.15 However, clinicians unavoidably interpret trial results in light of prior
information based on known mechanisms of effect and previously available data. Bayesian
analysis aims to make the influence of this background information explicit by enabling
investigators to quantify the influence of such prior information on the interpretation of the
trial results.’-10.16-21

Bayesian analyses are particularly relevant in critical care because many trials are too small
to exclude minimally important differences in mortality. Prior information is most important
when sample sizes are small to ensure a single underpowered but high-profile trial does

not unduly spark widespread adoption or premature abandonment of an intervention for
which confident conclusions about efficacy require additional data.22-24 Recent Bayesian
re-analyses have suggested alternative interpretations of important trials®25-27, The extent
to which the systematic application of Bayesian analysis would reinterpret the available
literature in clinical trials in critical care is uncertain.

The aim of this study was to determine the prevalence and nature of potential discordance
between Bayesian and frequentist analyses of trials of critically ill patients and assess the
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extent to which Bayesian analyses may enhance scientific and clinical decision-making
when interpreting trial results.

Methods

Systematic Review

The data are drawn from a systematic review focused on design bias and clinically important
effects in trials of therapies for critical illness (Supplement p. 2).28 Included studies were
multicenter randomized superiority trials in critically ill patients with mortality as the
primary outcome published between Jan 1, 2008 and Dec 31, 2018 in one of five journals:
American Journal of Respiratory and Critical Care Medicine, Journal of the American
Medical Association, The Lancet, The Lancet Respiratory Medicine, or New England
Journal of Medicine. Journal selection was based on journals most likely to publish trials
influential to trial design and clinical practice in critical illness, using both impact factor
and content relevance. Critical illness was defined as illness or injury that “acutely impairs
one or more vital organ systems such that there is a high probability of imminent or
life-threatening deterioration in the patient’s condition” in accordance with the Centers for
Medicare and Medicaid Services definition.2? The timeframe was chosen to reflect trials
designed after the uptake of lung-protective ventilation. Non-inferiority or cluster trials were
excluded. Please refer to the supplement p.2 or reference 28 for details.

Minimum clinically important differences

The minimum clinically important difference (MCID) is the minimum benefit that patients
or clinicians require from a therapy before they consider it beneficial; in the context

of mortality, it can be defined as the minimum difference required to change clinical
practice.3931 The MCID helps differentiate between statistical and clinical significance.31-34
MCIDs are useful in Bayesian analysis because they provide clinically relevant thresholds
for evaluating results or setting prior distributions. We estimated MCIDs by presenting 10
practicing critical care physicians with only the Background and Methods sections of the
abstract for each included trial and then asking them to provide an estimate of “the smallest
absolute risk reduction in mortality that would cause you to use this intervention.” The
studies were presented to each clinician in a different random order and clinicians were
blinded to the MCID estimates of other clinicians. The median value among the 10 estimates
for each trial was used as its MCID in the subsequent Bayesian analysis. Please refer to the
supplement p. 3 for further details.

Bayesian Analysis

Basic principles and terminology of Bayesian analysis are outlined in Box 1. Absolute risk
reduction was used as the outcome in prior and posterior distributions. The work adheres to
the ROBUST criteria for Bayesian analysis reporting.3> All analyses were conducted using
RStudio version 1.2.503336 and R version 3.6.3%7.

Priors, Likelihoods, and Posteriors

Priors for the absolute risk reduction (ARR) were specified using normal distributions based
on the approach of Spiegelhalter.”-8 The uninformative prior was an improper prior set
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to a constant value.38 The informative priors had mean set to be either skeptical (ARR

= 0) or enthusiastic (ARR =2*MCID) with variance set to be equivalent to a 400-person
randomized trial with mortality equivalent to the predicted control arm mortality used

for sample size calculation. The rationale for setting the variance equal to a 400-person
randomized trial is that in critical care medicine trials of this size can be influential but if
the prior distributions contained more information then the implied certainty might violate
accepted standards of equipoise. Further details of prior distributions are available in Table
E4. The likelihood function was a normal distribution with mean and variance equal to their
sample counterparts. If both prior and likelihood are normal distributions, the posterior is
also a normal distribution.8

Outcomes were computed from the posterior distributions of absolute risk reduction for each
intervention. Bayesian analyses were described as showing potential benefit if there was a
greater than 50% probability that the absolute risk reduction equaled or exceeded the MCID
and described as showing improbable benefit otherwise. The threshold of 50% was chosen
because it represents the point where an outcome goes from unlikely (on average, does not
happen) to likely (on average, does happen). Higher posterior probability of benefit may be
preferred to support practice change for many therapies.

The primary outcome was the proportion of trials for which dichotomous interpretations of
Bayesian and frequentist trials yielded potentially discordant conclusions, which occurred if:

1. the trial was positive by frequentist criteria (p < 0.05 and signal showing benefit)
but the posterior probability of achieving the MCID was less than 50% or;

2. the trial was indeterminate or negative by frequentist criteria (p > 0.05 or signal
showing harm) but the posterior probability of achieving the MCID was greater
than 50%.

For frequentist analyses, if a trial reported a time-to-event mortality analysis in addition to
binary mortality outcome at 28 or 60 days, the latter was used for p-value calculation.

Rates of potential discordance were computed using each of the three archetypal prior
distributions (skeptical, uninformative, enthusiastic). Comparison using the skeptical prior
was chosen for the primary outcome to reflect the belief, independent of intervention
mechanism, that very large benefits or harms are unlikely in an evaluation of an intervention
with clinical equipoise.

Sensitivity and reversal analyses

Sensitivity analyses assessed more conservative posterior probability thresholds, varying
treatment effect thresholds, and a prior distribution where harm was likely. The frequency
of potential discordance was computed using higher thresholds for probability of potential
clinical benefit (75%, 90%). Additional clinical thresholds included any benefit (ARR >
0%) and the planned effect size obtained from each trial’s sample size calculation. The
prior distribution representing probable harm from treatment had mean set to an increase in
mortality equal in magnitude to the MCID and variance set to be equivalent to a 100-person
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randomized trial. A lower certainty was used for the prior positing probable harm because
equipoise implies that the evidence in support of harm from an intervention is not strong in
order for it to be tested in a randomized trial.

The extent to which the interpretation of a trial could be significantly influenced by prior
beliefs was assessed by evaluating for prior-dependent reversal. Reversal was said to be
present if a trial showed improbable benefit (posterior probability <50%) under the skeptical
prior but potential benefit (posterior probability >50%) under the enthusiastic prior.

Results

Clinical trial characteristics

Eighty-two interventions published over 11 years were included (Table E1, Supplement).
Median trial sample size was 1,030 (IQR 507-1,917) patients. Thirteen (16%) trials received
industry funding, 24 (30%) were stopped early, and 47 (57%) involved non-pharmacologic
interventions. Eight trials (10%) reported p < 0.05 in their primary analysis, of which four
showed benefit and four showed harm.

Estimating the minimum clinically important difference

The minimum clinically important difference (MCID) for each trial ranged from 1%

(3 trials) to 5% (6 trials) (Table E2 in Supplement). The MCIDs for pharmacologic
interventions (median 2.5% [IQR 2-3%]) were similar to the MCIDs for non-pharmacologic
interventions (median 3% [IQR 2-4%]) (Figure E2). Effect sizes used to plan trials were
considerably larger than the MCIDs (median difference 5.5% [IQR 3%-7%]) (Table E3).
Details about MCID estimators are available in the Supplement (p. 3-4).

Trial results from Bayesian analysis
The posterior probability of absolute risk reduction greater than or equal to the MCID
exceeded 50% in 9 trials (11%) under the skeptical prior, 14 trials (17%) under the
uninformative prior, and 22 trials (27%) under the enthusiastic prior.

Comparison of results from frequentist and Bayesian analyses

The relationship between the posterior probability of benefit (ARR = MCID) and p-value is
depicted in Figure 1 according to each prior.

Among 78 trials found to be indeterminate or negative by frequentist criteria, the posterior
probability of ARR = MCID exceeded 50% in 7 (9%) trials under the skeptical prior,

12 (15%) under the uninformative prior (listed in Table 2), and 20 (26%) trials under

the enthusiastic prior (Table 1). Among 4 trials within this group reporting statistically
significant harm (p<0.05), the probability of clinical benefit was 11% or less under all priors.

Among 4 trials with a statistically significant signal for benefit under frequentist criteria, the
posterior probability of clinical benefit (ARR = MCID) was less than 50% across all prior
distributions in two trials.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yarnell et al.

Page 8

The two trials showing potential benefit in both Bayesian and frequentist analyses across
all priors were the Guérin 2013 trial of proning in ARDS3? and the Annane 2018 trial of
hydrocortisone with fludrocortisone in septic shock.40

Sensitivity analyses using alternative clinical thresholds (“any benefit” i.e. ARR > 0%

or “planned effect” i.e. ARR > effect size used for sample size calculation) and higher
posterior probability thresholds are shown in Table 1, Figure 2, and Figure E2. Increasing
the thresholds for clinical benefit and increasing the posterior probability thresholds to
define benefit reduced the number of trials with potential discordance between frequentist
and Bayesian analyses (Table 1).

Susceptibility of trial interpretation to shifting priors

Shifting the prior from skeptical to enthusiastic reversed the Bayesian interpretation of the
trial from improbable benefit (< 50% posterior probability of ARR = MCID) to potential
benefit (>50% posterior probability of ARR = MCID) in 12 trials (15% of all trials). When
using higher posterior probability thresholds of 75% or 90% to define potential benefit,
shifting the priors from skeptical to enthusiastic reversed the Bayesian interpretation in 5
(6%) trials and 3 (4%) trials, respectively. Reversal was less likely at higher sample sizes
(Figure E2). The trials with reversal according to the choice of prior are listed in Table E5.

The study is accompanied by an interactive application available at https://
cyarnell.shinyapps.io/BRICCS-Interactive-App/ which allows investigation of the effects of
different prior distributions according to user-selected outlook, certainty, and MCID.

Discussion

Across 82 clinical trials in critical care medicine published in high-impact journals,
discordance between Bayesian and frequentist analyses was relatively uncommon. However,
this investigation identified multiple trials where clinical benefit was more likely than not
despite p-value > 0.05 and trials where clinical benefit was unlikely despite frequentist
analysis suggesting benefit. We also identified trials where the probability of clinical benefit
varied substantially according to choice of prior distribution, suggesting that these trials

did not accrue sufficient information to resolve uncertainty about treatment effect. These
examples demonstrate how incorporating Bayesian analyses into the reporting of trials

may enhance and clarify their interpretation. Importantly, the post hoc Bayesian analyses
presented in this paper should be interpreted as exploratory and hypothesis-generating, not
definitive statements about treatment efficacy.

By estimating the probability of treatment benefit rather than the probability of obtaining
the observed effect or greater under the null hypothesis, Bayesian analysis provides a more
direct assessment of the strength of the evidence for or against an intervention. Bayesian
analysis may disagree with frequentist analysis, depending on the posterior probability

of benefit one requires to support use of a given therapy.18-2041.42 For example, this
investigation identified several cases where the posterior probability of benefit was greater
than 50% but the frequentist p-value exceeded 0.05. Most trials of interventions in critical
iliness are indeterminate by frequentist criteria*3 (p-value exceeds 0.05), so it is helpful to
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have a method that further clarifies the certainty with which potential benefit has been ruled
out.

Two key points should be noted. First, our results show that Bayesian analysis cannot be
regarded simply as a means of turning ‘negative’ results into ‘positive’ results. We found
that Bayesian and frequentist analyses are discordant in only a minority of cases. The
impression that Bayesian analysis converts indeterminate results into favourable ones may
arise from a kind of publication bias whereby Bayesian reanalyses haveoften focused on
trials with p-value > 0.05 and a large positive effect size, a scenario where Bayesian analysis
is more likely to suggest potential benefit.626 Second, it must be appreciated that there

is no fixed value for posterior probability of benefit at which one can conclude that a
treatment should be routinely employed in practice. Such judgments may depend on many
considerations (e.g., adverse effects, costs, preferences, specific clinical scenario, patient
goals and values). The strength of the evidence measured by posterior probability can be
used to determine whether further investigation is required, to inform decision analyses, to
formulate guideline recommendations, and to make clinical decisions.

Bayesian analysis enables investigators to incorporate judgments about minimum clinically
important differences into quantitative analysis. Ideally these judgments are pre-specified in
order to distinguish between statistical and clinical significance.32:3444 We found that the
choice of MCID had an important influence on the interpretation of trials; indeed, there

was low probability of benefit (as defined in terms of the MCID) in two trials deemed
positive by frequentist criteria. Several considerations must be borne in mind. First, the
choice of the MCID may vary by patient, clinician, or setting, and a lower MCID may
reverse the conclusion. In our study, MCID estimates varied widely between authors for any
given trial, suggesting substantial variability in judgments of clinically important treatment
benefits and highlighting the need for more research into how judgments about MCID
should be formulated. The MCIDs determined by the process used in this study were
similar to published MCIDs in cardiac arrest literature3# and generally much lower than

the effect sizes used to plan the trials. Second, the MCID refers to a single outcome and
does not include other potential benefits from a therapy. For example, a decrease in bleeding
from tranexamic acid may improve both mortality and other outcomes related to severe
bleeding not captured by a mortality endpoint. Third, although the absolute risk reduction is
a more intuitively accessible measure of treatment effect and the measure on which MCIDs
were defined, the relative risk may be the more generalizable measure—when a therapy

is employed in a population with a higher baseline risk there may be an accompanying
increased absolute benefit that exceeds the MCID. Last, our MCIDs were much smaller than
the effect sizes used to plan the trial, meaning that the trials would be very unlikely to have
sufficient statistical power to exclude a benefit equal to or smaller than the MCIDs we used.
This may reflect the fact that trials are often planned based on the feasibility of patient
recruitment to a given sample size, rather than based on the MCID s that are deemed to be
feasible. To assist with clinical interpretation of trial results, future randomized trials should
incorporate prospectively defined minimum clinically important differences for the primary
outcome and use these for sample size calculations.
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Several trials showed substantial variation in the posterior probability of clinical benefit
according to choice of prior distribution. This is a quantitative expression of scientific
controversy due to insufficient data, where the adoption of a skeptical stance as opposed to
enthusiastic stance leads to different conclusions about its efficacy. One prominent example
was the trial “Effect of Noninvasive Ventilation vs. Oxygen Therapy on Mortality Among
Immunocompromised Patients With Acute Respiratory Failure”#>, which had a posterior
probability of clinical benefit of 33% under skeptical priors that increased to 70% under
enthusiastic priors. Shift in posterior probability of clinical benefit across different priors
decreased with sample size. This analytical approach provides a means of quantifying the
information available from a clinical trial and clarifies the basis for sample size calculation:
a clinical trial should enroll a sufficient number of patients to obtain sufficient information to
achieve consensus as to the presence or absence of meaningful treatment effect among both
skeptics and enthusiasts.

This secondary analysis of randomized trials has several limitations. The most important
limitation is that Bayesian analysis does not directly address inadequacy in fundamental
aspects of trial design and conduct including enrolment, blinding, randomization, protocol
adherence, outcome selection, measurement error, or missing data. Heterogeneity of
treatment effect is an additional potential challenge in critical care trials which is not
addressed by this analysis, although Bayesian hierarchical regression provides a powerful
tool to analyze heterogeneity across predefined subgroups.#6 A further limitation is that
the analysis focuses on concordance and discordance between Bayesian and frequentist
analyses, potentially perpetuating a dichotomous approach to trial interpretation based on
arbitrary thresholds for p-values or posterior probabilities. Individual trials should report
the full posterior probability distribution in order to communicate the largest amount

of information to readers. The goal of this investigation was different and intended to
investigate the prevalence of discordance across multiple studies, which demands potentially
arbitrary thresholds.

Further limitations relate to inherently subjective decisions in statistical modeling. Different
implementations of a Bayesian approach for each trial may yield different results from those
in this investigation.6:18:4247-49 Our priors were defined as normal distributions based on
pre-specified rules and only connected to their particular clinical scenario by the estimates of
MCID. Alternative choices for the distributions such as beta-binomial or alternative methods
for eliciting priors and MCIDs might obtain more appropriate distributions, although our
spectrum of prior distributions encompassed a wide range of potential priors.>% Determining
the MCID and posterior probability of benefit necessary to use a given treatment could
facilitate more personalized care by involving patients and families in decisions on these
points. The use of online calculators such as that provided above could be implemented to
quickly obtain posterior probability estimates that can help with shared decision-making.

Covariate adjustment was not used to improve precision as a consequence of using study-
level data as opposed to individual-level data. Analytically, some criticisms of frequentist
analysis could be addressed by a more thoughtful use of frequentist analytical tools and
may not require adopting a Bayesian approach.5 From a clinical perspective, the analysis
was limited to critical care trials, which increased the coherence of results across trials and
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enabled informed MCID estimation but sacrificed external validity. The MCID was assumed
to be homogeneous across patients. This analysis did not consider secondary efficacy or
safety endpoints, the totality of which are essential for interpretation of any clinical trial.

Conclusion

Bayesian and frequentist analyses of clinical trials generally yield concordant
interpretations. However, Bayesian analysis may identify interventions where clinically
important benefit is more probable than not despite the absence of frequentist statistical
significance, where interpretation depends substantially on the choice of prior distribution,
or where clinically important benefit is improbable despite frequentist statistical
significance. Bayesian analysis can complement conventional frequentist statistics by
distinguishing between indeterminate and negative results, quantifying the influence of prior
beliefs, and providing direct estimates of the probability of clinical benefit.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We thank the following for helpful comments: Bijan Teja, lan Roberts, Simon Gates.

Funding and role of funders in study

The study was funded by the Canadian Institutes for Health Research CGS-M program, the Eliot Phillipson
Clinician Scientist Training Program, the Clinician Investigator Program of the University of Toronto (Dr. Yarnell)
and the U.S. National Institutes of Health (K23-HL133489, R21-HL 145506, P Beitler). Dr. Goligher is supported
by an Early Career Investigator award from the Canadian Institutes of Health Research (AR7-162822). Dr. Hua is
supported by a Paul B. Beeson Career Development Award KO8AG051184 from the National Institute on Aging
and the American Federation for Aging Research. Dr. Perkins reports funding from the National Institute for Health
Research (NIHR) in relation to the conduct of the PARAMEDIC?2 trial, and support from NIHR Applied Research
Collaboration (ARC) West Midlands. Dr McAuley reports that his institution has received funds from grants from
the UK NIHR, Wellcome Trust, Innovate UK and others. Funders had no role in the design and conduct of the
study; collection, management, analysis, and interpretation of the data; preparation, review, or approval of the
manuscript; nor in the decision to submit the manuscript for publication. The opinions, results and conclusions
reported in this paper are those of the authors and are independent from the funding sources including the NIHR or
the Department of Health and Social Care. No endorsement by any of the funding agencies is intended or should be
inferred.

References

1. Amrhein V, Greenland S, McShane B. Scientists rise up against statistical significance. Nature.
2019;567(7748):305-307. doi:10.1038/d41586-019-00857-9 [PubMed: 30894741]

2. Greenland SStatistical tests, P values, confidence intervals, and power: a guide
to misinterpretations. Eur J Epidemiol. 2016;31(4). http://resolver.scholarsportal.info/resolve/
03932990/v31i0004/337_stpvciapagtm.xml.Accessed June 6, 2019.

3. Lewis RJ, Angus DC. Time for Clinicians to Embrace Their Inner Bayesian?JAMA.
2018;320(21):2208. d0i:10.1001/jama.2018.16916 [PubMed: 30347047]

4. Wasserstein RL, Lazar NA. The ASA’s Statement on p-Values: Context, Process, and Purpose. Am
Stat. 2016;70(2):129-133. doi:10.1080/00031305.2016.1154108

5. Windish DM, Huot SJ, Green ML. Medicine Residents’ Understanding of the Biostatistics
and Results in the Medical Literature. JAMA. 2007;298(9):1010. doi:10.1001/jama.298.9.1010
[PubMed: 17785646]

Lancet Respir Med. Author manuscript; available in PMC 2022 February 01.


http://resolver.scholarsportal.info/resolve/03932990/v31i0004/337_stpvciapagtm.xml
http://resolver.scholarsportal.info/resolve/03932990/v31i0004/337_stpvciapagtm.xml

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yarnell et al.

10

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Page 12

. Goligher EC, Tomlinson G, Hajage D, et al.Extracorporeal Membrane Oxygenation for Severe

Acute Respiratory Distress Syndrome and Posterior Probability of Mortality Benefit in a Post Hoc
Bayesian Analysis of a Randomized Clinical Trial. JAMA. 102018. doi:10.1001/jama.2018.14276

. Spiegelhalter DJ, Freedman LS, Parmar MKB. Bayesian Approaches to Randomized Trials. J R Stat

Soc Ser A (Statistics Soc. 1994;157(3):357. doi:10.2307/2983527

. Spiegelhalter DJ, Abrams KRKeith R, Myles JP. Bayesian Approaches to Clinical Trials and

Health-Care Evaluation. John Wiley & Sons; 2004.

. McElreath RStatistical Rethinking: A Bayesian Course with Examples in R and Stan.; 2018.

d0i:10.1201/9781315372495

. Kruschke JK. Doing Bayesian Data Analysis: A Tutorial with R, JAGS, and Stan, Second Ed/ition.,
2014. doi:10.1016/B978-0-12-405888-0.09999-2

Hacking IAn Introduction to Probability and Inductive Logic. Cambridge University Press; 2001.

Jack Lee J, Chu CT. Bayesian clinical trials in action. Stat Med. 2012;31(25):2955-2972.
doi:10.1002/sim.5404 [PubMed: 22711340]

Kalil AC, Sun J. Bayesian methodology for the design and interpretation of clinical trials in critical
care medicine: A primer for clinicians. Crit Care Med. 2014;42(10):2267-2277. doi:10.1097/
CCM.0000000000000576 [PubMed: 25226118]

Gelman AObjections to Bayesian statistics. Bayesian Anal. 2008;3(3):445-449. doi:10.1214/08-
BA318

Aberegg SK. Post Hoc Bayesian Analyses. JAMA. 2019;321(16):1631. doi:10.1001/
jama.2019.1198 [PubMed: 31012923]

Fisher RA. Statistical Methods for Research Workers. Edinburgh: Oliver and Boyd; 1925. http://
psychclassics.yorku.ca/Fisher/Methods/index.htm.

Harrell FEJ. Regression Modeling Strategies - With Applications to Linear Models, Logistic
Regressions, and Survival Analysis. Vol 26. Springer New York; 2001.

Kalil AC, Sun J. Why Are Clinicians Not Embracing the Results from Pivotal Clinical Trials
in Severe Sepsis? A Bayesian Analysis. Ratner AJ, ed. PLoS One. 2008;3(5):e2291. doi:10.1371/
journal.pone.0002291 [PubMed: 18509455]

Diamond GA, Kaul S. Bayesian classification of clinical practice guidelines. Arch Intern Med.
2009;169(15):1431-1435. doi:10.1001/archinternmed.2009.235 [PubMed: 19667308]

Diamond GA, Kaul S. Prior convictions: Bayesian approaches to the analysis and interpretation
of clinical megatrials. J Am Coll Cardiol. 2004;43(11):1929-1939. doi:10.1016/j.jacc.2004.01.035
[PubMed: 15172393]

Brophy JM, Joseph L. Placing trials in context using Bayesian analysis. GUSTO

revisited by Reverend Bayes. JAMA. 1995;273(11):871-875. http://www.ncbi.nlm.nih.gov/
pubmed/7869558.Accessed December 2, 2019. [PubMed: 7869558]

Rubenfeld GD. Confronting the Frustrations of Negative Clinical Trials in Acute Respiratory
Distress Syndrome. Ann Am Thorac Soc. 2015;12(Supplement 1):S58-S63. doi:10.1513/
AnnalsATS.201409-414MG [PubMed: 25830838]

Aberegg SK, Richards DR, O’Brien JM. Delta inflation: A bias in the design of randomized
controlled trials in critical care medicine. Crit Care. 2010;14(2). doi:10.1186/cc8990
Harhay MO, Wagner J, Ratcliffe SJ, et al.Outcomes and statistical power in adult critical
care randomized trials. Am J Respir Crit Care Med. 2014;189(12):1469-1478. doi:10.1164/
rccm.201401-0056CP [PubMed: 24786714]

Combes A, Hajage D, Capellier G, et al.Extracorporeal Membrane Oxygenation for Severe
Acute Respiratory Distress Syndrome. N Engl J Med. 2018;378(21):1965-1975. doi:10.1056/
NEJMo0al800385 [PubMed: 29791822]

Zampieri FG, Damiani LP, Bakker J, et al.Effect of a Resuscitation Strategy Targeting Peripheral
Perfusion Status vs Serum Lactate Levels on 28-Day Mortality Among Patients with Septic
Shock: A Bayesian Reanalysis of the ANDROMEDA-SHOCK Trial. Am J Respir Crit Care Med.
102019:rccm.201905-09680C. doi:10.1164/rccm.201905-09680C

Hernandez G, Ospina-Tascdn GA, Damiani LP, et al.Effect of a Resuscitation Strategy Targeting

Peripheral Perfusion Status vs Serum Lactate Levels on 28-Day Mortality Among Patients With
Septic Shock. JAMA. 2019;321(7):654. doi:10.1001/jama.2019.0071 [PubMed: 30772908]

Lancet Respir Med. Author manuscript; available in PMC 2022 February 01.


http://psychclassics.yorku.ca/Fisher/Methods/index.htm
http://psychclassics.yorku.ca/Fisher/Methods/index.htm
http://www.ncbi.nlm.nih.gov/pubmed/7869558
http://www.ncbi.nlm.nih.gov/pubmed/7869558

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yarnell et al.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 13

Abrams D, Montesi S, Moore S, et al.Design bias and clinically important treatment effects in
randomized trials. Crit Care Med. 2020;In press.

Lustbader DR, Nelson JE, Weissman DE, et al.Physician reimbursement for critical care

services integrating palliative care for patients who are critically ill. Chest. 2012;141(3):787-792.
doi:10.1378/chest.11-2012 [PubMed: 22396564]

Jaeschke R, Singer J, Guyatt GH. Measurement of health status. Ascertaining the

minimal clinically important difference. Control Clin Trials. 1989;10(4):407-415. http://
www.nchi.nlm.nih.gov/pubmed/2691207.Accessed April 28, 2019. [PubMed: 2691207]

McGlothlin AE, Lewis RJ. Minimal clinically important difference: Defining what really matters to
patients. JAMA - J Am Med Assoc. 2014;312(13):1342-1343. doi:10.1001/jama.2014.13128

Van Walraven C, Mahon JL, Moher D, Bohm C, Laupacis A. Surveying physicians to determine
the minimal important difference: Implications for sample-size calculation. J Clin Epidemiol.
1999;52(8):717-723. doi:10.1016/S0895-4356(99)00050-5 [PubMed: 10465315]

Cranston JS, Kaplan BD, Saver JL. Minimal clinically important difference for safe and

simple novel acute ischemic stroke therapies. Stroke. 2017;48(11):2946-2951. doi:10.1161/
STROKEAHA.117.017496 [PubMed: 28931621]

Nichol G, Brown SP, Perkins GD, et al. What change in outcomes after cardiac arrest is
necessary to change practice? Results of an international survey. Resuscitation. 2016;107:115-120.
doi:10.1016/j.resuscitation.2016.08.004 [PubMed: 27565860]

Sung L, Hayden J, Greenberg ML, Koren G, Feldman BM, Tomlinson GA. Seven items were
identified for inclusion when reporting a Bayesian analysis of a clinical study. J Clin Epidemiol.
2005;58:261-268. doi:10.1016/j.jclinepi.2004.08.010 [PubMed: 15718115]

RStudio Team. RStudio: Integrated Development for R. 2015. http://www.rstudio.com/.

R Core Team. R: A Language and Environment for Statistical Computing. 2020. https://www.r-
project.org.

JEFFREY'S HAn invariant form for the prior probability in estimation problems. Proc R Soc Lond
A Math Phys Sci. 1946;186(1007):453-461. doi:10.1098/rspa.1946.0056 [PubMed: 20998741]
Guérin C, Reignier J, Richard J-C, et al.Prone Positioning in Severe Acute Respiratory Distress
Syndrome. N Engl J Med. 2013;368(23):2159-2168. doi:10.1056/NEJM0a1214103 [PubMed:
23688302]

Annane D, Renault A, Brun-Buisson C, et al.Hydrocortisone plus Fludrocortisone for Adults

with Septic Shock. N Engl J Med. 2018;378(9):809-818. d0i:10.1056/NEJMo0al705716 [PubMed:
29490185]

Wijeysundera DN, Austin PC, Hux JE, Beattie WS, Laupacis A. Bayesian statistical inference
enhances the interpretation of contemporary randomized controlled trials. J Clin Epidemiol.
2009;62(1):13-21.e5. doi:10.1016/j.jclinepi.2008.07.006 [PubMed: 18947971]

Ryan EG, Harrison EM, Pearse RM, Gates S. Perioperative haemodynamic therapy for major
gastrointestinal surgery: the effect of a Bayesian approach to interpreting the findings of a
randomised controlled trial. BMJ Open. 2019;9(3):e024256. doi:10.1136/bmjopen-2018-024256

Santacruz CA, Pereira AJ, Celis E, Vincent JL. Which Multicenter Randomized Controlled Trials
in Critical Care Medicine Have Shown Reduced Mortality? A Systematic Review. Crit Care Med.
2019;47(12):1680-1691. doi:10.1097/CCM.0000000000004000 [PubMed: 31567349]

Cook JA, Hislop J, Adewuyi TE, et al.Assessing methods to specify the target difference for a
randomised controlled trial: DELTA (Difference ELicitation in TriAls) review. Health Technol
Assess (Rockv). 2014;18(28). doi:10.3310/hta18280

Lemiale V, Mokart D, Resche-Rigon M, et al.Effect of Noninvasive Ventilation vs Oxygen Therapy
on Mortality Among Immunocompromised Patients With Acute Respiratory Failure. JAMA.
2015;314(16):1711. doi:10.1001/jama.2015.12402 [PubMed: 26444879]

Henderson NC, Louis TA, Wang C, Varadhan R. Bayesian analysis of heterogeneous

treatment effects for patient-centered outcomes research. Heal Serv Outcomes Res Methodol.
2016;16(4):213-233. doi:10.1007/s10742-016-0159-3

Wijeysundera DN, Austin PC, Hux JE, Beattie WS, Laupacis A. Bayesian statistical inference
enhances the interpretation of contemporary randomized controlled trials. J Clin Epidemiol.
2009;62(1):13-21.e5. doi:10.1016/j.jclinepi.2008.07.006 [PubMed: 18947971]

Lancet Respir Med. Author manuscript; available in PMC 2022 February 01.


http://www.ncbi.nlm.nih.gov/pubmed/2691207
http://www.ncbi.nlm.nih.gov/pubmed/2691207
http://www.rstudio.com/
https://www.r-project.org
https://www.r-project.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yarnell et al.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 14

Kalil AC, Sun J. Low-dose steroids for septic shock and severe sepsis: the use of Bayesian statistics
to resolve clinical trial controversies. Intensive Care Med. 2011;37(3):420-429. doi:10.1007/
s00134-010-2121-0 [PubMed: 21243334]

Van Ravenzwaaij D, Monden R, Tendeiro JN, loannidis JPA. Bayes factors for superiority,
non-inferiority, and equivalence designs. BMC Med Res Methodol. 2019;19(1):71. doi:10.1186/
$12874-019-0699-7 [PubMed: 30925900]

Johnson SR, Tomlinson GA, Hawker GA, Granton JT, Feldman BM. Methods to elicit beliefs
for Bayesian priors: a systematic review. J Clin Epidemiol. 2010;63(4):355-369. doi:10.1016/
j.jclinepi.2009.06.003 [PubMed: 19716263]

Lakens DThe practical alternative to the p-value is the correctly used p-value. 2020.
doi:doi:10.31234/osf.io/shm8v

Johnson SR, Tomlinson GA, Hawker GA, Granton JT, Feldman BM. Methods to elicit beliefs
for Bayesian priors: a systematic review. J Clin Epidemiol. 2010;63(4):355-369. doi:10.1016/
j.jclinepi.2009.06.003 [PubMed: 19716263]

Holcomb JB, Tilley BC, Baraniuk S, et al.Transfusion of Plasma, Platelets, and Red Blood Cells in
a1:1:1vsal:1:2 Ratio and Mortality in Patients With Severe Trauma. JAMA. 2015;313(5):471.
doi:10.1001/jama.2015.12 [PubMed: 25647203]

Mercat A, Richard J-CM, Vielle B, et al.Positive End-Expiratory Pressure Setting in Adults
With Acute Lung Injury and Acute Respiratory Distress Syndrome. JAMA. 2008;299(6):646.
doi:10.1001/jama.299.6.646 [PubMed: 18270353]

Russell JA, Walley KR, Singer J, et al.\Vasopressin versus norepinephrine infusion in patients
with septic shock. N Engl J Med. 2008;358(9):877-887. doi:10.1056/NEJM0a067373 [PubMed:
18305265]

Thursz MR, Richardson P, Allison M, et al.Prednisolone or Pentoxifylline for Alcoholic Hepatitis.
N Engl J Med. 2015;372(17):1619-1628. doi:10.1056/NEJM0a1412278 [PubMed: 25901427]

Kudenchuk PJ, Brown SP, Daya M, et al. Amiodarone, Lidocaine, or Placebo in Out-of-Hospital
Cardiac Arrest. N Engl J Med. 2016;374(18):1711-1722. doi:10.1056/NEJM0a1514204 [PubMed:
27043165]

Papazian L, Forel J-M, Gacouin A, et al. Neuromuscular Blockers in Early Acute Respiratory
Distress Syndrome. N Engl J Med. 2010;363(12):1107-1116. doi:10.1056/NEJM0a1005372
[PubMed: 20843245]

De Backer D, Biston P, Devriendt J, et al.Comparison of Dopamine and Norepinephrine in

the Treatment of Shock. N Engl J Med. 2010;362(9):779-789. doi:10.1056/NEJM0a0907118
[PubMed: 20200382]

Kawazoe Y, Miyamoto K, Morimoto T, et al.Effect of Dexmedetomidine on Mortality

and Ventilator-Free Days in Patients Requiring Mechanical Ventilation With Sepsis. JAMA.
2017;317(13):1321. doi:10.1001/jama.2017.2088 [PubMed: 28322414]

Jansen TC, van Bommel J, Schoonderbeek FJ, et al.Early Lactate-Guided Therapy in

Intensive Care Unit Patients. Am J Respir Crit Care Med. 2010;182(6):752-761. doi:10.1164/
rccm.200912-19180C [PubMed: 20463176]

Lancet Respir Med. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yarnell et al.

Page 15

Box 1:
Glossary of statistical terms

The glossary below uses the example of a clinical trial designed to estimate the absolute
risk reduction (ARR) for mortality between a new therapy and a standard therapy.

Bayesian inference. A form of inference that can use probability to quantify the evidence
about an unknown quantity such as the absolute risk. A Bayesian analysis can find that
there is, for example, a 60% probability that the absolute risk reduction is 3% or more.
For a particular observed set of results from a clinical trial, these Bayesian probabilities
can differ between analyses that use different prior distributions.

Bayes’ Rule: An equation expressing the relationship between prior probability, the
likelihood of observed data, and posterior probability given the observed data.

Conlfidence interval (95%). An interval used in frequentist inference where 95% of
intervals constructed in that manner with data generated in the same way will contain the
true value.

For a given confidence interval, such as —1.5% to +2.0%, it is not correct to say that
there is 95% confidence or 95% probability that the absolute risk lies between —1.5% and
+2.0%. Any individual confidence interval either does or does not contain the true value.

Credible interval (95%): An interval used in Bayesian inference that is constructed such
that there is a 95% chance that the true value lies in the interval, given the choice of
model, prior distribution, and data.

Enthusiastic prior: This is one kind of archetypal prior. A prior distribution is described
as enthusiastic if it expresses the view that the new therapy is beneficial and has a small
chance of increasing mortality. For example, an enthusiastic prior for the absolute risk
could be centered at an ARR of 5% and put only a 10% prior probability on values of
ARR < 0% (harm).

Frequentist inference: A form of inference where probabilities are equal to proportions of
frequencies calculated over hypothetical replications of a study. P-values and confidence
intervals are common quantities calculated in frequentist inference.

Likelihood function. A mathematical function that calculates the probability of the
observed data given a particular value of the absolute risk and the control group risk.
Used in both frequentist and Bayesian inference.

Minimum clinically important difference (MCID).: An example of a threshold chosen for
clinical relevance to aid in interpretation of analyses. In this study the MCID is specific to
an intervention and an outcome and represents the smallest treatment effect which would
cause the clinician in question to change their practice.

Posterior distribution. The probability distribution that is the output of a Bayesian
analysis. It can be interrogated to give the probability that the quantity of interest falls in
certain ranges, for example, the probability that the absolute risk reduction is greater than
the minimum clinically relevant effect.
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Prior distribution. A probability distribution that summarizes information about the
absolute risk reduction that does not come from the trial. It is one of the inputs to a
Bayesian analysis. The prior distribution can be constructed based on any combination
of data from other sources, knowledge of the local clinical context, understanding of

the physiologic mechanism, personal experience, outcomes of related or similar trials, or
opinion. The choice of any particular prior distribution must be justified.

Probability distribution: A probability distribution is a function that takes as input the
value of a particular parameter (for example, absolute risk reduction) and outputs a
probability (or probability density if the parameter is continuous) that the parameter takes
that value.

P-value: One of the two most commaon outputs of a frequentist analysis. It is the
probability of obtaining a result as or more extreme than the observed result in the actual
trial, assuming the null hypothesis is true.

Skeptical prior: This is one kind of archetypal prior. A prior distribution is described

as skeptical if it expresses the view that the new therapy likely has no effect and puts
little prior probability on values of the absolute risk reduction that represent important
increases or decreases in mortality. For example, a skeptical prior for the absolute risk
reduction could be a normal distribution centered at a value of O — representing no
difference between treatment and control arms — and with a total 20% probability on
values of the absolute risk reduction greater than the minimum clinically relevant effect.

Uninformative prior: This is one kind of archetypal prior. A prior distribution is described
as uninformative if it contains little-to-no information. For example, quantifying
complete ignorance by allowing the prior distribution to be uniform across all possible
values of absolute risk reduction (all possible values are equally likely) results in an
uninformative prior, because it contains no information about what the particular value of
absolute risk reduction will be.
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Key Messages

Bayesian analysis is an alternative approach to analyzing trial data which
has potential advantages in comparison to conventional frequentist analysis
including methods to incorporate prior information, the capacity to compare
results to clinically relevant thresholds, and the ability to answer the clinical
question “what is the probability that this therapy will benefit a patient?”

This study used Bayesian reanalysis across a systematic sample of
randomized trials of patients with critical illness to investigate the extent to
which the use of Bayesian reanalysis would revise the conclusions of trials
originally analyzed with a frequentist approach.

Frequentist and Bayesian analyses generally agreed. However, Bayesian
analysis identified some trials where clinically relevant benefit was probable
despite the absence of statistical significance, where interpretation depended
substantially on the prior information, and where clinically relevant benefit
was improbable despite statistical significance.

Incorporating Bayesian analyses into clinical trial analysis plans will help
inform clinical and scientific decisions.
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Search Strategy

For the overall manuscript (not for the trials included in the reanalyses) we searched
MEDLINE and Google Scholar for articles published before September 28, 2020. We
used the search terms “Bayesian analysis”, “Bayes”, “Bayes Theorem”, “Bayesian”,

or “Bayesian reanalysis”, and “critical care” or “critical illness.” We also reviewed
reference lists, bibliographies, and our personal files for additional relevant articles. The
citations were chosen to provide a range of entries into Bayesian analysis for interested
clinicians, including textbooks (Spiegelhalter, McElreath, and Kruschke) and antecedent
review articles (Wijeysundera, Kalil); several citations relating to ongoing controversies
in Frequentist statistics (Amrhein, Greenland); and examples of Bayesian reanalyses in
critical illness (Goligher, Zampieri). Additional citations were included when helpful to
support the research approach. Only articles published in English were included.
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Figure 1 —. Example Plot of Prior, Likelihood, and Posterior Distribution Using the Guérin
(2013) “PROSEVA” Trial3®

This figure shows the prior (red curve), likelihood of observed data (green curve), and
posterior (blue curve) plotted together with absolute risk reduction on the x-axis and
probability density on the y-axis. The prior distribution is skeptical, centered at an absolute
risk reduction of 0, with variance equivalent to a 400-person trial. The likelihood is centered
at the observed absolute risk reduction of the trial and has lower variance than the prior
because the trial enrolled 466 patients. The posterior combines the prior and likelihood,
resulting in a compromise between skepticism (perhaps based on previous proning trials,
or the broader context of clinical trials in ventilation) and the observed mortality reduction.
Although the posterior distribution is attenuated relative to the data, the resulting posterior
probability of exceeding the 4% minimum clinically important difference (blue shaded
area) is 98%, providing strong evidence that proning is beneficial even if one is skeptical
before seeing the data from Guérin et al. Similar plots with user-specified MCID and

prior distributions are available for every trial in the analysis through the accompanying
interactive app.
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Agreement: Bayesian probability of 50% or more that ARR > MCID and trial is positive by frequentist criteria,
or Bayesian probability of less than 50% that ARR > MCID and trial is negative by frequentist criteria.

Figure 2 —. Probability of Clinical Benefit Versus P-value
This figure shows the relationship between the p-value and the posterior probability that

the absolute risk reduction exceeds the minimum clinically relevant effect for each study.
Each dot corresponds to a particular study. The color of the dot denotes agreement (blue)

or potential disagreement (red) between frequentist and Bayesian analyses for that particular
prior. Note that the blue dots in the quadrant with p-value < 0.05 and posterior probability
of clinical benefit < 50% correspond to studies with p-value < 0.05 that showed harm.

The posterior probability of exceeding the MCID increases as prior distributions shift from
skeptical (left) to enthusiastic (right) but the p-values stay the same.
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Bayesian analysis of critical care trials classified according to frequentist analysis across a range of posterior

probability thresholds for clinical benefit

MCID Skeptical

Uninformative

Enthusiastic

Any benefit (ARR>0)  Skeptical

Uninformative

Enthusiastic

Planned effect Skeptical

Uninformative

Enthusiastic

Treatment effect Prior Posterior
distribution probability of
treatment effect

> 90%
> 75%
> 50%
> 90%
> 75%
> 50%
>90%
> 75%
> 50%
> 50%
> 90%
> 50%
> 90%
> 50%
>90%
> 50%
> 50%
> 50%

Outcome of frequentist analysis

Positive (4)

1(25%)
2 (50%)
2 (50%)
2 (50%)
2 (50%)
2 (50%)
2 (50%)
2 (50%)
2 (50%)
4 (100%)
4 (100%)
4 (100%)
4 (100%)
4 (100%)
4 (100%)
0 (0%)

1 (25%)
0 (0%)

Negative or
indeterminate (78)

0 (0%)
2 (3%)
7 (9%)
1 (1%)
7 (9%)
12 (15%)
2 (3%)
7 (9%)
19 (24%)
36 (46%)
3 (4%)
36 (46%)
7 (9%)
61 (78%)
18 (23%)
0 (0%)
0 (0%)
1 (1%)

MCID = Minimum clinically important difference

ARR = Absolute risk reduction

This table shows the number and percentage of studies according to frequentist classification (fourth and fifth columns) where the posterior

probability of achieving clinical benefit (defined by first column) according to each prior (second column) is greater than the posterior probability

threshold (third column). For example, among studies classified as negative by frequentist criteria there are zero studies where the posterior
probability of clinical benefit exceeds 90% using the skeptical prior distribution and the MCID as the threshold for clinical benefit.
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