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Abstract

Background: In medical research, null hypothesis significance testing (NHST) is the dominant framework for statistical

inference. NHST involves calculating P-values and confidence intervals to quantify the evidence against the null hy-

pothesis of no effect. However, P-values and confidence intervals cannot tell us the probability that the hypothesis is

true. In contrast, false-positive risk (FPR) and false-negative risk (FNR) are post-test probabilities concerning the truth of

the hypothesis, that is to say, the probability a real effect exists.

Methods:We calculated the FPR or FNR for 53 individual multicentre trials in critical care based on a pretest probability of

0.5 that the hypothesis was true.

Results: For trials reporting statistical significance, the FPR varied between 0.1% and 57.6%. For trials reporting non-

significance, the FNR varied between 1.7% and 36.9%. Twenty-six of 47 trials (55.3%) reporting non-significance provided

strong or very strong evidence in favour of the null hypothesis; the remaining trials provided limited evidence. There was

no obvious relationship between the P-value and the FNR.

Conclusions: The FPR and FNR showed marked variability, indicating that the probability of a real or absent treatment

effect differed substantially between trials. Only one trial reporting statistical significance provided convincing evidence

of a real treatment effect, and nearly half of all trials reporting non-significance provided limited evidence for the

absence of a treatment effect. Our findings suggest that the quality of evidence from multicentre trials in critical care is

highly variable.
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In medical research, the default method of statistical infer-

ence is null hypothesis significance testing (NHST). The basic

premise of NHST is simple, although it is widely misunder-

stood; P-values and confidence intervals (CIs) are calculated to

quantify the extent to which the sample data provide evi-

dence against the null hypothesis of no effect in the popula-

tion from which the samples are drawn.1 If P�a (the

significance threshold) or the 1ea CI excludes the null value,

the null hypothesis is rejected and the result is considered

statistically significant.

The problems associated with NHST are well known.1,2

P-values and CIs are probabilities concerning the data, not
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the hypothesis. A P-value of 0.05 means there is a 5% (1 in 20)

chance of observing data at least as extreme as that observed

under a true null hypothesis, which may be interpreted as

providing moderate evidence against the null hypothesis.

However, as clinicians and researchers, we are primarily

interested in whether an effect is real, not how probable the

data are. Rejection of the null hypothesis means we accept the

alternative hypothesis, but non-rejection does not mean we

accept the null hypothesis. Finally, the rejection decision

forces an arbitrary dichotomisation of results into significant

or non-significant, despite the fact that there is little to

distinguish the data when P is just below or just above the
naesthesia. This is an open access article under the CC BY-NC-ND license
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significance threshold. Recognising these issues, in 2015, the

American Statistical Association issued a statement outlining

the misunderstandings and misuses of P-values and suggest-

ing some alternative approaches.3

Accepting that NHST is well established, one approach is to

evaluate the outcome of NHST using metrics derived from

Bayesian inference.4e6 In this article, we calculate Bayes fac-

tors (BFs) and use Bayes theorem to estimate post-test prob-

abilities for the hypothesis for individual multicentre trials in

critical care.

A BF is the ratio of how probable the data are under two

competing models (Supplementary Appendix 1). Using stan-

dard notation

BFA:B ¼
pðdatajModel AÞ
pðdatajModel BÞ

where each term is a conditional probability indicating the

likelihood of the data given one or the other model is true.

Here, a BFA:B of 5 means the data are five times more prob-

able under Model A than Model B, and a BFA:B of 0.5 means

the data are twice as likely under Model B than Model A.

A BFA:B of 1 means the data are equally likely under each

model.

For our purposes, the two models are the null and alter-

native hypotheses. BFs can be constructed to indicate the

strength of evidence favouring either the null or the alter-

native hypothesis. A BF is determined by the sample size and

the difference between the groups, but not by the direction of

the difference. Thus, it is immaterial which group is assigned

as the control. For a trial with two groups reporting a binary

outcome (e.g. mortality), BFs can be calculated from a two-

by-two contingency table containing the raw trial data

(Table 1).

In conjunction with an estimate of the pretest probability,

we can use the BF to calculate post-test probabilities for the

hypothesis. For a statistically significant result, the false-

positive risk (FPR) is the probability that the null hypothesis

is true, and for a non-significant result, the false-negative risk

(FNR) is the probability that the alternative hypothesis is true.

For the pretest probability, we can assign a value of 0.5,

consistent with equipoise. As highlighted in the Discussion,

assigning a particular value to the pretest probability does not

limit the applicability of the method.

The FPR and FNR provide a useful insight into trial data

that are not available from traditional P-values and CIs. We

created a web-based calculator for estimating the BF and

either the FPR or FNR (available at https://chrisjake.github.io/

bayes-trial-eval.html).
Table 1 Two-by-two contingency table for the outcome from a
trial with an intervention and a control group reporting a
mortality outcome. Cell counts (aed) represent the numbers
in each group by outcome. Marginal row totals are designated
n1 and n2. Marginal column totals are designated m1 and m2.
The total sample size is designated N.

Dead Alive Total

Intervention a b n1
Control c d n2
Total m1 m2 N
Methods

Data source

Data were obtained from a previously reported structured re-

view of critical care trials.7 The data set includes all multi-

centre, superiority trials reporting mortality outcomes

published in the New England Journal of Medicine, the Journal of

the American Medical Association, and the Lancet between

January 1, 2010 and March 31, 2020. In addition, we separately

analysed data from the corticosteroid arms of the Randomised

Evaluation of COVID-19 Therapy (RECOVERY) and Random-

ized, Embedded, Multifactorial Adaptive Platform Trial for

Community-Acquired Pneumonia (REMAP-CAP) trials.8 The

RECOVERY and REMAP-CAP trials are ongoing platform trials

evaluatingmortality outcomes for interventions for COVID-19.
Data analysis

Trials were categorised as significant or non-significant for the

primary mortality outcome on the basis of the statistical

model described in the published report.

For each trial, we created a two-by-two contingency table

from the raw data (Table 1). Data were independently extrac-

ted by both authors. From the contingency tables, we calcu-

lated a BF for each trial using the contingencyTableBF function

of the BayesFactor package (v 0.9.12-4.2) in R (R Core Team

2020, v 4.03, R Studio v 1.3.959; RStudio, PBC, Boston, MA, USA).

The contingencyTableBF function calculates BFs using the

method of Gunel and Dickey.9 We assumed independent

multinominal sampling with fixed row margins, as this sam-

pling method most closely resembles that used in randomised

trials. With this sampling strategy, the marginal rows of the

contingency table (i.e. the number of participants randomised

to each group) are assumed to be fixed and the marginal col-

umn totals (i.e. the number of participants who survive or die)

are free to vary.

For trials reporting statistical significance for the primary

mortality outcome, we defined

BF1:0 ¼
pðdatajH1Þ
pðdatajH0Þ

(1)

where p(data|H1) is the probability of the data given the alter-

native hypothesis is true, and p(data|H0) is the probability of

the data given the null hypothesis is true.

For trials reporting non-significance for the primary mor-

tality outcome, we defined

BF0:1 ¼
pðdatajH0Þ
pðdatajH1Þ

(2)

The null hypothesis is that the rows in the contingency

table are not associated (i.e. there is no effect of the inter-

vention), and the alternative hypothesis is that the rows are

associated. This arrangement is equivalent to standard null

and two-sided alternative hypotheses. With this arrangement,

the two hypotheses are mutually exclusive and their proba-

bilities sum to 1.

Assuming a pretest probability of 0.5 for both the null and

alternative hypotheses, we used Bayes theorem to calculate

the FPR or the FNR. For trials reporting significance, we

calculated the FPR as

FPR¼ 1
BF1:0 þ 1

(3)

https://chrisjake.github.io/bayes-trial-eval.html
https://chrisjake.github.io/bayes-trial-eval.html
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Here, the FPR is the probability that the null hypothesis

is true given the data (i.e. p[H0|data]). The positive predictive

value (PPV) is the probability the alternative hypothesis is true

given the data (i.e. p[H1|data]) and is equivalent to 1eFPR.

For trials reporting non-significance, we calculated the FNR

as

FNR¼ 1
BF0:1 þ 1

(4)

Here, the FNR is the probability that the alternative

hypothesis is true given the data (i.e. p[H1|data]). The negative

predictive value is the probability that the null hypothesis is

true given the data (i.e. p[H0|data]) and is equivalent to 1eFNR.

A descriptive classification was used to categorise the ev-

idence in favour of the null or alternative hypothesis based on

the BF and the associated FPR or FNR (Table 2).9,10 To facilitate

our analysis, for trials in the data set not reporting P-values,

we calculated a two-sided P-value from the raw data using the

prop.test function in R. Data from the RECOVERY and REMAP-

CAP trials were analysed in isolation to the main data set.

A detailed explanation of conditional probability, BFs, Bayes

theorem, and the assumptions used for developing equations

(3) and (4) are provided in Supplementary Appendix 1.
Results

Six of 53 (11.3%) trials reported a statistically significant dif-

ference between the intervention and control groups for the

primarymortality outcome. This value differs from that which

we reported previously (5/54; 9.3%).7 One trial reported mor-

tality as a secondary outcome11 and was included in error in

our previous analysis. One trial reported an adjusted P-value of

0.04 and an unadjusted P-value of 0.08 for the primary

outcome.12 We previously classified this result as non-

significant, but it is counted as significant here, as it was sig-

nificant under the model used by the researchers. The trial by

Papazian and colleagues12 compared neuromuscular block to

placebo in patients with severe acute respiratory distress

syndrome (ARDS). The BF1:0 was 0.83 and the FPR was 54.8%.

A table summarising the 53 trials and a spreadsheet con-

taining the full data set is provided in Supplementary

Appendix 2.
Table 2 Descriptive classification system for interpreting
Bayes factors (BFs) and the false-positive risk (FPR) or false-
negative risk (FNR). The FPR and FNR assume a pretest prob-
ability of 50:50. For a statistically significant result, we calcu-
lated BF1:0 and the FPR. BF1:0 quantifies the evidence in favour
of the alternative hypothesis, and the FPR quantifies the
probability the alternative hypothesis is false. For a statisti-
cally non-significant result, we calculated BF0:1 and the FNR.
BF0:1 quantifies the strength of evidence in favour of the null
hypothesis, and the FNR quantifies the probability the null
hypothesis is false.

Evidence category BF FPR or FNR (%)

Ambiguous <3 >25
Moderate 3e10 9.1e25
Strong 10e30 3.2e9.1
Very strong 30e100 1.0e3.2
Extreme >100 <1.0
Trials reporting significance

For trials reporting a significant mortality difference between

the intervention and control groups, the BF1:0 varied between

0.48 and 737.1 and the FPR varied between 67.7% and 0.1%. The

BF1:0 of 0.48 (FPR 67.7%) was calculated from the trial by Cav-

alcanti and colleagues,13 which was an event-driven trial with

no pre-planned sample size.

Of the six trials reporting significance, four provided

ambiguous evidence, oneprovidedmoderate evidence, and one

provided extreme evidence in favour of the alternative hy-

pothesis. The trial by Guerin and colleagues,14 which compared

pronewithsupinepositioning inpatientswithsevereARDS,had

a BF1:0 of 737.1 and an FPR of 0.1%, consistent with extreme ev-

idence in favour of the alternative hypothesis. Excluding the

trialbyCavalcantiandcolleagues,13 for the three trialsproviding

ambiguous evidence, the reported P-value was between 0.03

and 0.05, and the FPR ranged from 44.0% to 57.6%.12,15,16

One trial by Ferguson and colleagues,17 which compared

high-frequency oscillation ventilation with conventional

ventilation in patients with severe ARDS, provided moderate

evidence in favour of the alternative hypothesis (BF1:0 5.18; FPR

16.2%). However, another trial in the data set investigating the

same hypothesis, by Young and colleagues,18 reported non-

significance and provided strong evidence in favour of the

null hypothesis (BF0:1 11.3; FNR 8.2%).

Trials reporting non-significance

For trials reporting a non-significant mortality difference be-

tween the intervention and control groups, the BF0:1 varied

between 1.7 and 56.3 and the FNR varied between 36.9% and

1.7%. Of the 47 trials reporting non-significance, 25 (53.2%)

provided strong evidence and one provided very strong evi-

dence in favour of the null hypothesis. Thus, 26 of 47 (55.3%)

trials provided strong or very strong evidence. For five trials

(10.6%), the data were ambiguous, favouring neither hypoth-

esis. The remaining 16 trials (34.0%) provided moderate evi-

dence in favour of the null hypothesis.

Figure 1 shows the relationship between the reported P-

value, the BF0:1, and the FNR. Figure 2 shows the relationship

between the sample size, the BF0:1, and the FNR.

All trials with a sample size less than 500 provide limited

(ambiguous or moderate) evidence in favour of the null hy-

pothesis. Two trials had a sample size greater than 20 000. The

trial by Young and colleagues,19 which compared proton pump

inhibitors with histamine antagonists for stress ulcer pro-

phylaxis, reported a P-value of 0.054 and provided strong evi-

dence in favour of the null hypothesis (BF0:1 15.7; FNR 6.0%).

The trial by Heddle and colleagues,20 which compared short-

and long-term blood storage, reported a P-value of 0.340 and

provided very strong evidence in favour of the null hypothesis

(BF0:1 56.3; FNR 1.7%).
Corticosteroids and survival for patients with COVID-
19

The RECOVERY trial, which included 1007 participants in the

steroid arm, reported a significant 12.1% reduction inmortality

for patients treated with dexamethasone (odds ratio [OR] 0.59;

95% CI: 0.44e0.78).8 The data provided very strong evidence in

favour of the alternative hypothesis (BF1:0 87.1; FPR 1.1%).

The REMAP-CAP trial, which included 197 participants in

the steroid arm, was terminated once the data from RECOV-

ERY were made available.8 The REMAP-CAP trial reported a
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non-significant 6.8% reduction in mortality in patients treated

with hydrocortisone (OR 0.71; 95% CI: 0.38e1.33). The data

provide moderate evidence in favour of the null hypothesis

(BF0:1 3.6; FNR 21.6%).
Discussion

There are several benefits to reporting the BF and either the

FPR or FNR. First and most obviously, unlike a P-value or a CI,

the FPR and FNR quantify the probability that a real effect

exists, which is the primary interest of clinicians wishing to

translate research into evidence-based practice.

Second, for P-values close to the significance threshold, the

FPR and FNR demonstrate howmisleading the results of NHST

can be. It is a common misunderstanding that when a is 0.05,
100
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Fig 2. Relationship between the sample size, Bayes factor (BF0:1), and

difference between the intervention and control groups for the prim

are shown on logarithmic scales. The horizontal grey lines distinguish t

vertical grey lines indicate sample sizes of 500 and 20 000.
there is a 5% chance that no real effect exists. As our results

show, for P-values in the range 0.03e0.05, the FPR varied be-

tween 44.0% and 57.6%.12,15,16 Note, the range does not include

the trial by Cavalcanti and colleagues,13 as independent mul-

tinominal sampling may not be valid for an event-driven trial.

Third, the FPR and FNR quantify how much a trial result

informs our prior belief that an intervention is effective.

Consider the trial by Combes and colleagues,21 which

compared veno-venous extracorporeal membrane oxygena-

tion (VV ECMO) with lung-protective ventilation in patients

with severe ARDS. The P-value was 0.09, close to the signifi-

cance threshold. Under conditions of equipoise (i.e. a pretest

probability of 0.5), the post-test probability of a real effect is

0.365 (i.e. FNR 36.5%). The data have only shifted our pretest

probability by 13.5%, and we have learnt little from the trial.
Very strong
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the false-negative risk (FNR) for trials reporting a non-significant
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False-positive and false-negative risks - 5
Given the significant result from an earlier multicentre

trial,22 we might consider a pretest probability of 0.8 more

realistic for VV ECMO. For a pretest probability of 0.8, the FNR

for the trial of Combes and colleagues21 increases to 69.7%

(see Supplementary Appendix 1). The data have shifted our

pretest probability from 0.8 to 0.697, a 10.3% difference.

Again, we have learnt very little from the trial. Indeed, when

the FPR or FNR is high, we learn very little from the trial,

irrespective of the pretest probability that an intervention is

effective. In contrast, the trial by Guerin and colleagues,14

comparing prone positioning with supine positioning in pa-

tients with severe ARDS, has a PPV (1eFPR) of 99.9%. For all

but the most enthusiastic prior belief, the data have sub-

stantially increased the pretest probability. We have learnt a

great deal from the trial.

Lastly, the BF and FNR are useful for interpreting non-

significant results, which are not easily deciphered with

NHST.1 In our data set, 56.3% of non-significant results pro-

vided strong or very strong evidence in favour of the null hy-

pothesis. Thus, more than half of all non-significant results

are meaningfully interpretable from the BF. Our finding is

consistent with that of Hoekstra and colleagues,10 who found

that 28 of 43 (65.1%) non-significant results reported in theNew

England Journal of Medicine in 2015 had a BF consistent with at

least strong evidence in favour of the null hypothesis.

Figure 1 shows no obvious relationship between the P-value

and the strength of the evidence favouring the null hypothe-

sis, particularly for P>0.1, highlighting that P-values do not

inform our thinking on the likely truth of the hypothesis.

Overall, larger sample sizes were associated with a higher

BF0:1 and a lower FNR (Fig. 2). The trial by Young and col-

leagues19 is particularly interesting, as despite reporting a P-

value very close to the significance threshold (0.054), the BF0:1
was 15.7 and the FNR was 6.0%, indicating strong evidence in

favour of the null hypothesis.

The RECOVERY trial provides very strong evidence of a

mortality-sparing effect of dexamethasone in patients with

COVID-19.8 Given the data, the chance that there is no

mortality-sparing effect of dexamethasone (i.e. the FPR) is

only 1.1%. The RECOVERY trial is one of the few examples in

critical care research, where the data are overwhelmingly

convincing of a therapeutic effect. The REMAP-CAP data are

less conclusive. However, the comparison is unfair, given that

the steroid arm of the REMAP-CAP trial was terminated early

and was therefore underpowered to demonstrate a mortality-

sparing effect.

It is important to emphasise that the BF and the FPR or FNR

only apply to the populations in which the hypothesis is

tested and within the design parameters of the trial. In our

previous publication from this data set, we demonstrated

that low trial participant susceptibility is potentially an

important contributor to the high proportion of multicentre

trials in critical care reporting non-significance for mortality

outcomes.7 If few trial participants are realistically suscep-

tible to the intervention (e.g. because of a low ‘dose’ of the

intervention) or the outcome (e.g. if most participants are

‘always survivors’ or ‘never survivors’), there will be little

separation between the study groups. In this circumstance,

the trial will inevitably report non-significance, and the BF

will always be high and the FNR will always be low. It is

plausible that the high proportion of trials providing strong

support for the null hypothesis is partly because of low trial

participant susceptibility. Conversely, underpowered trials

because of small sample sizes will tend to have a high FPR
(if reporting significance) or high FNR (if reporting non-

significance), rendering the result uninterpretable. This is

plausibly the case for half the trials in the data set.

The FPR and FNR do not completely resolve the problems

associated with NHST. First, like P-values, the FPR and FNR do

not quantify the effect size, only the probability that a non-

zero effect exists. Second, calculating the FPR and FNR re-

quires estimating the pretest probability that a real effect ex-

ists. The values for the FPR and FNR reported here apply to a

pretest probability of 0.5. It might be reasonably argued that

for multicentre trials, which are typically based on significant

results reported from single-centre trials or meta-analyses, a

pretest probability of 0.5 is too low. Choosing a pretest prob-

ability greater than 0.5 reduces the FPR and increases the FNR

(see Supplementary Appendix 1). Nevertheless, as pointed out

earlier, irrespective of the pretest probability, when the FPR

and FNR are high we learn very little from the trial.

Our investigation builds on the work of others. As noted

earlier, Hoekstra and colleagues10 used the BF, calculated

identically to here, to quantify the evidence in favour of the

null hypothesis for trials reporting non-significance. Colqu-

houn4 reported a method for calculating the FPR from the P-

value for trials reporting continuous outcome variables. Other

investigators have estimated the overall FPR and FNR for

different populations of studies using a variety of assumptions

and modelling strategies.23e25

The FPR and FNR provide an intuitive insight into published

trial data that is not possible with traditional P-values and CIs.

The FNR is particularly useful for interpreting non-significant

results. Our analysis indicates that the quality of evidence

from multicentre trials in critical care varies greatly between

trials. Only one trial reporting statistical significance provided

convincing evidence of a real treatment effect, and nearly half

of all trials reporting non-significance provided limited evi-

dence for the absence of a treatment effect.
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