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Losing faith

The definition of a P-value is the probability that, for the
sample data, no difference exists between the explored vari-
ables. It confers no meaning with respect to the cause—effect
relationship, nor its size nor presence. Yet over time, the P-
value seems to have acquired the unconscious assumption
that if a study reports a significant P-value (in general, P<0.05),
then there must be a true difference between samples’
representative populations. This is not an appropriate
conclusion to make, and proving cause and effect remains a
separate issue.

The origins of the P-value cut-off of P<0.05 for significance
can be traced back to the mid-1920s and were proposed by
Fisher in describing robust ways to identify significance in
agricultural field tests.? Yet a value of P<0.05 meant for agri-
culture, seems to be applied throughout medical research
without real justification. In medicine, where peoples’ lives
may change on the outcomes of these trials, an individual
might expect a more stringent P-value cut-off when the cost of
being wrong is more consequential.

As a group, we have been struck by the prevalence of
misconceptions regarding interpretation of statistics. This
may be attributable to insufficient teaching within clinical and
research training, and poor reporting of statistical methods
within articles. These factors conspire to generate a fear of
statistics; and admitting this is difficult. This in turn has led to
both a poor understanding of and an over-reliance on the P-
value as some form of currency of how good a study’s con-
clusions are. The fault is not entirely with us though, as access

to a statistician, particularly one who also understands the
medical field, is difficult.

Unsurprisingly then, there is growing dissatisfaction with
the P-value as researchers spend huge resources to achieve a
statistically significant result only to find it overturned on
study replication or by a meta-analysis. An extreme example
of this is the banning of P-values in some journals.? There is so
much concern about P-value misuse that the American Sta-
tistical Association issued a statement on statistical signifi-
cance and P-values in 2016 summarising it essentially as:

- An indicator of how incompatible the data are with the
specific statistical model.

- Not a measure of the probability that the studied hypothesis

is true, or the that the data were produced by random

chance.

Scientific conclusions and business or policy decisions

should not depend solely on the P-value, with scientific

inference requiring full reporting and transparency.

- Not a measure of effect size or importance.

Nor is it by itself a measure of the evidence for a model or

hypothesis.

Back to basic principles

There are also growing efforts to move away from P-values
towards other measures to better portray the reliability of
conclusions. In our opinion, this is incorrect as the P-value
is the cornerstone of statistical testing. Many replacements
are offered such as confidence intervals along with P-
values, Bayesian likelihood of the null hypothesis vs the
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alternative hypothesis, Akaike criterion, and false-positive
risk.* In our opinion, the Bayesian approach makes the
most sense, but ultimately replacing the P-value with
something else does not change the fundamental problem
of using statistics to replace basic scientific principles
needed to establish cause and effect. The Bradford Hill
criteria® are better at this and are ultimately what we
should rely on; they are:

1. Strength of the relationship
2. Reproducibility/replicability
3. Specificity: the more specific, the greater the probability of
cause—effect
4. Temporality: one variable precedes the other
. Biological gradient, that is a dose—response effect
6. Plausibility: there is a credible theory that can explain the
result
7. Agreement between laboratory and epidemiological
results
8. Supporting experimental evidence of the effect
9. Similar circumstances reproduce similar results
10. Reversibility: the effect can be undone by removing the
cause

w1

A simplified approach

Instead of abandoning the P-value, which is essential to sta-
tistical testing, we can do much better by estimating the true
worth of a study’s conclusions (HO vs H1) generated by using
the P-value by interpreting it alongside the Bradford Hill
criteria. To do this, we also need some estimate of the prior
probability of our study effect existing. This at best is often a
guess, but informed guesswork is better than nothing.

Table 1 shows an approach for estimating the worth of a
study’s conclusions, that is the P-value’s worth, using epide-
miological odds tables. We can create a positive and negative
predictive value (PPV and NPV, respectively) of the desired
‘study result’, using the prior assumption of the likelihood of
the cause—effect relationship existing in real life, such as
disease incidence, along with the planned P-value and study
power.

From the field of anaesthesia, we take the B-Aware trial as
an example.® In this study ~2500 individuals were randomised
to receive anaesthesia guided by bispectral index (BIS) moni-
toring (an electroencephalographic monitoring tool) or routine
care. The study hypothesis was that BIS-guided anaesthesia
led to fewer cases of awareness. They initially determined

their sample size of 1090 using a power of 80% and a cut-off P-
value of 5%. They observed 2/1225 awareness cases in the BIS
group and 11/1238 in the routine care group and concluded
with a P=0.022 that BIS-guided anaesthesia reduced intra-
operative awareness by 82% with a confidence interval of
17—-98%.

Let us assume that we have no idea beforehand whether
BIS is going to reduce awareness. The odds are 50:50 —
meaning it may be there or it may not. Using the P-value of 5%
and power of 80%, Table 1 shows how the numbers play out.
We find the PPV of a significant P-value of 5% is 83%, and the
NPV of no effect is 94%. In this specific context, concluding BIS
reduces awareness may be the correct conclusion ~80% of the
time. This result allows us to be more objective about the study
conclusion. The fact that another trial of similar sample size
and incidence of awareness found no difference’ shows how
delicate these probabilities are. As the study is replicated, our
prior belief can be adjusted by the evidence.

What if our prior belief is not 50:50? If we have a low or high
prior belief of a cause—effect relationship existing with a po-
wer of 80% and P-value of 5%, we discover that the PPV and
NPV can have very different meaning (Fig. 1a). With a low prior
(10% chance of effect existing), we see that the NPV is 99% and
so very useful, whereas the PPV of 35% is not. This means that
a conclusion that an effect exists is quite probably incorrect
when there is either good evidence it does not or that it is
scientifically implausible (low satisfaction of the Bradford Hill
criteria). With a high prior (90% chance of effect existing), we
see that the PPV is 98% and NPV is 64%, and so the reverse is
now true — that is a conclusion that the effect exists is helpful
whereas a conclusion it does not is less so. If the power of the
study falls for some unknown reason (Fig. 1b), it is the PPV that
is most affected when the prior is low or unknown (50:50),
whereas it is the NPV that is affected with a high prior.

This relationship between prior, P-value, power, and their
effects on PPV and NPV is complex, and so we recommend
using Figure 1c to help plan any specific study. Overall, though,
power appears to be more influential in the ‘unknown’ case
scenario which is more commonly faced for new research.

Figure 1c shows the impact of chosen power and P-value
cut-off on the PPV and NPV at a study’s planning stage for the a
priori chance of 50:50 of a difference existing. We recommend
seeking a power > 90%, and a P-value < 0.05 as at this level and
above, the PPVs and NPVs are both at 90% or higher.

A posthoc analysis of a study using this approach is also
informative. A poorly powered study (60%) using a cut-off P-

Table 1 A Bayesian approach to the probability of an effect using epidemiological principles

Effect exists

Effect does not exist

The study finds the effect
The study does not find the effect

A; (1—P-value)xN;
C; P-valuexN4

Nj;=assumed probability of effect

existing (0—1)

B; (1—power)xN,
D; PowerxN,
Ny,=1—-N;

PPV=A/(A+B)
NPV=D/(C+D)

The Bayesian approach of the existence of an effect assuming a study power of 80%, P-value of 5%, and a likelihood of effect

existence of 50%, i.e. unknown

Effect exists

Effect does not exist

The study finds the effect 0.475
The study does not find the effect 0.025
Prior probabilities 0.5

0.1 PPV—=83%=0.475/(0.475+0.1)
0.4 NPV=94%=0.4/(0.025+0.4)
0.5
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Fig 1. Positive predictive values (PPV) and negative predictive values (NPV) for different priors of the cause—effect existing, and the effect of

power on PPV and NPV.
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value of 5% has a PPV of 70% and an NPV of 92%. Although
researchers do not intentionally under-power their studies,
poor power comes as a consequence of unaccounted mea-
surement error and effect size over-estimation. A recent re-
view of meta-analyses found that approximately 50% of the
studies surveyed had a statistical power less than 20%.2 This is
a significant problem if we extrapolate this result across the
medical field and logically explains why we observe so little
success in the thousands of studies out there.

Where do we go from here?

We suggest that experiments reshape their planning to focus
on how meaningful their conclusions are going to be scien-
tifically and statistically.

For single research trials, the following should be planned
for and reported either from the study data or past published
reports:

. Strength of the relationship

. Biological gradient, that is a dose-response relationship

. Specificity

. Temporality

. Similar circumstances reproduce similar results

. Reversibility

. A power and P-value to meet an assigned study PPV and
NPV

NO UV WD -

For data syntheses of multiple studies, the following are
also important:

8. Reproducibility
9. Agreement between laboratory and epidemiological
results
10. A credible mechanism exists that can explain the result
11. Experimental evidence supporting the cause—effect

Study design should focus around meeting as many of the
Bradford Hill criteria possible, and the power and P-value
chosen to achieve the highest possible study PPV and NPV
using calculations as demonstrated here. A conclusion should
be grounded in the same principles. Researchers in the plan-
ning phase can use the approaches described in this article to
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help them achieve this. We must report our statistics better,
focusing on how power and sample size analysis is done,
including whether the sample and power is achieved in real
life. Published studies should clearly state the level of statis-
tical expertise involved in their design and analysis.

In conclusion, we should stop seeking more from the P-
value than it can provide and move towards a more scientifi-
cally robust reporting structure for validating our conclusions.
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