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H ANNOTATION

What is a fragility index?

FRAGILITY AND REVERSE FRAGILITY INDEX FOR ASSESSING
THE SIGNIFICANCE OF RESULTS FROM PUBLISHED RANDOMIZED

CONTROLLED TRIALS

Cite this article: Bone Joint J 2024;106-B(4):319-322.

The fragility index is an increasingly used tool for
assessing the robustness of results obtained from
randomized clinical trials (RCTs). Several recent
papers have reported on the ‘fragility’ of conclu-
sions from systematic reviews of RCTs in areas of
trauma and orthopaedic surgery, including knee,
shoulder, and hip arthroplasty, Achilles tendon
rupture, and the use of platelet-rich plasma in
the treatment of musculoskeletal conditions.'*
These systematic reviews base their critique of the
existing RCT evidence on the apparent ‘statistical
fragility’, ‘fragility of statistically significance’,
or just plain ‘fragility’ of the trials. But what is
a fragility index and are these criticisms legiti-
mate? We describe the fragility index, show how
it is calculated and interpreted, and provide some
thoughts on its use and limitations and some guid-
ance on reporting.

The fragility index is defined as the minimum
number of participants in a trial reporting a posi-
tive result who would need to have had a different
outcome for the results of the trial to lose statis-
tical significance.” It is applied in trials that base
their conclusions on binary outcomes, such as
mortality or the need for revision surgery, where
each trial participant can only have the answer
“Yes’ or ‘No’ in terms of their outcome (i.e. the
participant did or did not need revision surgery,
or did or did not survive treatment). The fragility
index is not applied to continuous or time-to-event
outcomes. The fragility index can be calculated by
adding one event (Yes) and subtracting one non-
event (No) to the treatment group with the smaller
number of events. The statistical test (e.g. Fisher’s
exact test) is then recalculated to determine if the
result remains statistically significant. If it does,
the process is repeated to add and subtract further
events from the group with the smaller number
of events until the p-value from the statistical
test no longer shows significance (Table I). The
fragility index is the number of participants that
has to change from an event to a non-event for the
threshold of statistical significance to be breached.
In situations where it is not necessary to move a

non-event to an event to change from a statistically
significant to a non-significant result, the fragility
index has a value of zero.® This might occur, for
instance, if the incorrect statistical test had been
used (e.g. if a chi-squared test were changed to
Fisher’s exact test, where the latter is preferred to
the former for small sample sizes). The fragility
index can therefore be considered to be a ‘what if
something different had happened’ analysis with
conclusions drawn on the basis of how many times
that would need to happen to change the result.

A lower fragility index value is interpreted as
higher fragility of the trial’s results; for example,
a fragility index equal to five means that if five
study participants in the effective treatment arm
had a different outcome, then the trial would no
longer have a statistically significant result. By
extension, the reverse fragility index calculates the
minimum number of participants who would need
to experience a different outcome for the binary
endpoint to change a statistically insignificant
association to an association that demonstrates
statistical significance.’

It is important to note that the fragility index
takes no account of the total study sample size.
It has been suggested that a relative measure,
the fragility quotient, defined to be the fragility
index divided by the study sample size, should
also be reported.'’ The fragility quotient (fragility
index/n) is interpreted in a similar manner to the
fragility index but presented on a standardized
scale, allowing comparisons across clinical trials
of different sizes to be made more directly. The
fragility quotient is in part a means to provide a
measure that is easier to interpret and characterize
than the fragility index.

We do not believe that there is a specific value
(threshold) or range of values for the fragility
index or quotient that defines a RCT as fragile
or robust, or that such a concept would be useful
or advantageous.® However, the fragility index
can be compared to reported data missingness
and drop-out rates and patterns in a trial as a
means of understanding how study inferences
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Table I. The p-values for Fisher’s exact test comparing the number of
events for trials with decreasing numbers of treatment group events
(from one to five additional events) for a notional trial with two
intervention arms (n = 200 participants per arm) with trial significance
set at the 5% level (p = 0.05). The Fl =5 because at the fifth iteration p
= 0.056.

Trial Events, n p-value
Treatment Control
Yes No Yes No
Original trial 75 125 100 100 0.015
1 75 +1 125-1 100 100 0.020
2 75+ 2 125-2 100 100 0.027
3 75+3 125-3 100 100 0.035
4 75 +4 125-4 100 100 0.044
5 75+5 125-5 100 100 0.056

and conclusions might be changed under alternate scenarios in
sensitivity analyses. Sensitivity analyses are secondary anal-
yses to explore how outcome data may change under different
assumptions during a trial, a common example being a per
protocol analysis (analysis according to the treatment that a
participant actually received) compared with the commonly
used primary intention-to-treat analysis (where participants
are analyzed according to the treatment to which they were
randomly allocated).

There has been debate within both the trials and medical
statistics communities on the merits of the fragility index (and
reverse fragility index),"! with evidence, via simulation studies,
showing that the fragility index is strongly associated (highly
correlated) with the p-value,'? and as such we should be careful,
as we are with a p-value, not to conflate the index, or fragility in
general, with a measure of the strength of the treatment effect,
independent of other aspects of the study. The fragility index,
like the p-value, is ultimately related to the trial sample size,'
and therefore we might argue the fragility index seems to offer
little in addition to what we conventionally report with the stan-
dard Consolidated Standards of Reporting Trials (CONSORT)
guidelines. If we know the trial sample size, event rate, and
p-value, the fragility index may seem superfluous.

In general, the fragility index can, and should, be reported
when assessing the robustness of reported results from RCTs.
However, we should aways bear in mind a number of important
issues and be clear on these when reporting on the fragility and
robustness of results of published RCTs. First, it is important to
be clear and make a distinction between the fragility of binary
outcomes that are the primary outcome of a trial, and binary
outcomes that are reported as secondary outcomes. Most RCTs
will routinely provide data on, for instance, mortality and report
differences between intervention arms (e.g. chi-squared or Fish-
er’s exact tests), irrespective of what the primary outcomes of
the studies were. However, we should consider the hypotheses
under test in a RCT and the inferences that we can legitimately
make. RCTs will only (in almost all cases) be powered to
detect a difference between intervention arms for the primary
outcome. Therefore, analyses of secondary outcomes will often
have low power, particularly binary outcomes that require large
sample sizes. Therefore, for any RCT being assessed, it must
be absolutely clear what the primary outcome was, because
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that affects how the fragility index result is interpreted. If
the fragility is high for a RCT where mortality is the primary
outcome, we should rightly be cautious about overinterpreting
the results. However, if mortality is a secondary outcome, then
we can often say little other than there was very little informa-
tion on mortality from the study. It is very unlikely that a prop-
erly reported RCT would claim to be powered for a secondary
outcome measure where this was not explicitly part of the a
priori study design. In the context of binary outcomes included
as secondary outcome measures, it is highly likely that the study
team considered the appropriateness of inclusion of each of their
outcome measures and have therefore reached the conclusion in
advance that the binary outcome was not suitable as a primary
or co-primary outcome measure. This may be due to the relative
appropriateness of different outcomes to measure the difference
in effect between intervention and control, which outcomes
patients consider to be of primary importance, or consideration
of attainable and meaningful samples sizes. The decision not
to use a binary secondary outcome as the primary is therefore
likely to have been strongly influenced by very sound meth-
odological considerations, i.e. because the study would lack
power and be ‘fragile’.

As an example trial to elucidate a number of important issues,
take the recently published World Hip Trauma Evaluation 5
(WHITES) trial comparing cemented to uncemented hemiar-
throplasty for intracapsular hip fractures, in which we were
involved, which reported 146 and 171 deaths in the cemented
(n = 610) and uncemented (n = 615) groups, respectively.'®
Fisher’s exact test gives p = 0.134, suggesting no evidence for
a difference in death rates between cemented (23.9%) and unce-
mented (27.8%) groups. To attain statistical significance (to
make the p-value < 0.05), only eight participants in the unce-
mented groups would need to provide a different outcome, i.e.
reverse fragility index = 8, which has been reported previously
as a median value for fragility index across a range of trials.’
The relatively small number of participants that would need to
have different outcomes for this study to have a different statis-
tically significant result seems concerning, and may cause us
to question the results more generally. However, we should not
lose sight of the fact that the primary outcome for the WHiTES
was not mortality, but health-related quality of life; therefore,
mortality was analyzed and reported as a secondary outcome
only (odds ratio (OR) 0.80 (95% confidence interval (CI) 0.62
to 1.05). Clearly there was little power in the study to detect
differences in mortality, as the confidence interval for the OR
is wide. However, the difference in death rates reported in the
trial is consistent with the results from the primary outcome,
which were significant. Therefore, can we just dismiss this
as a difference that is ‘suspect’ or ‘fragile’ because there was
little precision? The OR is likely to be an unbiased estimate
of the treatment effect, under some weak assumptions about
patterns of data missingness, despite the low precision, and
suggests that mortality was lower in the cemented group, which
is supported by the main study result. If the WHIiTES trial had
been designed to look for differences in mortality between
cemented and uncemented groups, and they had known a priori
that death rates were approximately 24% (cemented) and 28%
(uncemented), then they would likely have needed to recruit at
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least 5,000 patients to have 90% power to detect a difference
in death rates of 4%, a more than four-fold increase in the trial
size. Under the same assumed death rates as the WHiIiTES trial,
this four-fold larger mortality-powered trial would have likely
reported 584 (23.9%) and 684 (27.8%) deaths in the cemented
(n = 2440) and uncemented (n = 2,460) groups respectively,
with p = 0.002 suggesting that death rates in the cemented group
were significantly lower than in the uncemented group. To make
the p-value larger than 0.05, for this four-fold larger mortality-
powered trial, requires 36 participants to change outcomes, i.e.
fragility index = 36. This is now a large value of the index and
suggests that the four-fold larger mortality-powered WHiTES
trial is not fragile, but rather extremely robust. What this shows
is that fragility measures, independent of other facts pertaining
to the design and conduct of a RCT, must be treated with due
caution, particularly when misapplied to a secondary outcome
measure. It is important to know whether a trial is designed
and powered based on a primary binary outcome, or whether
a binary outcome is reported for routine, possibly ancillary,
reasons such that directly linking the fragility of the outcome
to the overall fragility of the trial will seem unduly harsh and
overly critical. When undertaking systematic reviews of trials,
we would advise that the fragility index and reverse fragility
index should be used as a means of assessing fragility only for
and between trials where the primary outcome is binary.

More generally, we would argue that taken on its own, the
fragility index, like the p-value, rests too heavily on arbitrarily
pre-stated simple thresholds for statistical significance and the
frequentist approach to analysis, e.g. in Table I the result is
significant at the 5% level if p = 0.044 but not so if p = 0.056.
Much has been written about the null hypothesis statistical
testing paradigm and its assumptions of a single test hypothesis
and the use of a dichotomized approach to rejecting the null
hypothesis on the basis of a single study.'® Many of the reported
critiques of trials based on the fragility index are really more
of a general criticism of null hypothesis statistical testing, and
indeed any kind of interpretation based on simple thresholding.
If the number of events is small, then if one event is changed or
missed from one or other intervention arm in a RCT, the infer-
ences may change quite dramatically, and we can move from a
position of statistical significance to one of non-significance.
For this reason, we would advocate large RCTs with high event
rates in order to generate robust and reliable evidence.” We
should not use arguments based on fragility to assess the value
of a RCT in isolation of other facts pertaining to the intent,
conduct, and design of the RCT. Many factors must be consid-
ered, not just the fragility or robustness of a particular measure,
when we critique a RCT. The fragility index clearly has value
but can be legitimately criticized on the basis that it “highlights
one minor sensitivity analysis at the expense of other features of
trial design and quality assessment.”"! Good clinical, scientific,
and statistical practice should be followed both in the conduct
and reporting of RCTs, and we should always remember that no
single index can ever replace scientific reasoning.!’
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A Take home message

') - The fragility index, the minimum number of participants
required to change their outcomes for the results of a trial to

lose statistical significance, is a useful metric for assessing the

robustness of results from randomized controlled trials (RCTs).

- However, a fragility index, independent of other facts pertaining to the

design and conduct of a RCT, should not be interpreted as a measure

of the strength of an intervention effect and must be treated with due

caution, particularly when applied to a secondary outcome measure.
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