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Abstract

Rationale aims and objectives: The fragility index (FI) and fragility quotient (FQ) are increasingly used
measures for assessing the robustness of clinical studies with binary outcomes in terms of statistical
significance. The FI is the minimum number of event status modifications that can alter a study result’s
statistical significance (or nonsignificance), and the FQ is calculated as the FI divided by the study’s total
sample size. The literature has no widely-recognized criteria for interpreting the fragility measures’
magnitudes. This article aims to provide an empirical assessment for the FI and FQ based on a large
database of clinical studies in the Cochrane Library.

Methods: We explored the overall empirical distributions of the FI and FQ based on five common
methods (Fisher’s exact test, chi-square test, risk difference, odds ratio, and relative risk) for determining
statistical significance of binary outcomes in clinical research. We also considered three different
scenarios for the FI calculation and evaluated the relationship between P-values and FIs or FQs using
Spearman’s p. Finally, we summarized empirical thresholds based on the overall distributions of the FI
and FQ to facilitate their interpretations in future research.

Results: For about 20% of studies with significant results, the statistical significance was changed after
modifying the event status of only one participant. Studies with significant results were considered
slightly fragile if the significance hinged on the statuses of about five events. Studies were extremely
fragile if FI<1 or FQ<0.01. The FIs were strongly correlated with P-values for significant studies, while
Spearman’s p varied according to the total sample sizes of studies.

Conclusions: The statistical significance of clinical studies could be changed after modifying a few
events’ statuses. Many studies’ findings are fairly fragile. The distributions of the FI and FQ provide

insights for appraising the robustness of evidence in clinical decision-making.

Keywords: Cochrane Library; fragility index; healthcare; robustness; sensitivity analysis.
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1. INTRODUCTION

P-values are reported in nearly all clinical studies to assess their results for evidence-based medicine and
clinical decision-making. The threshold of 0.05 is traditionally used to indicate the statistical significance
of the results.! However, the P-value has been frequently criticized because it may cause researchers to
overlook some essential factors such as the sample size and the number of patients lost to follow-up; it
may also be misinterpreted as an effect measure.””’ Moreover, studies with a P-value less than the
conventional threshold of 0.05 may be more likely to be reported."* Such misuses of the P-value may
cause a lack of research reproducibility and replicability.’!!

To better facilitate the interpretation of clinical studies, Walsh et al.'* proposed a simple metric,
called the fragility index (FI), as a supplement to the P-value. It assesses the robustness of the results of
clinical studies in terms of statistical significance. The FI is defined as the minimum number of event
status modifications needed to alter the significance of the results. Studies with a smaller value of the FI
are regarded as more fragile. This index has been used in various research fields.'*""” In addition, as the FI
is an absolute value to measure fragility while the study size could affect the assessment of fragility, a
relative metric fragility quotient (FQ), calculated as the absolute FI number divided by the total sample
size, was proposed to account for the sample size.?’ These two metrics can be used to evaluate how easily
the statistical significance may be changed based on the prespecified P-value threshold. Therefore, FI and
FQ may be used together with P-value for assessing research reproducibility and replicability.

Nevertheless, many unknowns about the FI remain to be investigated. For example, the FI has
been criticized for providing little information in addition to the P-value, depending on the threshold of
statistical significance, and correlating with the sample size.?"** Also, it may inappropriately penalize
smaller studies for using fewer events than larger studies to achieve the same significance level.”
Although the FQ addresses some of these concerns, the relative measures of fragility have not proven

clinically meaningful.** Moreover, there are no widely-recognized criteria for interpreting the magnitudes

of the fragility measures.?"*>?® Consider two studies with equal FQs of 1%; the first one has a total
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sample size of 100 with FI=1, while the second one has a total sample size of 1000 with FI=10. It is
unclear whether the FQ of 1% is small enough to declare that both studies are equally fragile, or the study
with FI=1 is considerably more fragile than another with FI=10. Essentially, the literature has no
consensus on defining a study to be “fragile.” In addition, the evaluation of the FI has not been
systematically assessed using real-world data. The lack of these criteria and reliance on an absolute value
alone is of great concern when promoting the FI to clinicians. Last, Walsh et al.'? originally considered
studies with a 1:1 allocation ratio and restricted event modifications within a single arm. However, some
applications of FI are not exactly for studies with balanced groups; the restrictions during the FI
calculation may not guarantee to yield minimal modifications of event status. A more efficient and well-
designed method has been proposed to evaluate the fragility.*”

For deriving a practical and evidence-based guideline for clinical researchers, we explore the
empirical distributions of the FI and FQ using a large database of clinical studies with binary outcomes
from the Cochrane Library. We consider five frequently used statistical methods for determining
statistical significance, i.e., Fisher’s exact test, chi-square test, risk difference (RD), odds ratio (OR), and
relative risk (RR). The aims of this article are four-folded. First, we investigate the performance of the FI
and FQ for different statistical significance levels. Second, based on empirical distributions of the FI and
FQ, we propose rules of thumb for interpreting the magnitudes of the fragility measures. Third, we
explore different scenarios of the FI calculation to validate FI algorithms’ efficiency and accuracy.

Fourth, we evaluate correlations between the fragility measures and P-values.

2. METHODS

2.1. Fl and FQ
Consider an illustrative study with a binary outcome, which compares two treatments, denoted by 0
(control) and 1. Its results are represented in a 2X2 table (Table 1). The event statuses of both groups can

be potentially modified to alter the significance for deriving the FI. The FI is derived by iteratively adding
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or subtracting events in either group and recalculating the P-value until the significance or
nonsignificance of the result is altered. The total number of modified event statuses in group i can be
denoted by |f;| (i = 0, 1). Increasing (f; > 0) or decreasing (f; < 0) event counts within groups may be
determined based on experts’ opinions. The minimum number of modifications on event status needed to
alter the significance of results is defined as the F1, i.e., FI = min(|f,| + |f1]).

Because the FI is an absolute measure,”® >

a “relative” measure fragility quotient (FQ) was
proposed to account for the study’s total sample size.” The FQ is calculated as the absolute FI value
divided by the total sample size, i.e., FQ = FI/(ny + n,). As such, the FQ is useful for comparing
fragility across studies, especially when their sample sizes differ greatly.?” Like the FI, a greater value of
the FQ indicates the study result is more robust.

2.2. Directions of altering significance

The FI originally proposed by Walsh et al.'*> was defined for a study with a statistically significant result.
It is the minimum number of event status changes where the statistical significance hinges on, i.e., the
minimum number of participants to have a non-event changed to an event that would result in a
nonsignificant result.?' Similarly, the concept of fragility can be extended to a study with a nonsignificant
result, where the FI becomes the minimum number of events needed to change clinical findings from
nonsignificant to significant.’"** Of note, it is possible that the nonsignificant study can never be altered
to be significant, even if all events or non-events (i.e., f; = e; or n; — e;) have been modified to non-
events or events.

2.3. Statistical methods for assessing treatment effects

The association between treatments and outcomes could be different due to different adopted statistical
methods.*® The various statistical methods used to produce a P-value can change the FI value and thus
affect the interpretation of study results’ fragility. Researchers may misunderstand the statistical strength
of evidence for a study’s result if inappropriate statistical methods are adopted.

Walsh et al.'? calculated the FI based on a two-sided Fisher’s exact test. The P-value calculated

by Fisher’s exact test is based on the hypergeometric distribution under the null hypothesis of no

4
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association. Although it is frequently used for small sample sizes, it can be used for all sample sizes.**

Nevertheless, Fisher’s exact test may cost more time for large sample sizes than alternative methods, such

as the chi-square test, particularly if an iterative algorithm is used for deriving the FI. The P-value of the

chi-square test is based on the asymptotic chi-square distribution. Traditionally, the chi-square test is
recommended for contingency tables with the minimum expected count >5, while this method may be
invalid for studies with small counts of events or non-events.>

In addition, the RD, OR, and RR are frequently used for quantifying treatment effects of binary
outcomes. The P-value may be produced based on these effect measures directly. Of note, the OR and RR
are analyzed based on the logarithmic scale; a continuity correction of 0.5 is usually applied to all data
cells in the contingency table in the presence of zero counts.

2.4. Treatment group with event status modifications

Walsh et al.'? originally proposed the FI by restricting modifications among the treatment group with the

fewest events (say group 0). After iteratively switching event statuses in group 0 and recalculating the

two-sided P-value for Fisher’s exact test, the number of events in group 0 is modified until the change of

significance. In the balanced setting, as modifications within the group with the fewest events may have a

greater impact, this procedure would be reasonable and efficient for deriving the FI. However, the sample

sizes in the two groups may not be exactly equal in practice. Restricting to a single group may not
guarantee achieving the minimum number of event status modifications, and thus the study’s fragility
would be underestimated.

We consider three different ways of event status modifications and assess the differences in their
resulting FI values (Table 1). They are detailed as follows.

e Scenario 1. We modify event status in both directions (adding or subtracting events) among both
groups in each iteration until the change of significance. The total number of modified event statuses
is the FI.

e Scenario 2. We first restrict modifications in both directions in a single group (say group 0) during the

whole iterations until the change of significance. The total number of modified event statuses is

5
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denoted as |fy|. Then, we repeat this process separately for group 1 and obtain |f;|. The FI is the
smaller value among |f,| and |f;].

e Scenario 3 (Walsh et al.'*). We modify event status in both directions only among the treatment group
with the fewest events.

In scenario 1, the significance can be changed after modifying |f,| and |f; | events in groups 0
and 1, respectively, for the illustrative study (Table 1), then the F1is |fy| + |f;]. In each iteration, we
recalculate the P-value after modifying the event status in the two groups separately. In scenario 2, we
compute the FI by restricting modifications in a single group until the change of significance; then, we
choose the smaller FI. In each iteration, we recalculate the P-value after restricting modifications among
one group, say group 0. We conduct |f,| times of computation among group 0 until altering significance.
Similarly, we repeat |f; | times computation in group 1. The FI is min(|f,|, | f1]). As such, this scenario is
less computationally expensive than scenario 1. Scenario 3 corresponds to the original FI calculation by
Walsh et al.'? It assumes group 0 has the fewest events, and the significance would be changed until
modifying the statuses of |f;| events. The FI is |f].

2.5. Different P-value thresholds

The P-value threshold «, i.e., the significance level, determines the significance of clinical results.
Therefore, it has a great impact on the FI. Conventionally, « is set to 0.05. Recently, due to the critiques
of the misuse and misinterpretation of the P-value, some investigators proposed to lower the significance
level.* > % Thus, this article additionally considers calculating the FI at @=0.01 and 0.001. The different
choices of @ permit us to investigate how the FI values vary with them and provide researchers with
additional guidelines about the fragility measures when alternative significance levels are adopted.

2.6. Datasets and analyses

We collected the individual clinical studies from a large collection of meta-analyses with binary outcomes
from the Cochrane Library, which provides valuable information on various healthcare-related topics to

inform decision-making. We used the R software to iteratively collect all Cochrane reviews from 2003
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Issue 1 to 2020 Issue 1. We only kept the latest version of a review if it had multiple updates during this
period, and we excluded data from reviews that had been withdrawn.

In our primary analysis, we considered scenario 1 to derive the FI values using the five statistical
methods with the three P-value thresholds regardless of the original methods and P-value thresholds used
by the clinical studies. We calculated the FI and FQ values of each clinical study and derived their
empirical distributions. Scenarios 2 and 3 were considered for the OR with a P-value threshold of 0.05.
The analyses were implemented using the package “fragility” (version 1.0) in R (version 3.5.3).%’

2.7. Empirical distributions

We summarized the overall empirical distributions of the FI and FQ values of the clinical studies from the
Cochrane Library. They were categorized by the five statistical methods used for assessing fragility, i.e.,
Fisher’s exact test, chi-square test, RD, OR, and RR. Of note, for Fisher’s exact test, only clinical studies
with a sample size of each group <1000 were considered due to a long computing time.

To quantitatively evaluate the fragility of one individual study compared to others, we proposed
rules of thumb for the magnitudes of fragility based on the empirical distribution of FI and FQ through
real-world data. Specifically, we determined the cutoffs based on the cumulative proportions (from 0 to a
specific cutoff) for significant and nonsignificant studies separately, i.e., the percent of studies with FI/FQ
< the cutoff. In general, we roughly classified the magnitudes of fragility into five levels: extremely
fragile, moderately fragile, slightly fragile, slightly robust, moderately robust, and extremely robust. As
strict cutoffs may override important clinical information and may be misleading, we permitted
overlapping ranges for the levels of fragility magnitudes, sharing a similar idea with the guidelines for
interpreting the I? statistic for between-study heterogeneity.*®
2.8. Correlation between fragility measures and P-values
The P-value used in insolation has been criticized for being simplistic’; as such, the FI and FQ were
designed as supplements to aid interpretations of clinical findings. On the other hand, the FI has been
criticized for being highly associated with the P-value and sharing similar information.?!*>* As the
sample sizes vary greatly in our database, we considered the total sample size as a potential confounder

7
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and investigated the relationship between the P-value and each of the FI and FQ across different sample
sizes. The relationship was evaluated using Spearman’s rank correlation coefficient p. The sample sizes
were grouped into nine levels: <50, 50-100, 100-200, 200-300, 300—400, 400-500, 500-800, 800—-1500,

and >1500.

3. RESULTS

3.1. Basic characteristics
In total, we included 316,249 individual clinical studies with binary outcomes. Table 2 summarizes the
characteristics of included studies. The median sample size was 123 patients (range: 2-2,212,432), with a
median of 17 events (range: 0-212,070). Based on Fisher’s exact test, about 20% of studies reported
results with P<0.05.
3.2. FI and FQ based on different P-value thresholds
3.2.1. FI at the P-value threshold of 0.05
We derived empirical FI distributions based on each of the five methods at each of the three P-value
thresholds. Figure 1 focuses on the distribution of the FI based on Fisher’s exact test at the P-value
threshold of 0.05 for significant studies; Figures S1-S4 show the distributions based on the other four
methods. Figure 2 summarizes the distributions based on all five methods for both significant and
nonsignificant studies. Based on the RD, 20,303 (26%) significant studies had FI=1, and the number was
the most across all five methods. Similarly, the number of nonsignificant studies with FI=1 based on the
RD was the most among the five methods, followed by the chi-square test. Table 3 shows the median and
interquartile range (IQR). For significant studies based on Fisher’s exact test, the median FI was 4 with an
IQR of 2-9. Specifically, 13,729 (23%) had FI=1, and 28,737 (48%) had FI<3.

Due to the smaller median FI values of significant studies based on all five methods at different

thresholds (Table 3), studies with nonsignificant results generally seemed less fragile. Compared with
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nonsignificant studies, the wider IQRs of significant ones indicated distributions of the FI for significant
studies were more dispersive.

3.2.2. FQ at the P-value threshold of 0.05

The median FQs of significant studies based on the five methods at the P-value threshold of 0.05 ranged
from 0.0252 to 0.0270 with an IQR of about 0.01-0.06, indicating the significance of the results hinged
on only fewer than 3 events per 100 participants. Similar to the conclusions based on the FI,
nonsignificant studies seemed less fragile, with the FQ ranging from 0.0290 to 0.0426, indicating that the
statistical significance of nonsignificant studies was contingent on more events per 100 participants than
significant studies. Based on each method, about 70% of significant studies had FQ<0.05, and about 89%
had FQ<0.1.

3.2.3. Alternative P-value thresholds

Figures S5-S31 give the empirical distributions for the P-value thresholds of 0.01 and 0.001. When the P-
value threshold was lower, the median of FI increased, indicating studies were more robust and more
events were needed to alter the significance. The median FI of nonsignificant studies based on the OR at
the P-value threshold of 0.01 was 8 with an IQR of 611 and at the P-value threshold of 0.001 was 13
with an IQR of 10-17. At the P-value threshold of 0.001, 13% of nonsignificant studies based on the RD
had FI<3, while the proportions based on the OR and RR were both around 4%.

At the P-value threshold of 0.01, the median FQ based on Fisher’s exact test was 0.0278 (IQR,
0.0121-0.0600) for significant studies and 0.0500 (IQR, 0.0233-0.0986) for nonsignificant ones. As such,
the significance and nonsignificance of study results were contingent on approximately 3 and 5 events per
100 participants. Significant studies were more fragile according to the smaller median FQ. Among
significant studies, 41% had FQ<0.02 based on the chi-square test at the P-value threshold of 0.001.

3.3. Rules of thumb for interpreting magnitudes of fragility

Tables 4 and 5 present the rules of thumb for interpreting magnitudes of fragility for significant and
nonsignificant studies based on the five statistical measures at the P-value threshold of 0.05. In general,
we roughly classified the FI and FQ into six different levels, from extremely fragile to extremely robust,

9
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based on the cumulative proportions (from 0 to a specific cutoff) of the empirical distributions of the FI or
FQ, i.e., the percent of studies with FI/FQ < the cutoff. Significant studies might be extremely fragile if
the FI=1. About 17% to 26% of significant clinical studies had FI values within this range. If the FI1 of a
significant study was within 1-3 or 1-2, this study could be regarded as moderately fragile as it is only
more robust than 18% (FI=1 based on the RR) to 48% (FI=3 based on Fisher’s exact test) of studies. A
significant study might be extremely robust if its FI>27 (based on Fisher’s exact test, the chi-square test,
OR, and RR); it was more robust than about 90% of studies.

Similarly, nonsignificant studies might be extremely fragile if FI=1, and they were more robust
than only a few studies (6%—12%). If the derived FIs were within 5-7 (by Fisher’s exact test or chi-square
test), 4-6 (by RD), 67 (by OR or RR), accordingly, they might be considered as slightly robust as they
were more robust than at least 66% nonsignificant studies (based on the RR).

Additionally, studies with FQ<0.01 can be considered extremely fragile (Table 5). The
significance of about 20% of significant studies hinged on only 1 event per 100 participants (FQ<0.01). If
the FQ value was within 0.01-0.02, a significant study might be moderately fragile, as they were more
robust than about 22%-43% of significant studies. The nonsignificant studies might be slightly fragile if
the FQ values were within 0.02—0.04, 0.02—0.04, 0.02—0.03, 0.02—0.05, and 0.02—0.05, accordingly.

3.4. Fragility impacted by scenarios of event status modifications

Recall that the results above in our main analyses were based on scenario 1 of event status modifications.
We also applied scenarios 2 and 3 based on the OR to evaluate their differences from scenario 1. Of note,
we excluded 77,132 studies (24%) with equal numbers of modifications for the two groups (i.e., |fo| =
|f1]) in scenario 2 from the original dataset for more accurate comparisons. Compared with scenarios 2
and 3, about 8% of studies had smaller FIs based on scenario 1, indicating that these studies had fewer
events needed to alter the significance if there was no restriction in the modified groups. Moreover,
36.03% of studies had smaller FIs with modifications in both groups (scenario 1) compared with scenario
3. Restricting modifications within one group (scenarios 2 and 3) might underestimate the fragility of

studies.
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Additionally, we tried to examine whether it is reasonable to restrict event status modification
within the group with fewer events or with a smaller proportion of events (i.e., e;/n; for group i). In
scenario 2, FIs of 47% of studies (112,999 out of 239,117) were derived from groups with a smaller
proportion of events. Fls of 53% of studies (126,319 out of 239,117) were derived from groups with
fewer events. Therefore, the number of events or the proportion of events might not be the deterministic
factors for the FI calculation.

3.5. Correlation between fragility measures and P-values

Figure 3 shows the relationship between the P-values and fragility measures at the P-value threshold of
0.05 based on Fisher’s exact test. The median FlIs increased as P-values decreased for significant studies,
while it showed a reverse trend for nonsignificant studies. Nevertheless, having a P-value<0.005 or >0.5
did not exclude the possibility of having a very small FI (e.g., 1 or 2). The median FQs showed a similar
trend.

For significant studies, there was a strong inverse relationship between P-values and fragility
measures across most sample sizes (Figure 4). The correlations between P-values and FQs were relatively
moderate. When the total sample size was small (<50), the correlations were relatively weak with smaller
p in absolute magnitude. For nonsignificant studies, there were moderately positive correlations between
P-values and FIs (Figure 2); the coefficients p were about 0.6 for all five methods. The scatter plots of P-
values vs. FI can be found in Figures S32—-S36; Figures S37—-S64 present plots for other methods at

alternative P-value thresholds.

4. DISCUSSION

4.1. Strengths
Researchers recently proposed various concepts of fragility, such as the reverse FI for nonsignificant
studies'® and the continuous FI for studies with continuous outcomes.*’ The FI was also extended to

evaluate meta-analyses and network meta-analyses.’"*> However, their calculation methods were not
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exactly the same, while they share an essential idea of applying an iterative algorithm to derive the
minimal data modifications needed to alter the significance. To find an efficient and accurate solution, we
examined the impact of different scenarios of event status modifications on the resulting FI. When
restricting modifications in a single group (scenario 2), our results showed that about half of the studies
had fewer steps of event status modifications from groups with a smaller proportion of events (47%) or
from groups with fewer events (53%) compared with scenario 1. This result indicated it might not be
reasonable to focus on only a specific group during iterations. Nevertheless, computation time might be
an important factor. In scenario 1, the computation time was doubled during each iteration because of
modifications in both groups. To achieve the change of significance, we need to perform 2//ol*1l
recalculations of P-values in total. The computation time is longer than scenario 2, but more accurate FIs
may be found. In scenario 2, recall that the FI is min(]|f;], |f1]), so the total number of iterations is | f;| +
|f1], which is generally smaller than that of scenario 1. In general, users of the FI may consider balancing
the computational efficiency and the result’s accuracy.
4.2. Limitations
Our study has some limitations. First, the underpowered studies are more likely to yield low FI values.*!
Therefore, different types of study designs may provide various evidence for FI evaluation. The database
used in this article included all types of clinical studies, such as case—control studies and cohort studies.
However, the FI was originally proposed as a metric of fragility for randomized controlled studies, which
usually have relatively small sample sizes. Randomized studies have been frequently questioned
regarding their results’ significance, which may be altered with small changes partially because of the
small sample size and loss to follow-up.***? Considering the influence of sample sizes on FI, the
empirical distributions based on the mixed database might reduce the interpretability of the FI.

Second, the method of the FI calculation used in this article was only applied to clinical studies
with binary outcomes. An alternative FI-like method has been proposed for continuous outcomes*’; it

expands the applications of the fragility concept.
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Finally, although we proposed the rules of thumb for evaluating the fragility, some important
clinical factors should be considered throughout the decision-making process, such as the likelihood of
event status modifications.* Additionally, our criteria of classifications were based on the cumulative
proportions of empirical distributions of the FI and FQ, while there is no consensus on the cutoffs so far.

Therefore, researchers should use our findings as supportive instead of deterministic evidence.

5. CONCLUSIONS

We have presented the empirical distributions of fragility measures based on a large Cochrane database of
316,249 studies. In general, for about 20% of studies with significant results, the statistical significance
could be altered after modifying the event status of only one patient. Studies with significant results were
considered slightly fragile if the significance hinged on about five events. Studies might be extremely
fragile if their FI<1 or FQ<0.01. When using the RD, the robustness of studies might be underestimated,
as the corresponding cutoffs from the rules of thumb were relatively smaller compared with other
statistical methods for testing the association between treatments and outcomes. The FI was strongly
correlated with the P-value for significant studies, while Spearman’s p varied according to studies’ total
sample sizes. When the sample size was <50, the correlation was not very strong, and thus the FI may

deliver valuable information in addition to the P-value.
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448  Table 1. Illustration of a study with a binary outcome and three scenarios of deriving the
449  fragility index.

Treatment group Event Non-event Sample size
Original dataset

Group 0 €o Ny — € ng
Group 1 e n, —eq ny

Scenario 1: FI = min(|fy| + |f1])

Dataset after altering significance (modifications in both groups)

Group 0 eo + fo — e0 fo ng
Group 1 e1+fi - f1 ny

Scenario 2: FI = min(|f; ], |f1])
Dataset after altering significance (modifications only group 0)

Group 0 eo+ fo ny —eo — fo i
Group 1 e, n, —eq ny
Dataset after altering significance (modifications only group 1)

Group 0 €o Ng — €y Ng
Group 1 e1+fi —-e1—f1 ny

Scenario 3 (Walsh et al.'?): FI = min(|f;]).

Dataset after altering significance (modifications in the group with fewer events, say, group 0)
Group 0 eo + fo —eo— fo ng

Group 1 e, n — e ny

450
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451 Table 2. Characteristics of included clinical studies.

452

Characteristic Count or median
Sample size, median (min to max) 123 (2t02,212,432)
Event count, median (min to max) 17 (0 to 212,070)
Fisher’s exact test

P<0.05 60,456 (20%)

P<0.01 36,482 (12%)

P<0.001 21,581 (7%)
Chi-square test

P<0.05 58,822 (19%)

P<0.01 35,941 (11%)

P<0.001 21,616 (7%)
Risk difference

P<0.05 78,382 (25%)

P<0.01 47,945 (15%)

P<0.001 29,087 (9%)
Odds ratio

P<0.05 64,518 (20%)

P<0.01 35,808 (11%)

P<0.001 19,626 (6%)
Relative risk

P<0.05 61,604 (19%)

P<0.01 33,125 (10%)

P<0.001 17,825 (6%)

Note: For Fisher’s exact test, only studies with a sample size less than 1000
in both study groups were included due to considerations about computing

time.
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453  Table 3. Medians and interquartile ranges (IQRs, in parentheses) of the fragility index and
454  fragility quotient based on the five methods at the P-value thresholds of 0.05, 0.01, and
455  0.001.
Fragility index Fragility quotient
Threshold Method Significant  Nonsignificant Significant Nonsignificant
Fisher’s exact test 4(2,9) 4(3,6) 0.0267 (0.0116, 0.0585)  0.0373 (0.0169, 0.0714)
Chi-square test 4(2,11) 5(3,6) 0.0252 (0.0103, 0.0571)  0.0387 (0.0167, 0.0779)
0.05 RD 3(1,9) 3(2,5) 0.0254 (0.0105, 0.0563)  0.0290 (0.0129, 0.0556)
OR 4(2,11) 54,7 0.0270 (0.0112, 0.0600)  0.0406 (0.0176, 0.0811)
RR 52,11 6(4,7) 0.0263 (0.0109, 0.0588)  0.0426 (0.0182, 0.0875)
Fisher’s exact test 42, 11) 6(4,7) 0.0278 (0.0121, 0.0600)  0.0500 (0.0233, 0.0986)
Chi-square test 5(2,14) 7(5,8) 0.0262 (0.0108, 0.0592)  0.0526 (0.0234, 0.1042)
0.01 RD 4(2,11) 53,7) 0.0267 (0.0111, 0.0595)  0.0408 (0.0189, 0.0769)
OR 6(2,15) 8(6,11) 0.0281 (0.0111, 0.0615)  0.0638 (0.0276, 0.1286)
RR 6 (2, 16) 9(7,12) 0.0259 (0.0104, 0.0583)  0.0682 (0.0286, 0.1446)
Fisher’s exact test 6 (2, 14) 8 (6, 10) 0.0286 (0.0120, 0.0608)  0.0686 (0.0328, 0.1310)
Chi-square test 73, 18) 10 (7, 12) 0.0270 (0.0107, 0.0600)  0.0739 (0.0335, 0.1452)
0.001 RD 5(2,13) 7(5, 10) 0.0288 (0.0114, 0.0625)  0.0584 (0.0274, 0.1059)
OR 7(3, 20) 13(10,17)  0.0256 (0.0103, 0.0578)  0.0988 (0.0430, 0.1923)
RR 7 (3, 20) 16 (11,20)  0.0238 (0.0095, 0.0500)  0.1071 (0.0450, 0.2258)
456
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457
458

459
460

461

Table 4. Proposed rules of thumb for assessing the magnitudes of the fragility of individual
clinical studies based on the fragility index.

Fisher’s exact Chi-square test RD OR RR
test
Significant studies
Extremely fragile <1 <1 <1 <1 <1
(23%) (20%) (26%) (19%) (18%)
Moderately fragile  1-3 1-3 1-2 1-3 1-3
(23%—48%) (20%—43%) (26%—41%) (19%—-43%) (18%—42%)
Slightly fragile 24 2-4 2-3 2-5 2-5
(38%—55%) (34%—51%) (41%-51%) (32%—56%) (31%—55%)
Slightly robust 5-14 5-14 4-11 6-14 614
(61%—84%) (57%—-80%) (58%—80%) (61%—81%) (60%—80%)
Moderately robust ~ 10-26 10-26 822 10-26 10-26

(78%93%)

(73%-90%)

(74%-90%)

(74%-90%)

(73%-90%)

Extremely robust

=27

=27

=23

=27

=27

(93%) (90%) (91%) (91%) (90%)
Nonsignificant studies
Extremely fragile <1 <1 <1 <1 <1

(8%) (6%) (12%) (6%) (6%)
Moderately fragile — 2-3 2-4 12 2-4 2-4

(19%-35%) (15%—44%) (12%-30%) (13%-38%) (12%-34%)
Slightly fragile 34 3-5 2-3 3-5 3-5

(35%—56%) (26%—66%) (30%—55%) (24%—55%) (22%—48%)
Slightly robust 5-7 5-7 4-6 67 67

(75%—87%) (66%—84%) (71%-83%) (74%—85%) (66%—-83%)
Moderately robust ~ 7-12 7-12 7-12 7-12 7-12

(87%-96%)

(84%94%)

(87%-95%)

(85%-95%)

(83%-95 %)

Extremely robust

>13
(97%)

>13
(95%)

>13
(96%)

>13
(96%)

>13
(96%)

Note: Each entry shows the cutoff values based on the cumulative proportions of the empirical distributions and the
cumulative percentiles based on the corresponding cutoff values.
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462
463

464
465

466

Table 5. Proposed rules of thumb for assessing the magnitudes of the fragility of individual

clinical studies based on the fragility quotient.

Fisher’s exact test Chi-square test RD OR RR
Significant studies
Extremely fragile <0.01 <0.01 <0.01 <0.01 <0.01
(22%) (25%) (24%) (23%) (23%)
Moderately fragile  0.01-0.02 0.01-0.02 0.01-0.02 0.01-0.02 0.01-0.02
(22%-41%) (25%43%) (24%-43%) (23%-41%) (23%-42%)
Slightly fragile 0.02-0.03 0.02-0.03 0.02-0.03 0.02-0.03 0.02-0.03
(41%—-54%) (43%-55%) (43%—-55%) (41%-53%) (42%—-54%)
Slightly robust 0.03-0.07 0.03-0.07 0.03-0.07 0.03-0.08 0.03-0.08
(54%—-80%) (55%—-80%) (55%—81%) (53%—-83%) (54%—83%)
Moderately robust 0.04-0.15 0.04-0.15 0.04-0.16 0.04-0.16 0.04-0.15
(64%—-95%) (65%-95%) (65%—96%) (63%-95%) (64%—-95%)
Extremely robust >0.15 >0.15 >0.16 >0.16 >0.15
(95%) (95%) (96%) (95%) (95%)
Nonsignificant studies
Extremely fragile <0.01 <0.01 <0.01 <0.01 <0.01
(13%) (15%) (20%) (14%) (14%)
Moderately fragile ~ 0.01-0.03 0.01-0.03 0.01-0.02 0.01-0.03 0.01-0.03
(13%-43%) (15%—42%) (20%-38%) (14%-40%) (14%-39%)
Slightly fragile 0.02-0.04 0.02-0.04 0.02-0.03 0.02-0.05 0.02-0.05
(30%—-53%) (30%—-52%) (38%—52%) (29%—-57%) (28%—56%)
Slightly robust 0.05-0.09 0.05-0.10 0.04-0.07 0.06-0.10 0.06-0.11
(62%—-83%) (60%—84%) (63%—83%) (64%—-83%) (62%—-82%)
Moderately robust ~ 0.07-0.14 0.07-0.16 0.05-0.11 0.08-0.16 0.08-0.19
(74%—94%) (71%-94%) (72%—95%) (75%—94%) (72%—94%)
Extremely robust =0.15 >0.17 >0.12 >0.17 >0.20
(95%) (95%) (96%) (95%) (95%)

Note: Each entry shows the cutoff values based on the cumulative proportions of the empirical distributions and the

cumulative percentiles based on the corresponding cutoff values.
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Figure 1. The empirical distribution of the fragility index based on Fisher’s exact test at the

P-value threshold of 0.05 for significant studies. Spearman’s correlation coefficient p is used

to assess the association between the P-value and fragility index.
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472  Figure 2. Empirical distributions of the fragility index based on the five statistical methods
473  at the P-value threshold of 0.05. The upper panels (A1-E1) are for significant studies, and the
474  lower panels (A2—E2) are for nonsignificant ones. The fragility index is truncated to 40.

475  Spearman’s correlation coefficient p is used to assess the association between the P-value and
476  fragility index.

477
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Figure 3. The fragility index (A) and fragility quotient (B) categorized by the P-value based
on Fisher’s exact test at the P-value threshold of 0.05. (A) The fragility index is presented on
a logarithmic scale, and the included studies were truncated to those with FI<1000. (B) Included

studies were truncated to those with FQ<0.5.
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485  Figure 4. The number of significant studies and Spearman’s rank correlation coefficient p
486  between the fragility measures and P-value at the P-value threshold of 0.05 categorized by

487  sample size based on Fisher’s exact test.
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