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The Fragility of Statistically Significant
Findings From Randomized Trials
in Sports Surgery

A Systematic Survey

Moin Khan,*y MD, MSc, FRCSC, Nathan Evaniew,yz MD, PhD, Mark Gichuru,y BSc,
Anthony Habib,y MD, Olufemi R. Ayeni,y MD, MSc, FRCSC, Asheesh Bedi,§ MD,
Michael Walsh,z|| MD, PhD, FRCPC, P.J. Devereaux,y|| MD, PhD, FRCPC,
and Mohit Bhandari,yz MD, PhD, FRCSC
Investigation performed at McMaster University, Hamilton, Ontario, Canada

Background: High-quality, evidence-based orthopaedic care relies on the generation and translation of robust research evi-
dence. The Fragility Index is a novel method for evaluating the robustness of statistically significant findings from randomized
controlled trials (RCTs). It is defined as the minimum number of patients in 1 arm of a trial that would have to change status
from a nonevent to an event to alter the results of the trial from statistically significant to nonsignificant.

Purpose: To calculate the Fragility Index of statistically significant results from clinical trials in sports medicine and arthroscopic
surgery to characterize the robustness of the RCTs in these fields.

Methods: A search was conducted in Medline, EMBASE, and PubMed for RCTs related to sports medicine and arthroscopic
surgery from January 1, 2005, to October 30, 2015. Two reviewers independently assessed titles and abstracts for study eligibil-
ity, performed data extraction, and assessed risk of bias. The Fragility Index was calculated using the Fisher exact test for all
statistically significant dichotomous outcomes from parallel-group RCTs. Bivariate correlation was performed to evaluate asso-
ciations between the Fragility Index and trial characteristics.

Results: A total of 48 RCTs were included. The median sample size was 64 (interquartile range [IQR], 48.5-89.5), and the median
total number of outcome events was 19 (IQR, 10-27). The median Fragility Index was 2 (IQR, 1-2.8), meaning that changing 2
patients from a nonevent to an event in the treatment arm changed the result to a statistically nonsignificant result, or P � .05.

Conclusion: Most statistically significant RCTs in sports medicine and arthroscopic surgery are not robust because their statis-
tical significance can be reversed by changing the outcome status on only a few patients in 1 treatment group. Future work is
required to determine whether routine reporting of the Fragility Index enhances clinicians’ ability to detect trial results that should
be viewed cautiously.

Keywords: Fragility Index; randomized control trial; sports medicine; orthopaedic surgery

Although improving the methodologic quality of random-
ized controlled trials (RCTs) has received substantial
attention in the sports medicine literature, little consider-
ation has been directed toward the fact that the majority of
RCTs in orthopaedics demonstrating statistically signifi-
cant effects may be at risk of spurious findings or improb-
ably large treatment effects due to small sample sizes and
few outcome events.2,4,5,19,23,28

The Fragility Index is a recently described metric that
informs evidence users about the fragility/robustness of

statistically significant results.10,27,31 It is defined as the
minimum number of patients in a trial group with fewer
events that would have to change status from a nonevent
to an event to alter the results from statistically significant
to nonsignificant. Events refer to the occurrence of any
dichotomous event, such as the successful healing of a rota-
tor cuff, presence of graft failure, recurrent dislocation,
positive pivot test result, or the achievement of a certain
functional score. Trials with a small Fragility Index sug-
gest that the statistical significance of the results hinges
on only a few events. A large Fragility Index should
increase one’s confidence in the observed treatment effect.

For example, consider a recent RCT in which 35
patients with large 2-tendon rotator cuff tears were ran-
domized to rotator cuff repairs either with or without
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acellular human dermal matrix (AHDM) augmentation
and were assessed using gadolinium-enhanced magnetic
resonance imaging postoperatively.1 In this trial, 17 of
the 20 patients who received augmentation with AHDM
were found to have an intact rotator cuff tendon at 12 or
24 months, compared with 6 of 15 who did not.1 This differ-
ence was statistically significant (P \ .01), but if just 2
more patients in the nonaugmented group were found to
have intact rotator cuffs, the trial result would not be sta-
tistically significant (ie, a result that is possible given the
lack of blinding, losses to follow-up, and potential for prog-
nostic imbalance between the groups due to the small sam-
ple size). In the examples above, the Fragility Index for the
trial would be 2 events.

No studies to date have evaluated the Fragility Index
for sports medicine and arthroscopy trials. Our primary
objective was to evaluate the robustness of statistically sig-
nificant results from sports medicine and arthroscopic tri-
als by determining the Fragility Index. Our secondary
objective was to identify any trial characteristics that are
associated with Fragility Index values.

METHODS

Eligibility Criteria

We performed a systematic survey of all RCTs of orthopae-
dic sports or arthroscopic surgery published between Jan-
uary 1, 2005, and October 30, 2015. We included all
trials that were randomized according to a 1:1 parallel 2-
arm design, reported in their abstract at least 1 statisti-
cally significant dichotomous outcome (ie, a P value of
\.05 under a null hypothesis that no difference existed
or a 95% CI that excluded a null value), and examined
a perioperative intervention in patients undergoing ortho-
paedic sports or arthroscopic surgery. We restricted our
search to trials on human subjects reported in English.

Identification of Studies

We searched MEDLINE and EMBASE databases to identify
all potentially eligible trials related to orthopaedic sports or
arthroscopic surgery. We used medical subject headings
(MeSH), as well as Emtree headings and subheadings in var-
ious combinations, and supplemented with free text to
increase sensitivity (see Appendix 1, available online). We
used the Cochrane sensitivity- and precision-maximizing
search strategy for identifying RCTs in both MEDLINE and
EMBASE.16 The search strategy was adapted in PubMed to

search for articles published online ahead of print. Two
reviewers (A.H. and M.G.) independently screened the titles
and abstracts of all trials independently for eligibility using
piloted screening forms. Duplicate articles were manually
excluded. Both reviewers reviewed the full-text version of all
trials identified by title and abstract screening to determine
final eligibility. All discrepancies were resolved by a consensus
decision requiring rationale with the first author.

Data Extraction and Assessment of Risk of Bias

Data were extracted independently and in duplicate by
both reviewers (A.H. and M.G.) using a piloted electronic
data extraction form, and all extracted data were verified
by the first author. For each RCT, we extracted data for
1 statistically significant dichotomous outcome that was
identified from the abstract. When more than 1 eligible
outcome was presented, we chose the primary outcome
whenever possible or the most patient-important second-
ary outcome. This was done according to the Grading of
Recommendations Assessment, Development, and Evalua-
tion (GRADE) approach for distinguishing between out-
comes that are critical for decision making, important
but not critical, or of low importance.18

The following data were extracted for each outcome: jour-
nal name, publication year, funding source, sample size for
each arm, losses to follow-up for each arm, number of events
for each arm, reported P value and statistical test used, and
whether outcomes were primary or secondary. We also
recorded the 2013 Thomson Reuters Journal Impact Factor
and the most recent Science Citation Index for each trial.
The Science Citation Index is a metric of citation frequency
that reflects the cumulative number of citations to source
items indexed within the Web of Science Core Collection.32

Two reviewers independently performed duplicate
assessment of trial-level risk of bias using the Cochrane
Collaboration’s Risk of Bias Tool, which assesses allocation
sequence generation and concealment; blinding of sur-
geons, outcome assessors, and patients; losses to follow-
up and missing data; selective outcome reporting; and
other potential sources of bias.21

Application of the Fragility Index

The Fragility Index for each outcome was calculated
according to the method described by Walsh et al31 using
2 3 2 contingency tables. The P value for each outcome
was first recalculated using a 2-sided Fisher exact test.
We then added events to the group with a smaller number
of events while subtracting nonevents from the same group
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to keep the total number of participants constant. Events
were added iteratively until the calculated P value became
�.05. The smallest number of additional events required to
obtain P � .05 was the Fragility Index for that outcome.

Statistical Analysis

We used descriptive statistics to summarize the Fragility
Index for the sampled trials. Interobserver agreement for
reviewers’ assessments of study eligibility was calculated
with Cohen’s kappa coefficient.15 Based on the guidelines by
Landis and Koch,24 a kappa (k) of 0 to 0.2 represents slight
agreement, 0.21 to 0.40 fair agreement, 0.41 to 0.60 moderate
agreement, and 0.61 to 0.80 substantial agreement. A value
above 0.80 is considered almost perfect agreement. We used
the Pearson correlation coefficient to evaluate direct correla-
tions. We planned a priori to evaluate the correlation between
Fragility Index and sample size, outcome events, impact fac-
tor, citation index, and P values.10,31 All tests of significance
were 2 tailed, and P \ .05 was considered significant. All
analyses were performed using Microsoft Excel (Microsoft
Corp; 2011) and SPSS version 21 (IBM Corp; 2012).

RESULTS

Study Selection

The literature search identified 4251 potentially eligible
studies. After exclusion of duplicate articles and applica-
tion of exclusion criteria, 69 articles were eligible for full-
text review. Of the 4203 excluded articles, 1619 were not
randomized according to a 1:1 parallel design and 1017
did not present a statistically significant dichotomous find-
ing. After full-text review, 21 articles were excluded,
resulting in 48 orthopaedic sports medicine or arthroscopic
surgical RCTs with 48 outcomes eligible for inclusion
(Table 1 and Appendix 2, available online). The k coeffi-
cient for the agreement between reviewers for title and
abstract eligibility decision was 0.66 (95% CI, 0.58-0.75),
indicating substantial agreement (Figure 1).

Characteristics of Trials and Outcomes

The median sample size of the included trials was 64
patients (interquartile range [IQR], 48.5-89.5), and the
median number of total losses to follow-up was 2.5 patients
(IQR, 0-10). Among the included trials, sequence genera-
tion was at a low risk of bias in 24 (50%) and allocation
concealment was at a low risk of bias in 16 (33%). Investi-
gators blinded surgeons in 7 (15%), patients in 15 (31%),
and outcome assessors in 18 (38%) (Table 2). The median
journal impact factor was 3.2 (IQR, 2.4-3.5), and the
median Science Citation Index was 10 (IQR, 4-33).

Of the 48 outcomes, 27 (56%) outcomes were primary, 14
(29%) were secondary, and 7 (15%) were not specified. Trials
reported dichotomous outcomes related to postoperative

TABLE 1
Characteristics of Included Randomized

Controlled Trials (N = 48)

Characteristic No. of Studies (%)

Primary intervention
Surgical 18 (38)

Shoulder 6 (13)
Knee 12 (25)
Hip 0 (0)

Anesthetic 19 (40)
Nonoperative 11 (23)

Outcome assessed
Imaging 12 (25)
Perioperative comfort 10 (21)
Clinical assessment 13 (27)
Adverse events 13 (27)

Year of publication
2005 5 (10)
2006 2 (4)
2007 5 (10)
2008 3 (6)
2009 2 (4)
2010 5 (10)
2011 7 (15)
2012 5 (10)
2013 5 (10)
2014 5 (10)
2015 4 (8)

Industry funding
Yes 5 (10)
No/unclear 43 (90)

Journal
Journal of Arthroscopy 14 (29)
American Journal of Sports Medicine 6 (13)
Knee Surgery, Sports Traumatology,

Arthroscopy
5 (10)

Journal of Bone and Joint Surgery 4 (8)
Other 19 (40)

Figure 1. Flow of articles through screening and reasons for
exclusion. RCT, randomized controlled trial.
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imaging in 12 (25%), perioperative comfort in 10 (21%), clin-
ical assessment in 13 (27%), and presence of adverse events
in 13 (27%). We found that 18 (38%) of the included trials
evaluated surgical interventions, and the remainder evalu-
ated perioperative anesthetic (19 [40%]) or nonsurgical (11
[23%]) interventions in patients undergoing arthroscopic
surgery. Reported P values for each outcome were \.05 but
�.01 for 31 (65%), \.01 but �.001 for 15 (31%), and \.001
for 2 (4%). The median number of events across both treat-
ment groups for each outcome was 19 (IQR, 10-27).

Fragility Index

The median Fragility Index was 2 (IQR, 1-2.8) for the 48
evaluated dichotomous outcomes (Figure 2 and Table 3).
Eight (17%) outcomes became nonsignificant when we

recalculated the P value using the 2-sided Fisher exact
test and, therefore, had a Fragility Index of zero. The Fra-
gility Index was less than or equal to 3 events in 37 (77%)
trials and less than or equal to the total number of patients
lost to follow-up for 23 (48%) outcomes. Increasing Fragil-
ity index values correlated strongly with smaller reported
P values (r = 0.87; P \ .01) (Figure 3). Direct correlations
with sample size, outcome events, impact factor, and cita-
tion index were not statistically significant (Table 4).

DISCUSSION

Key Findings

This systematic survey of the literature found that the
median Fragility Index from RCTs in sports medicine
and arthroscopic surgery reporting dichotomous outcomes
was 2 (IQR, 1-2.8). This means that reversing the outcome

TABLE 2
Risk of Bias of Included Randomized Controlled Trials

Risk of Bias, n (%)

Item Yes No Unclear

Was the allocation sequence adequately generated? 24 (50) 13 (27) 11(23)
Was allocation adequately concealed? 16 (33) 4 (8) 28 (42)
Blinding surgeons: Was knowledge of the allocated interventions adequately prevented? 7 (15) 16 (33) 25 (52)
Blinding patients: Was knowledge of the allocated interventions adequately prevented? 15 (31) 7 (15) 26 (54)
Blinding outcome assessors: Was knowledge of the allocated interventions adequately prevented? 18 (38) 6 (13) 24 (50)
Were losses to follow-up (missing outcome data) accounted for? 27 (56) 18 (38) 3 (6)
Are reports of the study free of suggestion of selective outcome reporting? 26 (54) 4 (8) 18 (38)
Was the study free of any other potential bias (such as expertise bias)? 11 (23) 1 (2) 36 (75)

TABLE 3
Fragility Index by Subgroups Based on

Trial or Outcome Characteristicsa

Characteristic Fragility Index, Median (IQR)

All trials (N = 48) 2 (1-2.8)
Outcome

Primary (n = 27) 2 (1-6)
Secondary (n = 14) 1 (0.75-2)
Not reported (n = 7) 1 (0-2)

Sample size
�100 (n = 43) 2 (1-3)
.100 (n = 5) 0 (0-9)

Outcome events
�30 (n = 40) 1 (1-2)
.30 (n = 8) 5 (0.3-9.8)

Industry funding
Yes (n = 5) 1 (0.5-10)
No/unclear (n = 43) 2 (1-3)

Reported P value
\.05 to .01 (n = 31) 1 (0-2)
\.01 to .001 (n = 15) 5 (1-9)
\.001 (n = 2) 12 (7-12)

aIQR, interquartile range.

Fragility Index

Median Fragility Index = 2 (IQR, 1-2.75)

Fr
eq

ue
nc

y,
 %

Figure 2. Distribution of Fragility Index values from 48 trials.
The median number of patients whose status would have to
change from a nonevent to an event to change a statistically
significant result to a nonsignificant result was 2 (interquartile
range [IQR], 1-2.8).
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status of 2 patients in 1 treatment group would completely
change the results of a trial from statistically significant to
nonsignificant. We identified that increasing Fragility
Index values correlated strongly with smaller reported
P values (r = 0.87; P \ .01).

We found that for the outcomes evaluated, in 48% of tri-
als, more patients were lost to follow-up than would be
required to render the result nonsignificant based on the
corresponding trial’s Fragility Index. The trial results
could have been different simply if the outcomes had
been collected from some of those lost participants. Fur-
thermore, we found that almost 80% of included trials
had a Fragility Index value of �3. This finding suggests
that there is considerable potential for findings to be signif-
icantly altered by factors such as simple data errors, loss to
follow-up, early withdrawals, small imbalances in group
prognosis, and biased evaluation. For this reason, it is crit-
ical that detailed information regarding the methodology of
the trial and information related to potential risk of bias be
reported to readers.

Despite the significant focus in the recent literature
regarding the importance of methodological reporting in
RCTs, we found a significant proportion of trials did not
report important information relating to potential risk of
bias in study results. For example, more than 50% of trials
did not report blinding of surgeons, patients, or outcome
assessors (Table 2). This is similar to other studies evaluat-
ing the quality of reporting in the orthopaedic literature.3,6

For example, Chess and Gagnier8 reviewed 232 RCTs pub-
lished from January 2006 to December 2010 in top ortho-
paedic journals by impact factor and assessed 10 criteria
relating to risk of bias. They found that 42% of trials failed
to report on methodologic considerations that would have
a significant effect on potential risk of bias present in the
trial. Blinding is critical to ensure unbiased outcome adjudi-
cation; in trials with small Fragility Index values, the poten-
tial for bias in outcome assessment due to lack of blinding
further highlights the potential fragility of the results.

Another finding that was identified in this study of trials
in sports medicine and arthroscopic surgery was the lack of
statistically significant findings from the majority of trials
identified during the screening process. As has been identi-
fied in numerous reviews of the orthopaedic literature,
many orthopaedic trials are not powered sufficiently to dem-
onstrate a statistically significant difference between inter-
ventions.11 Meta-analyses of many common orthopaedic
interventions, including trials of sports medicine, also
have found no difference between many comparator groups,
potentially due to widespread deficiencies such as small
sample sizes and potential risk of bias.7,12,25

Relationship to Previous Studies

This is the first study to evaluate the Fragility Index for
randomized control studies in sports medicine and arthro-
scopic surgery. Previous studies evaluated the Fragility
Index and its relationship to the spine literature, critical
care literature, and studies published in high-impact medi-
cal journals.10,27,31 The findings of this study are similar to
the findings of the reviews by Evaniew et al10 and Ridgeon
et al,27 who identified the median Fragility Index to be 2
(IQR, 1-3) in the spine literature and 2 (IQR, 1-3.5) in the
critical care literature, respectively. Similar to the literature
in spine surgery, trials in orthopaedic sports medicine and
arthroscopic surgery have generally been of small sample
sizes, have been at increased risk for bias, and generally
have few outcome events.13,19 The median sample size in
our survey was 64 patients (IQR, 48.5-89.5), and the median
total number of events for each outcome was 19 (IQR, 10-
27). This contrasts significantly with the findings by Walsh
et al31 of 399 RCTs published in high-impact medical jour-
nals, which found a median sample size of 682 patients
(range, 15-112,604) and a median number of events per out-
come of 112 (range, 8-5142). The Fragility Index reported by
them was 8 events (IQR, 3-18), which is higher than our
reported median Fragility index of 2 events (IQR, 1-2.8).
This highlights the significant discrepancy in the size of tri-
als and outcome events and thus the confidence in the find-
ings between research in both fields.

TABLE 4
Direct Correlations Between Characteristics

of Outcomes and Fragility Index Values

Variable
Correlation

Coefficient (r) Significance (P)a

P value 0.87 \.01
Sample size 0.11 .46
No. of events 0.23 .12
Impact factor 0.01 .93
Science Citation Index 0.17 .26
Risk of bias 0.05 .72
Loss to follow-up 0.05 .75

aA logarithmic transformation was applied to the P values.

Figure 3. Increasing Fragility Index values correlated with
decreasing P values.
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Strengths and Limitations

This study was methodologically rigorous and involved
a comprehensive systematic search of medical databases
and duplicate and independent reviewers for screening,
data extraction, and outcome evaluation. A search of addi-
tional databases is unlikely to change the conclusions of
this review. We had substantial agreement between
reviewers for study eligibility. We identified a strong corre-
lation of increasing Fragility Index in sports medicine and
arthroscopic outcomes with decreasing P values; however,
unlike previous studies, we were unable to demonstrate
a statistically significant correlation between Fragility
Index and sample size or number of outcome events.10,31

This discrepancy may be due to a lack of statistical power
related to the limited number of available RCTs in ortho-
paedic sports medicine. In addition, this may be due to
the relatively small number of trials eligible for this review
and clustering of data around very low Fragility Index
values.

A limitation of the Fragility Index itself is its applicabil-
ity only to trials performing 1:1 randomization and report-
ing statistically significant findings for dichotomous
outcomes. Thus, it is not applicable to studies presenting
data on continuous scales, such as the majority of func-
tional outcome scores that constitute the majority of
reported outcomes in the orthopaedic literature.9,20,26,30

Another potential limitation may be the limited number
of surgical outcomes evaluated in this review, as we
included trials evaluating both surgical and nonsurgical
interventions. A subgroup analysis of trials presenting
only surgical outcomes did not, however, change the
median Fragility Index score.

Implications

The Fragility Index delivers an innovative method to
inform clinicians about the reliability and confidence they
should have in the results of a study. Reliance on an arbi-
trary threshold for P values to interpret study results has
been criticized due to its simplistic nature.14,17,29 P values
do not inform readers about the magnitude of the treat-
ment effect or identify the ranges of possible true values
consistent with the observed data.5,22,31 Although the addi-
tion of the 95% CI can provide additional information and
overcome some of these limitations, this does not address
the potential for trials with small sample sizes and out-
come events to produce spurious results.10 As has been
demonstrated by this review, the majority of trials present-
ing statistically significant P values are not at all robust; in
fact, having 1 or 2 outcome events switch can lead a trial’s
results to be statistically nonsignificant. The Fragility
Index, when used in conjunction with the P value and
CIs, provides additional useful information for clinicians
interpreting the results of a study.

When interpreting the results of a trial, clinicians should
critically evaluate the size of the study and the number of
outcome events in each arm. It is intuitive that studies

that are larger have greater differences between the num-
ber of events in each arm, have lower P values, and are
more likely to be robust. However, it is through the adoption
of the Fragility Index that this can actually be quantified
and easily interpreted. It is important for clinicians to pay
particular attention to the number of patients lost to
follow-up, as this can also affect the results of a trial, partic-
ularly when the number of patients lost to follow-up is
greater than a trial’s Fragility Index. Clinicians performing
trials must be conservative in the selection of appropriate
statistical tests to perform in the analysis of results. Our
study demonstrated that 17% of trials lost statistical signif-
icance simply by selecting an alternative statistical test to
evaluate statistical significance.

Clinicians can be confident that the results of a study
with a large Fragility Index are more robust than are those
from studies with smaller index values. Further research is
required to define a threshold value for acceptable robust-
ness, as well as potentially develop sample size calculations
that can incorporate Fragility Index estimations.10

CONCLUSION

Most statistically significant RCTs in sports medicine and
arthroscopic surgery are not robust because their statisti-
cal significance can be reversed by changing the outcome
status on only a few patients in 1 treatment group. Future
work is required to determine whether routine reporting of
the Fragility Index enhances clinicians’ ability to detect
trial results that should be viewed cautiously.
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