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Abstract
Context: A P value and statistical significance, conventionally considered for assessing an intervention’s effectiveness, are usually misused and 
misinterpreted.
Objective: To quantify fragility of randomized controlled trial (RCT) evidence for anti-fracture efficacy.
Methods: This retrospective analysis included 27 phase 3/4 RCTs in high-impact medical journals which assessed anti-fracture efficacy, 
allocated participants in a 1:1 ratio to pharmacological intervention or control, and reported a statistically significant result. Fragility of the 
results were assessed using the Fragility Index (FI) and Fragility Quotient (FQ). FI is the minimum number of participants in a positive analysis 
result for whom reversing the reported status would eliminate statistical significance, while FQ is a function of FI to the sample size.
Results: The median FI was 9 (IQR: 4, 19), indicating that adding 9 fracture patients (∼0.51% of the study size) to the intervention group would 
eliminate the documented evidence of anti-fracture efficacy. Notably, the number of participants lost to follow-up exceeded the corresponding FI 
in 60% of analyses. The most robust evidence for anti-fracture efficacy was documented for romosozumab (FI: 19.5; IQR: 7.0, 31.5); whereas the 
least found for denosumab (4; 3, 17) and calcium/vitamin D supplementation (7.0; 2.3, 16.8). Anti-fracture efficacy evidence improved among the 
results that considered fractures the primary endpoint measure (14; 11, 33) or those with P value < .001 (26; 18, 42).
Conclusion: The existing RCT evidence of anti-fracture efficacy is highly fragile. The FI, its comparison with loss to follow-up and FQ should be 
incorporated into clinical guideline development and doctor-patient risk communication.
Key Words: robustness, anti-fracture efficacy, fragility index, fragility quotient
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Randomized controlled trials (RCTs) are widely considered 
the gold standard for evaluating the efficacy and safety of in
terventions. These trials involve randomly assigning partici
pants to either receive the intervention being studied or a 
placebo/standard care. The true effect of the intervention is as
sessed by comparing outcomes between the groups. The factor 
that helps distinguish between effect and noise is the P value, 
defined as the probability of observing the data (or more ex
treme data) if the intervention is, in fact, not effective. 
Traditionally, a P value < .05 is considered “statistically sig
nificant,” suggesting a real effect of the intervention. This 
threshold is used to inform clinical practice guidelines, ultim
ately shaping how healthcare professionals manage patients 
with specific conditions.

However, the current reliance on P values, particularly those 
obtained in analyses examining binary outcomes (eg, fracture 
vs no fracture), has several limitations because it oversimplifies 
the complexity of statistical inference and can lead to misinter
pretation of results. These limitations include the use of arbi
trary thresholds (eg, P < .05), emphasis on significance rather 

than effect size, and sensitivity to sample size. In current prac
tice, an intervention yielding a P value of .05 is often deemed 
effective, while one with a P value of .051 is interpreted as 
lacking sufficient evidence of efficacy. This sharp cutoff illus
trates the arbitrary nature of significance thresholds. More im
portantly, P values can be highly sensitive to minor changes in 
the data, especially when sample sizes are small and event 
counts are low (1, 2). In such cases, even slight variations in 
the number of observed events can shift the result from statis
tically significant to nonsignificant, or vice versa. This volatil
ity highlights the potential fragility of evidence based solely on 
P values.

To address this volatility, the Fragility Index (FI) was pro
posed as an ancillary metric used to quantify the robustness 
of RCT evidence with statistically significant results (3). The 
FI is the minimum number of “non-events” in the experimental 
group that need to be changed to “events” to make the reported 
statistically significant results statistically nonsignificant (3). Its 
extension, the Fragility Quotient (FQ), as a relative measure of 
the FI to the sample size, provides an additional means to 
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measure the robustness of RCT evidence relative to the sample 
(4). Smaller FI and FQ values indicate more fragile RCT evi
dence. Given its intuition and ease in calculation, interpretation 
and communication, the FI has quickly become popular in mul
tiple specialties in medical research (5), including surgical ortho
pedics and trauma research (6) and osteoporosis research (7). A 
recent systematic review including 42 RCTs referenced in the 
guidelines for the treatment of osteoporosis revealed the RCT 
evidence for osteoporosis treatment was statistically fragile 
(7), although evidence for the anti-fracture efficacy of specific 
pharmacological interventions has never been examined.

We sought to quantify the robustness of evidence for the 
anti-fracture efficacy of common pharmacological interven
tions using the FI and FQ. The findings are expected to help 
clinicians identify robust evidence for the management of 
osteoporosis.

Methods
Inclusion and Exclusion Criteria
We searched PubMed using the keywords “Bone Density 
Conservation Agents/therapeutic use,” “Calcium supplemen
tation,” “Vitamin D,” “Fracture,” and “Randomized 
controlled trial” to identify RCTs that had reported a statistic
ally significant result for at least one dichotomous (ie, fracture 
vs no fracture) or time-to-fracture outcome published in 11 
high-impact general medicine and bone-specific journals be
tween July 31, 1992, and May 15, 2024. The high-impact gen
eral medicine journals included the New England Journal of 
Medicine (N Engl J Med), Lancet, British Journal of 
Medicine (BMJ), the Journal of American Medical 
Association (JAMA), JAMA Internal Medicine (JAMA Intern 
Med), Annals of Internal Medicine (Ann Intern Med), and 
PLos Medicine (PLos Med); whereas the bone-specific 
journals included the Journal of Bone and Mineral Research 
(J Bone Miner Res), Journal of Clinical Endocrinology 
& Metabolism (J Clin Endocrinol Metab), Bone (Bone) and 
Osteoporosis International (Osteoporos Int). These journals 
were selected under the assumption that the trials published 
in these top-tier journals are of high quality and provide suffi
cient information for the calculation of FI/FQ and other meas
ures, including the number of participants lost to follow-up.

The inclusion criteria were: (i) phase 3 or 4 RCTs that as
sessed the effects of a pharmacological intervention on anti- 
fracture efficacy; (ii) parallel arm RCTs that allocated partic
ipants in a 1:1 ratio to pharmacological intervention and con
trol; and (iii) RCTs that reported a statistically significant 
result (P value < .05) for at least one dichotomous or 
time-to-event outcome under a null hypothesis that the 
pharmacological intervention was not effective. The signifi
cant results from the extended phases of a RCT were also con
sidered. One RCT might have more than 1 statistically 
significant result. We excluded studies with other designs, 
such as noninferiority, crossover, economic, mechanistic, or 
review designs, non-pharmacological interventions, or those 
beyond the osteoporosis medications. The secondary analyses 
for descriptive or predictive analyses were also excluded.

Data Extraction
Two investigators (N.T., T.S.T.) independently reviewed all 
identified abstracts, and discrepancies were adjudicated by a 
third investigator (T.V.N.). We used a prespecified data collec
tion form to extract details of the statistically significant results, 

including fracture site, outcome type (binary or time-to-event), 
the observed number of participants sustaining a fracture, the 
number of participants analyzed in each group, and the reported 
number of participants lost to follow-up. For a time-to-event 
analysis, the number of fracture patients in each group over 
the follow-up time was included, whereas the number of partic
ipants analyzed was calculated as a sum of the number of frac
ture patients and the number of participants at risk at the time of 
fracture assessment.

Calculation of Fragility Index and Fragility Quotient
The FI and FQ were calculated for each of the included analysis 
results using the fragility package (8). Specifically, the FI was 
calculated from a 2 × 2 contingency table by iteratively adding 
a fracture event to the intervention group while concomitantly 
subtracting a non-fracture event from the same group to keep 
the total number of participants constant until the first time 
the calculated two-sided P value on Fisher’s exact test > .05. 
The FI for each of the included results was the number of add
itional fracture events required to obtain a P value > .05 (3) 
(Fig. 1). The FQ was then calculated as the FI divided by the to
tal number of participants analyzed.

Statistical Analysis
We first conducted Fisher’s exact test for each of the reported 
statistically significant results and excluded any results with 
the re-calculated two-sided P value > .05.

The primary analysis included statistically significant results 
from the original RCTs and their extended phases. We pre
sented the overall FIs/FQs and those by trial characteristics as 
median (interquartile range [IQR]). The trial characteristics in
cluded pharmacological interventions, fracture sites, nature of 
the control group, participant’s sex, and journals of publica
tion. The overall FIs/FQs were calculated from all analysis 
results included in the current project, whereas the pharmaco
logical interventions-specific FIs/FQs were computed for each 
pharmacological intervention, regardless of fracture sites, na
ture of the control group, participant’s sex, and publication 
journals. Among the analysis results that reported the loss to 
follow-up, we compared the calculated FI with the number of 
participants lost to follow-up to further examine the fragility 
of evidence for anti-fracture efficacy. We prespecified 2 sub
group analyses and 1 sensitivity analysis. The first subgroup 
analysis examined trials with fractures being prespecified as a 
primary endpoint, and the second focused on the highly signifi
cant results with a P value < .001. The predefined sensitivity 
analysis excluded the extended phases of the included trials.

As suggested by reviewers, we conducted 4 post hoc ex
ploratory analyses. The first and second exploratory analyses 
calculated fracture site-specific fragility measures for each spe
cific pharmacological intervention and examined the relation
ship between FI and years of publication, respectively. The 
third analysis excluded all results from trials with calcium 
and/or vitamin D supplementation; whereas the fourth ana
lysis included all relevant RCTs regardless of their publication 
journals.

Results
Selection of Trials
Among 386 initially identified abstracts, we excluded 285 ir
relevant abstracts, leaving 101 abstracts in which full texts 
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were screened for eligibility (Fig. 2). We then excluded 69 pa
pers with no fracture data, statistically nonsignificant results 
on fracture outcome or secondary analysis of RCT data for 
mechanistic or prediction research. An additional 8 analysis 
results that became statistically nonsignificant with a 
Fisher’s exact test used to calculate FI were excluded, leaving 
141 analysis results from 32 papers of 26 original RCTs (9-34) 
and 6 extended phases (35-40) (Supplementary Table S1) 
(41). The statistically significant results were found over the 
extended 10-year period (37) of the original 5-year 
Auckland calcium RCT, which had found no effect of calcium 
supplements on the 5-year fracture incidence (42). The 

predefined subgroup analyses included 33 results with fragil
ity fractures being predefined as a primary endpoint and 45 
highly statistically significant results.

Trial Characteristics
Approximately three-fourths of the included trials, or 82.3% of 
the included analysis results, were conducted in postmenopausal 
women. Bisphosphonates were the most studied agent over the 
last 30 years (44% of the included RCTs and 34% of the 
analysis results), followed by the parathyroid hormone (PTH) 
analogue (18.5% and 21%) (Table 1). Pharmacological 

Figure 1. Illustration of calculation of Fragility Index and Fragility Quotient.

Figure 2. Flowchart of literature search.
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interventions were compared with placebo in 89% of the in
cluded trials and nearly 80% of the results. We found 90% 
of the analysis results included had reported effect sizes of 
0.726 or lower with a median of 0.51 (IQR: 0.35, 0.64) 
(Supplementary Fig. S1) (41).

Overall Robustness of Evidence for Anti-Fracture 
Efficacy
The overall robustness of evidence for anti-fracture efficacy 
was first assessed for all fractures reported in the analyses in
cluded in this project. The median FI and FQ were 9 (IQR: 4, 
19) and 0.51% (0.2%, 1.0%), respectively, indicating that the 
reported statistically significant efficacy of anti-fracture med
ications would be lost if only 9 individuals without fracture in 
the intervention group (or 0.51% of the study population) 
were ultimately found to be fractured (Table 2). Moreover, 
one-third of these results had FI of 4 or lower and the esti
mated FI exceeded the reported number of participants lost 
to follow-up in approximately 60% of the results with the 
number of loss-to-follow-up reported. The median number 
of participants recruited in the trials was 1910 (IQR: 1280, 
2908), and of fracture events was 86 (52, 210). As expected, 

the estimated FI was positively associated with the trial size 
(Fig. 3A) and number of fracture events (Fig. 3B).

Evidence for anti-fracture efficacy became more robust 
among the analysis results where fractures were predefined 
as the primary endpoint with a median FI of 14 (IQR: 11, 
33) and FQ of 1.07% (0.53%, 2.06%) and those with highly 
significant results (26 [18, 42] and 1.31% [0.67%, 1.93%]) 
(Table 3). Moreover, the estimated FI exceeded the reported 
number of loss-to-follow-ups in half of these results (60.6% 
and 53.3%, respectively), suggesting evidence for anti- 
fracture efficacy remains fragile even among the strongest 
results.

Analysis by Pharmacological Interventions
For bisphosphonates, changing the fracture status of, on aver
age, 8.5 fracture-free participants given bisphosphonates would 
make the reported anti-fracture efficacy statistically insignifi
cant (Table 2; Fig. 4). Among all fracture types, the most robust 
evidence for the efficacy of bisphosphonates was observed in the 
prevention of osteoporotic fractures (Supplementary Table S2) 
(41). Similar patterns, albeit far more robust, were found in 
the analysis results with fractures predefined as a primary end
point or those with P value < .001 (Table 3).

Romosozumab demonstrated the strongest evidence of 
anti-fracture efficacy, with a median FI of 19.5 (IQR: 7, 
31.5) and a corresponding FQ of 0.35% (0.15%, 0.63%). 
Among studies where fragility fractures were defined as a pri
mary endpoint, the FI and FQ increased to 40 (IQR: 26, 42) 
and 0.71% (0.60%, 1.15%), respectively. Similarly, in ana
lyses with P values less than .001, the FI and FQ were 36 
(IQR: 26, 42) and 0.60% (0.39%, 1.15%). Site-specific ana
lyses showed that romosozumab provided strong evidence 
for preventing both osteoporotic fractures (FI: 26.0) and ver
tebral fractures (FI: 25.5) (Supplementary Table S2) (41).

We also found evidence for anti-fracture efficacy of stron
tium ranelate was the second most robust with the FIs being 
18.5 (IQR: 6.3, 45.0), 48.5 (46.8, 50.3) and 45 (21, 48.5) for 
all results, results with fractures being predefined as the primary 
endpoints and results with P value < .001, respectively.

In contrast, denosumab and calcium and/or vitamin D sup
plementation showed the least robust evidence. Changing the 
fracture status of just 4 participants receiving denosumab or 7 
receiving calcium and/or vitamin D would nullify the statistic
al significance of the results. Of the 9 analyses involving deno
sumab, 5 focused on vertebral fractures and had a median FI 
of 4 (IQR: 4, 7). For calcium and/or vitamin D supplementa
tion, 5 analyses targeted hip fractures and yielded a median FI 
of 8 (IQR: 3, 11) (Supplementary Table S2) (41).

Analysis by Fracture Sites
Vertebral fracture was the most common outcome in RCTs. 
The median FI and FQ for morphological vertebral fractures 
were 11 (IQR: 4, 23) and 0.67% (0.31%, 1.68%), respect
ively, slightly higher than those for any fractures (Table 2; 
Fig. 5). Importantly, if hip fractures had been additionally 
identified in only 5 previously fracture-free participants 
(∼0.15% of the sample size), the documented evidence for 
the benefits of osteoporosis treatment on hip fractures was 
lost.

Three-fourths of the included results that had predefined 
vertebral fractures as the primary endpoint had a median FI 
of 15 (IQR: 11.5, 40.0) or 1.29% (0.69%, 2.58%) of the 

Table 1. Characteristics of the trials included in the primary analysis

Characteristics Studies (n = 27) Analysis results 
(n = 141)

Medication
Bisphosphonates 12 (44.4%) 48 (34.0%)
Parathyroid hormone analog 5 (18.5%) 30 (21.3%)
Romosozumab 2 (7.4%) 28 (19.9%)
Denosumab 2 (7.4%) 9 (6.4%)
Strontium ranelate 2 (7.4%) 12 (8.5%)
Calcium and/or vitamin D 4 (14.8%) 14 (9.9%)

Journal
N Engl J Med 12 (44.4%) 79 (56.0%)
Lancet 2 (7.4%) 9 (6.4%)
BMJ 1 (3.7%) 5 (3.5%)
JAMA 3 (11.1%) 10 (7.1%)
Ann Intern Med 1 (3.7%) 1 (0.7%)
J Bone Miner Res 1 (3.7%) 6 (4.3%)
J Clin Endocrinol Metab 2 (7.4%) 12 (8.5%)
Osteoporos Int 5 (18.5%) 19 (13.5%)

Placebo
Active 3 (11.1%) 29 (20.6%)
Placebo 24 (88.9%) 112 (79.4%)

Sex
Both 5 (18.5%) 15 (10.6%)
Men 2 (7.4%) 10 (7.1%)
Women 20 (74.1%) 116 (82.3%)

Number of participants at 
randomization, median (IQR)

1910 (1280, 2980) 1960 (1220, 4090)

Abbreviations: Ann Intern Med, Annals of Internal Medicine; BMJ, British 
Journal of Medicine; IQR, interquartile range; JAMA, Journal of American 
Medical Association; J Bone Miner Res, Journal of Bone and Mineral Research; J 
Clin Endocrinol Metab, Journal of Clinical Endocrinology & Metabolism; N 
Engl J Med, New England Journal of Medicine; Osteoporos Int, Osteoporosis 
International.
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study sample. By contrast, hip fractures were primarily exam
ined in 4 analyses with a median FI of 5.5 and FQ of 0.15% 
(Table 3). Evidence for anti-fracture efficacy at vertebral frac
tures (∼ 69% of all results) became far more robust among 
highly statistically significant results with a median FI of 24 
(IQR: 17, 43.5), equivalent to 1.85% (0.80%, 2.58%) of 
the sample size.

Other Trial Characteristics
Approximately one-third of the analyses evaluated anti- 
fracture efficacy over a follow-up period of 18 to 24 months, 
yielding a median FI of 10.5 (IQR: 4, 23). However, the most 
robust evidence was observed in studies assessing fracture out
comes between 24 and 36 months, with a higher median FI of 
15 (IQR: 4, 38.5) (Table 2). Moreover, 55% of the results 

Table 2. Fragility of evidence for anti-fracture efficacy

Number of 
analysis results

Number of 
fracture patients, 
median (IQR)

Fragility Index, 
median (IQR)

Fragility Quotient, 
median (IQR)

Overall 141 86 (52, 210) 9.0 (4.0, 19.0) 0.51% (0.24%, 1.04%)
Pharmacological intervention:

Bisphosphonates 48 72.5 (58.8, 141) 8.5 (4.0, 14.0) 0.54% (0.27%, 0.86%)
Parathyroid hormone analogue 30 44 (34, 59) 6.5 (3.0, 12.5) 0.74% (0.33%, 1.37%)
Romosozumab 28 173 (106, 272) 19.5 (7.0, 31.5) 0.35% (0.15%, 0.63%)
Denosumab 9 69 (29, 121) 4.0 (3.0, 17.0) 0.26% (0.22%, 0.30%)
Strontium ranelate 12 234 (125, 346) 18.5 (6.3, 45.0) 1.31% (0.45%, 2.19%)
Calcium and/or vitamin D 14 183 (128, 345) 7.0 (2.3, 16.8) 0.43% (0.34%, 0.68%)

Fracture site:
Any fractures 18 210 (76, 401) 9.0 (5.0, 20.3) 0.73% (0.24%, 1.15%)
Osteoporotic fractures 10 163 (67.3, 320) 12.0 (6.0, 29.0) 0.69% (0.23%, 0.75%)
Non-vertebral fractures 19 168 (71, 365) 5.0 (2.0, 17.5) 0.32% (0.15%, 0.48%)
Vertebral fractures 68 72 (38.5, 123) 11.0 (4.0, 23.0) 0.67% (0.31%, 1.68%)
Clinical vertebral fractures 14 63 (51, 95.5) 6.5 (3.25, 11.8) 0.46% (0.31%, 0.53%)
Hip fractures 9 140 (106, 190) 5.0 (2.0, 11.0) 0.15% (0.10%, 0.34%)
Forearm fractures 3 99 (81, 111) 4.0 (3.0, 6.5) 0.34% (0.27%, 0.43%)

Timing of fracture assessment:
> 6- 12 months 26 65.5 (52.3, 137) 5.0 (3.0, 9.8) 0.24% (0.15%, 0.49%)
> 12- 18 months 18 53 (34.5, 142) 7.5 (4.0, 11.0) 0.66% (0.36%, 1.02%)
> 18- 24 months 48 79.5 (42.8, 189) 10.5 (4.0, 23.0) 0.54% (0.30%, 1.19%)
> 24- 36 months 35 142 (83.5, 341) 15.0 (4.0, 38.5) 0.66% (0.24%, 1.30%)
> 36- 48 months 5 204 (121, 409) 12.0 (7.00, 13.0) 0.53% (0.31%, 1.04-%)
> 48- 60 months 2 96 (83, 109) 2.0 (2.0, 2.0) 0.35% (0.34%, 0.35%)
> 60- 72 months 7 147 (85.5, 281) 10.0 (7.5, 16.5) 0.54% (0.42%, 0.85%)

Journal:
N Engl J Med 79 117 (54.5, 248) 12.0 (4.5, 26.0) 0.39% (0.23%, 0.83%)
Lancet 9 91 (63, 100) 11.0 (4.0, 15.0) 0.69% (0.26%, 1.43%)
BMJ 5 315 (262, 475) 16.0 (11.0, 22.0) 0.70% (0.62%, 1.09%)
JAMA 10 70.5 (47.5, 112) 10.0 (4.8, 11.0) 0.51% (0.20%, 0.79%)
Ann Intern Med 1 60 7 0.41%
J Bone Miner Res 6 70.5 (64.5, 101) 7.5 (4.5, 12.0) 0.38% (0.23%, 0.62%)
J Clin Endocrinol Metab 12 38 (28.5, 145) 4.0 (2.0, 11.5) 0.86% (0.42%, 1.87%)
Osteoporos Int 19 68 (56, 89.5) 5.0 (3.0, 10.5) 0.66% (0.35%, 1.44%)

Sex:
Both 15 39 (32.5, 58.5) 4.0 (2.5, 7.0) 0.84% (0.45%, 1.32%)
Men 10 26 (21.5, 34.3) 3.0 (1.3, 4.0) 0.22% (0.12%, 0.30%)
Women 116 107 (65.8, 251) 11.0 (5.0, 23.0) 0.54% (0.24%, 1.10%)

Placebo:
Active 29 107 (53, 255) 10.0 (5.0, 18.0) 0.44% (0.22%, 0.91%)
Placebo 112 83 (50.3, 194) 8.50 (4.0, 19.3) 0.52% (0.24%, 1.06%)

Abbreviations: Ann Intern Med, Annals of Internal Medicine; BMJ, British Journal of Medicine; IQR, interquartile range; JAMA, Journal of American Medical 
Association; J Bone Miner Res, Journal of Bone and Mineral Research; J Clin Endocrinol Metab, Journal of Clinical Endocrinology & Metabolism; N Engl J Med, New 
England Journal of Medicine; Osteoporos Int, Osteoporosis International.
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were published in the New England Journal of Medicine, with 
a median FI of 12 (IQR: 4.5, 26) (Table 2). Notably, no asso
ciation was found between FI and years of publication 
(Supplementary Fig. S2) (41).

Our analysis also showed that 82% of the results were de
rived from studies involving postmenopausal women, with a 
median FI of 11 (IQR: 5, 23)—higher than that observed in 
studies involving only men (FI: 3) or mixed-sex populations 
(FI: 4). In contrast, there was no statistically significant differ
ence in the robustness of evidence between trials using active 
placebos and those that did not (FI: 10.0 vs 8.5, respectively). 
As expected, analyses in which fractures were predefined as 
the primary endpoint and those reporting P values < .001 
demonstrated stronger evidence for anti-fracture efficacy 
across all subgroups—regardless of follow-up duration, pub
lication journal, study population, or control group type.

Prespecified Sensitivity Analysis
There were 124 analysis results in the predefined sensitivity ana
lysis, after excluding 17 results from the extended phases of the 

original trials. The sensitivity analysis reveals similar, though 
numerically different, results as the primary analysis, confirming 
the robustness of the primary findings (Supplementary Tables 
S3 and S4) (41).

Post Hoc Exploratory Analysis Excluding 
Trials of Calcium and/or Vitamin D  
Supplementation
We excluded 14 results from 5 trials involving calcium 
supplementation (37), combined calcium and vitamin D 
(32, 34, 40), and vitamin D alone (26), resulting in 127 ana
lysis results included in the post hoc exploratory analysis. 
The overall median FI and FQ were 9 (IQR: 4.0, 19.5) and 
0.52% (0.24%, 1.05%), respectively—comparable to the 
findings of the primary analysis (Supplementary Table S4) 
(41). Furthermore, this exploratory analysis produced 
patterns similar to the primary analysis, albeit with 
some numerical differences, across all trial characteristics 
(Supplementary Table S5) (41) and subgroup analyses 
(Supplementary Table S6) (41).

Figure 3. Correlation between Fragility Index and sample size. A, Correlation between Fragility Index and number of participants at randomization. 
B, Correlation between Fragility Index and number of participants with a fracture.
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Post Hoc Exploratory Analysis Including Relevant 
Trials Regardless of Their Publication Journals
We identified 2 main trials (43, 44) and 4 follow-up or ex
tended studies (45-48) with 11 statistically significant analysis 
results published beyond the predefined high-impact general 
and bone-related journals (Supplementary Table S7) (41). A 
single-center, open-label, randomized 1-year trial was con
ducted to examine the efficacy of risedronate primarily on 
BMD changes among 316 osteoporotic Japanese (43), and an
other double-blind, randomized 2-year trial examined the ef
ficacy of alendronate on the incidence of vertebral fracture 
observed more than 6 months after randomization among 
365 Japanese elderly people (44). The original results of these 
3 follow-up studies (45-47) were already included in the cur
rent analysis; whereas the remaining study (48) is the 3-year 
follow-up study of Kushida et al (44).

The exploratory analysis, including 152 analysis results 
from 28 trials regardless of their publication journals, yielded 
the overall FI of 9 (IQR: 3, 18) and FQ of 0.50% (0.2, 1.0%), 
almost identical to the primary analysis.

Discussion
The Fragility Index and Fragility Quotient have emerged as in
novative measures to quantify the robustness of evidence for 
an intervention. Our analysis indicated that the evidence for 
anti-fracture efficacy was highly fragile. Specifically, reversing 
the fracture status of only 9 participants, or 0.51% of the total 
sample size, would change the reported results from statistic
ally significant to nonsignificant, making the reported evi
dence for the anti-fracture efficacy of the pharmacological 
interventions no longer valid.

Our estimated FI was comparable with the previous studies 
that examined the fragility of statistically significant findings 
from 399 RCTs (3), 643 RCTs (6) published in high-impact 
journals, or 42 RCTs referenced in the guidelines for the treat
ment of osteoporosis (7). In a retrospective analysis that in
cluded both statistically significant and nonsignificant results 
from RCTs where fracture was the primary endpoint, 
Huang and colleagues (7) found that changing 10 fracture- 
free cases to fractures in the intervention group would reverse 
the documented statistical significance of osteoporosis effi
cacy. By contrast, our estimated FI was greater than the FI 
pooled from an umbrella review of 21 reviews that included 
RCTs that had examined the surgical orthopedic interven
tions, including hip/knee arthroplasty, spine surgery, or surgi
cal construction (6). Our estimated FIs of anti-fracture efficacy 
among results with fractures predefined as a primary endpoint 
or those with P value < .001 (13.5 and 26, respectively) were 
greater than the median FI from RCTs referenced in the osteo
porosis treatment guidelines (7) or those in high-impact jour
nals (3, 6).

The most robust evidence for anti-fracture efficacy was 
found for romosozumab and strontium ranelate with the esti
mated median FIs of 19.5 and 18, respectively. The trials 
examining these pharmacological interventions had relatively 
large sample sizes (the median sample size was 4090 for romo
sozumab trials and 1440 for strontium ranelate trials) and 
number of participants sustaining at least one fracture during 
the study period (∼ 173 and 330, respectively). These relative
ly high FIs, though potentially indicating the robust findings 
(49), still reflect the questionable robustness of evidence for 
anti-fracture efficacy, as the documented positive findings T
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were no longer significant if fewer than 20 fracture-free partic
ipants treated with these medications or 1% of the sample 
size, were ultimately found to be fractured.

While a P value and statistical significance are usually mis
used and misinterpreted (50), the interpretation of effect size 
using conventional metrics such as relative or absolute risks 
is challenging. A relative risk has been shown to often give 
an exaggerated impression (51) and an absolute risk, as a 
probability-based metric, is much harder to understand (52). 
The FI and FQ have been proposed as a natural frequency 
measure, making the interpretation of the robustness of evi
dence more intuitive (3) and potentially more effective than 
the conventional metrics, as a natural frequency metric is 
known to be more friendly compared to probability-based 
metrics (53-55). The FI, not intentionally designed to replace 
a P value, serves as a supplementary metric for assessing the 
robustness of statistical significance, making a P value and 
the concept of statistical significance more clinically meaning
ful. However, when using the FI to assess the robustness of evi
dence, it is important to consider factors that are inherently 

associated with a low FI. In particular, small RCTs or studies 
with few outcome events tend to produce lower FIs. To ac
count for the influence of sample size, the FQ, calculated by 
dividing the FI by the total sample size, has been proposed 
as a complementary measure (4). Additionally, incorporating 
the outcome event rate into the interpretation of FI can en
hance its clinical relevance in real-world settings. Secondly, 
sample sizes in RCTs are typically determined using power 
calculations aimed at detecting a minimally significant differ
ence, which can result in relatively low FIs. To enhance the ro
bustness of trial findings and reduce reliance on a small 
number of outcome events, it has been proposed that the FI 
be integrated into sample size calculations during the study de
sign phase (56). This FI-based approach incorporates a target 
FI threshold alongside traditional power calculations, ensur
ing that trials are both statistically powered and more resilient 
to minor changes in the outcome events. Thirdly, FI was not 
designed to assess a time-to-event or a continuous outcome, 
which are also common in RCTs examining intervention effi
cacy. Recently, the survival-inferred FI, operationally defined 

Figure 4. Fragility of evidence for anti-fracture efficacy by pharmacological interventions. A, Fragility Index. B, Fragility Quotient.
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as the minimum number of reassignments of the participants 
with the longest follow-up time from the intervention group 
to the control group, leading to a loss of statistical significance 
using a log-rank test (57), has been proposed for a time-to-event 
outcome. This survival-inferred FI, nevertheless, does not share 
the exact principles of the original FI as it reassigns the partic
ipants between the study arms but not the outcome of interest 
(57). Similarly, a Continuous Fragility Index (CFI) has been 
proposed for continuous outcomes (58). In contrast to the FI, 
the CFI requires more complex calculations, including iterative 
simulations and adjustments to individual data points (58). 
Many RCTs have used improvements in bone mineral density 
as a surrogate for evaluating the anti-fracture efficacy of 
pharmacological interventions. Future research applying the 
CFI to assess the robustness of evidence based on bone mineral 
density changes would complement our findings and enhance 
the assessment of fragility of evidence for anti-fracture efficacy 
in real-world clinical scenarios.

The current findings have potential implications for research, 
guideline development, and clinical practice. Researchers might 

consider lowering the P value threshold, most likely to .001 as 
demonstrated by our findings, to enhance the strength and reli
ability of RCT evidence for anti-fracture efficacy. It has recently 
been proposed to lower the threshold for statistical significance 
to .005 (59-61) to minimize the risk of false-positive conclu
sions (59, 60), P hacking (1), and underpowered trials (1). 
This proposed threshold might also encourage researchers to 
rely more on effect size rather than P values, though it would 
make future studies larger, more costly, and less feasible. 
Lowering a P value threshold might also be associated with in
creased false negatives, as clinically important findings with a 
relatively large P value might not be captured. Strong RCT evi
dence from well-designed and sufficiently powered trials is 
practically preferred as the implementation of an intervention 
with fragile evidence might lead to more harm than good to pa
tients. Future trials examining anti-fracture efficacy are thus ex
pected to have better study design, better pharmacological 
efficacy, and longer duration of follow-up to improve the ro
bustness of RCT evidence. Finally, the FI, its comparison to 
the number of study participants lost to follow-up, the average 

Figure 5. Fragility of evidence for anti-fracture efficacy by fracture sites. A, Fragility Index. B, Fragility Quotient.
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rate of the outcome event, and FQ should be incorporated into 
not only the development of clinical guidelines but also in the 
decision-making process. The incorporation of these measures 
that quantify the fragility of the evidence with other statistical 
measures such as a P value and effect sizes help clinicians and 
readers identify the most robust evidence, ultimately improving 
the quality of health care interventions.

The findings should be interpreted in the context of their 
strengths and limitations. This is, to our knowledge, the first 
study to systematically assess the robustness of evidence for 
anti-fracture efficacy of specific pharmacological interventions 
on specific fracture sites. A comprehensive search was con
ducted to capture all RCTs that examined the anti-fracture effi
cacy of different pharmacological interventions in high-impact 
journals over the last 30 years. The predefined subgroup ana
lyses of analysis results with fragility fractures predefined as a 
primary endpoint and those with P < .001 provided insights 
into the fragility of evidence for anti-fracture efficacy.

However, FI and FQ were originally developed for assessing a 
binary outcome, whereas two-thirds of the included analysis re
sults were derived from a time-to-event analysis. As the assump
tion of proportional hazards was met for these time-to-event 
analyses, it is unlikely that a statistically significant result from 
a time-to-event analysis turns out to be nonsignificant when 
the outcome is treated as binary. To ensure the validity of the 
FI calculation, we excluded 8 results with statistically nonsigni
ficant results with a Fisher’s exact test. Second, the threshold of 
fragility has not been established, making it practically hard to 
conclude the robustness of RCT evidence (3, 62). However, it is 
at least alarming that reversing the fracture status of only 9 par
ticipants or 0.51% of the sample size, which might have oc
curred among those lost to follow-up, would make the 
reported significance statistically nonsignificant, thus losing 
the evidence and altering the clinical guidelines. An FI threshold 
between 19 and 22 has been suggested from a recent meta- 
analysis in cardiology (49). Nevertheless, this rule of thumb is 
preliminary, should be specific to medical fields and needs to 
be considered on a case-by-case basis. Third, our study did 
not include certain pharmacological interventions, such as hor
mone replacement therapy (HRT), selective estrogen receptor 
modulators (SERMs), and odanacatib—nor did it consider tri
als published outside our predefined list of high-impact general 
medicine and bone-specific journals. These interventions were 
excluded either because they are not primarily indicated for 
fracture prevention (HRT and SERMs) or were never approved 
(odanacatib) (63). Trials published in these high-impact jour
nals were assumed to be of high quality and to provide the ne
cessary data for our analysis. Our additional search of studies 
published outside of these high-impact journals found only 2 
relevant trials and 4 follow-up studies that met all other criteria. 
More importantly, the exploratory analysis, including all rele
vant trials regardless of their publication journals, yielded al
most identical results with the primary analysis, confirming 
the robustness of our findings.

In conclusion, existing RCT evidence of anti-fracture effi
cacy is highly fragile. The FI and FQ provide an additional 
easy-to-interpret means of assessing the strength of RCT evi
dence along with the conventional metrics of P value and ef
fect size. Therefore, the FI, its comparison with loss to 
follow-up, and its extension of FQ should be incorporated 
into clinical guideline development and doctor-patient risk 
communication to help identify robust RCT evidence and im
prove healthcare quality.
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