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Introduction: Randomised clinical trials (RCTs) report similar outcomes following neoadjuvant (NAC) and adjuvant chemotherapy 
(AC) in breast cancer. “Fragility Indices” (FI) test significance reversal reported in RCTs.
Aim: To evaluate the FI of findings from RCTs assessing outcomes of NAC and AC.
Methods: A systematic review was performed as per PRISMA guidelines. RCTs of interest were identified and data pooled. Fisher’s 
exact test was used to calculate FI for reversal of statistical significance for dichotomous outcomes. “Fragility Quotient” (FQ) was 
calculated by division of the calculated FI by the sample size.
Results: Ten RCTs including 4928 patients. Mean follow-up was 8.2 years. For breast conservation surgery (BCS), the FI was 500 
and FQ was 0.10781. For local recurrence (LR), the FI was 42 and FQ was 0.00852. FI and FQ varied for LR at 0–4 years (FI: 9), 5–9 
years (FI: 2), 10–14 years (FI: 4), and 15+ years (FI: 3). Regarding distant recurrence (DR), the FI was 13 and FQ was 0.00264. FI and 
FQ trended downwards over time: 0–4 years (FI: 56), 5–9 years (FI: 18), 10–14 years (FI: 4), and 15+ years (FI: 4). For breast-cancer- 
specific mortality (BCSM), the overall FI was 51 and FQ was 0.01035. FI and FQ varied for BCSM at 0–4 years (FI: 5), 5–9 years (FI: 
19), 10–14 years (FI: 8), and 15+ years (FI: 5). For overall survival (OS), the FI was 17 and FQ was 0.00345. FI and FQ were 
calculated with respect to OS at 0–4 years (FI: 19), 5–9 years (FI: 17), 10–14 years (FI: 19), and 15+ years (FI: 1).
Conclusion: FIs comparing survival following NAC and AC were of moderate-to-high fragility, indicating weak statistical 
significance. BCS eligibility following NAC was of low fragility, ratifying the oncological and surgical safety of NAC versus AC.
Level of Evidence: Systematic Review of Level I Randomised Control Trials.
Keywords: Fragility Index, breast cancer, statistics, chemotherapy, patient outcomes

Introduction
Breast Oncology has evolved to recognise the inherent value of treating patients with chemotherapy in the neoadjuvant 
setting. Advantages of prescribing neoadjuvant chemotherapy (NAC) included tumour downstaging, increasing patient 
eligibility for breast conservation surgery (BCS), as well as the generation of in-vivo data regarding tumour sensitivity to 
systemic therapies, which has been illustrated to carry prognostic significance for long-term survival.1–4 In the data 
generated by the Early Breast Cancer Triallist’s Collaborative Group (EBCTCG) in their meta-analysis of 10 randomised 
clinical studies, survival outcomes observed following NAC were similar to those treated with adjuvant chemotherapy 
(AC)5 (15-year breast cancer-specific mortality (BCSM) of 34.4% for NAC vs 33.7% for AC), supporting the 
oncological safety of NAC in clinical practice. Additionally, these data highlighted that patients undergoing NAC are 
more likely to achieve BCS (65.0% vs 49.0%), however these findings were offset by increased risk of local recurrence 
(LR) (NAC: 21.4% vs AC: 15.9%).5 While such findings are important for patient counselling prior to NAC prescription, 
the EBCTCG concluded that despite the increased LR risk following NAC, distant recurrence (DR), BCSM, and overall 
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survival (OS) outcomes were similar in their study. Nevertheless, the robustness of these findings is yet to face statistical 
interrogation or appraisal.

Prospective, randomised clinical trials (RCTs) represent the highest level of evidence for the clinical evaluation of 
optimal treatment strategies in managing disease and currently serve as the gold standard methodology in medical 
research.6 The results presented in RCTs are typically reported with reference to achieving statistical significance, 
typically defined as a P-value with a chosen alpha threshold of less than 0.050.7 Clinicians often rely heavily upon 
such results in the hope of making the correct treatment decisions for their patients. However, P-values, and with their 
associated chosen alpha threshold, are often chosen in arbitrary fashion, with little consideration of a variety of factors, 
including sample size, data spread, as well as the failure to consider the clinical implication of statistically significant 
differences in results if adopted into routine clinical practice.8,9

Assessing the “Fragility” of reported results was first described by Walsh et al, as a means of testing the robustness of 
results and aiding the interpretation of statistically significant results reported in RCT data.10 In brief, the “Fragility 
Index” (or FI) aids in determining whether the statistical significance reported in an RCT may be lost due to the 
intentional shift of dichotomous events from the experimental arm to the control arm within the trial,11 thus interrogating 
and testing the reversal of statistical significance. FI investigates this by simply and pragmatically increasing the results 
of one of the sample sizes by one outcome event and then reassessing the significance of the outcome. The calculated FI 
for each outcome is the smallest number of additional events required to reverse statistical significance (eg: if the original 
data were significant with a P-value less than 0.050, outcomes would be added and reassessed one at a time until the 
P-value became greater than or equal to 0.05). The number of added outcomes required to alter significance refers to the 
“fragility” of the analysis.

The emergence of FI brings into question the validity of the interpretation of previously reported analyses, which may 
over- or underestimate the impact of certain treatments on patient outcomes. As previously outlined, the EBCTCG 
previously highlighted the oncological safety of NAC relative to AC in an analysis of 10 RCTs,5 however no previous 
analyses have been performed evaluating the fragility of these results. Accordingly, the aim of this study was to evaluate 
the “Fragility Index” of statistically significant findings reported in RCTs assessing oncological outcomes of NAC and 
AC in early breast cancer.

Methods
A systematic review was performed in accordance to the preferred reporting items for systematic reviews and meta- 
analyses (PRISMA) checklist and meta-analysis and systematic reviews of observational studies (MOOSE) 
guidelines.12,13

Search Strategy
An electronic search was performed of the PubMed, Cochrane and Scopus databases on the 11th May 2022 for relevant 
studies which would be suitable for inclusion in this study. The search was performed of all fields under the following 
headings: (neoadjuvant therapies[MeSH Terms]), (adjuvant therapies[MeSH Terms]), (breast cancer[MeSH Terms]), 
(clinical trial, randomized[MeSH Terms]), which were linked with the Boolean operator “AND”. Ten RCTs included in 
the EBCTCG were extracted in parallel and included.5 Included studies were limited to those published in the English 
language. Included studies were not restricted based on year of publication but did have to report robust patient-specific 
long-term follow-up. Following the removal of duplicate studies, all titles were initially screened, and studies deemed 
relevant had their abstracts and full texts reviewed. Following this, the pre-determined inclusion criteria was used in 
assessing the full manuscript of all potentially eligible studies.

Eligibility Criteria
Prior to commencement of the search, the authors agreed on pre-determined inclusion, exclusion criteria, and designed 
a data collection sheet for use in this study. The inclusion criteria for this study were as follows: (1) patients being treated 
in the RCT setting with NAC or AC for early-stage breast cancer, (2) long-term survival outcomes (ie: LR, DR, BCSM, 
or OS, etc.) had to be available, (3) statistical significance reported for at least one dichotomous outcome measure (ie, 
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P<0.050 under a null hypothesis that no difference existed or a 95% confidence interval that excluded a null value), (4) 
published in the English language, and (5) manuscript published in a peer-reviewed journal. The exclusion criteria 
included: (1) studies failing to meet the inclusion criteria, (2) non-RCT studies, (3) no statistical significance found for 
any of the dichotomous outcome measure reported in the study, and (4) conference abstracts.

Data Extraction and Risk Assessment
Using the aforementioned pre-determined data collection sheet, assessment of each of the included manuscripts of the 
included studies was performed to gather all relevant data for analysis. For each study, data for all dichotomous outcomes of 
interest were collected and tabulated. Data extracted included: (1) first author name, (2) year of publication, (3) study design, 
(4) country of origin, (5) number of patients, (6) Follow up, (7) numbers of patients in receipt of NAC, (8) numbers of 
patients in receipt of AC, (9) BCS eligibility rates, (10) LR rates, (11) DR rates, (12) BCSM rates, and (13) OS rates. In cases 
where RCT data were unavailable following review of the full-text, cross referencing with the EBCTCG study was 
performed.5 The trial-level risk of bias was assessed using the Cochrane Collaboration’s Risk of Bias Tool.14

Statistical Analysis with Application of Fragility Index
The Fisher’s Exact (†) test was used as appropriate to determine the association between clinical and surgical outcomes 
following NAC and AC.15 With reference to the method previously described by Walsh et al,10 the FI for each 
dichotomous outcome of interest was calculated. This analysis involved manipulating the reported outcome events 
using Fisher's exact test in a 2×2 contingency table,15 until a potential reversal of significance was calculated, with 
statistical significance defined as P < 0.050. This involved adding one potential event to the group with a smaller number 
of events, whilst simultaneously subtracting one potential non-event from the same group in order to maintain the total 
number of participants constant. This step was repeated with each potential event being added in the aforementioned 
manner until Fisher's exact test found a reversal of statistical significance. The term “Fragility Index” for each outcome 
was the smallest number of additional potential events required to reverse statistical significance, ie, the calculated 
P value became greater than or equal to 0.05. This is further illustrated in Figure 1. The “Fragility Quotient” (FQ) was 
calculated by division of the calculated FI by the sample size; this aims to standardize the fragility to the sample size of 
a trial, with smaller FQ suggesting a less robust study outcome. Quantitative statistical analysis was performed using 
SPSS version 26.0 (IBM Corp. IBM SPSS Statistics for Windows, Version 26.0. Armonk, NY: IBM Corp.)

Results
Literature Search
The initial literature search resulted in 1754 studies for systematic evaluation. After the removal of 239 duplicates, the 
remaining 1515 studies were screened using our exclusion criteria. Thereafter, our inclusion criteria were applied to the 
full texts of the remaining 18 studies to screen for eligibility. Overall, 10 RCTs were included in this study and had their 
data pooled for assessment of FI.16–25 Figure 2 illustrates the systematic search process.

Study Characteristics and Risk of Bias Assessments
Of the 10 included RCTs, 7 of these were performed in European translation research facilities.16,18–23 The publication 
dates of the included studies ranged from 1991 to 2009. In these 10 RCTs, data from 4928 patients were collated with 
a mean follow-up of 8.2 years. Of these, 45.7% of patients underwent NAC (2254/4928) and 54.3% underwent AC 
(2674/4928). In total, 30.0%, 50.0%, and 20.0% of these included RCTs had low-, some, and high-risk of biases, 
respectively. Basic study characteristics are outlined in detail in Table 1.

Breast Conservation Surgery
In total, 50.4% of patients included in this study underwent BCS (2485/4928). Of those undergoing NAC, 59.5% 
successfully underwent BCS (1316/2254) compared to 43.7% of those in receipt of AC (1169/2674) (P<0.001, †). With 
respect to BCS, the FI was 500 and the associated FQ was 0.10781. Surgical and survival data are outlined in Table 2.
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Figure 1 Illustration of how the alteration of two events results in alteration of statistical significance, demonstrating the concept of “Fragility”.

Figure 2 PRISMA flowchart illustrating of the systematic search process.
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Local Recurrence
Overall, 12.6% of patients suffered LR (623/4928). Of those in receipt of NAC, 15.3% suffered LR (345/2254) compared 
to 10.4% of those who received AC (278/2674) (P<0.001, †). The FI for LR was 42 and the associated FQ was 0.00852. 
FI and FQ were calculated with respect to LR at 0–4 years (FI: 9, FQ: 0.00047), 5–9 years (FI: 2, FQ: 0.00018), 10–14 
years (FI: 4, FQ: 0.00072), and 15+ years (FI: 3, FQ: 0.00195), respectively.

Table 1 Data from the 10 Included Prospective Randomised Clinical Trials

Author Year Study Design Country Follow Up N N NAC N AC Risk of Bias

Taucher16 2008 RCT Austria 9 years 398 203 195 Some

Wolmark17 2001 RCT USA 9 years 1493 751 742 Low

van der Hage18 2001 RCT Netherlands 5 years 698 350 348 Low

Powles19 1995 RCT UK 2 years 212 105 107 Some

Gazet20 2001 RCT UK 5 years 210 100 110 Some

Gianni21 2009 RCT Italy 7 years 1324 448 876 Low

Mauriac22 1999 RCT France 10 years 278 134 144 Some

Scholl23 1991 RCT France 5 years 181 95 86 Some

Danforth Jr24 2003 RCT USA 9 years 53 26 27 High

Ragaz25 1997 RCT Canada – 81 42 39 High

Abbreviations: N, number; NAC, neoadjuvant chemotherapy; AC, adjuvant chemotherapy; RCT, randomised clinical trial; USA, United States of America; UK, United 
Kingdom.

Table 2 Surgical, Oncological, and Survival Data from the 10 Included Prospective Randomised Clinical Trials

Author Year N N NAC N AC BCS 
NAC

BCS 
AC

LR 
NAC

LR 
AC

DR 
NAC

DR 
AC

BCSM 
NAC

BCSM 
AC

OS 
NAC

OS 
AC

Taucher16 2008 398 203 195 133 116 27 16 62 44 39 27 46 32

Wolmark17 2001 1493 751 742 503 448 124 108 256 264 256 264 325 319

van der Hage18 2001 698 350 348 77 74 33 30 139 122 99 89 104 96

Powles19 1995 212 105 107 88 71 7 8 37 41 34 37 44 44

Gazet20 2001 210 100 110 65 96 7 8 19 17 19 18 26 22

Gianni21 2009 1324 448 876 282 298 20 35 90 171 39 27 72 145

Mauriac22 1999 278 134 144 84 39 18 66 65 60 60 72 67

Scholl23 1991 181 95 86 73 55 75 50 97 96 77 77 84 87

Danforth Jr24 2003 53 26 27 11 11 3 2 5 7 2 4 3 6

Ragaz25 1997 81 42 39 – – 10 3 20 20 19 19 25 21

– – 4928 2254 2674 1316 1169 345 278 791 847 644 622 801 839

Percentage – 100.0 45.7 54.3 59.5 43.7 15.3 10.4 35.1 31.7 28.6 23.3 35.5 31.4

Abbreviations: N, number; NAC, neoadjuvant chemotherapy; AC, adjuvant chemotherapy; BCS, breast conservation surgery; LR, local recurrence; DR, distant 
recurrence; BCSM, breast cancer specific mortality.
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Distant Recurrence
Overall, 33.2% of patients suffered DR (1638/4928). Of those in receipt of NAC, 35.1% suffered DR (791/2254) while 
31.7% of those who received AC (847/2674) (P=0.012, †). The overall FI for DR was 13 and the associated FQ was 
0.00264. FI and FQ were calculated with respect to DR at 0–4 years (FI: 56, FQ: 0.00283), 5–9 years (FI: 18, FQ: 
0.00144), 10–14 years (FI: 4, FQ: 0.00006), and 15+ years (FI: 4, FQ: 0.00208), respectively.

Breast Cancer Specific Mortality
Overall, 25.7% of patients suffered BCSM (1266/4928). Of those in receipt of NAC, 28.6% suffered BCSM (644/2254) 
while 23.3% of those who received AC (622/2674) (P<0.001, †). The overall FI for BCSM was 51 and the associated FQ 
was 0.01035. FI and FQ were calculated with respect to BCSM at 0–4 years (FI: 5, FQ: 0.00024), 5–9 years (FI: 19, FQ: 
0.00014), 10–14 years (FI: 8, FQ: 0.00112), and 15+ years (FI: 5, FQ: 0.00242), respectively.

Overall Survival
Overall, 33.3% of patients died in this study (1640/4928). Of those in receipt of NAC, 35.5% died (801/2254), as did 
31.4% of those who received AC (839/2674) (P = 0.002, †). The overall FI for OS was 17 and the associated FQ was 
0.00345. FI and FQ were calculated with respect to OS at 0–4 years (FI: 19, FQ: 0.00091), 5–9 years (FI: 17, FQ: 
0.00125), 10–14 years (FI: 19, FQ: 0.00180), and 15+ years (FI: 1, FQ: 0.00049), respectively.

Discussion
The pooled data from the ten randomised clinical trials included in this analysis coherently illustrated the oncological 
safety of NAC relative to AC for patients treated with curative intent for early breast cancer. While these results are 
widely accepted in global practice, the robustness of these pooled findings had previously not been interrogated for 
“fragility”. This FI analysis illustrated that results in relation to LR, DR, BCSM, and OS outcomes following NAC and 
AC demonstrated moderate “fragility” overall. Therefore, this FI analysis adds further meaning to these previously 
reported results and may aid the clinician when counselling the patient indicated to undergo standard-of-care chemother-
apy by using “fragility”, as opposed to simple interpretation of P-values in isolation. Furthermore, these data demon-
strated little “fragility” with respect to the use of NAC to increase patient eligibility for BCS, therefore fortifying the 
increase in NAC prescription which has come into vogue in recent times, due to the advantages of this strategy in 
substraifiying cancer subtypes.4,26 Notwithstanding, judicious application of FI is warranted, as “fragility” analyses alone 
are not robust enough to revoke multidisciplinary decisions regarding systemic therapies when treating patients with 
early breast cancer.

The EBCTCG comprehensively illustrated the oncological safety of NAC relative to AC,5 with the exception of the 
increased propensity to develop LR following NAC (LR: 21.4% vs 15.9% following AC). These are important findings, 
which have revolutionised the management of early stage disease, despite demonstrating moderate-to-high “fragility”: 
Overall LR had an FI of 42 (with an associated FQ of 0.00852), which had the tendency to increase in the “fragility” of 
results as time elapsed from 0 to 15 years, as the number of patients and events analysed decreasing during this time. 
These findings are of the utmost importance as the exponential increase in “fragility” observed over time highlights the 
non-inferiority of using NAC in attempt to establish locoregional control post-treatment treatment. Thus, the high 
“fragility” observed with respect to LR should be interpreted to exemplify the oncological safety of NAC relative to 
AC, and support NAC prescription in the setting of early disease, where feasible.

Interestingly, the results illustrating the increased risk of LR following NAC may be offset by the incredibly low 
“fragility” associated with successfully achieving breast conservation following NAC. The FI for BCS eligibility 
following NAC was remarkably high at 500 (with an associated FQ of 0.10781), which is unquestionably the least 
“fragile” result reported in this analysis. This is an incredibly important finding on account of the management paradigm 
for early breast cancer now supporting robust NAC prescription where possible for all patient with stage I–III cancers 
which are substratified into the HER2-positive or triple negative (TNBC) molecular subgroups (with exceptions limited 
to T1a-1b/N0 disease). Therefore, this “fragility” analysis emphasises the pragmatic use of NAC to increase patient 
eligibility for BCS, by further interrogating the results without hinging all reliance on P-values in isolation. While the 
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tendency for evidence-based clinical decisions in surgery has developed through reliance solely on P-values, this result 
clearly highlights the importance of FI assessment to extenuate the robustness of findings beyond statistical significance 
as reported by P-values (and their selected alpha threshold). For example, this study reported P<0.001 for both BCS 
eligibility and LR following NAC, yet the FI for LR is more than 10 times more “fragile” than that reported for BCS, 
despite both results being represented by the same P-value. The provision of high-quality, evidence-based clinical 
decisions in clinical practice may incorporate robust FI analyses into the paradigm as a means of further optimising 
clinical outcomes for our prospective patients.

Interestingly, the FI associated with long-term survival outcomes illustrated moderate-to-high fragility, further 
emphasising the similar oncological safety anticipated with NAC and AC prescription. Overall, the FI associated with 
BCSM was 51 (with associated FQ of 0.01035) compared to 17 for OS (with associated FQ of 0.00345). These findings 
suggest that despite differences in survival outcomes following NAC and AC, these differences should be subject to 
scrutiny, as there is little difference in patient outcomes observed in this pooled analysis, as exemplified by the moderate- 
to-high “fragility” of the results.

Limitations
The primary limitation of this analysis relates to the fact that FI may only be applied to evaluate dichotomous outcomes, 
with no analysis of continuous variables. Of course, many oncological and survival outcomes of interest in breast oncology 
are reported in a dichotomous nature, however several continuous outcome measures will inevitably be missed. Secondly, it 
is unfortunately beyond the scope of FI to account for confounding factors, such as variance in patient demographics, 
clinicopathological or biological tumour subtypes, surgical techniques and patient compliance, which inevitably will impact 
results. Prospective trials of randomised design were pragmatically included in an attempt to overcome this risk of 
confounding biases, however acknowledgement for this possibility is required. Thirdly, while Walsh et al emphasise the 
importance of the FI in identifying less robust results, as the time of writing, there are no conventional cut-offs in relation to 
the “fragility” of results described. Therefore, interpretation of fragility is arbitrary and left open to the interpretation of 
those conducting the investigation. Finally, within current contemporary breast cancer management, “fragility” analyses are 
unlikely to refute therapeutic or surgical decisions made by the multidisciplinary team in accordance with expert consensus 
statements and guidelines. Therefore, the importance of such results may be brought into question and construed to only 
serve as an “academic” exercise. Nevertheless, in spite of these limitations, the authors wish to emphasise the importance of 
using metrics such as FI and FQ to facilitate the continuous interrogation of the evidence-base with the ambition of further 
improving clinical outcomes for our prospective patients.

In conclusion, with the exception of low “fragility” in relation to patient eligibility for BCS following NAC, the 
“fragility” indices of comparisons between oncological and survival outcomes following NAC and AC are typically of 
moderate-to-high “fragility” indicating weak statistical significance. Therefore, this analysis further validates the oncolo-
gical safety of NAC prescription in early breast cancer. Prospective interrogation of RCT “fragility” is imperative to ensure 
optimisation of oncological and survival outcomes for our prospective patients diagnosed with early stage breast cancer.
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