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INTRODUCTION 
 

Breast cancer (BCa) is the most frequently diagnosed 

cancer and the leading cause of cancer deaths among 

females worldwide, with more than 2 million newly 
diagnosed cases in 2018 [1, 2]. the morbidity rates are 

highest in economically developed countries but are 

now increasing rapidly in developing countries. 
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ABSTRACT 
 

Background: We assessed the effect of bisphosphonates (BPs) on breast cancer (BCa) patient survival and 
explored how long the effect can persist after treatment. 
Methods: We performed a meta-analysis and trial sequential analysis (TSA) of prospective studies including 
randomized controlled trials (RCTs) and cohort studies. We performed extensive sensitivity analyses to assess 
the robustness of the findings. 
Results: Seventeen RCTs and eight cohorts with 81508 BCa patients were identified. A significant beneficial 
effect of BPs on BCa survival was found (RR, 0.725; 95% CI, 0.627-0.839), and the TSA results also suggested firm 
evidence for this beneficial effect. Both summarized results from RCTs and cohorts provided firm evidence for 
this effect, although the effect estimates were stronger from cohorts than RCTs (RR, 0.892; 95% CI, 0.829-0.961; 
0.570; 95% CI, 0.436-0.745; respectively). This beneficial effect was confirmed for bone-metastases (RR, 0.713; 
95% CI, 0.602-0.843) and postmenopausal women (RR, 0.737; 95% CI, 0.640-0.850). Importantly, our results 
demonstrated that this beneficial effect was retained at least 1-2 years after treatment completion (RR, 0.780; 
95% CI, 0.638-0.954) and could persist for up to more than 4 years after treatment completion (RR, 0.906; 95% 
CI, 0.832-0.987). Extensive sensitivity analyses showed the robustness of our results. The GRADE quality of 
evidence was generally judged to be moderate to high. 
Conclusions: The present study provides firm evidence for a significant beneficial effect of BPs on BCa 
survival in patients with early-stage BCa, and this effect was retained at least 1-2 years after BP treatment 
completion. 
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Although mortality from BCa has significantly declined 

over the past two decades, approximately half of these 

cases have spread as micrometastases at the time of 

initial diagnosis [3]. Consequently, a considerable 

number of patients suffer from recurrences or metas-

tases after lesion resection, with up to approximately 

70% of patients developing bone metastases [4]. 

Because metastatic BCa and advanced disease cannot 

be cured, an efficient, safe, and well-tolerated 

prevention strategy to improve BCa survival is therefore 

urgently necessary. 

 

Bisphosphonates (BPs) are widely used for the 

prevention and treatment of osteoporosis and are 

recommended as the standard care for bone loss or 

skeletal-related complications caused by malignancies 

[5, 6]. Recently, the evidence has shown that BPs have 

potential anticancer properties in BCa patient survival. 

Nonetheless, the findings from individual studies have 

been inconsistent. To address this issue, several meta-

analyses [7–15] have assessed the association between 

the risk of BCa prognosis and BP treatment; most of 

them have evaluated the impact of either zoledronic 

acid [8, 9, 12, 14] or clodronate [7, 11] treatment, and 

some have incorporated the results from randomised 

controlled trials (RCTs) with diverse control groups, 

including non-BP, delayed BP treatment, [9, 10, 13, 14] 

or denosumab treatment [8]. 

 

A recent large meta-analysis by the Early Breast Cancer 

Trial Collaborative Group (EBCTCG) showed a 

substantially significant reduction in bone metastases 

and BCa mortality in postmenopausal patients [16]. 

Then, a panel of European experts recommended that 

BPs should be used as part of routine clinical practice in 

the prevention of metastases in early BCa patients with 

low oestrogen (natural or induced) based on the 

EBCTCG meta-analysis and a consensus meeting [17]. 

However, BPs has not been currently approved for the 

adjuvant treatment of patients with early-stage BCa. In 

addition, there are unanswered questions such as 

whether the existing data are sufficient to draw firm 

conclusions about the effectiveness of BPs on BCa 

survival, as well as whether this beneficial effect 

persists over time. 

 

Trial sequential analysis (TSA) is a novel method for 

improving the quality of information from conventional 

meta-analysis and providing TSA-boundaries that 

determine whether the evidence is reliable and 

conclusive. Therefore, we performed this com-

prehensive meta-analysis and TSA of data from 

prospective epidemiological studies to determine and 
quantify the impact of BPs on BCa survival in women 

with early-stage BCa. We also explored whether the 

effect persists, attenuates, or disappears over time. 

Furthermore, we evaluated the robustness of our 

findings with extensive sensitivity analyses. 

 

MATERIALS AND METHODS 
 

Search strategy and selection criteria 

 

This study was registered on the PROSPERO database 

(CRD42014014699) and was reported according to the 

PRISMA guidelines. We systematically searched the 

electronic databases of PubMed, Embase, CENTRAL 

(Cochrane Central Register of Controlled Trials), and 

ProQuest through 25 June 2019 to identify relevant 

publications (detailed information on the search strategy 

is provided in the Supplementary Materials). We also 

searched ClinicalTrials.gov and Clinicaltrialsregister.eu 

for potentially eligible studies including completed and 

ongoing RCTs, which could possibly have posted their 

interim results online. The reference sections and 

citation lists of the retrieved literature, including 

original research articles, reviews, editorials, and letters, 

were reviewed for potentially relevant articles. 

 

The inclusion criteria are as follows: (1) prospective 

epidemiological studies including RCTs or cohort 

studies that addressed the effect of BPs versus non-BP 

control on BCa survival among BCa patients with no 

evidence of any relapse or metastasis; (2) studies that 

reported effect estimates, such as hazard ratio (HR), 

relative risk ratio (RR), or odds ratio (OR), with 95% 

confidence intervals (CIs), or reported sufficient 

information to calculate these values; (3) BP users are 

defined as BCa patients who received BP treatment only 

before the occurrence of any BCa relapse or metastasis; 

(4) when multiple articles reporting on the same study 

but reporting outcomes at different time points, we used 

the data at the longest follow-up time in the overall 

meta-analysis and included all of the datasets at 

different follow-up time points from the same study in 

subgroup analyses, cumulative meta-analyses, and 

TSAs by follow-up duration; and (5) when no-event 

trials were identified, we used an empirical constant 

continuity correction (correction factor, 1) and we 

included no-event trials in the main analysis. There 

were no restrictions on language, sample size, or 

participant characteristics. 
 

Data extraction and quality assessment 
 

The eligibility determination, data extraction, and 

quality assessment for each study were performed 

independently by two reviewers (YPL and YXZ). 

Discrepancies were resolved by discussion and 
consensus with another reviewer (SZ). Standard 

electronic forms specifically created for the present 

study were used to extract the data from each study. 
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Both the maximally adjusted and unadjusted effect 

sizes with 95% CIs were recorded, if available. The 

extracted data from each study were carefully checked 

before performing the analyses. When necessary, we 

contacted the authors of studies for missing 

information. For RCTs, the bias risk was assessed with 

the domains recommended by the Cochrane 

collaboration tool. Trials were considered to have a 

high risk of bias overall (low-quality) if ≥4 of these 

domains were judged to have a high or unclear risk. 

Otherwise, they were considered to have a low risk of 

bias overall (high-quality). We used RevMan version 

5.3 to assess the risk of bias. We assessed the quality of 

the cohort studies with a previously described quality-

scoring system [18]. Briefly, the quality score of each 

cohort was presented as a percentage of the maximum 

score (95), and studies with a score of >60% were 

categorized as high-quality. 

 

Statistical analysis 

 

Meta-analysis 

In this meta-analysis, the maximally adjusted effect 

sizes and 95% confidence intervals (CIs) were 

summarized using random-effects models rather than 

fixed-effects models to analyse the results in a 

conservative manner. In the main analysis, we included 

only the high-quality studies. Predefined subgroup 

meta-analyses by type of BPs, recurrence site, and 

menopausal status of participants in individual studies 

were conducted. To assess how long the beneficial 

effect would be maintained, we performed subgroup 

analyses according to the follow-up duration of RCTs, 

taking into account different BP treatment periods and 

different follow-up periods across the RCTs; we did not 

include cohort studies in this analysis because of the 

uncertain BP treatment duration. Comprehensive Meta 

Analysis version 2.0 (Biostat, Englewood, NJ, USA) 

was used for the meta-analyses and conventional 

cumulative meta-analyses. 

 

We tested the between-study heterogeneity using the Q 

test and the I2 statistic. To investigate potential sources 

of the between-study heterogeneity, we performed 

subgroup and meta-regression analyses using random-

effects models. To assess potential publication bias, we 

used funnel plots for asymmetry and formally used 

Begg’s rank correlation and Egger’s linear regression 

tests. Furthermore, we robustly adjusted for the 

summarized results by applying Duval and Tweedie’s 

trim and fill method. 

 

Sensitivity analysis 

We conducted several prespecified sensitivity analyses. 

Confounding RRs were used to test whether the 

underlying confounders could have influenced the 

results. The confounding RR is defined as the ratio of 

the summarized results of the maximally adjusted and 

unadjusted data [19]. To test the potential impact of an 

unmeasured confounder on the results, we performed E-

value analysis, which is a novel method to assess how 

robust the observed association is to potential 

unmeasured confounding [20]. By removing the most 

relatively weighted study, we aimed to assess its 

influence on the summarized estimates and to explore 

potential sources of heterogeneity across studies. We 

performed a post hoc subgroup analysis by study 

design. We conducted a sensitivity analysis including 

low-quality studies. A sensitivity analysis excluding the 

no-event trial [21] was conducted. We also excluded 

cohort studies [22, 23] in which BP use began before 

the diagnosis of BCa. 

 

Trial sequential analysis 

Conventional cumulative meta-analyses are prone to 

producing random errors because of few data and 

repetitive testing of accumulated data when the required 

information size (RIS) has not been met [24]. We 

therefore performed TSA, calculated RIS and 

constructed trial sequential monitoring boundaries 

(TSMB). The RIS and TSMB were determined by event 

proportion in the control group, an anticipated relative 

risk reduction and the diversity index (D2, a 

heterogeneity-adjustment factor). The diversity adjusted 

RIS (D2-RIS) was used to reduce type II errors, and the 

TSMB was used to reduce type I errors. In this study, 

the incidence of outcome events in the control group 

and an anticipated relative risk reduction were estimated 

based on the summarized results of the included studies. 

TSA was conducted to maintain an overall two-sided 

5% risk of type I error and a 20% risk of type II error 

(80% power), which is the common standard in most 

meta-analyses. When the z-curve crosses the TSMB, a 

firm level of evidence has been reached, and if the 

accumulated information size simultaneously reaches 

the D2-RIS, one may conclude that no further studies 

are needed. If the z-curve does not cross any of the 

boundaries and D2-RIS has not been reached, there is 

insufficient evidence to draw conclusions. When the 

accumulated information size reached the D2-RIS, we 

further conducted a post hoc sensitivity analysis with 

the intention to maintain a 90% power and to assess 

consistency and reliability of the observed effect. When 

several articles were published from the same study, 

only the data of the longest follow-up period were 

analysed in the TSA according to publication year, 

whereas in the TSA for follow-up duration, we included 

all of the datasets with diverse follow-up durations from 

the same study, from the shortest to the longest among 
the analysed RCTs, irrespective of the treatment period. 

TSA Viewer version 0.9beta (Copenhagen Trial Unit, 

Copenhagen, Denmark) was used for TSA. 



 

www.aging-us.com 19838 AGING 

GRADE criteria 

We used GRADE methodology to assess the quality of 

evidence, which was classified as high, moderate, low, 

or very low based on the evaluation for study design, 

bias risk, inconsistency, indirectness, imprecision, 

publication bias, and confounding bias. Summary tables 

were constructed with the online version of 

GRADEproGDT software. 

 

RESULTS 
 

Study characteristics 

 

The flow diagram of study selection is shown in 

Supplementary Figure 1. Supplementary Tables 1, 2 

summarize the main characteristics of the included 

RCTs and cohorts, respectively. A total of 27 

publications [21, 25–50] from 17 RCTs were included, 

of which six trials [21, 39–41, 48–50] were placebo-

controlled randomised trials and the other 11 trials were 

non-placebo designed RCTs. All of these RCTs 

originated from developed countries and enrolled 15586 

patients with early-stage BCa, with approximately half 

(56.19%; 8758/15586) of the participants recorded as 

postmenopausal female patients at baseline. A total of 

8291 BCa cases were administered intravenous 

zoledronic acid, [21, 25, 28, 30, 31, 33, 46, 47] oral 

clodronate, [34, 37, 39, 41] oral pamidronate, [42, 48] 

ibandronate, [43, 49] or risedronate [50]. All but three 

of these RCTs assessed the effect of 1 to 3 years of BP 

treatment on BCa survival, while Kristensen [42] 

evaluated the effect of 4 years of pamidronate therapy, 

and Coleman [31] and von Minckwitz [46] evaluated 

the potential effect of 5 years of zoledronic acid 

therapy. The sample size varied considerably with a 

range from 40 to 3359 participants. Across these 

published literatures, the mean follow-up period was 

68.2 months (median: 63.3 months; range: 12 to 120 

months), and 3125 outcome events were reported (BP 

group: 1597; control group: 1528). In one trial [21], no 

event occurred during the study period. The medication 

pattern for clodronate was more consistent than that for 

zoledronic acid. Among the four RCTs conducted for 

clodronate, patients in the intervention arms were given 

a dosage of 1600 mg/day of oral clodronate for two [34, 

39] or three years [37, 41]. In the other eight RCTs 

evaluating zoledronate, patients assigned to the 

zoledronic acid group received 4 mg intravenously, with 

total doses ranging from 4 [30] to 24, [33] and the 

frequency of administration varied from every 3 weeks 

[28, 31] to every 6 months [25, 31]. Among these 

RCTs, 15 trials were high-quality, and two were low-

quality (Supplementary Figure 2). 

 

Among these eight cohorts included, two studies were 

nested case-control studies. All cohorts originated from 

developed countries and enrolled 66899 BCa patients, 

with 14731 (22.02%) of the participants recorded as BP 

users. The sample size varied considerably from 226 to 

21190. The mean follow-up period was 78.2 months 

(median: 63.6 months; range: 42 to 141.6 months), and 

6670 outcome events were reported (BP group: 862; 

control group: 5808). All cohort studies were 

categorized as high-quality (Supplementary Table 3). 

 

BPs and BCa survival 

 

BP treatment significantly improved the survival of the 

patients with early-stage BCa, with a summarized RR of 

0.725 (95% CI, 0.627 to 0.839; P<0.001; 81508 

participants; Table 1 and Figure 1A). In the TSA, the 

D2-RIS was 37932 participants. The TSA showed that 

the cumulative z curve had crossed the trial sequential 

monitoring boundary (TSMB) for the beneficial effects 

of BPs, and the actually cumulative sample size (ACSS) 

currently exceeded the D2-RIS with a summarized RR 

of 0.700 (TSA corrected 95% CI, 0.589 to 0.832; 

P<0.001), implying that there is firm evidence for an 

overall protective effect of BPs over controls in women 

with primary BCa (Figure 1B). We then conducted an 

exploratory TSA to maintain 90% power and found that 

the cumulative z curve crossed the TSMB for beneficial 

effects and that the ACSS also exceeded the D2-RIS, 

also providing firm evidence for the beneficial effects of 

BPs (Supplementary Figure 3). The GRADE quality of 

evidence was judged to be moderate (Supplementary 

Table 4). Subgroup analyses by study design showed 

that beneficial effects were stronger in cohorts than 

RCTs, with summarized RRs of 0.570 (95% CI, 0.436 

to 0.745; P<0.001; 66899 participants) and 0.892 (95% 

CI, 0.829 to 0.961; P=0.003; 14609 participants), 

respectively. TSA showed that the cumulative z curve 

crossed the TSMB for beneficial effects in both RCTs 

(Figure 1C) and cohorts (Figure 1D), although 

approximately 70% of the D2-RIS was accrued, also 

implying substantial evidence for the beneficial effect. 

The GRADE quality of evidence was judged to be high 

for RCTs and moderate for cohorts. 

 

The longevity of the beneficial effect 

 

Figures 2, 3 summarized the results for the longevity of 

the beneficial effect. Conventional subgroup analyses 

showed that BP treatment improved BCa patient 

survival during the follow-up periods after the end of 

BP treatment, and the beneficial effect was maintained 

until more than 4 years after BP treatment (RR, 0.780; 

95% CI, 0.638 to 0.954; P=0.016; 8820 participants; 

RR, 0.718; 95% CI, 0.585 to 0.881; P=0.001; 3345 
participants; RR, 0.906; 95% CI, 0.832 to 0.987; 

P=0.024; 9913 participants; for post-treatment 1-2 

years, 3-4 years, and >4 years, respectively; Figure 3A), 
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Table 1. Summarized results of effects of bisphosphonate treatment versus no bisphosphonates (control) on 
survival of breast cancer patients. 

Subgroups 
No. of 

datasets 
ACSS 

Incidence in 

control group (%) 

Pooled effect estimates 
I2 (P-value) D2 (%)* D2-RIS 

Crosses 

TSMB / FB RR (95% CIs), P-value TSA adjusted 95% CIs, P-value 

Overall 23 81850 7190/58989 (12.19) 0.725 (0.627, 0.839), <0.001 0.700, (0.589, 0.832), <0.001 78.31 (<0.001) 94.26 37932 TSMB 

Study Design          

RCTs 15 14609 1382/6821 (20.25) 0.892 (0.829, 0.961), 0.003 0.923, (0.856, 0.995), 0.015 0.00 (0.722) 0.00 20228 TSMB 

Cohorts 8 66899 5808/52168 (11.13) 0.570 (0.436, 0.745), <0.001 0.510, (0.318, 0.817), 0.0002 87.66(<0.001) 96.28 95945 TSMB 

Follow-up Duration (year) (Only RCTs) 

Treatment duration 5 4738 472/2376 (19.84) 0.930 (0.817, 1.058), 0.270 0.905, (0.418, 1.960), 0.300 0.00 (0.437) 62.79 36198 NO 

Post-treatment 1-2 8 8820 882/3891 (22.67) 0.780 (0.638, 0.954), 0.016 0.774, (0.604, 0.992), 0.012 48.91 (0.057) 83.94 11983 TSMB 

Post-treatment 3-4 4 3345 288/1669 (17.26) 0.718 (0.585, 0.881), 0.001 0.798, (0.386, 1.653), 0.160 27.98 (0.244) 76.43 14424 NO 

Post-treatment >4 7 9913 1014/4965 (20.42) 0.906 (0.832, 0.987), 0.024 0.905, (0.798, 1.027), 0.029 0.00 (0.597) 28.55 18292 NO 

Recurrence Sites         

Bone metastases 12 42970 1900/27002 (7.04) 0.713 (0.602, 0.843), <0.001 0.705, (0.527, 0.943), 0.019 61.47 (0.003) 91.50 48175 TSMB 

Nonskeletal 

metastases 
9 20634 897/10895 (8.23) 0.883 (0.768, 1.014), 0.078 0.903, (0.684, 1.192), 0.155 35.88 (0.131) 61.10 91020 NO 

Loco-regional 

recurrence 
10 38074 2692/25357 (10.62) 0.887 (0.771, 1.020), 0.093 0.639, (0.380, 1.075), 0.013 11.56 (0.336) 91.94 21094 FB 

Contralateral 

recurrence 
11 39009 972/26171 (3.72) 0.775 (0.651, 0.922), 0.004 0.722, (0.606, 0.861), <0.001 0.00 (0.500) 0.00 9181 FB 

Menopausal Status         

Post 12 30764 1891/23462 (8.06) 0.737 (0.640, 0.850),< 0.001 0.737, (0.607, 0.895), 0.002 38.27 (0.086) 78.41 28195 TSMB 

Non-post 6 4178 530/1949 (27.17) 0.992 (0.864, 1.139), 0.913 NA† 5.46 (0.382) NA NA† NA 

Type of BPs (Only RCTs)        

Zoledronic acid 7 5716 666/2863 (23.24) 0.892 (0.805, 0.988), 0.029 0.920, (0.790, 1.072), 0.079 0.00 (0.620) 0.00 15730 NO 

Clodronate 3 4682 387/2340 (16.54) 0.846 (0.736, 0.971), 0.017 0.891, (0.555, 1.431), 0.215 0.00 (0.415) 50.74 25661 NO 

Abbreviations: ACSS, the actually cumulative sample size; BPs, bisphosphonates; CI, confidence interval; D2, diversity; FB, 
futility boundary; HR, hazard ratio; D2-RIS, the diversity adjusted required information size; NA, not applicable; TSA, trial 
sequential analysis; TSMB, trial sequential monitoring boundary. 
*D2, diversity, defined as the relative variance reduction when the meta-analysis model is changed from random effects 
models into fixed effect models. 
†The information size for the subgroup trial sequential analyses was too low to require futility boundaries. 

although this was not observed for the treatment 

duration (HR, 0.930; 95% CI, 0.817 to 1.058; P=0.270; 

4738 participants). In the TSA, however, only the 

finding for post-treatment 1-2 years was confirmed 

(Figure 3B–3E). The cumulative z curve had just 

crossed the benefit TSMB, although 73% of the D2-RIS 

(11983) was accrued, suggesting firm evidence for a 

carryover beneficial effect for up to 1-2 years after 

treatment completion. For subgroups of post-treatment 

3-4 or >4 years, TSA-corrected effects did not reach 

statistical significance, although the cumulative z curve 

for the later subgroup crossed the conventional 

boundary. 

 

The TSA according to follow-up duration showed that 

the cumulative z curve crossed the benefit TSMB when 

the follow-up duration reached 42 months with a final 

summarized HR of 0.716 (TSA corrected 95% CI, 

0.618 to 0.830; P<0.001), supporting the evidence for 
this carryover beneficial effect (Supplementary Figure 

4A). Notably, this beneficial effect appeared to be much 

more obvious during the follow-up period from 42 to 67 

months. Meanwhile, the z curve was far from the futility 

boundary, suggesting that further trials are unlikely to 

overturn this result. A sensitivity analysis, which 

included only the dataset with the longest follow-up 

period when multiple datasets were published from the 

same study, showed identical results (Supplementary 

Figure 4B). 

 

Subgroup analyses by recurrence site 

 

When analyses were restricted to bone metastases, the 

pooled RR was 0.713 (95% CI, 0.602 to 0.843; P<0.001; 

42970 participants; Figure 4A). The TSA showed that 

89.20% of the D2-RIS of 48175 patients was accrued, but 

the cumulative z curve crossed the beneficial TSMB with 

a summarized effect estimate of 0.705 (TSA corrected 

95% CI, 0.527 to 0.943; P=0.019), suggesting firm 

evidence for a protective effect of BPs against bone 

metastases (Figure 4B). There was no significant effect 
for the incidence of non-skeletal distant metastases and 

local-regional relapses according to either conventional 

meta-analysis or TSA (Figure 4C, 4D). TSA showed that 
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the cumulative z curve crossed the futility boundary (FB), 

suggesting firm evidence for no effect of BPs on local-

regional relapses. For contralateral BCa, the conventional 

meta-analysis showed a summarized RR of 0.775 (95% 

CI, 0.651 to 0.922; P=0.004; 39009 participants), but the 

TSA showed that the cumulative z curve crossed the FB 

(Figure 4E), suggesting that estimates from conventional 

meta-analysis may represent false-positive results (Type I 

error). 

Subgroup analyses by menopause status 

 

Subgroup analyses showed a significant improvement in 

survival for postmenopausal BCa patients (RR, 0.737; 

95% CI, 0.640 to 0.850; P<0.001; 30764 participants) 

but not for non-postmenopausal women (Figure 5A). 

For postmenopausal women, TSA provided firm 

evidence for beneficial effects, given that the ACSS 

exceeded the D2-RIS and that the cumulative z curve 

 

 
 

Figure 1. Summarized results of bisphosphonates on breast cancer survival. (A) Conventional meta-analysis by study design*; (B) 

Trial sequential analysis combining RCTs and cohorts†; (C) Trial sequential analysis for RCTs; (D) Trial sequential analysis for cohort studies. 
Abbreviations: BPs, bisphosphonates; CI, confidence interval; D2-RIS, the diversity adjusted required information size in trial sequential 
analysis; mo., months; RCTs, randomized controlled trials; RR, risk ratio; the black square represents effect size of each study; the blue 
diamond represents the summarized effect sizes. *Studies were ordered based on their relative weight. †The solid red vertical line represents 
the diversity adjusted required information size (D2-RIS). The solid red outer curves (trial sequential monitoring boundaries for benefit or 
harm) represent the sequential analysis thresholds for statistical significance. The solid red inner wedge curves inside the horizontal dotted 
brown lines represent the futility boundaries. The horizontal dotted brown lines represent the conventional thresholds for statistical 
significance at a constant z value of 1.96, which corresponds to a two-sided P-value of 0.05. The solid blue line is the cumulative z curve and 
represents the accumulating amount of information as studies are added, each square denoting an individual study. If the cumulative z curve 
crosses the D2-RIS line, it represents that the D2-RIS has been currently accrued. If the cumulative z curve crosses the benefit or harm 
boundary, it represents conclusive evidence in favour of bisphosphonate users or non-users respectively. If the cumulative z curve crosses the 
futility boundaries, then it would be extremely unlikely that the addition of future studies would demonstrate any significant effect. In the 
panel B (combining RCTs and cohort studies), the actually cumulative sample size in this analysis has currently excessed the D2-RIS and the 
cumulative z curve crossed the benefit boundary. In the panels of C and D (for RCTs and cohort studies respectively), the D2-RIS has not been 
reached but the cumulative z curve crossed the benefit boundary for both RCTs and cohort studies. 
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crossed the beneficial TSMB with a summarized RR of 

0.737 (TSA-corrected 95% CI, 0.607 to 0.895; P=0.002; 

Figure 5B). For non-postmenopausal women, TSA was 

not conducted because of insufficient information size. 

Interestingly, meta-regression analyses revealed a 

borderline significant correlation between the reported 

effect sizes and the proportion of postmenopausal 

women in individual studies (slope=-0.543, P=0.057; 

Figure 5C), suggesting a trend between a stronger 

beneficial effect with an increasing number of 

postmenopausal women enrolled in the original trials. 

This was also supported by the findings of meta-

regression analyses by the mean age of participants in 

the individual studies (Figure 5D). 

 

Sensitivity analyses 

 

In general, our results were largely robust to sensitivity 

analyses. Confounding RRs demonstrated that the 

summarized results of the unadjusted datasets did not 

significantly differ from the results of the maximally 

adjusted data (Supplementary Table 5). Moreover, 

confounding RRs indicated that the summarized results 

were more conservative for the maximally adjusted data 

than the unadjusted data. E-values demonstrated that the 

beneficial effect of BPs on BCa survival, especially 

bone metastases and postmenopausal patients, appears 

to be very robust (Supplementary Table 6). Thus, a 

hypothetical unmeasured confounder needs to be very 

strongly associated with both BCa survival and BP 

treatment, and at the same time, this potential 

confounder must be frequent to be able to fully explain 

the observed beneficial effect. Examining the RCTs and 

cohorts separately, the beneficial effect remained 

significant for BCa survival, bone metastases and post-

menopausal women, although the magnitude was 

attenuated for RCTs relative to cohorts (Supplementary 

Table 7). Another sensitivity analysis excluding the 

study with the most relative weight did not substantially 

change the summarized results (Supplementary Table 

8). Sensitivity analyses including trials [38, 46] with an 

overall high risk of bias did not substantially change the 

 

 
 

Figure 2. Summarized results for the longevity of the effect of bisphosphonates on breast cancer survival. (A) The natural 

history of breast cancer after diagnosis, presented as green arrow; (B) The procedure of RCT presented as blue arrow, and golden arrow 
represents the duration of adjuvant treatment with bisphosphonates; (C) The results from conventional subgroup analyses by follow-up 
duration; (D) The results from trial sequential analyses of each subgroup by follow-up duration. *Data regarding the relapse rate of breast 
cancer were obtained from the Surveillance, Epidemiology, and End Results (SEER) program of the National Cancer Institute (Cheng et al. 
2012). Abbreviations: ACSS, the actually cumulative sample size; BCa, breast cancer; BPs, bisphosphonates; D2-RIS, the diversity adjusted 
required information size; RCT, randomized controlled trial; RR, hazard ratio; TSA, trial sequential analysis. 
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Figure 3. Summarized results for the longevity of the effect from conventional subgroup analysis and trial sequential analysis 
by follow-up duration.*(A) Conventional subgroup meta-analysis; (B) Trial sequential analysis for subgroups of bisphosphonate treatment 

duration; (C) Post-treatment 1-2 years; (D) Post-treatment 3-4 years and (E) Post-treatment >4 years. *In these analyses, we included only 
RCTs and excluded all the cohort studies, because that the duration of bisphosphonate treatment was not identical for bisphosphonate users 
in each individual cohort study and none of them reported a clear and explicit treatment duration. 
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Figure 4. Summarized results of bisphosphonates and breast cancer survival by recurrence site. (A) Conventional subgroup 

meta-analysis by recurrence site; (B) Trial sequential analysis for subgroups of bone metastases; (C) Non-skeletal distant metastases; (D) 
Local-regional relapses and (E) contralateral breast cancer. 
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Figure 5. Summarized results of bisphosphonates and breast cancer survival by menopause status. (A) Conventional subgroup 

meta-analysis by menopause status; (B) Trial sequential analysis of the postmenopausal subgroup; (C) Meta-regression analysis based on the 
proportion of postmenopausal women and (D) the mean age of participants in individual studies. In the panels of (C, D) circles indicate 
individual studies, and the size of the circle is proportional to the relative weight that the study has in calculating the summary effect 
estimate. 
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results (Supplementary Table 9). Sensitivity analyses 

excluding the no-event trial [21] or those cohorts [22, 

23] without a clear definition of post-diagnosis BP use 

did not substantially change the summarized results 

(Supplementary Tables 10, 11). 

 

Between-study heterogeneity and publication bias 

 

In general, there was obvious between-study 

heterogeneity, which was mainly from the cohort 

studies. The between-study heterogeneity among RCTs 

was very small or nil, whereas it was very obvious for 

cohort studies. Findings from the meta-regression 

analyses (Supplementary Figure 5) revealed that the 

heterogeneity was possibly attributed to differences in 

the proportion of mean age of patients (P=0.026) and 

postmenopausal women (P=0.056) but not to sample 

size (P=0.486), number of BP users (P=0.902), outcome 

events (P=0.439) or follow-up duration (P=0.454). We 

found no evidence for publication bias (Supplementary 

Figure 6 and Supplementary Table 12). 

 

DISCUSSION 
 

For the first time, we combined the data from 

prospective studies including RCTs and cohorts and 

confirmed the positive beneficial effect of BPs on BCa 

survival using the TSA method. The present study 

provides firm evidence for the beneficial effect of BPs 

on BCa survival, especially for bone metastases and 

postmenopausal patients. Importantly, our results 

demonstrated that this observed effect was retained for 

at least 1-2 years after treatment completion. Subgroup 

analyses revealed a statistically non-significant 9.5% 

improvement in BCa survival in the treatment duration, 

a significant 22.6% improvement for 1 to 2 years after 

treatment completion, a non-significant 20.2% improve-

ment for 3 to 4 years after treatment completion, and a 

borderline significant 9.5% improvement for more than 

4 years after treatment completion, which suggested that 

the beneficial effects may persist for up to 4 years after 

the treatment completion. Interestingly, this carryover 

effect is similar to the effect of tamoxifen on BCa 

survival [51, 52]. Given that only a proportion of the 

D2-RIS were accrued, further trials are needed. The 

results from eight ongoing RCTs with a total of 14286 

participants that focus on the association between BPs 

and BCa survival are expected, and our systematic 

review has to be updated when these additional results 

are available. 

 

In addition, the findings indicated that the benefit of BP 

treatment seemed to diminish during the follow-up 

period longer than 4 years after completion of the 

treatment. The diminution of the beneficial effect  

may be explained by a significant decrease in BP 

concentrations in the body. BP concentrations in the 

urinary excretion sharply decreased beyond 4 years after 

completion of the BP treatment, although it was still 

detectable up to 8 years after the end of treatment [53]. 

It is therefore plausible that BPs cannot reach the 

concentration required to exert a significant beneficial 

effect more than 4 years after treatment completion. On 

the other hand, the overall relapse rate of BCa is 

markedly higher in the first 5 years after diagnosis than 

in the subsequent 5 years (30.16% vs. 6.65%), 

according to the Surveillance Epidemiology and End 

Results (SEER) data from the National Cancer Institute 

of the United States [54]. Thus, BPs could exert a 

meaningfully beneficial effect during this period with a 

high relapse rate, and logically, the effect would tend to 

diminish along with a decreasing relapse rate because it 

may be more difficult to obtain a similarly high 

reduction when the risk of outcome events is relatively 

low. Of further interest is whether re-treatment with 

BPs 3 to 4 years after completion of the first round of 

medication would maintain a long-term equally 

beneficial effect thereafter. If confirmed in future 

studies, this could be critical for current clinical practice 

and adjuvant BP treatment to improve survival in 

patients with early stage BCa. 

 

Our present study confirmed the results of the EBCTCG 

study and provided firm evidence for the beneficial effect 

of BPs on BCa survival, although the overall beneficial 

effect might be primarily from firm evidence about bone 

metastases. Bone is the most common metastasis site in 

patients with BCa [55]. The bone microenvironment 

plays an important role in metastasis from BCa [32]. 

Circulating tumour cells attracted to bone can remain 

dormant state for years and can evade the effects of 

adjuvant chemotherapies [56]. The re-activated tumour 

cells can subsequently either activate osteoclasts to resorb 

bone and cause bone metastases or potentially initiate 

nonskeletal relapses [57]. Therefore, for patients with 

early-stage BCa, it is of great importance to efficiently 

decrease the risk of bone metastases. We noted a distinct 

difference in the effects of BPs between postmenopausal 

and non-postmenopausal patients. We demonstrated that 

postmenopausal BCa patients had a much stronger 

beneficial effect from BPs than non-postmenopausal 

patients. Although the underlying biological mechanisms 

remain unclear, an antagonistic effect of BPs and 

oestrogen on altering the bone marrow microenvironment 

has been proposed as a potential mechanism [58]. Our 

findings combined with the results of the EBCTCG study 

suggest that the observed beneficial effect of BPs is more 

robust in a depleted-oestrogen environment. 

 
Recently, an increasing body of biological mechanisms 

has supported the notion that BPs may modify the 

tumour cell microenvironment and directly affect 
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tumour cells through a variety of pathways, including 

inhibition of osteolysis [59] and the release of bone-

derived growth factors, [60] inhibition of protein 

prenylation, [61] and angiogenesis inhibition, [62] 

enhanced immune surveillance by activation of gamma 

delta T cells, [63] direct inhibition of tumour cell 

growth, proliferation, adhesion and invasion, and 

induction of apoptosis [64]. Another potential antitumor 

effect is that BPs may modify the bone micro-

environment to inhibit the viability of residual tumour 

cells, including disseminated and circulating tumour 

cells, which has been shown to be strongly associated 

with the risk of BCa relapse or metastasis [65]. 

 

Given the global use of BPs among millions of women 

over the past two decades, it can be concluded that 

adverse effects related to BPs are relatively low [66]. 

Commonly reported side-effects are mild, whereas 

serious side-effects including osteonecrosis of the jaw, 

renal toxicity, and oesophageal cancer are rare. 

However, whether these serious side-effects are 

attributable to BPs alone remains inconclusive. 

Additionally, regarding osteonecrosis of the jaw, 

increasing awareness, regular dental screening, and 

maintaining good oral health during treatment are 

expected to reduce the risk [67]. Another concern is the 

potential side effects of long-term (>5 years) BP 

treatment; however, few studies have addressed the 

long-term (>5 years) side-effects of BP use [66]. Based 

on the current evidence, the benefits of BP treatment 

for 1 to 5 years significantly outweigh the potential 

harm from these drugs. If these results are confirmed in 

future confirmatory RCTs, new concerns arise: what is 

the optimal procedure of BP treatment, including 

dosing, frequency, and duration, for patients with early-

stage BCa, whether the beneficial effects of 

intermittent or less frequent dosing BP treatment is not 

inferior to the standard procedure used currently, and 

whether a more frequent dosing BP treatment (at the 

cancer dose not the osteoporosis dose) provides 

additional oncological benefits. It could be speculated 

that the lack of a significant beneficial effect for the 

treatment duration may be due to a suboptimal dose of 

BPs; in other words, increasing the BP dosage or 

frequency may result in an earlier beneficial effect [68]. 

To our knowledge, there is only one ongoing RCT [69] 

addressing this issue that aimed to compare the effects 

of 2 years versus 5 years of zoledronate treatment in 

patients with early primary BCa. Additional well-

designed trials are still necessary. 

 

BPs should have a substantial and extensive public 

health benefit in the improvement of BCa survival, 
since BPs are already widely prescribed for the 

prevention and treatment of osteoporosis or cancer-

induced bone loss, particularly in developed countries 

[17, 55], and an increasing number of BP users 

worldwide are expectable. 

 

The major strengths of this study were the application 

of TSA and the inclusion of all of the currently 

available prospective epidemiological studies, including 

RCTs and cohort studies, in our study. To our 

knowledge, this is the first meta-analysis using TSA to 

assess the effect of BPs on BCa survival. TSA, taking 

into consideration the required information size, the 

accumulated information size, and the effect size, is 

more conservative and reliable and probably more 

accurate because it allows for repetitive testing of 

accumulating data. We included a total of 81508 early-

stage BCa patients enrolled in the analysed studies, 

including 22521 BP users and 9491 events, which 

added reliability to our findings. The results of the 

RCTs and cohort studies are consistent, even though 

there is obvious heterogeneity between study designs. 

RCTs tend to evaluate the effect of BPs under ideal 

conditions among highly selected BCa patients, whereas 

cohort studies evaluate the effect in real-world settings. 

Therefore, it is important that new therapies be 

evaluated using RCTs and assessed using prospective 

cohort studies before interpreting the real-world effects. 

Additionally, a high consistency of the results across 

diverse statistical models and extensive sensitivity 

analyses and the moderate to high overall GRADE 

quality of evidence added further reliability and 

robustness to our findings. 

 

However, several limitations of this study should be 

considered. First, various dosages and durations of BP 

treatment used in the individual studies could have 

contributed to the obvious heterogeneity. Second, 

multiple testing could have affected our results since we 

conducted post hoc subgroup analyses by follow-up 

duration and menopausal status and our findings from 

these subgroup analyses should be interpreted with 

caution. Despite being post hoc analyses, the findings of 

subgroup analyses by follow-up duration raised 

interesting hypotheses: whether the benefits of BPs can 

exert a carryover beneficial effect for up to 4 years after 

the treatment completion and whether re-treatment with 

BPs 3 to 4 years after completion of the first round of 

medication would maintain a long-term, equally 

beneficial effect thereafter. Even though we performed 

the TSA to correct for these random errors, sparse data, 

and repetitive testing, the results suggest there is 

insufficient information to confirm this hypothesis. 

Thus, a confirmatory large sample size RCT is required 

to explore and confirm this hypothesis, especially if the 

findings are from subgroup analyses. Finally, we could 
not explore whether the beneficial effect of bisphos-

phonates differs across different molecular subtypes of 

breast cancer due to the lack of available data. 
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In summary, this study provides firm evidence for a 

significant beneficial effect of BPs on BCa survival in 

patients with early-stage BCa, and this effect could 

persist at least 1-2 years after the completion of BP 

treatment. Several unanswered questions remain, 

including what is the optimal procedure of BP treatment 

for women with primary early-stage BCa, which type of 

BPs would be better, whether the beneficial effects 

persist or attenuate with time, or become more 

pronounced if a second round of treatment with BPs is 

given, and which group of women may derive the 

greatest benefit from BP treatment. 
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SUPPLEMENTARY MATERIALS 
 

Search strategy 

 

PubMed 

#1. (((breast[MeSH Terms]) OR breast[Title/Abstract]) 

OR mammary glands[Title/Abstract]) 

 

#2. (((((((((((((neoplasms[MeSH Terms]) OR 

neoplasms[Title/Abstract]) OR 

neoplasm[Title/Abstract]) OR cancers[Title/Abstract]) 

OR cancer[Title/Abstract]) OR tumours[Title/Abstract]) 

OR tumour[Title/Abstract]) OR 

malignancies[Title/Abstract]) OR 

malignancy[Title/Abstract]) OR 

neoplasias[Title/Abstract]) OR 

neoplasia[Title/Abstract]) OR 

carcinomas[Title/Abstract]) OR 

carcinoma[Title/Abstract]) 

 

#3. #1 AND #2 

 

#4. (((((((((((((breast neoplasms[MeSH Terms]) OR 

breast neoplasms[Title/Abstract]) OR breast 

neoplasm[Title/Abstract]) OR breast 

tumours[Title/Abstract]) OR breast 

tumour[Title/Abstract]) OR breast 

cancers[Title/Abstract]) OR breast 

cancer[Title/Abstract]) OR breast 

carcinomas[Title/Abstract]) OR breast 

carcinoma[Title/Abstract]) OR human mammary 

neoplasms[Title/Abstract]) OR human mammary 

neoplasm[Title/Abstract]) OR human mammary 

carcinomas[Title/Abstract]) OR human mammary 

carcinoma[Title/Abstract]) 

 

#5. #3 OR #4 

 

#6. (((((((((((((((((((diphosphonates[MeSH Terms]) OR 

diphosphonates[Title/Abstract]) OR 

diphosphonate[Title/Abstract]) OR 

bisphosphonates[Title/Abstract]) OR 

bisphosphonate[Title/Abstract]) OR 

alendronate[Title/Abstract]) OR clodronic 

acid[Title/Abstract]) OR etidronic acid[Title/Abstract]) 

OR ibandronic acid[Title/Abstract]) OR 

pamidronate[Title/Abstract]) OR risedronic 

acid[Title/Abstract]) OR zoledronic 

acid[Title/Abstract]) OR alendron*[Title/Abstract]) OR 

clodron*[Title/Abstract]) OR etidron*[Title/Abstract]) 

OR pamidron*[Title/Abstract]) OR 

ibandron*[Title/Abstract]) OR 

risedron*[Title/Abstract]) OR 

zoledron*[Title/Abstract]) 

 

#7. #5 AND #6 

#8. (((((((((((((((Randomized Controlled 

Trial[Publication Type]) OR Controlled Clinical 

Trial[Publication Type]) OR Randomized Controlled 

Trials as Topic[MeSH Terms]) OR Controlled Clinical 

Trials as Topic[MeSH Terms]) OR controlled 

trial[Title/Abstract]) OR clinical trial[Title/Abstract]) 

OR randomized controlled trial[Title/Abstract]) OR 

Controlled Clinical Trial[Title/Abstract]) OR 

randomized[Title/Abstract]) OR 

randomised[Title/Abstract]) OR 

plsacebo[Title/Abstract]) OR randomly[Title/Abstract]) 

#9. (((((Cohort Studies[MeSH Terms]) OR Cohort 

Studies[Title/Abstract]) OR Cohort 

Study[Title/Abstract]) OR cohorts[Title/Abstract]) OR 

cohort[Title/Abstract]) 

#10. #8 OR #9 

#11. #7 AND #10 

 

EMBASE 

#1. 'breast cancer':ti,ab,kw OR 'breast tumour':ti,ab,kw 

OR 'breast caicinoma':ti,ab,kw OR 'breast 

neoplasm':ti,ab,kw 

 

#2. diphosphonates:ti,ab,kw OR diphosphonate:ti,ab,kw 

OR bisphosphonates:ti,ab,kw OR 

bisphosphonate:ti,ab,kw OR alendron*:ti,ab,kw OR 

clodron*:ti,ab,kw OR etidron*:ti,ab,kw OR 

pamidron*:ti,ab,kw OR ibandron*:ti,ab,kw OR 

risedron*:ti,ab,kw OR zoledron*:ti,ab,kw OR 

'zoledronic acid':ti,ab,kw 

 

#3. #1 AND #2 

 

#4. 'randomized controlled trial':ti,ab,kw OR 'controlled 

clinical trial':ti,ab,kw OR 'controlled trial':ti,ab,kw OR 

'controlled study':ti,ab,kw OR 'clinical trial':ti,ab,kw OR 

placebo:ti,ab,kw OR randomized:ti,ab,kw OR 

randomly:ti,ab,kw 

 

#5. 'cohort studies':ti,ab,kw OR 'cohort study':ti,ab,kw 

OR cohorts:ti,ab,kw OR cohort:ti,ab,kw 

#6. #4 OR #5 

 

#7. #3 AND #6 

 

CENTRAL (Cochrane Central Register of Controlled 

Trials) 

#1. MeSH descriptor: [Breast Neoplasms] explode all 

trees 

 

#2. (breast cancer):ti, ab, kw OR (breast tumour):ti, ab, 

kw OR (breast carcinoma):ti, ab, kw OR (breast 

neoplasm):ti, ab, kw 
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#3. #1 OR #2 

 

#4. MeSH descriptor: [Diphosphonates] explode all 

trees 

 

#5. (diphosphonates): ti, ab, kw OR (diphosphonate): ti, 

ab, kw OR (bisphosphonates): ti, ab, kw OR 

(bisphosphonate): ti, ab, kw 

 

#6. (alendron*): ti, ab, kw OR (clodron*): ti, ab, kw OR 

(etidron*): ti, ab, kw OR (pamidron*): ti, ab, kw OR 

(ibandron*): ti, ab, kw OR (risedron*): ti, ab, kw OR 

(zoledron*): ti, ab, kw 

 

#7. #4 OR #5 OR #6 

 

#8. #3 AND #7 

 

ProQuest 

#1. mesh(breast neoplasms) OR mainsubject(breast 

neoplasms) OR ab(breast cancer) OR ab(breast tumour) 

OR ab(breast carcinoma) OR ab(breast neoplasm) 

 

#2. mesh(diphosphonates) OR 

mainsubject(biphosphonates) OR ab(diphosphonates) 

OR ab(diphosphonate) OR ab(biphosphonates) OR 

ab(biphosphonate) 

 

#3. #1 AND #2 

 

#4. mesh(Randomized Controlled Trials as Topic) OR 

mesh(controlled clinical trials as topic) OR 

ab(Randomized Controlled Trial) OR ab(controlled 

clinical trial) OR ab(controlled trial) OR ab(clinical 

trial) OR ab(placebo) OR ab(randomized) OR 

ab(randomly) 

 

#5. mesh(cohort studies) OR mainsubject(cohort study) 

OR ab(cohort study) OR ab(cohort) 

 

#6. #4 OR #5 

 

#7. #3 AND #6 
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Supplementary Figures 

 

 

 

 
 

Supplementary Figure 1. Flow diagram of study selection. BCa, breast cancer; BMD, bone mineral density; BPs, bisphosphonates; 

QOL, quality of life; RCTs, randomized controlled trials; SRE, skeletal related event. 
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Supplementary Figure 2. Risk of bias summary displaying review authors’ judgments about each risk of bias domain for each 
included study. (A) Judgements about each risk of bias item for each included study; (B) Judgements about each risk of bias item presented 

as percentages across all included studies. Studies were listed alphabetically by author name. 
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Supplementary Figure 3. Sensitivity analysis of bisphosphonates and breast cancer survival with trial sequential analysis 
with 90% statistical power. 
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Supplementary Figure 4. Trial sequential analysis including both RCTs and cohort studies based on follow-up duration, from 
the shortest to longest among studies, irrespective of the treatment period. (A) Trial sequential analysis including all the multiple 
datasets at different follow-up time points from the same RCT; (B) Trial sequential analysis including only the dataset with the longest follow-
up period from each individual RCTs. 
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Supplementary Figure 5. Meta-regression analysis of bisphosphonates and breast cancer survival by (A) Sample size; (B) Number of 

bisphosphonate users; (C) Number of events; (D) Time period of follow-up duration in individual studies. Circles indicated individual studies, 
and the size of the circle was proportional to the relative weight that the study had in calculating the summary effect estimate. 
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Supplementary Figure 6. Funnel plots of potential publication bias. White circles indicate individual studies; black circles, trimmed 

studies after adjustment for potential publication bias; white diamonds, the summarized effect estimates from the meta-analyses; black 
diamonds, the adjusted summary estimates. The diagonal lines represent the 95% confidence interval of the summarized effect estimate, 
which is indicated by the vertical line. 
  



 

www.aging-us.com 19862 AGING 

Supplementary Tables 
 

Please browse Full Text version to see the data of Supplementary Tables 1–4, 7. 

 

Supplementary Table 1. Characteristics of randomized controlled trials included in this study. 

 

Supplementary Table 2. Characteristics of prospective epidemiological studies included in this study. 

 

Supplementary Table 3. Methodological quality scores of cohort studies and nested case-control studies. 

 

Supplementary Table 4. GRADE quality of evidence. 

 

Supplementary Table 5. Sensitivity analysis by comparison of the summarized results of the maximally and 
unadjusted effect estimates using confounding RR. 

Subgroups No. of datasets 

Unadjusted effect estimates  Maximally adjusted effect estimates 

Confounding RR 

P-value for 

heterogeneity 

between results 
Pooled RR (95% CIs), P-value I2 (P-value)  Pooled RR (95% CIs) 

Overall 23 0.708 (0.607, 0.826), <0.001 75.73 (<0.001)  0.725 (0.627, 0.839) 1.023 0.836 

Study Design 

RCTs 15 0.861 (0.782, 0.948), 0.002 0.00 (0.756)  0.892 (0.829, 0.961) 1.036 0.564 

Cohorts 8 0.560 (0.398, 0.787), 0.001 88.13 (<0.001)  0.570 (0.436, 0.745) 1.018 0.939 

Follow-up Duration (year) (Only RCTs) 

Treatment duration 5 0.723 (0.530, 0.986), 0.041 0.00 (0.866)  0.930 (0.817, 1.058) 1.286 0.143 

Post-treatment 1-2 8 0.706 (0.535, 0.930), 0.013 44.32 (0.096)  0.780 (0.638, 0.954) 1.105 0.566 

Post-treatment 3-4 4 0.694 (0.499, 0.966), 0.031 41.18 (0.183)  0.718 (0.585, 0.881) 1.035 0.865 

Post-treatment >4 7 0.868 (0.764, 0.985), 0.028 0.00 (0.585)  0.906 (0.832, 0.987) 1.044 0.583 

Recurrence Sites 

Bone metastases 12 0.748 (0.635, 0.881), 0.001 43.00 (0.063)  0.713 (0.602, 0.843) 0.953 0.688 

Nonskeletal metastases 9 0.841 (0.730, 0.969), 0.016 17.04 (0.296)  0.883 (0.768, 1.014) 1.050 0.632 

Loco-regional recurrence 10 0.835 (0.698, 0.999), 0.048 10.15 (0.351)  0.887 (0.771, 1.020) 1.062 0.603 

Contralateral recurrence 11 0.725 (0.594, 0.885), 0.002 0.00 (0.569)  0.775 (0.651, 0.922) 1.069 0.628 

Menopausal Status 

Postmenopausal 12 0.752 (0.636, 0.889), 0.001 37.02 (0.103)  0.737 (0.640, 0.850) 0.980 0.861 

Non-postmenopausal 6 0.903 (0.685, 1.190), 0.468 16.01 (0.313)  0.992 (0.864, 1.139) 1.099 0.550 

Type of BPs (Only RCTs) 

Zoledronic acid 7 0.738 (0.593, 0.920), 0.007 0.00 (0.978)  0.892 (0.805, 0.988) 1.209 0.126 

Clodronate 3 0.864 (0.681, 1.097), 0.231 43.24 (0.184)  0.846 (0.736, 0.971) 0.979 0.878 

*Confounding RR was defined as the ratio of the pooled results of the maximally adjusted and the unadjusted effect 
estimates. If the P-value for confounding RR was less than 0.05, the impact of adjustment for confounders on the pooled 
results was statistically significant; otherwise, the confounding effect of the adjusted factors was small or null. For protective 
factors, if the confounding RR <1, it indicates that the adjusted confounders have obscured an inverse association; if the 
confounding RR >1, it indicates that the adjusted confounders have exaggerated an inverse association, and therefore the 
summarized results of the maximally adjusted data are more conservative. 
Abbreviations: BPs, bisphosphonates; CI, confidence interval; RCTs, randomized controlled trials; RR, risk ratio. 
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Supplementary Table 6. Sensitivity analysis by E-values for point estimates and upper confidence interval limits. 

Subgroups No. of datasets 

Conventional meta-analysis  TSA 

Pooled RR  

(95% CIs) 

E-values for 

point estimate 

E-values for 

Upper CI limit 
 

TSA-corrected RR 

(95% CIs) 

E-values for  

point estimate 

E-values for 

Upper CI limit 

Overall 23 0.725 (0.627, 0.839) 2.103 1.670  0.700, (0.589, 0.832) 2.211 1.695 

Study Design 

RCTs 15 0.892 (0.829, 0.961) 1.490 1.246  0.923, (0.856, 0.995) 1.384 1.076 

Cohorts 8 0.570 (0.436, 0.745) 2.905 2.020  0.510, (0.318, 0.817) 3.333 1.748 

Follow-up Duration (year) (Only RCTs) 

Treatment duration 5 0.930 (0.817, 1.058) 1.360 1.000  0.905, (0.418, 1.960) 1.446 1.000 

Post-treatment 1-2 8 0.780 (0.638, 0.954) 1.883 1.273  0.774, (0.604, 0.992) 1.906 1.098 

Post-treatment 3-4 4 0.718 (0.585, 0.881) 2.132 1.527  0.798, (0.386, 1.653) 1.816 1.000 

Post-treatment >4 7 0.906 (0.832, 0.987) 1.442 1.129  0.905, (0.798, 1.027) 1.446 1.000 

Recurrence Sites 

Bone metastases 12 0.713 (0.602, 0.843) 2.154 1.656  0.705, (0.527, 0.943) 2.189 1.314 

Nonskeletal metastases 9 0.883 (0.768, 1.014) 1.520 1.000  0.903, (0.684, 1.192) 1.452 1.000 

Loco-regional recurrence 10 0.887 (0.771, 1.020) 1.506 1.000  0.639, (0.380, 1.075) 2.505 1.000 

Contralateral recurrence 11 0.775 (0.651, 0.922) 1.902 1.388  0.722, (0.606, 0.861) 2.115 1.595 

Menopausal Status 

Postmenopausal 12 0.737 (0.640, 0.850) 2.053 1.632  0.737, (0.607, 0.895) 2.053 1.479 

Non-postmenopausal 6 0.992 (0.864, 1.139) 1.098 1.000  NA NA NA 

Type of BPs (Only RCTs) 

Zoledronic acid 7 0.892 (0.805, 0.988) 1.490 1.123  0.920, (0.790, 1.072) 1.394 1.000 

Clodronate 3 0.846 (0.736, 0.971) 1.646 1.205  0.891, (0.555, 1.431) 1.493 1.000 

*E-value shows the minimum strength of association that a hypothetical residual confounding factor would need to have with 
both the use of bisphosphonates and the risk of BCa recurrence to fully explain the observed effect. Note that these 
calculations assumed an optimal frequency for the hypothetical confounder. For an infrequent confounder, the strength of 
the associations between the confounder and bisphosphonate use and between the confounder and BCa recurrence risk 
needs to be much stronger. In the present study, the impact of a hypothetical unmeasured confounder on the observed 
effect would be small or negligible when the E-value for the summarized point estimate is no less than 1.5. 
Abbreviations: BPs, bisphosphonates; CI, confidence interval; RCTs, randomized controlled trials; RR, risk ratio; TSA, trial 
sequential analysis. 

 

Supplementary Table 7. Sensitivity analysis by study design (RCTs vs. Cohorts). 
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Supplementary Table 8. Sensitivity analysis excluding the study that has the most relative weight in subgroups. 

Subgroups 

Effect estimates after exclusion of the most relative-weight study  Before exclusion P-value for 

difference 

between 

before and 

after 

exclusion 

Excluded 

study 

(Relative 

weight within 

random effect 

models, %) 

No. of 

datasets 

Sample size of 

cumulative 

meta-analysis 

Incidence in 

control group (%) 

Pooled RR (95% CIs),  

P-value 
I2 (P-value)  Pooled RR (95% CIs) 

Overall  22 78151 6615/57311 (11.54) 0.708 (0.607, 0.826), <0.001 75.73 (<0.001)  0.725 (0.627, 0.839) 0.826 
Coleman 2018-

117mo.(7.70) 

Study Design          

RCTs 14 11252 807/5143 (15.68) 0.861 (0.782, 0.948), 0.002 0.00 (0.756)  0.892 (0.829, 0.961) 0.568 
Coleman 2018-

117mo.( 40.48) 

Cohorts 7 45709 4644/36635 (12.68) 0.560 (0.398, 0.787), 0.001 88.13 (<0.001)  0.570 (0.436, 0.745) 0.936 
Kremer 2014-

60mo.(16.74) 

Follow-up Duration (year) (Only RCTs)  

Treatment duration 4 1379 97/698 (13.83) 0.723 (0.530, 0.986), 0.041 0.00 (0.866)  0.930 (0.817, 1.058) 0.142 
Coleman 2011-

59.3mo.(82.62) 

Post-treatment 1-2 7 5461 345/2213 (15.59) 0.706 (0.535, 0.930), 0.013 44.32 (0.096)  0.780 (0.638, 0.954) 0.568 
Coleman 2014-

84mo.(30.54) 

Post-treatment 3-4 3 2276 143/1130 (12.65) 0.694 (0.499, 0.966), 0.031 41.18 (0.183)  0.718 (0.585, 0.881) 0.864 
Powles 2006-

67mo.(41.76) 

Post-treatment >4 6 6554 439/3287 (13.36) 0.868 (0.764, 0.985), 0.028 0.00 (0.585)  0.906 (0.832, 0.987) 0.583 
Coleman 2018-

117mo.(54.22) 

Recurrence Sites  

Bone metastases 11 21780 736/11469 (6.42) 0.748 (0.635, 0.881), 0.001 43.00 (0.063)  0.713 (0.602, 0.843) 0.689 
Kremer 2014-

60mo.(15.61) 

Nonskeletal 

metastases 
8 17275 537/9217 (5.83) 0.841 (0.730, 0.969), 0.016 17.04 (0.296)  0.883 (0.768, 1.014) 0.630 

Coleman 2018-

117mo.(22.66) 

Loco-regional 

recurrence 
9 21293 408/11831 (3.45) 0.835 (0.698, 0.999), 0.048 10.15 (0.351)  0.887 (0.771, 1.020) 0.603 

Kwan 2016-

42mo.(36.02) 

Contralateral 

recurrence 
10 22228 601/12645 (4.75) 0.725 (0.594, 0.885), 0.002 0.00 (0.569)  0.775 (0.651, 0.922) 0.621 

Kwan 2016-

42mo.(23.35) 

Menopausal Status  

Postmenopausal 11 23188 1513/18597 (8.14) 0.752 (0.636, 0.889), 0.001 37.02 (0.103)  0.737 (0.640, 0.850) 0.857 
Lipton 2017 -

49.2mo.(19.88) 

Non-

postmenopausal 
5 3018 530/1949 (27.17) 0.903 (0.685, 1.190), 0.468 16.01 (0.313)  0.992 (0.864, 1.139) 0.551 

Coleman 2018 

-117mo.(63.47) 

Type of BPs (Only RCTs)  

Zoledronic acid 6 2359 129/1185 (10.84) 0.738 (0.593, 0.920), 0.007 0.00 (0.978)  0.892 (0.805, 0.988) 0.125 
Coleman 2018 

-117mo.(78.15) 

Clodronate 2 1371 201/684 (29.53) 0.864 (0.681, 1.097), 0.231 43.24 (0.184)  0.846 (0.736, 0.971) 0.881 
Paterson 2012 -

90.7mo.(39.46) 

Abbreviations: BPs, bisphosphonates; CI, confidence interval; RCTs, randomized controlled trials; RR, risk ratio. 
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Supplementary Table 9. Sensitivity analysis by including studies with high risk of 
bias (Saarto and Minckitz, RCT). 

Subgroups No. of datasets Pooled RR (95% CIs), P-value I2 (P-value) 

Overall 25 0.761 (0.657, 0.881), <0.001 79.99 (<0.001) 

Study Design    

RCTs 17 0.920 (0.857, 0.987), 0.020 20.91 (0.210) 

Follow-up Duration (year) (Only RCTs)  

Treatment duration 6 0.945 (0.838, 1.064), 0.350 0.00 (0.526) 

Post-treatment 1-2 9 0.845 (0.668, 1.071), 0.163 66.75 (0.002) 

Post-treatment >4 8 0.943 (0.821, 1.082), 0.403 46.48 (0.070) 

Recurrence Sites   

Bone metastases 14 0.769 (0.646, 0.915), 0.003 68.96 (<0.001) 

Nonskeletal metastases 10 0.935 (0.787, 1.110), 0.443 60.10 (0.007) 

Loco-regional recurrence 12 0.898 (0.767, 1.051), 0.180 28.26 (0.168) 

Menopausal Status   

Postmenopausal 13 0.743 (0.651, 0.849), <0.001 33.39 (0.115) 

Non-postmenopausal 7 1.004 (0.894, 1.126), 0.951 0.00 (0.503) 

Type of BPs (Only RCTs)  

Zoledronic acid 8 0.905 (0.821, 0.998), 0.045 0.00 (0.634) 

Clodronate 4 0.966 (0.726, 1.284), 0.811 74.17 (0.009) 

*Saarto and Minckitz studies are RCTs of high risk of bias and then are excluded from the 
primary main analyses, in order to minimize the impact on the overall results, especially the 
results of some subgroup analyses. However, sensitivity analysis showed that the inclusion of 
these studies did not materially impact the results. 
Abbreviations: BPs, bisphosphonates; CI, confidence interval; RCTs, randomized controlled 
trials; RR, risk ratio. 

Supplementary Table 10. Sensitivity analysis by excluding the zero-event study 
(Hershman, RCT). 

Subgroups No. of datasets Pooled RR (95% CIs), P-value I2 (P-value) 

Overall  22 0.724 (0.625, 0.838), <0.001 79.29 (<0.001) 

Study Design 

RCTs 14 0.892 (0.829, 0.961), 0.003 0.00 (0.651) 

Follow-up Duration (year) (Only RCTs) 

Treatment duration 4 0.885 (0.720, 1.088), 0.247 20.47 (0.287) 

Menopausal Status 

Non-postmenopausal 5 0.973 (0.814, 1.161), 0.758 24.34 (0.259) 

Type of BPs (Only RCTs) 

Zoledronic acid 6 0.892 (0.805, 0.988), 0.029 0.00 (0.493) 

*Hershman’ study is a randomized controlled trial, in which none event had been observed in 
both arms. The Hershman trial was only included in these analyses listed above. 
Abbreviations: BPs, bisphosphonates; CI, confidence interval; RCTs, randomized controlled 
trials; RR, risk ratio. 
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Supplementary Table 11. Sensitivity analysis by excluding studies without clear 
definition of post-diagnosis BPs use (Lipton and Rouach, Cohort). 

Subgroups No. of datasets Pooled RR (95% CIs), P-value I2 (P-value) 

Overall 21 0.736 (0.631, 0.858), <0.001 78.38 (<0.001) 

Study Design    

Cohorts 6 0.568 (0.408, 0.792), 0.001 90.21 (<0.001) 

Recurrence Sites    

Bone metastases 12 0.750 (0.642, 0.877), <0.001 53.04 (0.024) 

Nonskeletal metastases 8 0.953 (0.857, 1.059), 0.368 0.00 (0.480) 

Loco-regional recurrence 9 0.937 (0.828, 1.060), 0.302 0.00 (0.528) 

Contralateral recurrence 10 0.818 (0.681, 0.982), 0.031 0.00 (0.754) 

Menopausal Status    

Postmenopausal 10 0.775 (0.686, 0.876), <0.001 8.03 (0.368) 

*Lipton and Rouach studies are all cohort studies and are included in these analyses above, so 
this sensitivity analysis was conducted in such subgroup analyses listed above. 
Abbreviations: CI, confidence interval; RR, risk ratio. 

 

Supplementary Table 12. Publication bias analysis. 

Subgroups No. of datasets 

P-value for Pooled RR (95% CI) 

Begg's rank 

correlation test 

Egger's linear 

regression test 

Adjusted with trim 

and fill 
Unadjusted 

Overall 23 0.091 0.259 0.796 (0.678, 0.933) 0.725 (0.627, 0.839) 

Study Design      

RCTs 15 0.428 0.113 0.898 (0.834, 0.967) 0.892 (0.829, 0.961) 

Cohorts 8 0.386 0.251 0.687 (0.520, 0.907) 0.570 (0.436, 0.745) 

Follow-up Duration (year) (Only RCTs) 

Treatment duration 5 0.807 0.369 0.936 (0.823, 1.064) 0.930 (0.817, 1.058) 

Post-treatment 1-2 8 0.548 0.195 0.786 (0.672, 0.920) 0.780 (0.638, 0.954) 

Post-treatment 3-4 4 1.000 0.590 0.690 (0.544, 0.875) 0.718 (0.585, 0.881) 

Post-treatment >4 7 0.711 0.258 0.906 (0.820, 1.001) 0.906 (0.832, 0.987) 

Recurrence Sites 

Bone metastases 12 0.373 0.751 0.652 (0.549, 0.775) 0.713 (0.602, 0.843) 

Nonskeletal metastases 9 0.917 0.352 0.931 (0.798, 1.087) 0.883 (0.768, 1.014) 

Loco-regional recurrence 10 0.074 0.006 0.914 (0.801, 1.044) 0.887 (0.771, 1.020) 

Contralateral recurrence 11 1.000 0.891 0.771 (0.648, 0.918) 0.775 (0.651, 0.922) 

Menopausal Status 

Postmenopausal 12 0.193 0.270 0.746 (0.633, 0.878) 0.737 (0.640, 0.850) 

Non-postmenopausal 6 0.260 0.134 1.013 (0.810, 1.266) 0.992 (0.864, 1.139) 

Type of BPs (Only RCTs) 

Zoledronic acid 7 1.000 0.042 0.903 (0.816, 0.999) 0.892 (0.805, 0.988) 

Clodronate 3 1.000 0.324 0.846 (0.736, 0.971) 0.846 (0.736, 0.971) 

Abbreviations: BPs, bisphosphonates; CI, confidence interval; RCTs, randomized controlled trials; RR, risk ratio. 


