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Abstract

Zoledronic acid (ZA) is an effective agent in osteoporosis and malignancy-related bone disease but 

may be associated with increased risk of atrial fibrillation (AF), although current studies disagree 

on this risk. To examine the risk of incident AF among patients receiving ZA compared with 

denosumab in the first year of treatment, we performed a new-user, active comparator cohort study 

including privately insured Americans between January 1, 2010, and June 30, 2019. Individuals 

aged ≥50 years without known arrhythmia or advanced kidney disease who initiated ZA were 1:1 

propensity score (PS)-matched to individuals initiating denosumab in separate osteoporosis and 

malignancy cohorts. The primary outcome was incident diagnosis of AF (≥1 inpatient or ≥2 

outpatient diagnostic codes) over 1 year. Secondary outcomes included stroke/transient ischemic 

attack (TIA) and nonvertebral fracture. In the osteoporosis cohort (n = 16,235 pairs), mean age 

was 71 years, and 93% were female. There was higher risk of AF with ZA compared with 

denosumab over 1 year (incidence rate [IR] = 18.6 versus 14.9 per 1000 person-years; hazard ratio 

[HR] = 1.25; 95% confidence interval [CI] 1.04 to 1.50). In the malignancy cohort (n = 7732 

pairs), mean age was 70 years, and 66% were female. There was a numerically higher, albeit not 
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statistically significant, risk of AF with ZA compared with denosumab over 1 year (IR = 46.9 

versus 39.0 per 1000 person-years; HR = 1.19; 95% CI 1.00 to 1.43; p = 0.06). No difference in 

stroke/TIA rates occurred. In the malignancy cohort, ZA was less effective than denosumab at 

preventing nonvertebral fractures (HR = 1.32; 95% CI 1.01 to 1.74). Compared with denosumab, 

ZA treatment for osteoporosis and possibly for malignancy-related bone disease is associated with 

modestly increased risk of incident AF in the first year of treatment.
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Introduction

Bisphosphonates, such as intravenous zoledronic acid (ZA) or oral alendronate, are 

commonly used as initial therapy for osteoporosis and malignancy-related bone disease.(1) 

Although bisphosphonates are highly efficacious and generally safe, there remain specific 

safety concerns, including atypical femoral fractures, osteonecrosis of the jaw, and increased 

atrial fibrillation (AF).(2–4) In the HORIZON Pivotal Fracture Trial (PFT), a randomized 

controlled trial (RCT) of ZA versus placebo in postmenopausal women with osteoporosis, 

an unexpected and significant increase in arrhythmias driven by rates of serious AF (deemed 

life-threatening or resulting in hospitalization or disability) was found in those treated with 

ZA annually for 3 years.(2) Overall rates of AF were similar in the two groups, but serious 

AF events were documented more commonly in the ZA group (1.3% ZA versus 0.5% 

placebo; p < 0.001), most often occurring at least 30 days after the infusion.(2)

By contrast, neither the 3-year extension of the HORIZON-PFT nor the HORIZON 

Recurrent Fracture Trial (RFT) showed a significant increase in AF or arrhythmias with ZA.
(5,6) Additionally, a meta-analysis of seven observational studies showed an overall pooled 

odds ratio of 1.04 (95% confidence interval [CI] 0.92 to 1.16) for atrial fibrillation with 

bisphosphonate use.(7)

Given conflicting results from prior placebo-controlled RCTs and observational studies, we 

examined the risk of incident AF in patients initiating ZA compared with denosumab, a 

monoclonal antibody to receptor activator of NF-κB ligand (RANKL), which is not known 

to have an association with AF, in osteoporosis and malignancy cohorts using a large private 

insurance claims database. We compared new users of ZA to new users of an active 

comparator (ie, denosumab), a pharmacoepidemiologic study design that reduces the risks of 

confounding and selection bias.(8,9)

Materials and Methods

Data source

We conducted a cohort study using claims data from the Clinformatics Data Mart (Optum, 

Inc., Eden Prairie, MN, USA) from January 1, 2010, to June 30, 2019. This database 

contains longitudinal claims from UnitedHealth Group and Medicare Advantage members, 

including diagnosis codes, procedure codes, pharmacy dispensing, and outpatient and 
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inpatient claims. Approximately 75.5 million fully insured (both medical and pharmacy 

coverage) individuals are included, with representation from across the United States (US). 

The data were deidentified before analysis, and informed consent was therefore not required. 

The study protocol was approved by the Institutional Review Board of Brigham and 

Women’s Hospital (2011P002580–158).

Study cohort

We included patients aged ≥50 years who newly initiated ZA or denosumab. The cohort 

entry date was the first date of ZA or denosumab administration. Because ZA is given 

approximately every 365 days and denosumab is given every 180 days, subjects were 

required to have a minimum of 455 days of continuous insurance eligibility without record 

of ZA or denosumab administration before the index date.(10) For the osteoporosis cohort 

(Fig. 1), patients were required to have ≥1 International Classification of Diseases 9th or 

10th revision (ICD-9 or ICD-10) code for osteoporosis (ICD-9: 733.0; ICD-10: M80, M81) 

but no active malignancy (defined as a malignancy diagnosis code associated with oncology 

provider claim), bone marrow transplant, or radiation therapy during the covariate 

assessment period. For the malignancy cohort (Fig. 2), patients were required to have ≥1 

diagnosis code for multiple myeloma or solid organ malignancies commonly associated with 

bone metastases (breast, prostate, thyroid, lung, bladder, renal, and pancreatic cancers or 

melanoma) from oncology provider claims, bone marrow transplant, or radiation therapy 

(diagnosis and procedure codes in Supplemental Table S1). Patients in the active malignancy 

cohort were permitted to also have a diagnosis of osteoporosis. For both cohorts, exclusion 

criteria included exposure to both ZA and denosumab at the same time, prior exposure to ZA 

or denosumab, ineligibility to receive ZA (chronic kidney disease [CKD] stage 4 or 5, end-

stage renal disease, dialysis) within the 455-day covariate assessment period, or prior AF or 

suspicion for prior AF (based on diagnosis, procedure, or medication dispensing codes 

suggestive of underlying arrhythmia) in all available data before the cohort entry date.

Outcome definition

The primary outcome was incident AF based on a diagnosis code for AF (ICD-9: 427.3; 

ICD-10: I48.0, I48.1, I48.2, I48.3, I48.4, or I48.9) from either ≥1 inpatient visit or ≥2 

outpatient visits (henceforth called “AF diagnosis;” Supplemental Table S1), a previously 

defined measure to assess incident AF in claims databases using at least 1 inpatient and 2 

outpatient claims to improve the specificity of AF classification.(11,12) Secondary outcomes 

included an inpatient diagnosis code for AF (henceforth called “AF hospitalization”), a 

previously validated metric for identifying incident AF hospitalization in claims databases 

with sensitivity 95% and specificity 99%,(13) and any AF diagnosis code combined with 

dispensing of AF medications (henceforth “AF + medication dispensing”).(14,15) Non-

cardiac secondary outcomes included a safety outcome of occurrence of stroke or transient 

ischemic attack (stroke/TIA), considered a possible downstream consequence of AF, and an 

effectiveness outcome of occurrence of nonvertebral osteoporotic and pathologic fracture of 

the humerus, wrist, hip, or pelvis (henceforth “nonvertebral fractures”) by diagnosis codes 

and/or procedure codes, a previously validated measure with a positive predictive value more 

than 93%.(16–18)
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Follow-up started on the day immediately after the cohort entry date and continued through 

the earliest of the following: occurrence of the study outcome, switch to the alternate 

medication, 365th day of follow-up, insurance disenrollment, death, or end of study period.

Covariates

Baseline variables potentially related to initiation of denosumab or ZA and/or development 

of AF were examined during the 455-day covariate assessment period before the cohort 

entry date. These variables included demographic factors (age, sex, region, year of cohort 

entry), markers of health care utilization, comorbidities, and medications (Table 1). Smoking 

and tobacco use were measured as previously described.(19) To further quantify the burden 

of comorbidities, we calculated a combined comorbidity score and claims-based frailty 

index using diagnostic codes for the 365-day period before the cohort entry date.(20,21)

Statistical analyses

To control for potential confounding, we performed a propensity score (PS) analysis in each 

cohort using a multivariable logistic regression model with the treatment (ZA versus 

denosumab) as the dependent variable and the aforementioned covariates from Table 1 as 

independent variables (osteoporosis cohort matched on 43 variables, malignancy cohort 

matched on 44 including the presence of osteoporosis). We used a PS analysis with 1:1 

matching without replacement and nearest neighbor matching with a caliper of 0.02 on the 

PS scale. We assessed covariate balance between the PS-matched cohorts using standardized 

differences, with a value below 0.1 indicating negligible differences between treatment 

groups.(22)

After PS matching, we estimated the incidence rate (IR) with 95% CIs for ZA and 

denosumab users for each outcome. Cox proportional hazards models were used to estimate 

the hazard ratio (HR) and 95% CIs of the outcomes within 365 days after the initiation of 

ZA versus denosumab. The primary analysis was an as-treated design, which allowed the 

ability to control for variable lengths of follow-up, up to 1 year. A Kaplan–Meier plot was 

used to visualize the time to outcome separately by group.

A prespecified subgroup analysis was performed for patients in each cohort who had 

cardiovascular disease (defined as diagnostic codes for coronary artery disease, heart failure, 

peripheral vascular disease, or cerebrovascular disease). In addition, we conducted several 

sensitivity analyses to assess the robustness of our findings. For osteoporosis, the 

recommended frequency of administration of ZA is annually and denosumab twice annually, 

whereas for malignancy, ZA and denosumab can be administered up to weekly. Given the 

potential cumulative dose-related differences between the osteoporosis and malignancy 

cohorts, we applied as-treated analyses with variable follow-up times of 30, 60, 90, and 180 

days. Second, as patients with multiple myeloma disproportionately received ZA over 

denosumab during the study period, we evaluated the findings in the subgroup of patients 

with active malignancies not including multiple myeloma.

All analyses were conducted using the validated Aetion Platform V3.12 (Aetion, New York, 

NY, USA) and R version 3.1.2 (The R Foundation, Vienna, Austria).(23) The p values were 

two-sided, and a significance level was set at 0.05.
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Results

Osteoporosis cohort

There were 21,332 ZA and 38,124 denosumab new initiators with osteoporosis and without 

active malignancy in the study database (Fig. 1; Supplemental Table S2). After 1:1 PS 

matching, 16,235 pairs of ZA and denosumab initiators were identified, with well-balanced 

baseline characteristics (Table 1). Both groups had a mean age of 71 years and were 93% 

female.

The incidence rate of AF was 18.60 and 14.91 per 1000 person-years in the ZA and 

denosumab users, respectively (Table 2). When compared with PS-matched denosumab 

initiators, ZA initiators had higher risk of incident AF diagnosis (HR = 1.25; 95% CI 1.04 to 

1.50). Risk of AF hospitalization (HR = 1.38; 95% CI 1.03 to 1.85) and AF + medication 

dispensing (HR = 1.30; 95% CI 1.02 to 1.67) were also higher with ZA compared with 

denosumab (Table 2; Fig. 3A). There was no difference in risk of strokes/TIA or 

nonvertebral fractures between groups. In the cardiovascular disease subgroup (n = 4318 PS-

matched pairs), there was a trend toward increased AF diagnosis in the ZA group (HR = 

1.22; 95% CI 0.93 to 1.61) (Supplemental Table S3).

Malignancy cohort

There were 11,195 ZA and 11,761 denosumab new initiators with active malignancy in the 

study database (Fig. 2; Supplemental Table S2). After 1:1 PS matching, 7732 pairs of ZA 

and denosumab initiators were identified, with well-balanced baseline characteristics (Table 

1). Both groups had a mean age of 70 years and were 66% female. In general, malignancies 

were distributed roughly evenly between the ZA and denosumab groups (within ±10%), 

except for multiple myeloma (19.2% in the ZA group versus 3.2% in the denosumab group; 

Supplemental Table S4). Compared with the osteoporosis cohort, the malignancy cohort had 

higher Charlson comorbidity indices (2.7 versus 0.9), diabetes (25% versus 16%), coronary 

artery disease (16% versus 12%), chronic obstructive pulmonary disease (16% versus 11%), 

and evaluation of cardiac status based on electrocardiograms (57% versus 43%) and 

echocardiograms (23% versus 15%).

Incident AF rates in the malignancy cohort were higher than in the osteoporosis cohort, with 

IRs of 46.87 and 39.03 per 1000 person-years in the ZA and denosumab users, respectively. 

At 365 days, there was a trend toward higher risk of incident AF diagnosis with ZA 

compared with denosumab (HR = 1.19; 95% CI 1.00 to 1.43; p = 0.06) (Table 2; Fig. 3B). In 

contrast to the osteoporosis cohort, there was no significantly higher risk of AF 

hospitalization or AF + medication dispensing in the malignancy cohort. Similar to the 

osteoporosis cohort, there was no increased risk of stroke/TIA. Importantly, in contrast to the 

osteoporosis cohort, ZA was less effective at preventing nonvertebral fractures than 

denosumab (HR = 1.32 for fracture; 95% CI 1.01 to 1.74). In the cardiovascular disease 

subgroup of the malignancy cohort (n = 2468 PS-matched pairs), there was a significantly 

higher risk of AF diagnosis (HR = 1.36; 95% CI 1.05 to 1.76) and AF hospitalization (HR = 

1.60; 95% CI 1.05 to 2.46) (Supplemental Table S3). In the sensitivity analysis of the 

malignancy cohort excluding multiple myeloma patients, we noted similar findings 
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compared with the primary analysis findings; specifically, there was a trend toward 

increased incident AF in ZA users (HR = 1.20; 95% CI 0.98 to 1.46) (Supplemental Tables 

S5 and S6; Supplemental Figs. S1 and S2).

The median number of doses of ZA received in the initial 180 days of follow-up was higher 

in the malignancy cohort (median 2.0; IQR 1.0 to 5.0) compared with the osteoporosis 

cohort (median 1.0; IQR 1.0 to 1.0) (Supplemental Table S7). Given suspicion for a dose-

related effect at early time points related to more frequent dosing after the initial diagnosis 

of malignancy-related bone complications, we analyzed the risk of AF at multiple time 

points including 30, 60, 90, 180, and 365 days from the cohort entry date. In both the 

osteoporosis and malignancy cohorts, the estimated magnitude of the increased AF risk with 

ZA was numerically highest at 30 to 60 days and decreased gradually over time 

(Supplemental Table S8); however, wide confidence intervals limit the interpret-ability of 

this finding.

Discussion

In this large cohort representative of the privately insured population in the US, we found 

that ZA was associated with a 25% higher relative risk (absolute risk difference 3.69 events 

per 1000 person-years) of incident AF in patients treated for osteoporosis compared with 

denosumab at 1 year. A similar trend existed in patients treated for malignancy-related bone 

complications, despite limited precision and power given the smaller size of the malignancy 

cohort. We also noted an increased risk of AF in the malignancy cohort within the 

cardiovascular subgroup and at shorter follow-up times. This could reflect the higher total 

dose and dosing frequency of ZA and denosumab at early time points for malignancy-related 

bone complications compared with osteoporosis. Compared with the osteoporosis cohort, 

the malignancy cohort had higher rates of observed AF, which may be due to the higher rates 

of comorbidities and cardiac monitoring in the malignancy cohort.

This study informs and extends from prior literature. The HORIZON-PFT trial of ZA versus 

placebo showed an increased rate of arrhythmias including serious AF in patients treated 

with ZA.(2) However, increased AF risk was not consistently observed in other RCTs and 

post-marketing observational studies.(5–7,24–28) Further, neither randomized trials nor 

observational studies have examined the risk of AF in ZA users relative to an active 

comparator, decreasing generalizability from randomized trials and raising the possibility of 

confounding by indication in observational studies. Similar to HORIZON-PFT, our study 

using real-world data and an active comparator shows a modestly higher risk of AF and AF 

hospitalization in patients who receive ZA for osteoporosis.(2) The Food and Drug 

Administration’s (FDA) post-marketing surveillance report in 2008 showed no significant 

increase in AF among 19,687 bisphosphonate-treated and 18,358 placebo-treated patients 

from prior clinical trials, followed for up to 3 years.(29) However, our study follows a larger 

number of patients in a real-world rather than a post-clinical trial setting, and we examined 

zoledronic acid alone rather than a combination of oral and intravenous bisphosphonates, 

which may account for the observed differences from the FDA findings.
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Prior authors have postulated several mechanisms for the increased risk of AF with ZA, 

including calcium shifts after the infusion, cytokine release, and deposition of 

bisphosphonates in myocardial tissue.(30–33) Our finding of an increased risk of AF with ZA 

relative to denosumab, an active comparator that also affects calcium levels, suggests that 

transient calcium shifts are unlikely to be the primary mechanism behind increased AF risk 

with ZA. Additionally, the distribution of AF events throughout the year after initiation in 

our study seems inconsistent with an acute cytokine-mediated effect. Further studies are 

needed to better understand the mechanism underlying AF risk with ZA.

Importantly, we observed no increased risk of strokes or TIA. Consistent with these findings, 

a comparative safety study of ZA versus denosumab previously showed no significant 

difference in stroke, myocardial infarction, or heart failure, although this study did not assess 

for incident arrhythmias and AF.(10) Additionally, two meta-analyses showed no increase in 

cardiovascular ischemic events with bisphosphonate use,(34,35) and a RCT of ZA versus 

placebo in women with osteopenic bone mineral density at the hip showed a trend toward 

decreased myocardial infarctions and all-cause mortality over 6 years of follow-up.(36) 

Growing evidence suggests that bisphosphonate use may be associated with lower all-cause 

mortality in eligible patients treated for osteoporosis.(6,35,37–39) Furthermore, ZA may be 

associated with higher disease-free survival in breast cancer.(40–44) Given this evidence and 

the substantial benefit in reducing skeletal-related events, we believe that the benefits of ZA 

use continue to outweigh the modest increased risk of incident AF for most patients. 

However, clinicians should be aware of the modestly increased risk of AF with ZA versus 

denosumab within the first year of treatment.

Of note, we found that rates of nonvertebral fractures were lower with denosumab than ZA 

in the malignancy cohort, but not the osteoporosis cohort, which is consistent with prior 

studies.(10,45–47) A prior cohort study, which also used the Clinformatics Data Mart, showed 

no difference in risk of nonvertebral osteoporotic fractures in patients with osteoporosis 

treated with ZA versus denosumab, although patients treated for malignancy-related bone 

complications were not assessed.(10) Since then, several studies have indicated that 

denosumab may be modestly more potent than ZA in reducing bone-related events in 

patients being treated for malignancy. An RCT of ZA versus denosumab in men with bone 

metastases from castration-resistant prostate cancer showed that denosumab was superior in 

delaying the onset of new pathologic fractures.(45) Two meta-analyses of RCTs comparing 

ZA to denosumab in malignancy also indicated that denosumab was superior to ZA in 

delaying time to first skeletal-related event by 17%.(46,47) This was consistent with our 

finding of greater malignancy-related fracture prevention efficacy with denosumab than with 

ZA.

Our results must be interpreted in the context of the study design. Because this study relies 

on observational data, our results cannot prove a causal relationship between ZA use and 

atrial fibrillation. Although we restricted our study to patients eligible for both treatment 

strategies and controlled for many potential confounders using PS matching, it is possible 

that unmeasured confounding still exists. For example, denosumab may be preferentially 

used in patients with mild CKD; because mild CKD may not be coded by physicians, this 

covariate may represent a source of residual confounding. Additionally, secular trends over 
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the 8-year study period may have influenced both prescribing and risk of outcomes; 

however, we attempt to address this by matching on year of first use of ZA or denosumab in 

the propensity score. Further, this study was not designed to examine other potential safety 

events such as atypical femoral fractures, osteonecrosis of the jaw, or all-cause mortality. 

Within the malignancy group, we did not have sufficiently large sample sizes to evaluate 

individual malignancies, and further studies using larger sample sizes are needed to examine 

whether individual malignancies are associated with AF in patients treated with ZA versus 

denosumab. Finally, although there is no known association between denosumab and risk of 

AF, the possibility that denosumab is protective against AF cannot be entirely excluded 

based on the current study. Despite the limitations, our study has several strengths, including 

large cohort sizes for both osteoporosis and malignancy. Unlike prior observational studies 

of ZA and AF risk, we utilized an active comparator arm and restricted the study population 

to new users, which reduces the risk of confounding in pharmacoepidemiologic studies.(8,9) 

Finally, our study assessed differences in AF-related and skeletal safety outcomes between 

the two treatment strategies.

In conclusion, our study found that ZA was associated with a 25% higher relative risk, or an 

absolute risk difference of 3.69 events per 1000 person-years, of incident AF within the first 

year of treatment in patients treated for osteoporosis compared with denosumab in a large 

PS-matched cohort study in the US. A similar trend was also noted with ZA in patients with 

malignancy, although further studies with larger sample sizes are needed in this population. 

This study validates an early finding from the HORIZON-PFT trial and clarifies the 

equivocal data from prior observational studies by using a large sample size and an active 

comparator. Given the modestly increased risk of AF with ZA versus denosumab in real-

world data, clinicians may consider known AF risk factors, such as cardiovascular 

comorbidities, when choosing whether to initiate ZA or denosumab in high-risk patients.
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Fig 1. 
Osteoporosis cohort selection. The final osteoporosis study cohort included a total of 16,235 

propensity score–matched pairs of denosumab and zoledronic acid initiators. CKD = chronic 

kidney disease; ESRD = end-stage renal disease.
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Fig 2. 
Malignancy cohort selection. The final malignancy study cohort included a total of 7732 

propensity score–matched pairs of denosumab and zoledronic acid initiators. CKD = chronic 

kidney disease; ESRD = end-stage renal disease.
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Fig 3. 
Kaplan–Meier curves for primary outcome (one inpatient or two outpatient codes for atrial 

fibrillation) in osteoporosis cohort (A) and malignancy cohort (B) with zoledronic acid 

versus denosumab. AF = atrial fibrillation.
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