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Abstract

INTRODUCTION: Emerging evidence suggests neuroprotective effects of bisphos-

phonates.Weaim to investigatewhether nitrogen-containing bisphosphonates (NBPs)

could reduce the risk of Alzheimer’s disease and related dementia (ADRD).

METHODS:We identified patients aged 60+with osteoporosis or fragility fracture in

2005–2020 from a healthcare database in Hong Kong. Patients receiving NBPs were

1:1matchedwith untreated patients and those receiving other anti-osteoporosismed-

ications (“non-NBPs”) by time-dependent propensity score. Follow-up was conducted

until December 31, 2021. Cause-specific hazard ratios (HRs) and 95% confidence

intervals (CIs) were estimated using the Cox proportional hazardmodel.

RESULTS: Among 121,492 patients (NBP = 15,654, non-NBP = 6331), we matched

10,833 pairs for NBPs-vs-untreated and 3080 pairs for NBPs-vs-non-NBPs. NBP use

was associated with a lower risk of ADRD compared to untreated (HR = 0.84, 95%

CI= 0.78–0.90) and non-NBP (HR= 0.76, 95%CI= 0.66–0.89).

DISCUSSION: NBP use was associated with a lower risk of dementia, suggesting

further studies are warranted on its potential to improve cognitive function.
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Highlights

∙ Nitrogen-containing bisphosphonates (NBPs) are associated with a reduced risk of

Alzheimer’s disease and related dementia.

∙ NBPs resulted in an absolute risk reduction of 0.007, 0.018, and 0.021 at 1, 3, and 5

years, respectively. The number needed to treat (NNT)withNBPs at 1, 3, and 5 years

were 133, 56, and 48.

∙ There is potential for repurposing NBPs as a therapeutic agent for Alzheimer’s

disease.

1 BACKGROUND

It was estimated that over 55million individuals worldwidewere living

withdementia in2019, and thenumber is expected to reach139million

by 2050.1 The treatment of Alzheimer’s disease and related dementia

(ADRD) is challenging due to the limited availability of effective thera-

peutic agents. For the past two decades, patients have relied on only

two classes of symptomatic drugs, namely cholinesterase inhibitors

andmemantine, tomanage their symptoms. Until recently, lecanemab2

and donanemab3 received full approval from the U.S. Food and Drug

Administration (FDA) for the treatment of early Alzheimer’s disease or

mild dementia. Despite the breakthrough, concerns persist regarding

the safety of the medication.4 5 The concept of repurposing exist-

ing drugs to find alternative therapeutic agents for ADRD has been

proposed.6 7 This strategy offers a time- and cost-effective approach

that complements traditional drug discoverymethods.

Bisphosphonates are antiresorptive agents used to treat post-

menopausal osteoporosis and other bone-associated disorders

by slowing down bone loss and preventing fractures. Specifically,

nitrogen-containing bisphosphonates (NBP) target the mevalonate

pathway by inhibiting the activity of farnesyl pyrophosphate synthase

(FPPS), which limits the synthesis of isoprenoids, namely FPP and

geranylgeranyl pyrophosphate (GGPP), and prevents the subsequent

prenylation of proteins. This ultimately induces apoptosis in osteo-

clasts via downstream pathways, reducing bone resorption.8 Emerging

evidence suggests that isoprenoids and protein prenylation play a

role in the development of Alzheimer’s disease. Studies have found

elevated levels of FPP and GGPP in brain tissue from individuals with

Alzheimer’s disease compared to normal brain tissue,9 10 suggesting

a specific dysregulation of isoprenoid metabolism in Alzheimer’s dis-

ease. Also, a variant of FPPS gene has been associated with increased

levels of phosphorylated tau protein.10 Furthermore, animal studies

have demonstrated the neuroprotective effect of alendronate.11 12

Based on these findings, it is hypothesized that drugs targeting the

isoprenoid pathway and protein prenylation, such asNBPs, could serve

as potential therapeutic agents for ADRD.

This study aimed to investigate whether the use of NBPs includ-

ing alendronate, ibandronate, risedronate, and zoledronate in patients

with osteoporosis or fragility fracture is associated with a reduced risk

of ADRD. The study used a population-based electronicmedical record

(EMR) database in Hong Kong to identify the cohort, which was sub-

sequently matched by propensity score to study the effectiveness of

NBPs in reducing risk of dementia.

2 METHODS

This study was a retrospective cohort study approved by the Insti-

tutional Review Board of the University of Hong Kong/Hospital

Authority Hong KongWest Cluster (UW21-301).

2.1 Data source

Data for the study were extracted from the Clinical Data Analysis and

Reporting System (CDARS) inHongKong, which contains de-identified

demographic and clinical information on admission, diagnoses, pro-

cedures, prescriptions, and laboratory tests from all public hospitals

and outpatient clinics in Hong Kong.13 The death information in the

database is linked to the Hong KongDeath Registry. The database cov-

ers over 80% of hospital admissions in Hong Kong14 and has been

validated for researchpurposes.15–18 Specifically, diagnostic coding for

fragility fracturehasbeen found tohaveahighpositive predictive value

(PPV) of 96.8%, indicating a high data quality.15 CDARS has been pre-

viously used for conducting real-world studies on fractures19–22 and

dementia23 24 in Hong Kong.

Diagnoses in the database are coded using the International Classi-

fication of Diseases, 9th Revision (ICD-9) code (ICD-10 coding has not

yet fully implemented in CDARS to date). Medications are coded using

a local drug coding system and categorized according to the British

Drug Formulary (BNF). Coding for diagnosis and medications used in

this study are presented in STable S1.

2.2 Study population

The study cohort included patients aged 60 years or older, who had

in-patient or out-patient diagnoses of osteoporosis or fragility frac-

ture at the spine, humerus, wrist, and hip between January 1, 2005,

andDecember 31, 2020,with no previous diagnoses of osteoporosis or
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fragility fracture and no previous prescription of any anti-osteoporosis

medications. The date of visiting the out-patient clinics (for out-patient

diagnosis) or the date of discharge (for in-patient diagnosis) was con-

sidered the “cohort entry date.” Fractures of the spine, humerus, wrist,

and hip are classified as major osteoporotic fractures (or fragility frac-

tures) due to their high prevalence in patients with osteoporosis and

their significant clinical impact.25 26 Many clinical guidelines for osteo-

porosis management use the risk of major osteoporosis fractures as a

criterion for initiating pharmacological treatment.27–29 Therefore, this

study focuses specifically on fractures of these sites.

To minimize selection bias and/or competing risk of death, patients

whomet any of the following criteria were excluded: (1) previous diag-

nosis of cancer; (2) previous diagnosis of dementia due to any cause

or medication for treatment of dementia (namely donepezil, rivastig-

mine, galantamine, and memantine); (3) death on the cohort entry

date; (4) a length of stay longer than 60 days for those with in-patient

diagnosis of osteoporosis or fragility fracture. It is worth noting that

patients with hip fractures, the most severe fragility fractures, gen-

erally stayed in the hospital for less than 60 days, as reported in a

previous study.30 Therefore, those with a longer length of stay may be

too frail to take anti-osteoporosis medications, resulting in indication

bias.We screened the cohort using all available EMRs since 1993 in the

database.

2.3 Exposure

The exposure of interest was determined from the cohort entry date

until Dec 31, 2020. This exposure was defined as a prescription for any

NBP, which includes alendronate, ibandronate, risedronate, and zole-

dronate (“NBP-exposed”). Two control groups were used in the study:

(1) untreated controls, which consisted of patients who did not receive

any prescription for anti-osteoporosis medication (“untreated”); and

(2) active controls, which included patients who were prescribed

other anti-osteoporosis medications, specifically denosumab, salca-

tonin, strontium ranelate, and teriparatide. (“non-NBP-exposed”).

2.4 Outcome

The outcome of interest was the time to incident ADRD including

Alzheimer’s disease, vascular dementia, senile dementia, and demen-

tia with an unspecified cause. Dementia resulting from other causes

was not considered as an outcome. We conducted an internal valida-

tion of the diagnostic coding for ADRD (see Supplementary Method

for detailed validation procedures), showing a PPV of 81% (95%

confidence interval [CI] 77.1–84.9).

2.5 Time-dependent propensity score matching

To address potential confounding by non-randomized treatment allo-

cation, we employed the propensity scores (PS) method to balance

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the literature

using PubMed and Embase with keywords (Alzheimer

OR dementia) AND (bisphosphonate OR alendronic OR

risedronic OR zoledronic OR ibandronic) AND (risk OR

associated OR association). Limited studies report on the

risk of Alzheimer’s disease and related dementia (ADRD)

associated with NBP use. However, some animal studies

demonstrated the neuroprotective effect of alendronate.

2. Interpretation: Our findings suggest the potential for

repurposing NBPs as therapeutic agents for ADRD.

3. Future directions: Our study proposes additional

research to (1) validate the association between NBP

use and the risk of ADRD in different populations; (2)

further understand themechanism underlying the neuro-

protective effects of NBPs; (3) investigate any potential

synergistic effects of NBPs and statins, which also target

on mevalonate pathway and have been associated with a

lower risk of Alzheimer’s disease, on the risk of ADRD.

the baseline characteristics of the comparison groups.31 Given that

treatment delay is common in patients with osteoporosis or fragility

fractures, there is a possibility of immortal time bias that favors the

treatment group.32 Thus,weperformeda time-dependentPSmatching

which has been proven as a superior approach to address the bias.33 34

The PS was estimated using the Cox proportional hazard regres-

sion model, which regressed time-to-exposure on covariates including

sex, age, calendar year, fracture type, nursing home residency, medical

history, and medications taken in the past 30 days (see STable 2 for a

full list of covariates). The PSwas derived from the cumulative hazards

over time.33

We performed the sequential matching algorithm by dividing the

time-to-exposure period into 1-month blocks since cohort entry. The

matching took place within risk sets Rt where t represents the month

since cohort entry date (e.g., t = 1 represents the first month, t = 2

represents the second month, and so on). Each risk set Rt consists

of all patients at risk of exposure in month t. Patients who initiated

NBP during month t was then matched 1:1 to a control patient. For

NBP-vs-Untreated analysis, eligible controls were those who had not

initiated any anti-osteoporosis treatment up to and including month t.

For NBP-vs-non-NBP analysis, eligible controls were those who initi-

ated a non-NBP treatment duringmonth t. Once successfullymatched,

both NBP-exposed patients and their matched controls were excluded

from subsequent risk sets (Rt+1, Rt+2, etc.). This means that matched

control patients were no longer eligible for matching even if they initi-

ated NBPs in a later month. This sequential matching process ensured

that each patient was matched only once, specifically within the risk

set corresponding to their time of treatment initiation.33 Matching

was based on the PS, calendar year, fracture type, sex, and age using
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F IGURE 1 Cohort screening flowchart.

sequential greedy matching without replacement, with a caliper of 0.2

standard deviation (SD) of the PS.35 36 Calendar year, fracture type,

and sex were matched exactly, while age was matched within a 5-year

range. The quality ofmatchingwas assessed by estimating the absolute

standardized differences (ASD) in covariates between the exposure

groups in the matched cohort. An ASD < 0.1 was considered well-

balanced.37 Any covariate with an ASD ≥ 0.1 was further adjusted in

subsequent regression analyses.

2.6 Follow-up

Given the slow progression of ADRD, an outcome event that occurred

early in the follow-up period is unlikely to be related to the drug. To

address this, we introduced a 6-month latency period7 starting from

thedate ofmatching.During this latencyperiod, patientswhohadbeen

diagnosed with ADRD and their matched pair were excluded from the

analysis. Follow-up started (time zero) at the end of the latency period,

specifically 6months (180 days) after thematching date. Thematching

date corresponds to the date of the first NBP prescription for theNBP-

exposed group, the date of beingmatched for the untreated group, and

the date of first non-NBPprescription for the non-NBP-exposed group.

Since both NBP-exposed and control patients start follow-up at the

same time point, immortal time bias is minimized. Patients were fol-

lowed until an outcome event (ADRD), death, or December 31, 2021

(end of data collection), whichever came first. A study design schema is

presented in SFigure 1 to clarify the follow-up period.

2.7 Statistical analysis

Continuous variables were presented as mean ± SD, and categori-

cal variables as frequency and percentage. Time-to-event analysis was

used to study the association between the use of NBPs and the risk

of ADRD. To address the competing risk of death, cause-specific haz-

ard ratios (HRs) and 95% CIs were estimated using a Cox proportional

hazard model. A robust variance estimator was used in this model to

account for the matched nature of the cohort.38 Cumulative incidence

function (CIF) was used to estimate the cumulative incidence of ADRD

in the presence of competing risk. Furthermore, a clustered Fine-Gray

model was employed to test the equality of CIFs between the expo-

sure groupswithin thematched cohort.39 The absolute risk differences

(ARDs) between the exposure groups at 1, 3, and 5 years were derived

by subtracting the CIFs of the control group from the CIFs of the NBP-

exposed group.39 The number needed to treat (NNT) was calculated as

the reciprocal of ARD, providing an estimate of the number of patients

needing to be treated with NBPs to prevent one additional case of

ADRD.

2.8 Additional analysis

Subgroup analyses were conducted to investigate potential modifying

effects by sex and fracture type. The time-dependent PS matching and

subsequent analysis were repeated within each subgroup. A likelihood

ratio test was performed by comparing Cox models with and without

an interaction term for exposure and the subgroup variable to test for

themodifying effect across subgroups.

Sensitivity analyses were performed to assess the robustness of

the findings. First, similar to the “per-protocol” analysis in RCTs, we

censored patients at the time they switched anti-osteoporosis treat-

ments.While our primary analysis,which did not account for treatment

switching, reflects the effectiveness of treatment in real-world condi-

tions, this “per-protocol” approach provides a more precise estimate

of the treatment effect under ideal adherence. Second, we extended

the 6-month latency period to 12 months to evaluate whether the

association would change.

All statistical analyses were conducted using R (version 4.3.1). The

cause-specific Cox model was fitted using the “coxph” function from

the survival package. CIFs were estimated using the “cuminc” func-

tion from the cmprsk package. The clustered Fine-Gray model was

fitted using the “crrc” function from the crrSC package. A two-sided

p-value< 0.05was considered statistically significant.

3 RESULTS

We identified 157,726 patients who met the inclusion criteria and

121,492 patients remained in the cohort after screening (Figure 1).

The mean ± SD age of the cohort was 77.3 ± 9.7 years, with the

majority (72.5%) being women. Within the first year following diag-

nosis, 14,822 (12.2%) patients initiated anti-osteoporosis medication
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TABLE 1 Baseline characteristics of the cohorts before propensity scorematching.

Parameter Untreated Non-NBP-exposed NBP-exposed

N 99507 6331 15654

Exposure on anti-osteoporosis medication, n (%)

Alendronate – – 12463 (79.6)

Ibandronate – – 1056 (6.7)

Risedronate – – 329 (2.1)

Zoledronate – – 1806 (11.5)

Denosumab – 1989 (31.4)

Salcatonin – 3667 (57.9)

Strontium ranelate – 421 (6.6)

Teriparatide – 254 (4.0)

Female, n (%) 70194 (70.5) 5196 (82.1) 12730 (81.3)

Age, mean (SD) 77.2 (9.9) 78.67 (8.45) 77.2 (8.5)

Fracture type, n (%)

Hip fracture 39382 (39.6) 1837 (29.0) 8332 (53.2)

Wrist fracture 31818 (32.0) 775 (12.2) 2205 (14.1)

Humerus fracture 13207 (13.3) 411 (6.5) 937 (6.0)

Spine fracture 6385 (6.4) 1636 (25.8) 1144 (7.3)

Osteoporosis 7062 (7.1) 1529 (24.2) 2645 (16.9)

Multiple fractures 1653 (1.7) 143 (2.3) 391 (2.5)

Calendar year on cohort entry date, n (%)

2005 5714 (5.7) 304 (4.8) 563 (3.6)

2006 5489 (5.5) 301 (4.8) 632 (4.0)

2007 5298 (5.3) 267 (4.2) 804 (5.1)

2008 5610 (5.6) 337 (5.3) 901 (5.8)

2009 5410 (5.4) 313 (4.9) 1132 (7.2)

2010 5684 (5.7) 348 (5.5) 1138 (7.3)

2011 5660 (5.7) 348 (5.5) 1006 (6.4)

2012 5935 (6.0) 321 (5.1) 897 (5.7)

2013 6252 (6.3) 437 (6.9) 1008 (6.4)

2014 6297 (6.3) 424 (6.7) 1130 (7.2)

2015 6281 (6.3) 437 (6.9) 989 (6.3)

2016 6636 (6.7) 487 (7.7) 1030 (6.6)

2017 6541 (6.6) 520 (8.2) 1098 (7.0)

2018 6616 (6.6) 533 (8.4) 1187 (7.6)

2019 9472 (9.5) 525 (8.3) 1243 (7.9)

2020 6612 (6.6) 429 (6.8) 896 (5.7)

Nursing home residency, n (%) 10500 (10.6) 379 (6.0) 834 (5.3)

Medical history, n (%)

Coronary heart disease 10438 (10.5) 738 (11.7) 1446 (9.2)

Congestive heart failure 7301 (7.3) 478 (7.6) 816 (5.2)

Cerebrovascular disease 12707 (12.8) 725 (11.5) 1753 (11.2)

Hypertensive disease 34272 (34.4) 2323 (36.7) 5390 (34.4)

Arrhythmia and conduction disorders 9885 (9.9) 715 (11.3) 1358 (8.7)

Chronic renal disease 4420 (4.4) 276 (4.4) 242 (1.5)

Liver disease 1929 (1.9) 106 (1.7) 290 (1.9)

(Continues)
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TABLE 1 (Continued)

Parameter Untreated Non-NBP-exposed NBP-exposed

Chronic pulmonary disease 7748 (7.8) 619 (9.8) 1271 (8.1)

Diabetes 17262 (17.3) 1198 (18.9) 2658 (17.0)

Thyroid disorders 2496 (2.5) 241 (3.8) 476 (3.0)

Obesity 863 (0.9) 41 (0.6) 121 (0.8)

Rheumatic disease 668 (0.7) 87 (1.4) 458 (2.9)

Mental disorders 6969 (7.0) 483 (7.6) 1070 (6.8)

Fall 14267 (14.3) 982 (15.5) 2348 (15.0)

Use of medication in 30 days prior, n (%)

Proton pump inhibitors 13480 (13.5) 1079 (17.0) 2176 (13.9)

Digoxin 2161 (2.2) 115 (1.8) 278 (1.8)

Loop diuretics 11277 (11.3) 774 (12.2) 1486 (9.5)

Other diuretics 6061 (6.1) 444 (7.0) 1068 (6.8)

Anti-arrhythmics class I and II 1284 (1.3) 86 (1.4) 183 (1.2)

Beta blockers 21928 (22.0) 1488 (23.5) 3438 (22.0)

Angiotensin receptor blocker/ angiotensin

converting enzyme inhibitor/ renin inhibitor

24188 (24.3) 1745 (27.6) 3999 (25.5)

Nitrates 8651 (8.7) 630 (10.0) 1189 (7.6)

Calcium channel blockers 42409 (42.6) 2775 (43.8) 6696 (42.8)

Peripheral vasodilators 581 (0.6) 28 (0.4) 81 (0.5)

Anticoagulants 4618 (4.6) 327 (5.2) 824 (5.3)

Platelet inhibitors 23914 (24.0) 1644 (26.0) 3573 (22.8)

Lipid regulating drugs (statins) 23651 (23.8) 1824 (28.8) 4123 (26.3)

Lipid regulating drugs (non-statins) 1207 (1.2) 81 (1.3) 171 (1.1)

Antipsychotics 3676 (3.7) 154 (2.4) 424 (2.7)

Antidepressants 6074 (6.1) 502 (7.9) 1033 (6.6)

Anti-Parkinson drugs 3160 (3.2) 179 (2.8) 555 (3.5)

Antidiabetic drugs 21296 (21.4) 1407 (22.2) 3316 (21.2)

Oral corticosteroids 2830 (2.8) 351 (5.5) 778 (5.0)

Non-steroidal anti-inflammatory drugs 10695 (10.7) 1149 (18.1) 2028 (13.0)

Abbreviation: NBP, nitrogen-containing bisphosphonate.

treatment, with 10,856 patients receiving NBPs and 3966 receiving

non-NBP. By the end of 2020, a total of 21,985 (18.1%) patients used

themedications (NBP= 15,654; non-NBP= 6331).

We matched 10,833 pairs of NBP-exposed and untreated patients,

and 3080 pairs of NBP-exposed and non-NBP-exposed patients. The

propensity score distribution (SFigure 2) and all the covariates were

balanced between the groups (ASD< 0.1, SFigure 3) The baseline char-

acteristics of the cohorts before and after matching are presented in

Table 1 and Table 2, respectively. The median follow-up times were

3.9 years (interquartile range [IQR] = 2.0–6.9) for the matched NBP-

vs-untreated cohort, and 3.4 years (IQR = 1.9–6.0) for the matched

NBP-vs-non-NBP cohort.

The estimated CIFs for ADRD in the exposure groups are described

in Figure 2. A statistically significant lower incidence of ADRD was

observed in the NBP-exposed group compared to both the untreated

group (p = 0.004) and the non-NBP-exposed group (p = 0.02). The use

of NBPs was associated with a reduced risk of ADRD compared to the

untreated group (HR 0.84, 95%CI 0.78-0.90, p< 0.001) and non-NBP-

exposed group (HR0.76, 95%CI 0.66–0.89, p<0.001) (Table 3). Similar

results were obtained in sensitivity analyses using the per-protocol

approach and a 12-month latency period for outcome (Table 4).

When comparingNBP-exposed group to untreated group, theARDs

at 1, 3 and 5 years were 0.007, 0.018, and 0.021, resulting in the

NNT of 133, 56, and 48, respectively. Similarly, when comparing NBP-

exposed group to non-NBP-exposed group, the ARDs at 1, 3, and 5

years were 0.005, 0.020, and 0.021, resulting in the NNT of 205, 50,

and 47, respectively.

The subgroup analysis in the matched NBP-vs-untreated cohort

showed that the association remained statistically significant only in

women (HR 0.88, 95% CI 0.81–0.95, p = 0.002), men (HR 0.76, 95%

CI 0.62–0.92, p = 0.006), and patients with hip fracture (HR 0.86, 95%

CI 0.79–0.95, p = 0.003) (Figure 3A). Nonetheless, the likelihood ratio



SING ET AL. 7 of 14

TABLE 2 Baseline characteristics of the cohorts after propensity scorematching.

Parameter NBP-exposed versus Untreated NBP-exposed versus non-NBP-exposed

Untreated NBP-exposed Non-NBP-exposed NBP-exposed

N 10833 10833 3080 3080

Exposure on anti-osteoporosis medication, n (%)

Alendronate – 8706 (80.4) – 2455 (79.7)

Ibandronate – 783 (7.2) – 180 (5.8)

Risedronate – 234 (2.2) – 78 (2.5)

Zoledronate – 1110 (10.2) – 367 (11.9)

Denosumab – – 1226 (39.8) –

Salcatonin – – 1407 (45.7) –

Strontium ranelate – – 287 (9.3) –

Teriparatide – – 160 (5.2) –

Female, n (%) 8821 (81.4) 8821 (81.4) 2671 (86.7) 2671 (86.7)

Age, mean (SD) 77.1 (8.4) 77.0 (8.4) 78.32 (8.24) 78.00 (8.09)

Fracture type, n (%)

Hip fracture 6000 (55.4) 6000 (55.4) 1110 (36.0) 1110 (36.0)

Wrist fracture 1742 (16.1) 1742 (16.1) 411 (13.3) 411 (13.3)

Humerus fracture 721 (6.7) 721 (6.7) 166 (5.4) 166 (5.4)

Spine fracture 861 (7.9) 861 (7.9) 426 (13.8) 426 (13.8)

Osteoporosis 1254 (11.6) 1254 (11.6) 916 (29.7) 916 (29.7)

Multiple fractures 255 (2.4) 255 (2.4) 51 (1.7) 51 (1.7)

Calender year on cohort entry date, n (%)

2005 402 (3.7) 402 (3.7) 125 (4.1) 125 (4.1)

2006 436 (4.0) 436 (4.0) 125 (4.1) 125 (4.1)

2007 581 (5.4) 581 (5.4) 120 (3.9) 120 (3.9)

2008 643 (5.9) 643 (5.9) 177 (5.7) 177 (5.7)

2009 813 (7.5) 813 (7.5) 147 (4.8) 147 (4.8)

2010 816 (7.5) 816 (7.5) 187 (6.1) 187 (6.1)

2011 728 (6.7) 728 (6.7) 161 (5.2) 161 (5.2)

2012 645 (6.0) 645 (6.0) 158 (5.1) 158 (5.1)

2013 727 (6.7) 727 (6.7) 195 (6.3) 195 (6.3)

2014 827 (7.6) 827 (7.6) 204 (6.6) 204 (6.6)

2015 695 (6.4) 695 (6.4) 224 (7.3) 224 (7.3)

2016 763 (7.0) 763 (7.0) 250 (8.1) 250 (8.1)

2017 780 (7.2) 780 (7.2) 270 (8.8) 270 (8.8)

2018 850 (7.8) 850 (7.8) 307 (10.0) 307 (10.0)

2019 874 (8.1) 874 (8.1) 307 (10.0) 307 (10.0)

2020 253 (2.3) 253 (2.3) 123 (4.0) 123 (4.0)

Nursing home residency, n (%) 1244 (11.5) 478 (4.4) 170 (5.5) 131 (4.3)

Medical history, n (%)

Coronary heart disease 1322 (12.2) 958 (8.8) 337 (10.9) 306 (9.9)

Congestive heart failure 987 (9.1) 505 (4.7) 205 (6.7) 146 (4.7)

Cerebrovascular disease 1672 (15.4) 1207 (11.1) 333 (10.8) 346 (11.2)

Hypertensive disease 4167 (38.5) 3598 (33.2) 1108 (36.0) 1062 (34.5)

Arrhythmia and conduction disorders 1172 (10.8) 924 (8.5) 313 (10.2) 291 (9.4)

Chronic renal disease 552 (5.1) 133 (1.2) 150 (4.9) 45 (1.5)

(Continues)
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TABLE 2 (Continued)

Parameter NBP-exposed versus Untreated NBP-exposed versus non-NBP-exposed

Untreated NBP-exposed Non-NBP-exposed NBP-exposed

Liver disease 224 (2.1) 189 (1.7) 56 (1.8) 61 (2.0)

Chronic pulmonary disease 718 (6.6) 847 (7.8) 254 (8.2) 247 (8.0)

Diabetes 2332 (21.5) 1819 (16.8) 585 (19.0) 482 (15.6)

Thyroid disorders 296 (2.7) 333 (3.1) 114 (3.7) 93 (3.0)

Obesity 123 (1.1) 65 (0.6) 24 (0.8) 21 (0.7)

Rheumatic disease 67 (0.6) 136 (1.3) 46 (1.5) 109 (3.5)

Mental disorders 1011 (9.3) 692 (6.4) 221 (7.2) 208 (6.8)

Fall 1551 (14.3) 1606 (14.8) 464 (15.1) 501 (16.3)

Use of medication in 30 days prior, n (%)

Proton pump inhibitors 1461 (13.5) 1449 (13.4) 475 (15.4) 403 (13.1)

Digoxin 293 (2.7) 174 (1.6) 42 (1.4) 42 (1.4)

Loop diuretics 1508 (13.9) 959 (8.9) 396 (12.9) 272 (8.8)

Other diuretics 732 (6.8) 749 (6.9) 216 (7.0) 190 (6.2)

Anti-arrhythmics class I and II 165 (1.5) 112 (1.0) 46 (1.5) 29 (0.9)

Beta blockers 3027 (27.9) 2351 (21.7) 742 (24.1) 659 (21.4)

Angiotensin receptor blocker/ angiotensin

converting enzyme inhibitor/ renin inhibitor

2882 (26.6) 2776 (25.6) 863 (28.0) 781 (25.4)

Nitrates 1114 (10.3) 806 (7.4) 278 (9.0) 249 (8.1)

Calcium channel blockers 5039 (46.5) 4594 (42.4) 1342 (43.6) 1362 (44.2)

Peripheral vasodilators 99 (0.9) 48 (0.4) 13 (0.4) 11 (0.4)

Anticoagulants 657 (6.1) 550 (5.1) 140 (4.5) 159 (5.2)

Platelet inhibitors 3088 (28.5) 2429 (22.4) 794 (25.8) 724 (23.5)

Lipid regulating drugs (statins) 2742 (25.3) 2895 (26.7) 858 (27.9) 894 (29.0)

Lipid regulating drugs (non-statins) 151 (1.4) 120 (1.1) 40 (1.3) 32 (1.0)

Antipsychotics 603 (5.6) 230 (2.1) 71 (2.3) 71 (2.3)

Antidepressants 808 (7.5) 678 (6.3) 233 (7.6) 207 (6.7)

Anti-Parkinson drugs 431 (4.0) 379 (3.5) 84 (2.7) 111 (3.6)

Antidiabetic drugs 2962 (27.3) 2287 (21.1) 704 (22.9) 590 (19.2)

Oral corticosteroids 317 (2.9) 397 (3.7) 152 (4.9) 167 (5.4)

Non-steroidal anti-inflammatory drugs 1049 (9.7) 1389 (12.8) 505 (16.4) 435 (14.1)

Abbreviation: NBP, nitrogen-containing bisphosphonate.

test did not indicate a modifying effect (p = 0.19 for sex; p = 0.39 for

fracture type). In the matched NBP-vs-non-NBP cohort, the associa-

tion remained statistically significant only in women (HR 0.75, 95% CI

0.64–0.88, p< 0.001), and patientswith osteoporosis (HR 0.75, 95%CI

0.57–0.99, p = 0.04) (Figure 3B). Similarly, no modifying effects were

found for the subgroups (p= 0.08 for sex; p= 0.38 for fracture type).

4 DISCUSSION

Weconductedapopulation-based cohort study to investigate theasso-

ciation between the use of NBPs and the risk of ADRD in over 157,000

patients with osteoporosis or fragility fractures. Our findings suggest

that the use of NBPs is associated with a reduced risk of ADRD,

compared to both non-users and active comparators. This association

remained significant in sensitivity analyses, providing robust evidence

for the potential protective effect of NBPs on the risk of dementia.

Our results were consistent with a previous study from Taiwan,

which also reported a lower risk of dementia (HR 0.73, 95% CI 0.63–

0.84, p < 0.001) in patients with osteoporosis or fragility fractures

receiving bisphosphonates, compared to those without treatment.40

However, the Taiwan study was not primarily designed to evaluate the

effect of bisphosphonates and, thus, did not address some common

and key biases such as immortal time bias and confounding by indica-

tion when patients without treatment are used as comparators. In our

study, we used both untreated and active comparators as controls with
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F IGURE 2 Cumulative incidence function for ADRD in thematched cohort. (A) NBP versus Untreated. A statistically significant lower
cumulative incidence of ADRDwas observed in NBP-exposed patients compared to untreated patients (p= 0.004 in clustered Fine-Graymodel).
(B) NBP vs. non-NBP. A statistically significant lower cumulative incidence of ADRDwas observed in NBP-exposed patients compared to
non-NBP-exposed patients (p= 0.02 in clustered Fine-Graymodel). ADRD, Alzheimer’s disease and related dementia; NBP, nitrogen-containing
bisphosphonates.

TABLE 3 Association of NBP use with the risk of Alzheimer’s disease and related dementia.

Analysis Exposure N Event

Incidence per 100

person-years

Median follow-up

time (IQR), year HR (95%CI) p-value

NBP versus untreated Untreated 10833 1350 2.71 3.63 (1.9–6.62) 1 [reference]

NBP 10833 1230 2.27 4.11 (2.2–7.14) 0.84 (0.78–0.90) <0.001

NBP versus non-NBP Non-NBP 3080 352 2.82 3.14 (1.7–5.58) 1 [reference]

NBP 3080 305 2.16 3.71 (2.05–6.43) 0.76 (0.66–0.89) <0.001

Abbreviations: CI, confidence interval; HR, hazard ratio; IQR, interquartile range; NBP, nitrogen-containing bisphosphonates.

careful study design and sensitivity analyses to address these potential

biases, providingmore robust evidence regarding the protective effect

of NBPs on dementia risk.

In subgroup analysis, we did not find significant associations in

men, and patients with spine fractures, wrist fractures, or humerus

fractures. However, the sample size for these subgroups was rela-

tively small resulting in wide CIs. Thus, the null association could be

attributed to limited statistical power to detect significance. This is

further supported by a post-hoc power calculation, which indicates

that approximately 22,830 and 5630 patients would be needed to

achieve 80% of power to detect significant differences when com-

pared to untreated and non-NBP-exposed controls (SFigure 4). On

the other hand, we cannot rule out the possibility of a sex-specific

association between NBP use and the risk of ADRD. Our previous

study24 and the Framingham study41 have both observed an asso-

ciation between increased bone mineral density (BMD) and reduced

risk of dementia in women but not in men, suggesting a sex-specific

association. Future studies with larger sample sizes are warranted

to determine sex-specific associations and the association with other

types of fracture.

The neuroprotective effect of NBPs might be explained by its inhi-

bition of FPPS enzyme in the mevalonate pathway, which affects the

downstream synthesis of two isoprenoids, FPP andGGPP. Studies sug-

gest that FPP and GGPP are linked to the development of Alzheimer’s

disease, contributing to the abnormal formation of beta-amyloid

plaques and neurofibrillary tangles, which are composed of hyper-

phosphorylated tauprotein.42 Specifically, researchhas foundelevated

levels of FPP and GGPP in the brains of patients with Alzheimer’s

disease compared to cognitively normal individuals,9 suggesting a dys-

regulation of isoprenoid metabolism in Alzheimer’s disease that may

influence signaling pathways, neuroinflammation, and amyloid-beta

processing. A genetic study has also identified a polymorphic site in

the FPPS gene associated with the level of phosphorylated tau pro-

tein in the brains of patients with Alzheimer’s disease.10 In an animal
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TABLE 4 Sensitivity analysis on the association of NBP use with the risk of Alzheimer’s disease and related dementia.

Sensitivity analysis Exposure N Event

Incidence per 100

person-years

Median follow-up

time (IQR), year HR (95%CI) p-value

Per-protocol approach Untreated 10833 1334 2.71 3.59 (1.88–6.56) 1 [reference]

NBP 10833 1117 2.25 3.69 (1.93–6.61) 0.83 (0.77–0.90) <0.001

Non-NBP 3080 304 2.96 2.53 (1.39–4.53) 1 [reference]

NBP 3080 287 2.22 3.39 (1.85–5.83) 0.74 (0.63–0.87) <0.001

12-month latency period Untreated 9400 1100 2.59 3.63 (1.85–6.51) 1 [reference]

NBP 9400 1030 2.26 4.03 (2.1–6.98) 0.87 (0.8–0.94) <0.001

Non-NBP 2498 282 2.89 2.96 (1.63–5.46) 1 [reference]

NBP 2498 247 2.28 3.48 (1.94–5.93) 0.79 (0.67–0.93) 0.005

Abbreviations: CI, confidence interval; HR, hazard ratio; IQR, interquartile range; NBP, nitrogen-containing bisphosphonates.

study, the administration of alendronate in high-fat dietmice improved

cognitive function, reduced neuroinflammation, and attenuated amy-

loid precursor protein processing.12 These effects were accompanied

by reductions in FPP and GGPP levels and beta-amyloid deposition in

themice’s hippocampus. Similarly, statins, which also target themeval-

onate pathway, have been shown to reduce FPP and GGPP levels in

the brain, reversing learning and attention deficits in mouse models.43

Clinical studies have also reported a lower risk of Alzheimer’s disease

in statin users.44–46

NBPs may protect neuronal functions through other mechanisms,

such as reducing cholinergic dysfunction, oxidative stress, and neu-

roinflammation, all of which are recognized as important contributors

to Alzheimer’s disease.47 Animal studies have demonstrated that

bisphosphonates can suppress the activity of acetylcholinesterase

receptors,11 protect muscarinic receptors from free radical damage,48

and reduce neuroinflammation biomarkers.49

The findings of the current study have important clinical implica-

tions. Dementia and osteoporosis share common characteristics and

risk factors, and often coexist in the older population.50 Patients with

dementia are at higher risk of falls and hip fractures,50 while osteo-

porosis and fractures have been identified as independent risk factors

for dementia.40 Moreover, evidence showed that patients with end-

stage dementia and hip fracture had a poorer recovery from fracture

and an almost six-fold higher risk of mortality compared to cognitively

intact individuals.51 Given these interconnected relationships, initiat-

ing NBPs treatment for patients at high risk of fractures or dementia,

such as those carrying the APOE4 gene52 could be valuable to relieve

the healthcare burdens associated with these diseases in the older

population.

In addition, it is important to address the issue of under-treatment

of osteoporosis, which is a widespread problem globally.19 Previous

research by our team has demonstrated that NBP use is associated

with reduced risks of cardiovascular disease20 and pneumonia.21 The

current study further highlights the potential neuroprotective effect of

NBPs. These additional benefits may serve as an incentive for patients

to initiate treatment, ultimately improving treatment rates and overall

patient outcomes.

Our study highlights the potential for repurposing NBPs as thera-

peutic agents for Alzheimer’s disease, which is significant considering

the limited success of clinical trials for Alzheimer’s disease treat-

ment over the past 20 years. Recently, lecanemab2 and donanemab,3

which are monoclonal antibodies targeting the removal of amyloid

β plague, have received full approval from the U.S. FDA. Another

monoclonal antibody, remternetug, is undergoing phase III trials with

promising findings (NCT05463731). However, it is important to note

that these medications only slow down the progression of Alzheimer’s

disease and do not cure or reverse the cognitive impairment. In

contrast, preclinical studies demonstrated that bisphosphonates can

reverse impaired cognitive functions in mice models, as aforemen-

tioned. Although previous prospective studies failed to demonstrate

improvement in cognitive functions accessedby clinical screening tools

after theuseof zoledronate, these studieswere limitedby small sample

sizes (< 130 subjects) and short follow-up periods.53 54 Our findings,

based on the population-based healthcare data with a long follow-

up period, suggest that further studies are warranted to investigate

whether the use of NBPs could improve cognitive functions in patients

with cognitive impairment or ADRD.

NBPs is widely used to reduce the risk of skeletal-related events in

patients with cancers, particularly breast, prostate, and lung cancer.55

Several observational studies have shown that cancer is associated

with reduced risk of ADRD by 15% to 37%.56–58 While the underlying

mechanism is not yet fully understood, our findings suggest a potential

role of NBPs in preventing ADRD among cancer patients and warrant

further investigation.

This study has several strengths. First, we used a territory-wide

clinical database that captured comprehensive and valid records, pro-

viding real-world evidence on the association betweenNBPs use and a

reduced risk of dementia. This enhances the generalizability and reli-

ability of the findings. In addition, the study was carefully designed

to address common biases in pharmacoepidemiological studies. We

employed a time-dependent PS matching to address immortal time

bias. Both non-users and active comparators were used as controls

to minimize the confounding by indication and similar results were

observed.
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F IGURE 3 Subgroup analysis by sex and fracture type. (A) NBP vs. Untreated. No statistically significant differences across sex (p= 0.19) and
fracture type (p= 0.39) was shown by likelihood ratio test. (B) NBP vs. non-NBP. No statistically significant differences across sex (p= 0.08) and
fracture type (p= 0.38) was shown by likelihood ratio test. NBP, nitrogen-containing bisphosphonates.

However, there are limitations to consider. First, the assessment

of cognitive function at baseline was not available in the database. It

is possible that patients with poor cognitive function were less likely

to receive treatment and had a higher risk of dementia. However, we

incorporated a 6-month latency period to exclude patients with a diag-

nosis of dementia during this period to minimize the bias. Second, data

on severity of osteoporosis and fragility fracture, including BMD and

physical functioning, were not available. Patients with a lower BMD

(indicating more severe osteoporosis) would be more likely to initiate

anti-osteoporosis treatment. However, studies have shown that low

BMD is associated with poorer cognitive function and a higher risk of

dementia,40 59 60 suggesting that any bias in this regard would likely

underestimate, rather than overestimate, the protective treatment

effect. While we lacked data on physical functioning in this study, our

previous research indicates that treatment decisions among hip frac-

ture patients are unlikely to be confounded by this factor.20 Therefore,

we believe the overall bias introduced by unmeasured disease severity

is minimal. Third, over-the-counter medication records, such as vita-

min D and calcium supplements, were not captured in the database,

which could potentially confound the results. Fourth,we lackeddata on
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several risk factors for dementia, such as air pollution, social isolation,

visual loss, and education, as highlighted in the 2024 Lancet Commis-

sion report.61 While our database can identify ocular comorbidities,

including cataract (ICD-9 366.xx), age-related macular degeneration

(ICD-9 362.5x), glaucoma (ICD-9 365.xx), diabetic retinopathy (ICD-

9 250.5x, 362.02), and visual impairment (ICD-9 369.xx) using ICD-9

codes, it lacks data on visual acuity necessary for accurate assessment

of visual loss. Using ICD-9 codes, we observed that in the matched

cohorts, the prevalence of ocular comorbidities at baseline (excluding

those who underwent cataract surgery) were similar across treatment

groups (NBP-exposed vs. untreated: 9.1% vs. 9.7%; NBP-exposed vs.

non-NBP-exposed: 9.6% vs. 10.6%). This similarity suggests that any

confounding related to visual loss is likely minimal. Lastly, like other

observational studies, theremay be potential residual confounding.

In conclusion, the use of NBPs among patients with osteoporosis or

fragility fractures was associated with a lower risk of ADRD compared

to patients who did not use these medications. Further studies are

warranted to validate the neuroprotective effect of bisphosphonates.

If the findings are validated, it is encouraged to initiate bisphospho-

nate treatment in patients at high risk of ADRD to improve patient

outcomes.

ACKNOWLEDGMENTS

The authors thank Ricky Wong and Crystal Wong for collecting data

for this study. This study was supported by the Health and Medical

Research Fund, Health Bureau, Hong Kong SAR Government (Grant

number: 18192451). The funding source supports the conduct of study.

The funding source had no involvement in the study design, data

analysis, and writing of themanuscript.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest. Author disclosures are

available in the supporting information.

CONSENT STATEMENT

Consent was not necessary.

ORCID

Chor-Wing Sing https://orcid.org/0000-0002-2180-3676

Ching-LungCheung https://orcid.org/0000-0002-6233-9144

REFERENCES

1. World Health Organization Global status report on the public health

response to dementia.

2. van Dyck CH, Swanson CJ, Aisen P, et al. Lecanemab in Early

Alzheimer’s Disease. N Engl J Med. 2023;388(1):9-21. doi:10.1056/
NEJMoa2212948

3. Sims JR, Zimmer JA, Evans CD, et al. Donanemab in Early Symp-

tomatic Alzheimer Disease: the TRAILBLAZER-ALZ 2 Randomized

Clinical Trial. JAMA. 2023;330(6):512-527. doi:10.1001/jama.2023.

13239

4. Prillaman M. Heralded Alzheimer’s drug works—but safety concerns

loom. Nature. 2022;612(7939):197-198. doi:10.1038/d41586-022-
04240-z

5. Reardon S. FDA approves Alzheimer’s drug lecanemab amid safety

concerns. Nature. 2023;613(7943):227-228. doi:10.1038/d41586-

023-00030-3

6. Corbett A, Pickett J, Burns A, et al. Drug repositioning for Alzheimer’s

disease. Nat Rev Drug Discov. 2012;11(11):833-846. doi:10.1038/
nrd3869

7. Desai RJ, Varma VR, Gerhard T, et al. Targeting abnormal metabolism

in Alzheimer’s disease: the Drug Repurposing for Effective

Alzheimer’s Medicines (DREAM) study. Alzheimers Dement (N Y).
2020;6(1):e12095. doi:10.1002/trc2.12095

8. Luckman SP, Hughes DE, Coxon FP, et al. Nitrogen-containing bis-

phosphonates inhibit the mevalonate pathway and prevent post-

translational prenylation of GTP-binding proteins, including Ras. J
Bone Miner Res. 1998;13(4):581-589. doi:10.1359/jbmr.1998.13.4.

581

9. Eckert GP, Hooff GP, Strandjord DM, et al. Regulation of the brain iso-

prenoids farnesyl- andgeranylgeranylpyrophosphate is altered inmale

Alzheimer patients. Neurobiol Dis. 2009;35(2):251-257. doi:10.1016/j.
nbd.2009.05.005

10. De Schutter JW, Park J, Leung CY, et al. Multistage screening reveals

chameleon ligands of the human farnesyl pyrophosphate synthase:

implications to drug discovery for neurodegenerative diseases. J Med
Chem. 2014;57(13):5764-5776. doi:10.1021/jm500629e

11. Cibickova L, Palicka V, Cibicek N, et al. Differential effects of statins

and alendronate on cholinesterases in serum and brain of rats. Physiol
Res. 2007;56(6):765-770. 10.33549/physiolres.931121

12. Zameer S, Alam M, Hussain S, et al. Neuroprotective role of alen-

dronate against APP processing and neuroinflammation in mice fed

a high fat diet. Brain Res Bull. 2020;161:197-212. doi:10.1016/j.
brainresbull.2020.04.010

13. Sek AC, CheungNT, Choy KM, et al. A territory-wide electronic health

record–from concept to practicality: the Hong Kong experience. Stud
Health Technol Inform. 2007;129:293-296.

14. Hospital Authority. Hospital Authority Statistical Report 2016-2017.
Hong KongHospital Authority.

15. Sing CW,Woo YC, Lee ACH, et al. Validity of major osteoporotic frac-

ture diagnosis codes in the Clinical Data Analysis and Reporting Sys-

tem in Hong Kong. Pharmacoepidemiol Drug Saf. 2017;26(8):973-976.
doi:10.1002/pds.4208

16. Ye Y, Hubbard R, Li GH, et al. Validation of diagnostic coding for inter-

stitial lung diseases in an electronic health record system in Hong

Kong. Pharmacoepidemiol Drug Saf. 2022;31(5):519-523. doi:10.1002/
pds.5421

17. Kwok WC, Tam TCC, Sing CW, et al. Validation of diagnostic cod-

ing for bronchiectasis in an electronic health record system in Hong

Kong. Pharmacoepidemiol Drug Saf. 2023;32(10):1077-1082. doi:10.
1002/pds.5638

18. KwokWC,TamTCC, SingCW,et al. ValidationofDiagnosticCoding for

Asthma in an ElectronicHealth Record System inHongKong. J Asthma
Allergy. 2023;16:315-321. doi:10.2147/JAA.S405297

19. Sing CW, Lin TC, Bartholomew S, et al. Global Epidemiology of Hip

Fractures: secular Trends in Incidence Rate, Post-Fracture Treatment,

and All-Cause Mortality. J Bone Miner Res. 2023;38(8):1064-1075.
doi:10.1002/jbmr.4821

20. Sing CW,Wong AY, Kiel DP, et al. Association of Alendronate and Risk

of Cardiovascular Events in Patients With Hip Fracture. J Bone Miner
Res. 2018;33(8):1422-1434. doi:10.1002/jbmr.3448

21. Sing CW, Kiel DP, Hubbard RB, et al. Nitrogen-Containing Bisphos-

phonates Are AssociatedWith Reduced Risk of Pneumonia in Patients

With Hip Fracture. J Bone Miner Res. 2020;35(9):1676-1684. doi:10.
1002/jbmr.4030

22. Lau WCY, Cheung CL, Man KKC, et al. Association Between Treat-

ment With Apixaban, Dabigatran, Rivaroxaban, or Warfarin and Risk

for Osteoporotic Fractures Among Patients With Atrial Fibrillation:

https://orcid.org/0000-0002-2180-3676
https://orcid.org/0000-0002-2180-3676
https://orcid.org/0000-0002-6233-9144
https://orcid.org/0000-0002-6233-9144
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1001/jama.2023.13239
https://doi.org/10.1001/jama.2023.13239
https://doi.org/10.1038/d41586-022-04240-z
https://doi.org/10.1038/d41586-022-04240-z
https://doi.org/10.1038/d41586-023-00030-3
https://doi.org/10.1038/d41586-023-00030-3
https://doi.org/10.1038/nrd3869
https://doi.org/10.1038/nrd3869
https://doi.org/10.1002/trc2.12095
https://doi.org/10.1359/jbmr.1998.13.4.581
https://doi.org/10.1359/jbmr.1998.13.4.581
https://doi.org/10.1016/j.nbd.2009.05.005
https://doi.org/10.1016/j.nbd.2009.05.005
https://doi.org/10.1021/jm500629e
https://doi.org/10.33549/physiolres.931121
https://doi.org/10.1016/j.brainresbull.2020.04.010
https://doi.org/10.1016/j.brainresbull.2020.04.010
https://doi.org/10.1002/pds.4208
https://doi.org/10.1002/pds.5421
https://doi.org/10.1002/pds.5421
https://doi.org/10.1002/pds.5638
https://doi.org/10.1002/pds.5638
https://doi.org/10.2147/JAA.S405297
https://doi.org/10.1002/jbmr.4821
https://doi.org/10.1002/jbmr.3448
https://doi.org/10.1002/jbmr.4030
https://doi.org/10.1002/jbmr.4030


SING ET AL. 13 of 14

a Population-Based Cohort Study. Ann Intern Med. 2020;173(1):1-9.
doi:10.7326/M19-3671

23. Hsu WWQ, Zhang X, Sing CW, et al. Hip Fracture as a Predictive

Marker for the Risk of Dementia: a Population-Based Cohort Study.

J AmMed Dir Assoc. 2022;23(10):1720 e1-20 e9. doi:10.1016/j.jamda.

2022.07.013

24. Zhang X, Hsu WWQ, Sing CW, et al. Low Bone Mineral Density With

Risk of Dementia: a Prospective Cohort Study. J Am Med Dir Assoc.
2022;23(10):1719 e9-19 e19. doi:10.1016/j.jamda.2022.07.012

25. Collaborators GBDF. Global, regional, and national burden of bone

fractures in 204 countries and territories, 1990-2019: a systematic

analysis from theGlobal Burden ofDisease Study 2019. Lancet Healthy
Longev. 2021;2(9):e580-e92. doi:10.1016/S2666-7568(21)00172-0

26. Kanis JA, Johnell O, Oden A, et al. FRAX and the assessment of

fracture probability in men and women from the UK. Osteoporos Int.
2008;19(4):385-397. doi:10.1007/s00198-007-0543-5

27. Camacho PM, Petak SM, Binkley N, et al. American Association of

Clinical Endocrinologists/American College of Endocrinology Clini-

cal Practice Guidelines for the Diagnosis and Treatment of Post-

menopausal Osteoporosis-2020 Update. Endocr Pract. 2020;26(Suppl
1):1-46. doi:10.4158/GL-2020-0524SUPPL

28. Gregson CL, Armstrong DJ, Bowden J, et al. UK clinical guideline

for the prevention and treatment of osteoporosis. Arch Osteoporos.
2022;17(1):58. doi:10.1007/s11657-022-01061-5

29. OTGfFoOGfCMoPOi Kong, H, Ip TP, Cheung SK, et al. TheOsteoporo-

sis Society of Hong Kong (OSHK): 2013 OSHK guideline for clinical

management of postmenopausal osteoporosis in Hong Kong. Hong
KongMed J. 2013;19:1-40. Suppl 2.

30. Lau TW, Fang C, Leung F. The effectiveness of a geriatric hip fracture

clinical pathway in reducing hospital and rehabilitation length of stay

and improving short-term mortality rates. Geriatr Orthop Surg Rehabil.
2013;4(1):3-9. doi:10.1177/2151458513484759

31. Austin PC. Balance diagnostics for comparing the distribution of

baseline covariates between treatment groups in propensity-score

matched samples. Stat Med. 2009;28(25):3083-3107. doi:10.1002/
sim.3697

32. Levesque LE,Hanley JA, KezouhA, et al. Problemof immortal time bias

in cohort studies: example using statins for preventing progression of

diabetes. BMJ. 2010;340:b5087. doi:10.1136/bmj.b5087

33. Zhang Z, Li X, Wu X, et al. Propensity score analysis for time-

dependent exposure. Ann Transl Med. 2020;8(5):246. doi:10.21037/
atm.2020.01.33

34. JonesM, FowlerR. Immortal timebias in observational studies of time-

to-event outcomes. J Crit Care. 2016;36:195-199. doi:10.1016/j.jcrc.
2016.07.017

35. Austin PC. A comparison of 12 algorithms for matching on the

propensity score. Stat Med. 2014;33(6):1057-1069. doi:10.1002/sim.

6004

36. AustinPC.Optimal caliperwidths for propensity-scorematchingwhen

estimating differences in means and differences in proportions in

observational studies. Pharm Stat. 2011;10(2):150-161. doi:10.1002/
pst.433

37. Stuart EA, LeeBK, LeacyFP. Prognostic score-basedbalancemeasures

canbeauseful diagnostic for propensity scoremethods in comparative

effectiveness research.Clin Epidemiol. 2013;66:S84-S90. doi:10.1016/
j.jclinepi.2013.01.013. 8 Suppl. e1.

38. Austin PC. The use of propensity score methods with survival or time-

to-event outcomes: reporting measures of effect similar to those used

in randomized experiments. Stat Med. 2014;33(7):1242-1258. doi:10.
1002/sim.5984

39. Austin PC, Fine JP. Propensity-score matching with competing risks

in survival analysis. Stat Med. 2019;38(5):751-777. doi:10.1002/sim.

8008

40. Chang KH, Chung CJ, Lin CL, et al. Increased risk of dementia in

patients with osteoporosis: a population-based retrospective cohort

analysis. Age (Dordr). 2014;36(2):967-975. doi:10.1007/s11357-013-
9608-x

41. Tan ZS, Seshadri S, Beiser A, et al. Bone mineral density and the risk

of Alzheimer disease. Arch Neurol. 2005;62(1):107-111. doi:10.1001/
archneur.62.1.107

42. A. 2018 Alzheimer’s Disease Facts and Figures (vol 14, pg 367, 2018).

Alzheimers Dement. 2018;14(5):701-701. doi:10.1016/j.jalz.2018.04.
001

43. LiW,CuiY,Kushner SA, et al. TheHMG-CoAreductase inhibitor lovas-

tatin reverses the learning and attention deficits in a mouse model of

neurofibromatosis type 1. Curr Biol. 2005;15(21):1961-1967. doi:10.
1016/j.cub.2005.09.043

44. Jick H, Zornberg GL, Jick SS, et al. Statins and the risk of demen-

tia. Lancet. 2000;356(9242):1627-1631. doi:10.1016/s0140-

6736(00)03155-x

45. Haag MD, Hofman A, Koudstaal PJ, et al. Statins are associated with a

reduced risk of Alzheimer disease regardless of lipophilicity. The Rot-

terdam Study. J Neurol Neurosurg Psychiatry. 2009;80(1):13-17. doi:10.
1136/jnnp.2008.150433

46. Zissimopoulos JM, Barthold D, Brinton RD, et al. Sex and Race Dif-

ferences in the Association Between Statin Use and the Incidence of

Alzheimer Disease. JAMA Neurol. 2017;74(2):225-232. doi:10.1001/
jamaneurol.2016.3783

47. Querfurth HW, LaFerla FM. Alzheimer’s disease. N Engl J Med.
2010;362(4):329-344. doi:10.1056/NEJMra0909142

48. Fawcett JR, Bordayo EZ, Jackson K, et al. Inactivation of the

human brain muscarinic acetylcholine receptor by oxidative dam-

age catalyzed by a low molecular weight endogenous inhibitor

from Alzheimer’s brain is prevented by pyrophosphate analogs,

bioflavonoids and other antioxidants. Brain Res. 2002;950(1-2):10-20.
doi:10.1016/s0006-8993(02)02981-5

49. Feng L, Gao J, Wang Y, et al. Etidronate-zinc Complex Amelio-

rated Cognitive and Synaptic Plasticity Impairments in 2-Vessel

Occlusion Model Rats by Reducing Neuroinflammation. Neu-
roscience. 2018;390:206-217. doi:10.1016/j.neuroscience.2018.

08.022

50. Ruggiero C, Baroni M, Xenos D, et al. Dementia, osteoporosis and

fragility fractures: intricate epidemiological relationships, plausible

biological connections, and twisted clinical practices. Ageing Res Rev.
2023;93:102130. doi:10.1016/j.arr.2023.102130

51. Morrison RS, Siu AL. Survival in end-stage dementia following acute

illness. JAMA. 2000;284(1):47-52. doi:10.1001/jama.284.1.47

52. Strittmatter WJ, Saunders AM, Schmechel D, et al. Apolipoprotein E:

high-avidity binding to beta-amyloid and increased frequency of type

4 allele in late-onset familial Alzheimer disease. Proc Natl Acad Sci U S
A. 1993;90(5):1977-1981. doi:10.1073/pnas.90.5.1977

53. Tasci I, Safer U, Cintosun U, et al. Zoledronic Acid Use and Risk of

Cognitive Decline among ElderlyWomen andMenwithOsteoporosis.

Endocr Metab Immune Disord Drug Targets. 2016;16(1):32-38. doi:10.
2174/1871530315666151104115829

54. Bahsi R, Atmis V, Turgut T, et al. May zoledronic acid have neg-

ative effects on cognition and muscle performance?. Ir J Med Sci.
2020;189(1):191-196. doi:10.1007/s11845-019-02086-5

55. Shen CY, Au PC, Baek YH, et al. Comparative Treatment Persis-

tence with Bone-Targeting Agents Among Asian Patients with Bone

Metastases from Solid Tumors: a Multinational Retrospective Cohort

Study. BioDrugs. 2022;36(3):381-392. doi:10.1007/s40259-022-

00528-8

56. Ma LL, Yu JT, Wang HF, et al. Association between cancer and

Alzheimer’s disease: systematic reviewandmeta-analysis. J Alzheimers
Dis. 2014;42(2):565-573. doi:10.3233/JAD-140168

57. Chamberlain JD, Rouanet A, Dubois B, et al. Investigating the asso-

ciation between cancer and the risk of dementia: results from the

Memento cohort. Alzheimers Dement. 2021;17(9):1415-1421. doi:10.
1002/alz.12308

https://doi.org/10.7326/M19-3671
https://doi.org/10.1016/j.jamda.2022.07.013
https://doi.org/10.1016/j.jamda.2022.07.013
https://doi.org/10.1016/j.jamda.2022.07.012
https://doi.org/10.1016/S2666-7568(21)00172-0
https://doi.org/10.1007/s00198-007-0543-5
https://doi.org/10.4158/GL-2020-0524SUPPL
https://doi.org/10.1007/s11657-022-01061-5
https://doi.org/10.1177/2151458513484759
https://doi.org/10.1002/sim.3697
https://doi.org/10.1002/sim.3697
https://doi.org/10.1136/bmj.b5087
https://doi.org/10.21037/atm.2020.01.33
https://doi.org/10.21037/atm.2020.01.33
https://doi.org/10.1016/j.jcrc.2016.07.017
https://doi.org/10.1016/j.jcrc.2016.07.017
https://doi.org/10.1002/sim.6004
https://doi.org/10.1002/sim.6004
https://doi.org/10.1002/pst.433
https://doi.org/10.1002/pst.433
https://doi.org/10.1016/j.jclinepi.2013.01.013
https://doi.org/10.1016/j.jclinepi.2013.01.013
https://doi.org/10.1002/sim.5984
https://doi.org/10.1002/sim.5984
https://doi.org/10.1002/sim.8008
https://doi.org/10.1002/sim.8008
https://doi.org/10.1007/s11357-013-9608-x
https://doi.org/10.1007/s11357-013-9608-x
https://doi.org/10.1001/archneur.62.1.107
https://doi.org/10.1001/archneur.62.1.107
https://doi.org/10.1016/j.jalz.2018.04.001
https://doi.org/10.1016/j.jalz.2018.04.001
https://doi.org/10.1016/j.cub.2005.09.043
https://doi.org/10.1016/j.cub.2005.09.043
https://doi.org/10.1016/s0140-6736(00)03155-x
https://doi.org/10.1016/s0140-6736(00)03155-x
https://doi.org/10.1136/jnnp.2008.150433
https://doi.org/10.1136/jnnp.2008.150433
https://doi.org/10.1001/jamaneurol.2016.3783
https://doi.org/10.1001/jamaneurol.2016.3783
https://doi.org/10.1056/NEJMra0909142
https://doi.org/10.1016/s0006-8993(02)02981-5
https://doi.org/10.1016/j.neuroscience.2018.08.022
https://doi.org/10.1016/j.neuroscience.2018.08.022
https://doi.org/10.1016/j.arr.2023.102130
https://doi.org/10.1001/jama.284.1.47
https://doi.org/10.1073/pnas.90.5.1977
https://doi.org/10.2174/1871530315666151104115829
https://doi.org/10.2174/1871530315666151104115829
https://doi.org/10.1007/s11845-019-02086-5
https://doi.org/10.1007/s40259-022-00528-8
https://doi.org/10.1007/s40259-022-00528-8
https://doi.org/10.3233/JAD-140168
https://doi.org/10.1002/alz.12308
https://doi.org/10.1002/alz.12308


14 of 14 SING ET AL.

58. Driver JA, BeiserA, AuR, et al. Inverse association between cancer and

Alzheimer’s disease: results from the Framingham Heart Study. BMJ.
2012;344:e1442. doi:10.1136/bmj.e1442

59. Kang HG, Park HY, Ryu HU, et al. Bone mineral loss and cog-

nitive impairment: the PRESENT project. Medicine (Baltimore).
2018;97(41):e12755. doi:10.1097/MD.0000000000012755

60. Zhou R, Deng J, Zhang M, et al. Association between bone min-

eral density and the risk of Alzheimer’s disease. J Alzheimers Dis.
2011;24(1):101-108. doi:10.3233/JAD-2010-101467

61. Livingston G, Huntley J, Liu KY, et al. Dementia prevention, inter-

vention, and care: 2024 report of the Lancet standing Commission.

Lancet. 2024;404(10452):572-628. doi:10.1016/S0140-6736(24)

01296-0

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Sing C-W, Chan KH, Chiu PKC, et al.

Bisphosphonates and the risk of dementia in patients with

osteoporosis or fragility fracture: A population-based study in

Hong Kong. Alzheimer’s Dement. 2025;21:e70503.

https://doi.org/10.1002/alz.70503

https://doi.org/10.1136/bmj.e1442
https://doi.org/10.1097/MD.0000000000012755
https://doi.org/10.3233/JAD-2010-101467
https://doi.org/10.1016/S0140-6736(24)01296-0
https://doi.org/10.1016/S0140-6736(24)01296-0
https://doi.org/10.1002/alz.70503

	Bisphosphonates and the risk of dementia in patients with osteoporosis or fragility fracture: A population-based study in Hong Kong
	Abstract
	1 | BACKGROUND
	2 | METHODS
	2.1 | Data source
	2.2 | Study population
	2.3 | Exposure
	2.4 | Outcome
	2.5 | Time-dependent propensity score matching
	2.6 | Follow-up
	2.7 | Statistical analysis
	2.8 | Additional analysis

	3 | RESULTS
	4 | DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	CONSENT STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


