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Abstract

Acetylcholinesterase inhibitors (AChEIs) have been noted to increase bone density and quality in 

mice. Human studies are limited but suggest an association with improved bone healing after hip 

fracture. We examined the relationship between AChEI use and fracture risk in a national cohort of 

360,015 male veterans aged 65 to 99 years with dementia but without prior fracture using Veterans 

Affairs (VA) hospital, Medicare, and pharmacy records from 2000 to 2010. Diagnosis of dementia, 

any clinical fracture (excluding facial and digital), comorbidities, and medications were identified 

using ICD-9 and drug class codes. Cox proportional hazard models considering AChEI use as a 

time-varying covariate and adjusting for fall and fracture risk factors compared the time-to-

fracture in AChEI users versus non-AChEI users. Potential confounders included demographics 

(age, race, body mass index), comorbidities associated with fracture or falls (diabetes, lung 

disease, stroke, Parkinson’s, seizures, etc.) and medications associated with fracture or falls 

(bisphosphonates, glucocorticoids, androgen deprivation therapy [ADT], proton pump inhibitors 

[PPIs], selective serotonin receptor inhibitors [SSRIs], etc.). Competing mortality risk was 

considered using the methods of Fine and Gray. To account for persistent effects on bone density 

or quality that might confer protection after stopping the medication, we completed a secondary 

analysis using the medication possession ratio (MPR) as a continuous variable in logistic 

regression models and also compared MPR increments of 10% to minimal/no use (MPR 0 to 

<0.10). Among older veterans with diagnosis of dementia, 20.1% suffered a fracture over an 

average of 4.6 years of follow-up. Overall, 42.3% of the cohort were prescribed AChEIs during the 

study period. The hazard of any fracture among AChEI users compared with those on other/no 

dementia medications was significantly lower in fully adjusted models (hazard ratio [HR] = 0.81; 
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95% confidence interval [CI] 0.75–0.88). After considering competing mortality risk, fracture risk 

remained 18% lower in veterans using AChEIs (HR = 0.82; 95% CI 0.76–0.89).
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Introduction

Alzheimer’s disease (AD), the most common cause of dementia, is characterized by 

presynaptic cholinergic deficits and reduced acetylcholine concentrations and function.(1) 

Patients with AD have elevated fracture rates, which have been linked in part to vitamin D 

deficiency, increased falls, and lower average bone density.(2,3) The lower bone density is 

hypothesized to be related to bone density loss occurring before the diagnosis of dementia. 

The mechanism is not yet understood but has been hypothesized to be mediated by central 

cholinergic and serotonergic pathways.(4–6)

Acetylcholinesterase inhibitors (AChEIs) such as donepezil are approved by the United 

States Food and Drug Administration (USFDA) for the treatment of AD, and have clinical 

trial data supporting their use in vascular dementia and Parkinson’s disease.(7–9) in vivo 

studies show increase in overall bone mass and whole-body energy among donepezil-treated 

mice,(10) possibly by inhibiting receptor activator of NF-κB ligand (RANKL)-induced 

osteoclast differentiation.(11) Studies in human subjects have been very few but suggest that 

AChEIs may confer protection against fractures, accelerate bone healing, and reduce both 

fracture complications and all-cause mortality post-hip fracture.(12–14) Concerns about small 

sample sizes and risk of bias have limited the application and generalizability of these initial 

studies. Nevertheless, these observations have inspired new basic and clinical inquiries into 

the effect of cholinergic stimulation on bone health in older adults.

The goal of this study is to examine the relationship between the use of AChEIs and fracture 

risk in a large cohort of older male veterans with dementia.

Materials and Methods

This is a secondary analysis of a national cohort study designed to study osteoporosis 

screening and treatment in men using linked administrative data. All male veterans aged 65 

to 99 years receiving primary care in any US Veterans Affairs facility from 2000 to 2010 

were included. Details about the original cohort, data collection, and variable definitions 

have been previously described.(15–17) Administrative data were drawn from all 146 

Veterans Health Administration (VHA) centers including inpatient and outpatient treatment 

records, fee-basis records, and Pharmacy Benefits Management Services records merged 

with Centers for Medicare and Medicaid Services (CMS) Parts A and B claims. Approval 

from the Institutional Review Board (IRB) of the Durham Veterans Administration (VA) 

Medical Center was obtained for all analyses.
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Eligible subjects in the original cohort included men aged 65 to 99 years with at least 2 

primary care visits within 2 consecutive calendar years between 2000 and 2010 and who had 

no diagnosis of osteoporosis or fracture in the 2 years before baseline (n = 2,539,812). We 

included only those who receive primary care in the VA because almost all of their 

prescriptions for chronic disease management come from the VA. However, because many 

veterans seek additional care outside the VA, both CMS and VA records were used to 

ascertain fractures, dementia, and fracture-related comorbidities. Veterans without linked 

CMS records were excluded such that all subjects had both VA and CMS administrative data 

for analysis.

For this analysis, we selected veterans with at least one ICD-9 code for dementia or who 

received at least one prescription for a dementia medication. Patients were excluded if they 

were receiving hospice services (Fig. 1). Dementia and other fall and fracture-related 

comorbidities listed in Table 1 were defined using ICD-9 codes in inpatient and outpatient 

encounters and validated algorithms where available.(18–20) Two medication classes are 

commonly recommended for dementia treatment: AChEIs (donepezil, galantamine, and 

rivastigmine) and an N-methyl-D-aspartate (NMDA) receptor antagonist (memantine), 

which does not impact the adrenergic system.(7–9,21) Prescription dispensing dates were 

identified for all medication classes prescribed for dementia treatment (AChEIs, memantine) 

as well as medications known to increase fracture risk (glucocorticoids, androgen 

deprivation therapy, antiepileptic drugs, proton pump inhibitors, selective serotonin reuptake 

inhibitors), and medications commonly prescribed in dementia that are known to increase 

falls (other antidepressants, antipsychotics, opiates, and highly anticholinergic medications). 

The primary outcome variable was any clinical fracture as identified by ICD-9 code, 

excluding facial and digital fractures.

Statistical analysis

Comparisons for baseline characteristics between the groups (AChEI users versus 

memantine or no medication users) were assessed using the chi-square test for categorical 

variables or the Student’s t test for continuous variables. To evaluate the risk for fracture 

associated with using AChEIs, we used repeated measures Cox proportional hazards 

regression models adjusted for all fracture risk factors listed above. Repeated measures 

analysis was employed because subjects often received multiple courses of AChEIs for 

various lengths of time. Prescription fill dates were used to define periods of AChEIs use; 

each individual could go on and off treatment multiple times over the study period. Repeated 

measures survival analysis was used to manage the time-varying effects of being on AChEIs. 

The fracture outcome of interest was any clinical fracture assessed as described above. To 

account for the competing risk of death, we used the Fine and Gray methods to estimate the 

subdistribution relative hazards of fracture. Kaplan–Meier curves were generated using 

conventional nonparametric survival analysis.

Because the repeated measures analysis does not account for persistent effects on bone 

density or quality that might confer protection after stopping the medication, we also 

completed a secondary analysis using the medication possession ratio (MPR). The MPR is 

defined as the number of days’ supply of AChEIs dispensed to the subjects divided by the 
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total number of days they were followed. In a fully adjusted logistic regression model, we 

considered MPR as a continuous variable between 0 and 1 and also compared MPR 

increments of 10% to minimal/no use (MPR 0 to <0.10). All analyses were conducted using 

SAS version 9.4 (SAS Institute Inc, Cary, NC, USA).

Results

In total, 360,015 older veterans with dementia were included in this analysis. The average 

age of the population was 75.6 years. Forty-two percent (n = 152,274) of this cohort 

received at least one prescription for AChEIs during follow-up. Baseline characteristics of 

the cohort stratified by use of AChEIs are presented in Table 1; clinically important 

differences included a higher proportion of current smokers among non-AChEI users 

compared with AChEI users (20.7% versus 16.6%). Non-AChEI users were also more likely 

to have coexisting medical conditions such as chronic lung disease (35.9% versus 26.1%), 

congestive heart failure (24.9% versus 16.9%), chronic liver disease (11.2% versus 6.8%), 

and diabetes (37.2% versus 32.9%). Veterans with AChEI prescriptions were more likely to 

be using antidepressants (SSRIs and non-SSRIs) and other psychoactive medications but less 

likely to be prescribed glucocorticoids or antiepileptics compared with non-AChEI users. 

FRAX scores calculated with body mass index (BMI) for both groups were similar, with 10-

year risk for major osteoporotic fracture at approximately 10%.

Over the 10-year period of follow-up (mean 4.6 years), 20.1% of older veterans with 

dementia suffered a fracture. Of the study cohort, 42.3% were ever-prescribed an AChEI, 

1.7% were prescribed only an NMDA receptor antagonist, and 56.0% were prescribed 

neither. Among AChEI users, the average days prescribed was 629. The proportion of 

veterans who experienced a fracture was 14.5% (n = 22,089) among AChEI users compared 

with 34.5% (n = 71,700) among non-AChEIs users. The distribution of fracture types was 

similar between AChEI users and nonusers, with 23.8% and 25.0% hip and femur fractures, 

19.9% and 18.5% rib or clavicle fractures, 13.7% and 14.6% tibial/fibular fractures, 4.5% 

and 6.5% humerus fractures, 6.5% and 6.4% forearm fractures, 3.8% and 3.2% pelvic 

fractures, and 27.8% and 25.9% other fracture types. Compared with those on other 

dementia medications or no medication, the hazard of any fracture among AChEI users was 

significantly lower in fully adjusted models (hazard ratio [HR] = 0.81; 95% confidence 

interval [CI] 0.75–0.88). After considering competing mortality risk, fracture risk remained 

18% lower in veterans using AChEIs (HR = 0.82; CI 0.76–0.89). The Kaplan–Meier survival 

plot (Fig. 2) for the cohort shows a lower risk for fracture among the AChEI group, with the 

risk separation becoming more apparent around the third to fourth year of AChEI use. 

However, the separation time in this analysis is difficult to interpret because individuals are 

counted in both groups as they go on or off the medication over time.

Analyses using the MPR as a reflection of the proportion of follow-up time an individual 

received AChEIs showed an even stronger protective effect, with OR = 0.61 (0.58–0.64). 

Higher MPRs were associated with greater fracture protection in a dose–response pattern, as 

depicted in Table 2.
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Discussion

Evidence suggesting a benefit of AChEI use on bone health has slowly emerged.(11,13,14,22) 

Bone homeostasis is regulated by local autocrine and paracrine mechanisms and neuronal 

signals from the autonomic nervous system; similarly, the autonomic nervous system is also 

implicated in dementia.(23) Preclinical studies on bone remodeling have shown cholinergic 

activity induces bone mass accrual by stimulating osteoblast proliferation via muscarinic 

receptors, and apoptosis in osteoclasts via nicotinic receptors,(24–28) whereas adrenergic 

stimulations promote osteoclast formation and bone resorption via beta adrenergic receptors.
(10,29,30)

These observations have prompted consideration of whether medications impacting the 

cholinergic system might impact bone-related outcomes. Evidence from in vivo studies 

shows that administration of a peripherally acting AChEI, pyridostigmine, raises 

acetylcholine levels and increased trabecular bone mass in mice by inhibiting osteoclasts and 

bone resorption.(24) Available clinical studies, though few, support improved bone health 

with use of AChEIs.(12–14,22) In older adults with AD, use of centrally acting AChEIs such 

as donepezil and rivastigmine is associated with reduced hip fracture risks.(13) A cohort 

study examining AChEI use in AD patients with hip fracture described a reduction in all-

cause mortality by 56% and risk of a second hip fracture by 41%.(12) In a retrospective study 

examining the effect of AChEI use on fracture healing among 49 AD patients, AChEI users 

showed better radiographic union at fracture sites (relative risk [RR] = 2.7; CI 0.9–7.8), 

fewer healing complications (RR = 0.8, CI 0.7–1.0), and overall better bone quality (RR = 2; 

CI 1.2–3.3).(22) Similarly, in a nested case-control study on 1190 cases and 4760 controls, 

any prior use of AChEIs was associated with reduced fracture risk (OR = 0.8; CI 0.70–0.91).
(14)

This study extends these findings by demonstrating a clinically important association 

between AChEI exposure and a reduced hazard of any clinical fracture, etc., over a 10-year 

follow-up period. Although prior human studies have been limited to those with Alzheimer’s 

dementia, our study included subjects with all types of dementia (vascular, Parkinson’s, 

dementia with Lewy bodies, etc.) who were prescribed AChEIs, thus widening the 

population in whom there is a suggestion of benefit. The use of competing risk methods in 

this analysis further reduces concerns about biased estimates that could have arisen using 

traditional time-to-fracture in survival analysis or case-control studies. Our primary analysis 

does not assume a carry-over effect on fracture risk when an individual stops the medication; 

because available data suggest an impact on bone density and quality, this analysis would 

underestimate any reduction of fracture risk. The secondary analyses using the MPR show 

an even stronger effect and a suggestion of a “dose response” such that higher adherence and 

proportion of time treated are associated with lower fracture rates.

Another finding of note from this national study is the extremely high fracture rate in this 

population. The high proportion of older male veterans with dementia with incident fracture 

reported in this cohort of older male veterans with dementia in less than 5 years’ average 

follow-up (20.4%) compared with the 10-year probability for a major fracture predicted by 

the FRAX model (10%) suggests a limitation of FRAX in the fracture-risk assessment of 
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this population and demonstrates a need for better short-and long-term fracture risk 

calculators in older patients with comorbidities, particularly for men. The high incidence of 

fractures also reinforces the need for better fall prevention measures and osteoporosis 

treatment in this population.

An important limitation of this study is the effect of unmeasured confounders. These include 

variables not available in administrative data such as number of falls, vitamin D levels, 

dementia types and stages, and frailty. In this nonrandomized trial, there were important 

differences in men who were prescribed AChEIs and those who were not, with a higher 

comorbidity burden observed in nonusers. Conversely, users had substantially higher use of 

psychoactive medications known to increase fall and fracture risk, including SSRIs and 

antipsychotics, suggesting that they had greater levels of behavioral disturbance, which is 

also known to increase fracture risk. To reduce these imbalances, we controlled for a 

substantial number of factors that may impact fracture risks, including comorbid conditions 

and medications associated with both falls and fractures. However, inaccuracies in coding in 

administrative data and the known low sensitivity of ICD-9 codes in many chronic 

illnesses(31) limit our ability to adjust for imbalance in these risk factors. There were 

insufficient numbers of individuals prescribed memantine only to compare their fracture 

rates with those prescribed only AChEIs, which would reduce the concern about selection 

bias. Some veterans may have been prescribed AChEIs outside the VA system, and we did 

not capture this use; however, this under-counting would suggest that the true fracture 

reduction is even larger than our estimates. Conversely, veterans prescribed non-VA 

medications that negatively impact bone such as steroids or androgen deprivation therapy 

would inflate our estimates. Although vitamin D is an important factor involved in both falls 

and fractures, prescriptions of supplements are not reliably ascertained through the VA 

pharmacy database and are not included in our models.

These study findings have clinical implications for drug selection for dementia treatment. 

Dementia and fractures share a complex bidirectional relationship beyond the common 

impact of advancing age on their incidences.(32) Dementia independently increases hip 

fracture risk 2.7-fold.(33) Available study outcomes on the association between dementia and 

risk of fractures at other sites (wrist and vertebral) are inconsistent.(34) Because of modest 

effect sizes, inconsistent study results, and side effect profiles of the medications, clinical 

uptake of dementia medications has been limited.(35,36) The possibility of a reduction in 

fracture risk with AChEI use introduces an important factor to consider when discussing the 

risks and benefits of pharmacologic dementia treatment in view of the high coexisting 

fracture risk. This study, along with emerging preclinical evidence, makes a strong collective 

case for a phase 2 clinical study of AChEI use on bone density, quality, and fracture risk in 

older adults with dementia.

In summary, we found that AChEI use is associated with a clinically important reduction in 

fracture risk in men with dementia, controlling for many other fall and fracture risk factors. 

Additional clinical studies on the impact of AChEIs on bone in older adults are needed.
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Fig. 1. 
Consort diagram. All veterans aged 65 to 99 years with an ICD-9 diagnosis code for 

dementia or at least one prescription for a dementia medication were included in this 

analysis.
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Fig. 2. 
Comparison of fracture-free survival stratified by AChEIs using Kaplan–Meier and 

competing risk methods. In this tracing, the y axis has been flipped to highlight the lower 

fracture risk in the AChEIs-use group and the prominent risk separation at the 4-year mark.
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Table 2.

Hazard of Any Fracture by Medication Possession Ratio (MPR)
1
 Category Compared With Subjects With 

MPR 0–10%

MPR category Hazard ratio compared with MPR 0–10% 95% Confidence limits

10–<20% 0.79 0.75–0.84

20–<30% 0.74 0.70–0.79

30–<40% 0.71 0.67–0.75

40–<50% 0.69 0.65–0.73

50–<60% 0.65 0.62–0.70

60–<70% 0.64 0.60–0.68

70–<80% 0.67 0.63–0.71

80–<90% 0.63 0.59–0.67

90–100% 0.56 0.52–0.59

1
MPR is calculated by the number of days’ supply of AChEI dispensed to the subject divided by the total number of days they were followed.
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