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Abstract

Mild cognitive impairment, dementia and osteoporosis are common diseases of ageing and, with the increasingly ageing 
global population, are increasing in prevalence. These conditions are closely associated, with shared risk factors, common 
underlying biological mechanisms and potential direct causal pathways. In this review, the epidemiological and mechanistic 
links between mild cognitive impairment, dementia and skeletal health are explored. Discussion will focus on how changes 
in brain and bone signalling can underly associations between these conditions, and will consider the molecular and cellular 
drivers in the context of inflammation and the gut microbiome. There is a complex interplay between nutritional changes, 
which may precede or follow the onset of mild cognitive impairment (MCI) or dementia, and bone health. Polypharmacy 
is common in patients with MCI or dementia, and there are difficult prescribing decisions to be made due to the elevated 
risk of falls associated with many drugs used for associated problems, which can consequently increase fracture risk. Some 
medications prescribed for cognitive impairment may directly impact bone health. In addition, patients may have difficulty 
remembering medication without assistance, meaning that osteoporosis drugs may be prescribed but not taken. Cognitive 
impairment may be improved or delayed by physical activity and exercise, and there is evidence for the additional benefits 
of physical activity on falls and fractures. Research gaps and priorities with the aim of reducing the burden of osteoporosis 
and fractures in people with MCI or dementia will also be discussed.
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Introduction

Both osteoporosis and dementia (or mild cognitive impair-
ment) are common conditions, generally occurring in older 
age. Populations worldwide are ageing and, indeed, accord-
ing to the United Nations (UN) Decade of Healthy Age-
ing report (2021–2030), “longer lives are one of humanity's 
greatest achievements. But longer lives are not yet healthier 
lives for all” [1]. Adding quality years to people’s lives, 

lived in good health, maintaining capacity and preventing 
dependency on carers is one of the greatest challenges of 
modern medicine and society; reducing dementia, and also 
fractures as a consequence of poor bone health would have 
a huge impact.

With increasing lifespan, the gap between life expec-
tancy and healthy life expectancy is increasing. According 
to global estimates, in the year 2000 at age 60 years, the 
gap between healthy life expectancy and actual life expec-
tancy was 4.1 years for men, and 5.3 years for women. By 
the year 2019, this gap increased to 4.7 years for men and 
6.0 years for women [1, 2]. The World Health Organisation 
(WHO), as part of the “Decade of Healthy Ageing”, have 
mandated tracking progress in reducing this gap between 
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healthy years lived (healthspan) and actual years lived (lifes-
pan) over the coming years, with reporting at both national 
and subnational levels taking place in 2023, 2026, 2029 and 
2030. Key to the WHO and United Nations (UN) Decade 
of Healthy Ageing are the concepts of the functional ability 
of an individual and their intrinsic capacity. It is evident 
that locomotor and cognitive abilities are critical to enable 
a person to maintain functional ability, and indeed form part 
of the UN integrated care for older people (ICOPE) Assess-
ment Framework for person-centred assessment pathways, 
aimed at improving integrated care for older people [3, 4].

Dementia and mild cognitive impairment

Definitions

Dementia (or major neurocognitive disorder, as it is termed 
in the Diagnostic and Statistical Manual of Mental Disor-
ders (DSM-5®) [5] is an umbrella term for several (mostly 
progressive) irreversible neurological diseases of the brain, 
affecting memory, other cognitive abilities and behaviour, 
which interfere significantly with the ability to maintain 
autonomy in the activities of daily living [6]. Alzheimer’s 
disease (AD) is the most common form of dementia in high 
income settings and may contribute to 60% to 80% of cases, 
although figures vary according to the method of diagnosis 
and to the population studied. Other major forms include 
cerebrovascular dementia, Lewy body dementia and a group 
of diseases that contribute to frontal temporal dementia; 
there is commonly overlap between these different subtypes. 
Many studies focusing on links between dementia and frac-
ture or osteoporosis are limited to patients with an AD diag-
nosis, whilst others have used cognitive scoring, which may 
detect dementia at an early stage.

Mild cognitive impairment (MCI) (or mild neurocognitive 
disorder [5]) is more common (its incidence may be twice 
as high as dementia [7]) and reflects a noticeable decrement 
in cognitive functioning that goes beyond normal changes 
seen in ageing, and represents a state of cognitive function 
between normal ageing and dementia. It is objectively defined 
on neurocognitive assessment and occurs in the absence of 
significant impairment of the instrumental activities of daily 
living [8]. The impairment covers the domains of learning, 
memory, attention and reasoning. MCI can be caused by a 
variety of different health problems which may or may not be 
attributable to a specific dementia diagnosis and is a disorder 
that may or may not progress to dementia [9]. There is a con-
tinuum across loss of higher brain functions, from early MCI 
through to late MCI, to mild, moderate and severe dementia 
with different medicines indicated for different stages. Balance 
and reaction time, executive function (such as the ability to 
pay attention, organise, plan, and/or prioritise physical tasks) 

and memory are affected differently between individuals and 
between dementia types, which may all impact upon fall and 
fracture risk.

Burden of disease

Dementia is currently the seventh leading cause of death and 
one of the major causes of disability and dependency among 
older people globally [6]. According to the WHO in 2024, 
over 55 million people have dementia worldwide, over 60% 
of whom live in lower on middle income countries where 
there are nearly 10 million new cases per year. By 2050, it 
is anticipated that 135 million people will have dementia 
worldwide, increasing slightly less than two fold in Europe, 
somewhat more than twofold in North America, threefold 
in Asia and fourfold in Latin America and Africa [10, 11]. 
Dementia has a huge economic impact, costing economies 
globally 1.3 trillion US dollars. Approximately 50% of these 
costs are attributable to care provided by informal carers 
(e.g. family members and close friends), who provide on 
average 5 h of care and supervision per day. Lower income 
countries account for just under 1% of the total worldwide 
costs (and 14% of the dementia prevalence), and higher 
income countries for 89% of the costs (and 46% of the 
dementia prevalence). Such disparities are likely accounted 
for by the lower diagnosis rate, limited therapeutic options 
available and the underutilisation of the existing evidence-
based interventions in low income countries [11].

In its report, the WHO states that women are dispropor-
tionately affected by dementia, both directly (they experi-
ence higher associated disability-adjusted life years and mor-
tality), and indirectly, as they provide 70% of care hours for 
people living with dementia [6]. In the UK 65% of people 
with dementia are female, and dementia has been the leading 
cause of death in women since 2011 [12]. Ethnic differences 
are also observed, with Black people in the UK, and African 
Americans having a higher dementia incidence [13]. A UK 
based study of General Practice electronic records (Clinical 
Practice Research Datalink, CPRD) showed that dementia 
incidence was higher in Black than White people (Incidence 
Rate Ratio 1.22, 95% CI 1.15–1.30). South Asian and Black 
people with dementia also had a younger age of death than 
White participants (mean difference for South Asian partici-
pants − 2.97 years, (95% CI − 3.41 to − 2.53); and Black 
participants − 2.66 years, (95% CI − 3.08 to − 2.24) [14].

Osteoporosis and high fracture risk

Definition and epidemiology

Osteoporosis is a disease of the skeleton, characterised by 
micro-architectural deterioration of bone tissue and loss of 
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bone mass. Osteoporosis (meaning ‘porous bone’) increases 
bone fragility and susceptibility to fracture [15]. The opera-
tional definition of osteoporosis (1994 World Health Organi-
sation Definition) is predicated on the measurement of bone 
mineral density (BMD) (via Dual-energy X-ray Absorptiom-
etry (DXA)) [16], with osteoporosis defined as 2.5 stand-
ard deviations below the healthy young adult female mean 
[17]. BMD varies across the lifecourse, reaching a peak in 
early adulthood during the third to fourth decade, plateau-
ing in middle life, and then declining from around the age 
of 50 years. The incidence of major osteoporotic fracture 
types (e.g. hip, vertebral, proximal humerus, distal radius) 
increases with age, with a near exponential increase in hip 
fracture incidence in men and women beyond 75 years [18, 
19] with the median age for hip fracture well above the 
age of 80 years in many countries [20]. Similar patterns of 
increasing incidence are observed for vertebral fractures in 
other studies [21]. Fragility fractures are also associated with 
substantial increases in mortality [22, 23].

It is important to consider that whilst a T score below -2.5 
is the WHO definition of osteoporosis, and low BMD con-
fers an increased risk of fracture, the majority of fractures 
occur in postmenopausal women and older men without a 
densitometric diagnosis of osteoporosis, or in those with 
osteopenia [24, 25]. Aside from the natural decreases in 
BMD seen in older people, there are a variety of other rea-
sons why they may be at greater fracture risk, with factors 
such as decreased mobility, increased risk of falls, and the 
adjunctive effects of comorbidities (including dementia and 
cardiovascular disease) [26, 27]. Indeed, a recent study in 
nursing home populations (a frail and high fracture risk 
group) identified fracture risks which are underestimated 
by current approaches such as  FRAX®, QFracture or the 
GARVAN calculator [28, 29].

Burden of disease

The number of individuals aged 50 years or older at high 
risk of osteoporotic fracture worldwide was estimated at 158 
million in 2010 and is set to double to around 319 million 
by 2040 with the biggest increase in population at risk seen 
in Asia and Africa [20]. It is predicted that the majority of 
hip fractures in Asia will occur in China, where the inci-
dence of hip fracture will rise from 411,000 in 2015 to an 
estimate of more than 1 million in 2050. Indeed, huge vari-
ability in hip fracture rates worldwide are observed, with a 
greater than tenfold variation in hip fracture risk between 
countries [30]. Data from African populations are particu-
larly sparse, with a lack of equitable access to diagnostic and 
treatment options to reduce the risk of fragility fractures and 
subsequent disability [31]. In Europe alone, the annual cost 
of managing fragility fractures is estimated at 56.9 billion 
Euros (2017) and set to increase by 27% by 2030; health 

and social systems even in high-income countries are ill-
equipped to cope with such an increase in demand for both 
post fracture and dementia care.

In the oldest age groups, most likely to suffer from co-
existent dementia or mild cognitive impairment alongside 
osteoporosis, there is often undertreatment of those requir-
ing osteoporosis medication. For example, in the Newcas-
tle 85 + cohort, of 259 older adults (mean age 85.5 years) 
who were identified as requiring treatment for osteoporosis 
(via fracture risk calculation), only 74 (28.6%) were receiv-
ing osteoporosis medication [32]. In this older cohort, the 
treatment gap (between those in whom treatment is recom-
mended and in those actually treated) was 71.4%, higher 
than the UK national average of 66%, emphasising the 
neglect that the oldest age groups suffer when it comes to 
osteoporosis care [33]. Considerations for the management 
of osteoporosis in the oldest old were set out by European 
Society for Clinical and Economic Aspects of Osteoporo-
sis, Osteoarthritis and Musculoskeletal Diseases (ESCEO), 
but evidence relating specifically to this population remains 
sparse [27, 34].

Associations between cognitive impairment, 
bone mineral density and fracture risk

When considering the epidemiological evidence underly-
ing the association between cognitive impairment and bone 
health, it is important to differentiate between studies exam-
ining associations between cognitive impairment and BMD, 
versus fracture (which also is likely to involve BMD inde-
pendent mechanisms, for example increased falls risk).

The incidence of falls and fractures in people with 
dementia is known to be high [35], for example, in a rep-
resentative UK study of 8036 people with dementia, the 
incidence of falls was 31.1% (125 per 1000 person years) 
and fractures, 17% (65.5 per 1000 person years) [36]. The 
authors found that the predictors of falls were increased 
age, female sex, physical health problems, a previous fall 
or fracture, the presence of vascular dementia versus AD, 
higher levels of neighbourhood deprivation, living alone and 
social determinants of health such as poor living conditions; 
interestingly, ethnic minority status (e.g. Caribbean or Asian 
ethnicity) was protective of falls in older people [36]. Unsur-
prisingly, there is evidence of an increased risk of all frac-
tures in patients with dementia, with poorer health outcomes 
(including physical performance measures), increased social 
care needs and mortality [37–42]; indeed, a meta-analysis 
of five cohort studies on hip fracture covering over 137,000 
participants, showed that AD was associated with a 2.5-fold 
increased risk of hip fractures [43].

In a Finnish nationwide registry-based cohort, in which 
verified AD cases were matched with healthy controls, those 
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with AD experienced double the risk of hip fractures. The 
risk increase for fracture was larger in men than women 
when age groups were pooled, and highest in those who 
were youngest when AD was diagnosed [37]. Adjustment 
for health status, psychotropic drugs and bisphosphonate 
use failed to weaken the associations between Alzheimer's 
disease and hip fracture. A Korean study using health insur-
ance data also showed that the greatest risk of fracture 
was noted earliest in the dementia disease course, perhaps 
because of early balance and gait disturbances [44]. In over 
13,500 individuals with early-onset dementia (EOD) com-
pared with healthy controls (age 50–64, identified from the 
National Database of Health Insurance Claims and Specific 
Health Checkups of Japan), EOD was associated with an 
increased risk of hip fractures (adjusted odds ratio, 95% 
confidence interval: 8.79, 7.37–10.48), vertebral fractures 
(1.73, 1.48–2.01), and major osteoporotic fractures (2.05, 
1.83–2.30) over 3 years [45]. In general, however, the evi-
dence for associations between dementia and non-hip frac-
tures is not as robust. A Taiwanese study with three-year 
follow up indicated a doubling of hip fracture risk, but no 
significant association between dementia and the risk of 
wrist or vertebral fracture, even in patients with osteoporo-
sis [39]. Conversely, other studies have raised the possibility 
of bidirectionality in the association between fractures and 
dementia. A study within Taiwan’s health insurance sys-
tem recruited over 66,500 patients with fractures and over 
133,500 control subjects without fractures, matched in terms 
of age, sex, and index year and then followed up for 12 years. 
The study demonstrated that the overall incidence rate of 
dementia in individuals with fractures was 41% higher than 
that in individuals without fractures (6.05 vs 4.30 per 1000 
person-years) at an adjusted hazard ratio of 1.38 (95% con-
fidence interval 1.32–1.45) after adjustment for age, sex, 
urbanization, and individual disorders or comorbidities [42].

Community-based prospective cohorts such as the Medi-
cal Research Council (MRC) National Study of Health 
and Development, the Framingham Study and the Study 
of Osteoporotic Fractures have demonstrated associations 
between BMD and cognitive ability or decline [46–49], 
brain volume [50], and incidence of AD [51]. In an early 
(2005) Framingham study of 987 participants with BMD 
measures, and a follow up time of 8.3 years, women in the 
lowest quartile of BMD had double the risk of AD; how-
ever, when men were considered alone, there was no sig-
nificant increase in risk of AD [51]. A 2023 meta-analysis 
of 10 studies built upon this evidence, demonstrating that 
patients with cognitive impairment had an increased risk of 
BMD-defined osteoporosis (relative risk 1.56 any cognitive 
impairment, and 1.70 (95% CI 1.23–2.37) for AD), though 
heterogeneity between studies was identified due to prob-
lems with cognition classifications, sex differences, variation 
in global regions and study designs [52].

A recent well-designed meta-analysis of three studies 
(Framingham Heart study, Rotterdam Study and the Memory 
and Ageing Project, n = 4431 with 606 incident dementia 
diagnoses) asked the question whether baseline BMD alone, 
or greater BMD loss, were associated with greater risks of 
incident dementia or AD, important when considering each 
as a potential biomarker and when examining potential 
pathological mechanisms connecting bone loss and cogni-
tive decline. They measured the annualised change in BMD 
calculated from repeated measures and found that, whilst 
higher BMD was protective against incident dementia (haz-
ard ratio 0.91 per SD increase (95% CI 0.84–0.995)), prior 
bone loss was only significantly associated with dementia 
incidence in one of the three cohorts, Framingham [53].

Whilst associations between dementia and fractures may 
in part reflect shared risk factors, there are likely to be direct 
causal relationships, possibly bidirectionally [54] or medi-
ated through other factors such as muscle loss [55, 56]. In the 
English Longitudinal Study on Ageing, the presence of MCI 
was shown to be associated with a higher incidence of sarco-
penia at ten-years follow-up (OR 1.24, 95% CI 1.09–1.60 in 
a multivariate analysis), demonstrating a likely role of MCI 
as a predictor of the onset of sarcopenia in older people [57]. 
Osteosarcopenia, the combination of osteoporosis and sar-
copenia [58], is associated with cognitive impairment, due 
to similar risk factors including genetics, endocrine function 
and mechanical factors, in addition to the suppression of 
nutrition and appetite (and hence lower protein intake). In 
a Taiwanese community care study, where DXA and com-
prehensive geriatric assessment were performed on 337 par-
ticipants, the prevalence of cognitive impairment was found 
to be greatest in those with sarcopenia (40%), followed by 
osteosarcopenia (35%) versus those with normal BMD and 
muscle mass, strength and function [59].

Further reinforcing the need for fracture prevention in this 
population, there is evidence that mortality following a hip 
fracture is greater in patients with AD. In a retrospective UK 
study of over 18,000 participants, patients with AD had a 3.2 
times increased mortality risk (HR 3.2, 95% CI 2.4–4.2) than 
non-AD patients following a hip fracture, this hazard was 
of similar magnitude to having heart failure in combination 
with a hip fracture [60]. In a meta-analysis of an “oldest old” 
population of centenarians, dementia was the most common 
comorbidity in those patients who died following a hip frac-
ture (26.2%, followed by hypertension 15.6%), with a very 
high 1 year mortality of 53.8% (95% CI 47.2 to 60.3%) and 
an in-hospital mortality rate of 14.1% [61], emphasising the 
frailty, low resilience and low probability of post-fracture 
recovery in this population.

To summarise, there is a wide range of evidence to link 
cognitive decline, dementia, osteoporosis and fractures, but 
little clarity as to whether these associations are causal or 
represent common risk factors and/or common underlying 
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mechanisms. Key wider considerations include falls, poor 
nutrition and appetite, medication use and adherence, exer-
cise, oestrogen exposure and sarcopenia amongst other fac-
tors, and indeed how much of the risk might be independ-
ent of the existing assessment measures such as FRAX and 
BMD measurement. Furthermore, current epidemiological 
evidence is limited largely to the United States, Europe and 
a few Asian and South American countries, there is very 
limited evidence in African populations, where osteoporosis 
and dementia are emerging problems [31, 62].

Mechanistic considerations

Common and bidirectional pathways

Many common mechanisms are proposed across a wide 
range of ageing-related diseases [63]. In older people, 
dementia and osteoporosis often occur in a multimorbidity 
cluster with other conditions, for example sarcopenia (loss 
of muscle mass, strength and function with ageing). Indeed, 
there is increasing evidence of underlying conditions such 
as immunosenescence, chronic inflammation (inflamage-
ing), oxidative stress and altered mitochondrial bioenerget-
ics, together with factors such as hormonal changes (includ-
ing decreases in oestrogen and testosterone) and altered gut 

microbial flora contributing to both dementia and osteopo-
rosis risk [64–66].

In addition to common underlying mechanisms, related 
bidirectional effects have been proposed (Fig. 1). For exam-
ple, whilst systemic inflammation has effects on both bone 
and brain, a fracture may trigger a profound inflammatory 
cascade, potentially contributing to neuroinflammation and 
the development or progression of cognitive impairment. 
This has been proposed in studies suggesting that there is a 
temporal relationship between fracture and dementia onset, 
with a population-based cohort study showing that fracture 
is an independent risk factor for dementia, and that fractures 
(at any site), in adults above the age of 60 years increase the 
risk of developing dementia within 12 years by 41%, with 
hip fractures conferring the greatest increase risk (60%), 
vertebral fractures by 47%, and thigh, leg or ankle frac-
tures increasing the risk by 35% [42, 67]. It is possible that 
delirium, a sudden onset acute confusional state that occurs 
over a couple of hours or days, which often complicates 
fractures (especially of the hip), may be a contributing factor 
to the onset and progression to dementia [68]. Delirium is a 
well-recognised modifiable risk factor for dementia, which 
is often worse in people with poorer baseline cognitive func-
tion [69, 70].

Low BMD, without fracture, appears to be associated 
with cognitive impairment. In another study of 655 com-
munity dwelling older women, BMD was measured by 

Fig. 1  There are bidirectional relationships between cognitive impair-
ment, dementia, fragility fractures and low BMD. Factors such as 
sedentary lifestyles, vitamin D deficiency and medication usage influ-
encing both brain and bone health may contribute to the occurrence 

of falls, further complicating the interplay between falls, cognitive 
impairment and fractures.  Modified from Ruggiero et  al. Ageing 
Research Reviews 2024 [99] under the Creative Commons licence 
http:// creat iveco mmons. org/ licen ses/ by/4. 0/

http://creativecommons.org/licenses/by/4.0/
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peripheral quantitative computed tomography and cogni-
tion was assessed with the mini mental state examination 
(MMSE) over a 3-year period. It was found that higher corti-
cal BMD (but not trabecular BMD) was protective against 
incident cognitive impairment (OR 0.93, 95% CI 0.88–0.98) 
and worsening cognitive performance. The authors sug-
gested that BMD might represent an independent and early 
marker of subsequent cognitive impairment and that physi-
cians should assess and monitor cognitive performance in 
the routine management of all the women with osteoporosis 
[71].

Molecular mechanisms linking cognitive 
impairment and bone health

Brain‑bone signalling

The contribution of neuronal signalling to the regulation 
of bone remodelling and homeostasis began with a focus 
on leptin (an adipose tissue- derived hormone, involved in 
energy regulation and metabolism) [72]. Studies undertaken 
two decades ago in knockout mice deficient in leptin (ob/ob 
mice) demonstrated that these animals have high vertebral 
trabecular bone mass, which can be reversed by infusion 
of leptin into the third hypothalamic ventricle) [72–74]. 
Furthermore, leptin has been shown to act on human mar-
row stromal cells to enhance osteoblast differentiation and 
to inhibit adipocyte differentiation [75, 76]. It consequently 
became apparent that the pathways connecting bone and 
brain play crucial roles in both bone metabolism and energy 
regulation. A rapid expansion in studies working on the 
brain-bone interface has followed, with both the sympathetic 
and parasympathetic nervous systems having been shown 
to regulate bone through a variety of pathways. Serotonin, 
when produced peripherally, acts as a hormone to inhibit 
inflammation, but when produced in the brain, it acts as a 
neurotransmitter to exert a positive and dominant effect on 
bone mineral accrual, by enhancing bone formation and lim-
iting bone resorption [77]. Adiponectin, parathyroid hor-
mone, circadian genes, neuropeptide Y, muscarinic and nico-
tinic receptors, beta-adrenergic receptors and the innervation 
of bone by sensory nerves have been implicated [78–81].

Molecular and cellular drivers

A variety of molecules and mediators have been proposed as 
potential molecular and cellular drivers for direct biological 
effects between brain and bone, as detailed in a review of 
the effects of a spectrum of neurological disorders on bone 
health (incorporating AD, Parkinson’s disease, stroke and a 
variety of other pathologies) [82]. For example, in AD, amy-
loid precursor protein (APP) and β-amyloid are increased in 

both neurons and osteoblasts, where they impair neuronal 
and osteoblast function and proliferation, and these mol-
ecules have also been shown in transgenic mice to promote 
the activity of osteoclasts leading to greater bone resorption 
[83]. Apolipoprotein E (ApoE; the ApoE4 gene is associ-
ated with atherosclerosis and Alzheimer’s disease) promotes 
osteogenesis and decreases osteoclastogenesis, with aged 
ApoE-KO mice exhibiting severe osteoporosis compared to 
Wild Type mice [84]. Wnt/β catenin promotes both syn-
aptic health in the brain and osteoblast differentiation and 
increased bone mass, with a possible neuroprotective role of 
Wnt proteins in AD [85]. Triggering Receptor Expressed on 
Myeloid Cells-2 (TREM2), meanwhile, has been shown to 
protect microglia in the brain and control the rate of osteo-
clastogenesis [86].

A recent review of the clinical evidence suggests signifi-
cant molecular crosstalk between the bone and the brain, 
with wide ranging bidirectional effects of the aforemen-
tioned AD pathogenic proteins, AD risk genes, neuro-
hormones, neuropeptides, the autonomic nervous system, 
neurotransmitters, and brain-derived extracellular vesicles 
(EVs) impacting on bone cells, bone-derived proteins, bone 
marrow-derived cells, bone EVs, and inflammatory cascades 
[87]. These mechanisms give some biological plausibility to 
the observed epidemiological relationships.

There is thus evidence to support links between brain and 
bone in terms of underlying common mechanisms, but also 
potentially direct pathways from brain to bone. Much of this 
work stems from animal models and in vitro studies, with 
direct human relevance not well established. Further work 
will be needed to ascertain whether such pathways might 
act in human disease and thus whether these might offer the 
potential for therapeutic intervention.

Gut microbiome as a link between brain 
and bone

Gut microbiome: biodiversity and dysbiosis

The gut microbiome is a community of microorganisms 
symbiotic living with the host in the gut lumen, with 
advanced metagenomic studies demonstrating that between 
1000–4000 different taxa can be detected in each human fae-
cal sample. There are some bacterial taxa that are predomi-
nant (e.g. Bacteroides, Prevotella) and there are also a num-
ber of minor players with low representation but metabolic 
activity, including bacteria that are able to synthesise short 
chain fatty acids (e.g. Faecalibacterium prausnitzii). The gut 
microbiota exhibits considerable resilience to stressors - in  
young people it often returns to its previous state after anti-
biotic treatment—but in older people there is reduced bio-
diversity after a stressor such as an antibiotic course, with 
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a higher probability of an imbalanced gut microbiome, at 
the cost of taxa which are important for maintaining health 
[88]. There is considerable inter-individual variability in the 
healthy gut microbiota and this variability can be explained 
mainly by environmental factors including diet, geographic 
location, age and gender, exercise and chronic drug treat-
ments, in addition to other factors including mode of deliv-
ery, smoking, immune system function and host genetics 
[89]. The way we age may depend on how interactions are 
established with the microbial communities harboured in the 
gut, with frailer people shown to have reduced biodiversity.

A study in 191 older Irish subjects living in different set-
tings (community versus nursing home dwellers) identified 
two completely different clusters of gut microbiota, specifi-
cally related to the place of residence, diet and physical per-
formance, with some species over-represented in nursing 
home residents, and others in community dwellers. Loss 
of community-associated gut microbiota correlated with 
increased frailty [90]. Subsequent studies have shown that 
the way we age may at least partly depend on how the human 
body able to establish interactions with the microbial com-
munities harboured in the gut. Those ageing and remaining 
robust may have cooperative interactions with their microbi-
ota, whereas those developing frailty and disability are more 
prone to reduced biodiversity and dysbiotic microbiota, pre-
disposing to inflammation and disease [91, 92].

The gut microbiota can modulate physiologic functions at 
multiple levels, particularly because it can affect inflamma-
tion, not only in the gut but also at the systemic level. It can 
regulate gut permeability, allowing the entry of inflamma-
tory mediators, short chain fatty acids (SCFA) and butyrate 
into the systemic circulation. Through changes in immune 
system activation, neuro and systemic inflammation, insulin 
sensitivity and oxidative stress, physiologic functions can be 
modulated at multiple levels, not least in the brain, muscle 
and bone [93].

Gut microbiome, dybiosis and dementia

There is a large body of evidence, coming mainly from 
mouse models of dementia, supporting the idea that there 
may be a gut-brain axis contributing to the pathophysiology 
of dementia. Greater numbers of pro-inflammatory bacte-
rial taxa, at the expense of anti-inflammatory taxa, lead to 
immune system activation and local and systemic inflam-
mation [94]. There are bacteria which promote production 
of bacterial amyloids, and inhibitory neurotransmitters, 
able to influence the risk of cognitive dysfunction. The gut 
microbiome also is able to influence the blood–brain bar-
rier, and disruption of this—influenced by circulating SCFA 
levels—can lead to translocation of gut derived compounds 
into the brain contributing to the activation of microglia, 

neuroinflammation, amyloid and neurofibrillary tangle depo-
sition, ultimately leading to neuronal loss [95–97].

Studies comparing gut microbiota composition between 
subjects with or without dementia are limited by cross-sec-
tional design and generally small sample sizes, with very few 
studies from Western countries (most are from China), often 
not taking into account dietary factors, appetite and calorie 
intake which is often lower in patients with dementia. These 
limitations aside, such studies have shown that patients with 
MCI or dementia have different faecal microbiota composi-
tion than healthy controls—though there is inconsistency in 
the microbial biomarkers of dementia detected across the 
different studies [98]. A recent study of 164 subjects with 
preclinical AD suggests that the biomarkers of dementia 
in the gut microbiota change dynamically across dementia 
stages, from healthy, to MCI to dementia, with the authors 
noting different additional risk of dementia conferred by 
exposure to certain taxa at different times [99, 100].

Gut microbiota and brain‑bone axis

The gut microbiota may modulate bone health indirectly 
(modulating brain function via the gut-brain axis) or directly 
(whereby modulation of osteoblast and osteoclast function 
is mediated by microbial products) [101]. Indeed, there is 
evidence that a dysbiotic gut microbiota can decrease BMD 
via a variety of mechanisms, including the regulation of 
intestinal mineral absorption, oxidative stress, modula-
tion of immune responses and anabolism [102]. Subjects 
who have a healthy gut microbiome may be more likely to 
have better bone health via multiple potential mechanisms, 
including the promotion of IGF-1 synthesis by the gut, the 
regulation of PTH anabolism by butyrate synthesis, regula-
tion of anabolism mediated by circulating levels of SCFAs, 
increased bioavailability of oestrogens, regulation of CD4 
cells and T-reg cells (balancing pro and anti-inflammatory 
cytokines), modulation of osteoclast by indole derivatives, 
upregulation of TLR 9, reduction of oxidative stress and 
upregulation of endothelial nitric oxide species [103–105].

Osteoporosis has been shown to be associated with gut 
microbiota alterations. A study in 2019 analysed the faecal 
microbiota of 181 subjects age 55 to 75 years old and identi-
fied various microbial biomarkers associated with reduced 
BMD [106]. Across the various studies of this nature, there 
is considerable inconsistency in the microbial biomarkers 
shown to be associated with osteopenia or osteoporosis; the 
largest study (n = 1776 healthy adults, 266 with femoral and 
179 with lumbar spine osteoporosis) identified Actinobacil-

lus, Blautia, Oscillospira and Bacteroides to be associated 
with poorer bone health, and identified that the microbial 
metabolism of tryptophan and degradation of branched chain 
fatty acids was associated with osteoporosis [107]. The out-
come of fracture, as opposed to low BMD, was studied by 
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one Japanese group (with a very small sample size, n = 38 
postmenopausal women, 11 with a history of fragility frac-
ture) which demonstrated that higher degrees of dysbiosis 
were observed in women who had fractured [108].

The most important point regarding gut dysbiosis and its 
regulation of bone health is the function of the bacteria, and 
in particular, the gut microbiota represents a fundamental 
regulator of tryptophan metabolism (the kynurenine path-
way) and the balance between the end products, quinolinic 
and kynurenic acid [109]. Alterations of the kynurenine 
metabolic pathway at the gut microbiome level are associ-
ated with neuroinflammation and altered synaptic transmis-
sion typical of dementia, alongside altered bone homeostasis 
leading to osteoporosis and increased fracture risk [110]. 
Kynurenines have been proposed as a biomarker for osteo-
porosis and sarcopenia, in addition to being potential new 
pharmacological treatment targets [111]. These functional 
aspects may be the common driver linking the gut micro-
biota with cognitive dysfunction and poor bone health. The 
gut microbiota also regulates the synthesis of serotonin from 
tryptophan at the gut level. Gut dysbiosis promotes serotonin 
(5-HT) synthesis in the gut, leading to inhibition of bone for-
mation and consequent decreases in BMD, whilst eubiosis 
promotes vagal nerve signalling to the brain, increasing local 
5-HT synthesis, activating parasympathetic and glutamate 
signalling, inhibiting bone resorption and stimulating bone 
formation [77, 112].

This growing evidence base leads to the question whether 
administration of probiotics (Lactobacillus, Bacillus, Bifido-
bacterium) and prebiotics (inulin, galacto-oligosaccharides 
(GOS)) can modify gut microbiota, thereby potentially influ-
encing cognitive and musculoskeletal health [113]. There is 
some evidence that these may modulate mineral absorption, 
tryptophan metabolism and serotonin synthesis in the gut 
and brain, thereby reducing inflammation and promoting 
skeletal anabolic functions. In clinical terms, various stud-
ies in older people with and without osteopenia and osteo-
porosis have suggested that pre and probiotics may reduce 
the pace of BMD decline and ameliorate the markers of bone 
resorption, and there is evidence in mice that they increase 
BMD and reduce fracture risk [112]. However, it should be 
acknowledged that the available evidence is limited to a few 
studies with small sample sizes; there is certainly further 
work to be done.

To summarise, there are common mechanisms shared 
by dementia and osteoporosis mediated by the age-related 
changes in the gut microbiome, and the gut microbiome 
probably influences brain functions in different ways accord-
ing to different phases of dementia development. The gut 
microbiome can also influence bone deposition and reso-
lution both directly and indirectly, through the mediation 
of brain function [serotonin and autonomic nerve signal-
ling]. The clinical implications of these mechanisms are still 

unclear, particularly considering that the available therapeu-
tic arsenal is very limited. There is a need for further large-
scale intervention studies with prebiotics and probiotics, 
taking into account cognitive function and bone parameters 
as clinical endpoints in older individuals. Whilst the Medi-
terranean diet is shown to induce favourable changes to gut 
microbiome diversity [93] there is little evidence to support 
the use of nutritional supplements at this time. Given that the 
majority of studies looking at the gut microbiome, dementia 
and osteoporosis are cross-sectional, it is difficult to attribute 
causality, particularly as dementia in itself leads to anorexia 
and changes in dietary patterns—including reduced dietary 
diversity—which may have downstream effects on gut dys-
biosis [114]. It is also important to consider the longitudinal 
effects of dietary changes in the microbiota and whether or 
how this can impact upon cognitive impairment, and the 
direction of causality implied.

Nutritional changes, cognitive impairment 
and bone health

Dietary strategies in the early stages of preclinical cogni-
tive decline or mild cognitive impairment aim to prevent 
or slow the decline into MCI and dementia. In this regard, 
maintenance of a healthy microbiota and control of cardio-
vascular risk factors are promoted using a nutrient dense 
dietary pattern such as the Mediterranean diet, are in line 
with WHO guidance for risk reduction of cognitive decline 
and dementia [115]. As dementia progresses, more targeted 
nutritional strategies may be required to correct nutritional 
deficiencies and treat protein energy malnutrition and weight 
loss. Undernutrition and weight loss are very common in 
people with cognitive impairment [116–118]; a recent meta-
analysis showed that the pooled prevalence of malnutrition 
risk in those with dementia (with studies mainly conducted 
across European and South Asian populations) was 57.4% 
(95% CI 49.4–65.3, p < 0.0001,  I2 = 97.4%) [119]. Lower 
nutrient levels are found in the blood of patients with demen-
tia, with suboptimal status of B vitamins, vitamin D, E, C, 
and the carotenoids. Studies have suggested that up to 94% 
of care home residents are deficient in vitamin D, and may 
have reduced intake of other key nutrients including omega 
3 fatty acids, calcium, selenium and vitamin K, all of which 
are relevant for bone and muscle health [120]. Untreated 
malnutrition in dementia and MCI can lead to faster func-
tional and cognitive decline, leading to poorer mobility and 
loss of independence, which of course is relevant for muscle 
and bone health [121].

The mechanisms underlying weight loss in cognitive 
impairment are multifactorial. Preclinical dementia changes 
cause neuroinflammation and hypothalamus atrophy (which 
can alter hypothalamic hormones ghrelin and leptin) leading 
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to early satiety and loss of appetite. Sensory function may 
also be affected, leading to reduced taste and smell. These 
non-cognitive changes are observed prior to the onset of 
cognitive impairment and may lead to altered food prefer-
ences, reduced food intake and undernutrition. Nutritional 
status can also be compromised by changes in the gut micro-
biome as previously discussed, reducing the bioavailability 
of nutrients (Fig. 2). In people with cognitive decline there 
may be deterioration in the ability to shop, cook, prepare and 
eat meals. People living with advanced dementia can forget 
to eat and drink, while the loss of motor function can lead to 
dysphagia, often necessitating a texture modified diet, mak-
ing it difficult to meet nutritional requirements. Psychologi-
cal symptoms of apathy, sadness and depression can lead to 
loss of interest in food—and some psychotropic drugs can 
reduce appetite. Additionally, behavioural symptoms such as 
sleep disturbance, wandering, restlessness, overactivity can 
lead to increased energy expenditure, so it can be difficult to 
meet energy demands to maintain body weight.

It is not clear whether weight loss is part of cognitive 
decline or a prodrome. In a meta-analysis using prospective 
data from 2.8 million adults (57,000 with dementia), hav-
ing a low BMI (under 18.5 kg/m2) in earlier adult life was 
associated with a 26% elevated risk of all-cause dementia 
(HR 1.26, 95% CI 1.20, 1.31). Weight loss was associated 
with around a 30% increased dementia risk and has been 
observed 1–2 decades prior to the onset of cognitive impair-
ment [122]. Of course, these observations are likely due to 
reverse causality, nevertheless it remains unknown whether 
addressing undernutrition early in the disease course can 
delay cognitive impairment and dementia [122]. Given that 
low BMI in older age and midlife obesity appear to increase 
dementia risk an important public health message is to 

maintain a healthy body weight over the lifecourse [123]. 
The European PROMED-COG consortium are working to 
increase knowledge on the balance between the benefits of a 
protein- enriched Mediterranean diet and/or physical activity 
for prevention of undernutrition, and promotion of healthy 
cognitive ageing, with a current clinical trial in older adults 
with subjective memory decline ongoing [124, 125].

While there are few data on diet intervention for promot-
ing bone health in dementia, increasing dairy foods may 
be important. A cluster randomised controlled trial of Aus-
tralian care homes involving over 700 vitamin D-sufficient 
adults in their 80 s—over half of whom were cognitively 
impaired—showed that increasing dairy food reduced the 
risk of falls and fractures. The 2-year study demonstrated 
that increasing dairy food (milk, yoghurt and cheese) from 
2 to 3.5 servings per day (mean 1142 mg/day calcium, 69 g 
protein), versus fewer than 2 in the controls (mean 700 mg/
day calcium, 58 g protein), reduced risk of all fractures by 
33% (HR 0.67 (95% CI 0.48–0.93), with an impressive 46% 
reduction in hip fractures (HR 0.54 (95% CI 0.35–0.3) and 
an 11% reduction in falls (HR 0.89 (95% CI 0.78–0.98), with 
a significant decrease in hip fractures and falls at 3 months 
and 5 months respectively. Therefore, a simple, readily 
accessible intervention in a care home setting in people with 
cognitive impairment might have important benefits on mus-
culoskeletal health [126].

To conclude, epidemiological data indicate that cognitive 
impairment is associated with suboptimal nutrient intakes 
and that correcting nutrient deficiencies is important for 
bone health. A nutrient dense diet, without supplementation, 
can provide the necessary nutrients, and the Mediterranean 
diet has been shown also to have favourable effects on osteo-
porosis risk. Nutrient deficiencies should be treated in those 

Fig. 2  Dementia affects appetite regulation, nutritional intake and absorption. Created with Biorender
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who are deficient, but replacement of single nutrients has not 
been shown to improve cognition or prevent dementia pro-
gression. Routine supplementation of vitamin D in daily low 
dose regimens (as opposed to high dose boluses) to maintain 
sufficiency (serum 25(OH)D > 50 nmol/l) is important, com-
bined with calcium where needed, to reduce fractures and 
possibly to reduce AD risk in older populations [127–129]. 
Despite these findings from observational studies, a recent 
two-sample Mendelian Randomisation study found no clear 
evidence to support a protective role of increased vitamin D 
concentrations on cognitive performance in individuals of 
European ancestry [130].

In terms of research gaps, whilst it is evident that under-
nutrition and weight loss can manifest early in preclinical 
dementia—and can accelerate functional and cognitive 
declines—the impact on bone health is not known. Little is 
known about optimal diet and nutritional strategies aimed 
at maintaining or improving brain and bone health at differ-
ent stages of cognitive impairment, and it is likely that the 
timing of interventions is particularly important. However, 
these are long term strategies and the ability to support sus-
tained behaviour changes in patients and their care givers is 
needed, taking into account the setting—care home versus 
free living populations. Whilst there is a gradual accumula-
tion of brain histomorphometric changes of AD with age, 
then it is important to consider which targeted, well-timed 
interventions should be recommended to maximise benefit 
and minimise cost.

Medications for dementia and their impact 
on bone health

There is evidence that medications used in dementia may 
contribute to the occurrence of falls, potentially resulting in 
fractures. In preclinical trials, the administration of done-
pezil, a commonly used dementia drug (a reversible inhibitor 
of anticholinesterase (AChEI) indicated for mild to moder-
ate dementia in AD), affects energy metabolism and favours 
bone mass accrual in healthy young wild type mice [131]. 
There is also evidence that donepezil improves bone quality 
by reducing the number of bone resorbing osteoclasts [131].

On the other hand, memantine (a glutamate receptor 
antagonist, licenced for moderate to severe dementia in AD) 
had mildly unfavourable effects on the skeletal system of 
female rats with normal oestrogen levels [132]. However, 
the skeletal effects were oestrogen dependent: there was 
no effect of memantine in oestrogen deficient rats and the 
potential unfavourable skeletal effects of memantine may 
be less pronounced in oestrogen deficient post-menopausal 
women than in premenopausal women; these unfavourable 
effects have not been reported in humans [132].

There may be an important interplay between these drugs 
and fracture risk through impacts on falls and syncope in 
patients with cognitive impairment. A recent systematic 
review of all randomised controlled trials of cholinester-
ase inhibitors (donepezil, galantamine and rivastigmine) 
covering 53 studies and over 25,000 patients showed that 
cholinesterase inhibitors compared to placebo were associ-
ated with a reduced risk of falls (risk ratio [RR] 0.84; 95% 
CI 0.73–0.96, p = 0.009), but an increased risk of syncope 
(RR 1.50; 1.02–2.21, p = 0.04) and were not associated 
with an increased risk of fractures [133]. Syncope arises as 
a rare side effect of these drugs and represents the mecha-
nism underlying just a small proportion of falls. In fact, a 
Cochrane systematic review on memantine found no differ-
ence in falls between memantine and placebo groups [134].

There are some observational studies in this area, includ-
ing a nested case–control study using the UK CPRD which 
suggests that any past use of AChEIs—at least two prescrip-
tions—is associated with a reduction in the fracture risk 
(adjusted OR 0.80; 95% CI 0.71–0.91), with better adher-
ence strengthening the association [135]. Of course, there 
are confounding factors which cannot be accounted for when 
comparing users of a medication with non-users, as drug 
prescription is not a random behaviour and the populations 
are by definition different (confounding by indication).

In another cohort of male US veterans with dementia 
without a prior history of fractures (n = 360,000), the haz-
ard of any fracture among AChEI users was compared with 
those on other or no dementia medications. The fracture haz-
ard was significantly lower in the fully adjusted Cox pro-
portional hazards models (HR = 0.81; 95% CI 0.75–0.88) 
[136]. The evidence, however, is not wholly reassuring 
regarding the link between ACHEI use and fracture; a 
Korean insurance database study suggested the opposite, 
that the use of AChEIs in patients with AD was associated 
with an increased risk of osteoporotic fractures (adjusted 
OR 1.18; 95% confidence interval 1.07–1.31). The authors 
propose some explanations for this discrepancy, perhaps 
there may be population based differences [137]. Interest-
ingly, a Japanese retrospective study of over 300,000 patients 
with AD, using propensity score matching, showed that in 
patients with AD with dementia medication use (AChEIs 
and memantine) compared with AD patients without demen-
tia medication use, the incidence of hip fractures (1.9% vs. 
4.0%, p < 0.001) and all clinical fractures (9.0% vs. 10.5%, 
p < 0.001) significantly decreased, but that of radial fractures 
increased (1.0% vs. 0.6%, p < 0.001). Memantine, specifi-
cally was associated with a decreased rate of vertebral frac-
tures indicating a difference from the AChEIs in the mecha-
nism of action potentially underlying these associations 
[138]. A meta-analysis published in 2024 using data from 
seven observational studies showed that the risk of fracture 
was not statistically different between dementia patients who 
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received acetylcholinesterase inhibitors and those who did 
not receive them (OR 1.44; CI 0.95–2.19, P = 0.09) but that 
when used for periods of more than two years they may have 
a protective role in reducing fracture risk [139].

To conclude, most studies suggest that dementia drugs, 
particularly AChEIs, have non-harmful and possibly a poten-
tial beneficial effect in reducing the risk of falls (seen in both 
RCTs and observational studies) and fractures (in observa-
tional studies) in older adults with dementia. Controlling 
for confounders—particularly confounding by indication, as 
many of these drugs could be prescribed at an earlier stage of 
dementia, and possibly in individuals with better mobility—
is a problem in many of the aforementioned studies. Proper 
benefit-risk balance assessment of each treatment is impor-
tant, as is avoiding drug-drug interactions in older adults 
with dementia. Recently, the role of menopausal hormonal 
therapy (MHT) in the onset and progression of dementia has 
become a topic of relevance due to different studies showing 
beneficial, neutral, or harmful effects [140]. The beneficial 
effects of oestrogens on bone are widely known, current 
literature suggests robust anti-fracture efficacy of MHT in 
patients unselected for low BMD, but a careful benefit-risk 
balance needs to be struck regarding the timing and dura-
tion of use [141]. There is an evident need for more research 
and guidelines on pharmaceutical choices in patients with 
dementia and cognitive impairment.

Cognitive impairment and reduced 
adherence to osteoporosis medications

Non-adherence to oral treatments prescribed for osteoporosis 
is a widespread problem and is associated with an increased 
risk of fractures. Few interventions have been shown to 
improve adherence or persistence, and recommendations 
for clinicians to help improve adherence in their patients 
have been proposed by a previous ESCEO working group 
(2019) [142]. Multiple factors determine a patient’s likely 
adherence—these include patient related factors such as age, 
sex, educational level, living alone, and cognitive function, 
treatment related factors such as polypharmacy and adverse 
reactions, health system related factors such as lack of coun-
selling on the medications, numbers of practitioners and car-
egivers, and socioeconomic factors such as drug costs and 
insurance coverage [142].

Cognitive impairment has been identified as a risk factor 
for medication nonadherence in various countries, includ-
ing a cross sectional study of patients over the age of 65 in 
16 Chinese hospitals (n = 773 participants), which showed 
that overall almost 32% of patients studied were not adher-
ing to their medication [143]. A Shanghai primary care 
study (n = 436 patients over 60 years with chronic diseases) 
showed, again, that medication adherence was poor in 

almost half of patients, and that MCI was associated with 
poorer medication adherence (OR 2.64, 95% CI 1.64–4.24 
for nonadherence in MCI patients versus no MCI) [144]. 
In Oregon, USA, a study in 38 “healthy” subjects over the 
age of 65 was undertaken (without a diagnosis of MCI or 
dementia), medication adherence was tracked with auto-
mated pillboxes, and the included subjects underwent cog-
nitive testing. The study showed that even participants with 
very minimal cognitive impairment had lower adherence, 
with 72% of subjects with lower cognitive function having 
poor adherence, versus 25% in the normal cognitive function 
group, particularly in medications which were prescribed to 
be taken in the evening [145].

In studies focusing on osteoporosis medication, in gen-
eral, cognitive impairment has been shown to reduce adher-
ence and persistence. In a Spanish study of 4856 patients 
using dispensing data, non-persistence (discontinuation for 
more than 90 days) was seen more commonly in patients 
with dementia (HR for non-persistence 1.18 (95% CI 
1.02–1.38) in treatment naïve, and 1.31 (95% CI 1.13–1.53) 
in experienced users) [146]. A Canadian study using dis-
pensing data showed a similar picture; in over 39,000 
patients with osteoporosis, a third of whom had a diagno-
sis of dementia, osteoporosis drug dispensation occurred 
almost half as often in patients with dementia, compared 
to patients without (adjusted OR 0.55, 95% CI 0.44–0.69) 
[147]. A US Medicare study (n > 41,000) showed a similar 
pattern in prescription rates, with patients with AD receiv-
ing osteoporosis drugs at a lower rate than their non-AD 
counterparts, a difference which was even more pronounced 
in nursing home residents and subjects over the age of 85 
[148]. In the oldest-old (patients over the age of 90 years) in 
Singapore, cognitive impairment was also associated with a 
lower odds of starting an osteoporosis treatment (OR 0.25, 
95% CI 0.07–0.83) [149].

In summary, non-adherence to oral treatments is preva-
lent in older patients in general and is multifactorial in ori-
gin—as is underdiagnosis and undertreatment—and is even 
more prevalent in subjects with MCI and dementia. Tailored 
interventions in this population aimed at improving adher-
ence may include: medication reviews, simplifying drug 
regimens, improved patient education, encouraging single 
point of care to reduce the number of prescribing physicians 
and the frequency of regimen changes, taking into account 
patient preferences of drug formulations, and automated 
medication reminders. Prescriber-level interventions are 
also vital and would aim to enhance treatment initiation in 
this largely older population, and to improve recognition of 
MCI and dementia as risk factors for fractures. Considera-
tion should be given to choosing parenteral treatment when 
indicated in those who are unable to adhere to an oral osteo-
porosis treatment—though calcium and vitamin D is usually 
given alongside intravenous and subcutaneous treatments. 
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Caregiver involvement in medication administration and 
adherence is key, especially for cognitively impaired and 
dependent patients.

Cognitive impairment and its association 
with falls

Falls are a geriatric syndrome, with a variety of intrinsic 
and extrinsic factors increasing the risk of falls, including 
dementia, ageing, impaired vision and hearing, polyphar-
macy, gait impairment and orthostatic hypotension. Older 
adults with dementia fall two to three times more frequently 
than older adults without dementia. A recent systematic 
review suggested that the prevalence of falling was 43% for 
patients with MCI (over the age of 50 years) and that risk 
factors for falls included slow gait, dual-tasking, poor pos-
tural control and the non-amnesic type of MCI [150]. There 
is a particular pre-dementia condition, the motoric cognitive 
risk syndrome, which is associated with the simultaneous 
reduction of memory performance and motor activity, and an 
increased risk of vascular dysfunction (cardiovascular dis-
ease, hypertension, diffuse vascular lesions) which can pro-
gress to vascular dementia and is particularly linked with an 
increased risk of falls [151]. Different conditions underlying 
cognitive impairment (e.g. AD, dementia with Lewy Bodies, 
Parkinson’s disease, vascular dementia) can all impact upon 
falls risk via different mechanisms (e.g. orthostatic hypo-
tension, visual hallucinations, dyskinesia and other sensory 
impairments) [152–155].

There appears to be a significant difference in the risks of 
falls between institution-dwelling older adults with dementia 
and community dwellers, with particular differences in psy-
chosocial risk factors between the groups (e.g. verbally dis-
ruptive or attention seeking behaviour, depression, distress 
in caregivers and the severity of dementia) [156]. Unsurpris-
ingly, those who fall have poorer mobility and slower gait 
speed, but interestingly, in a meta-analysis, reducing global 
cognition was not associated with falls, suggesting that, in 
terms of falls reduction strategies, interventions targeting 
balance impairment rather than cognition might be more 
fruitful, which is in line with current clinical recommenda-
tions and practice [157].

It is important to remember that in general, polyphar-
macy increases risk for falls and fractures and that drug-drug 
interactions can increase the complexity of patient assess-
ment. A European expert group recently convened to support 
clinicians in the deprescribing of fall-risk inducing drugs 
(FRIDs) by designing a screening tool “STOPPFall (Screen-
ing Tool of Older Persons Prescriptions in older adults with 
high fall risk)”, based on evidence from meta-analyses and 
national fall prevention guidelines in Europe. Fourteen 
medication classes (mostly psychotropic medications, but 

also other drugs like medications for pain, hypertension 
and overactive bladder) were included in the list of FRIDs 
and the effectiveness of such an intervention will be evalu-
ated in future studies. No osteoporosis drugs were listed as 
FRIDs [158]. Psychotropic pharmacotherapy (e.g. antipsy-
chotics, benzodiazepines, SSRIs), opioids and drugs with 
anticholinergic burden should particularly be avoided in 
patients at high falls risk [159–161]. Anticholinergic drugs 
are numerous (and vary in potency) and are often prescribed 
in combination, with falls risk greatly elevated when even 
moderate potency anticholinergic drugs are combined. Pre-
scribers should consider, when prescribing for older adults 
with MCI or dementia, whether each additional medication 
is worth the increased risk of falls [161].

Caregivers can also play a role in the mitigation of falls in 
this population, particularly as an important risk factor for 
falls is the patient’ home environment (e.g. lighting, stairs, 
trip hazards), footwear and assistive devices [162]. Caregiv-
ers can be responsible for seeking and coordinating care (e.g. 
facilitating participation of older adults in community exer-
cise programmes, dietary education and supplementation), 
and can help to engage in medication management and other 
activities (e.g. time outdoors, music, recreation) which can 
help to improve wellbeing [163].

To conclude, MCI and dementia are related to an 
increased risk of falls through various mechanisms. Direct 
factors (cognitive decline, balance deficits, poor mobility, 
slow gait speed, visuospatial deficits) and drugs (particularly 
antipsychotics, antidepressants, benzodiazepines, opioids, 
anticholinergic drugs) may impact upon falls risk. It is a 
research challenge to disentangle the relative contribution 
of each factor to the fall risk, and when applying this knowl-
edge, a whole person approach is needed. An example of 
this may be that by counteracting depression, the risk of 
falls may be increased as the patient becomes more mobile, 
but their increased mobility may bring them a better quality 
of life and help to maintain muscle strength. Similarly, cer-
tain anti-depressants may stimulate appetite in older people 
with cognitive impairment, helping to counteract weight loss 
and nutritional deficiencies, but these drugs may have an 
associated falls risk [164]. Many associations are observed 
between different medications and drugs, without direct evi-
dence of causality or ability to compare the magnitude of 
effects, which makes issuing practical guidance a challenge.

Proper benefit-risk balance assessment of each drug treat-
ment is important, as is avoiding drug-drug interactions in 
older adults with dementia. There is an evident need for 
more research and guidelines on pharmaceutical choices in 
patients with dementia or cognitive impairment. It is impor-
tant to ensure that when de-prescribing in older people at 
high risk of falls, antiresorptive drugs such as bisphospho-
nates are not removed from a patient’s prescription with the 
same stroke of the pen as antidepressants or anticholinergics.
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Questionnaires and protocols for assessing and tackling 
falls risk are available (e.g. the Centers for Disease Control 
and Prevention's Stopping Elderly Accidents, Deaths, and 
Injuries (STEADI) initiative to help primary care provid-
ers (PCPs) and caregivers to identify and manage fall risk), 
but are not widely used and could simplify the approach to 
modifiable risks [165]. A wide range of barriers must be 
overcome for a patient to adopt fall prevention behaviours 
(e.g. denial of falls risk, self-blame, fear of falling, poor 
health, sedentary habits, accessibility or transport issues 
and lack of support or interest by health professionals). The 
psychological impact of caring for an older person who falls 
are not to be underestimated (e.g. higher levels of depression 
and anxiety and self-blame for not monitoring their care 
recipient closely enough) and support for caregivers is vital.

The impact of physical activity and exercise 
on cognitive impairment and bone health

It is important, first, to consider the differences in the defi-
nitions of physical activity (PA) and exercise: PA has been 
defined as any body movement produced by skeletal muscle 
that involves energy expenditure, whilst exercise describes 
a subset of planned, structured and repetitive physical activ-
ity, and has, as its ultimate goal, the improvement or main-
tenance of physical fitness. The impact of PA on various 
aspects of health has been reported in observational stud-
ies, whilst the impact of exercise is generally evaluated via 
randomised controlled trials. A few years ago, the WHO 
and the International Conference on Frailty and Sarcopenia 
Research issued guidelines on PA and sedentary behaviour, 
with specific recommendations for older adults and those 
with chronic health conditions [166, 167].

It is widely known that being physically active is a key 
factor in maintaining health and the normal functioning of 
physiological systems across the lifecourse. The benefits 
of PA on bone health (both directly, and indirectly through 
reducing the risk of falls) have been extensively researched 
in both observational studies and RCTs, with varied out-
comes: higher levels of PA (primarily leisure time activ-
ity or moderate or vigorous PA), particularly if undertaken 
regularly, are associated with up to 40% lower risk of hip 
and all fractures [168–173]. In experimental exercise trials, 
conducted in the context of additive benefits above pharma-
cotherapy, it is not clear whether exercise has an additional 
benefit (on BMD and bone turnover markers) above osteo-
porosis drug treatments, and no data are available on fracture 
outcomes, or fracture healing [174]. The link between PA 
and muscle health is a topic which has been reviewed by 
previous ESCEO working groups [175].

Physical inactivity is associated with an increased risk of 
premature all-cause mortality. Physically active older adults 

have improved functional capacity: physical and cognitive 
function, mobility and quality of life, and reduced musculo-
skeletal pain, lower risks of falls and fractures and depres-
sion. PA has important benefits on brain structure and func-
tion, and cognitive, perceptual and motor skills [167, 176, 
177]. The protective role of PA against AD has been widely 
demonstrated, as summarized in a 2023 umbrella review 
[178]. The evidence demonstrating the positive effects of 
PA on AD risk were strongest (compared to other types of 
dementia), but there were also meta-analyses revealing the 
positive effects of exercise on cognitive function, physical 
performance and functional independence [178]. Whilst 
the evidence for such benefits is reasonably strong, due to 
multiple different trial methodologies there has been little 
consensus on the precise recommendations or guidance on 
PA in older people, specifically those with, or at high risk 
of, cognitive disorders.

In terms of dementia prevention, a research question is 
whether, in people without dementia or MCI, physical activ-
ity and or exercise can delay the onset of these conditions. 
A collaborative international guideline (2023), bringing 
together many societies, provided a set of evidence- and 
expert consensus-based prevention and management recom-
mendations (using GRADE methodology) regarding PA and 
exercise, applicable to older adults. The group concluded 
that PA may be considered for the primary prevention of 
dementia, reducing the risk by around 20% (any dementia, 
AD and vascular dementia), but in people with MCI there 
is continued uncertainty about the role of PA in slowing 
the conversion to dementia, with mind–body interventions 
having the greatest supporting evidence. They found that in 
people with moderate dementia (but not normal cognition or 
MCI), physical exercise may be used for maintaining disabil-
ity and cognition, but all recommendations (concerning both 
PA and exercise) were based on a very low/low certainty of 
evidence. An infographic demonstrating the effect of PA and 
exercise in people without cognitive impairment, with MCI 
and with dementia is shown in Fig. 3 [179].

Since the publication of the 2023 guideline, a recent meta-
analysis of 104 studies with over 340,000 participants, also 
showed that PA was associated with a small decreased inci-
dence of cognitive impairment or decline (pooled RR, 0.97, 
95% CI 0.97–0.99), but there was no significant assoiciation 
between PA and cognitive impairment in follow-ups longer 
than 10 years and there was no evident dose–response relation-
ship. The specific cognitive domains associated with reduced 
physical activity were episodic memory (standardized regres-
sion coefficient, 0.03; 95% CI 0.02–0.04) and verbal fluency 
(standardized regression coefficient, 0.05; 95% CI 0.03–0.08). 
The associations observed were very weak and high quality 
studies of physical activity and cognition in midlife were 
scarce—most looked in older age groups and many did not 
have baseline measures of cognition available, and study-level 



 Aging Clinical and Experimental Research            (2025) 37:5     5  Page 14 of 22

measures of physical activity were imprecise. However, even 
weak associations may have clinically significant impacts from 
a population health perspective, but there are few high quality 
studies with follow-up beyond 10 years [180].

It is reasonable to conclude that increasing physical activ-
ity and exercise is likely to be of benefit in terms of prevent-
ing MCI and dementia and slowing physical and cognitive 
declines and is also likely to benefit skeletal health. PA can 
also improve balance and thus reducing falls and second-
ary fractures. There is a need for adequately powered ran-
domised controlled trials evaluating the effect of PA and 
exercise for the primary prevention of MCI and dementia, 
and for the prevention of fracture, particularly using multi-
component (e.g. PA combined with nutritional) interven-
tions [125, 179].

Conclusions

There is a wide range of evidence underpinning associations 
between MCI and dementia on the one hand, and osteoporo-
sis and fractures on the other, with a multitude of different 

mechanisms and factors at play. Bidirectional associations 
are present, and causal mechanisms are challenging to define 
due to a variety of shared risk factors. It is important to dif-
ferentiate associations between MCI or dementia and BMD, 
as opposed to association with fracture, and other common 
factors such as falls risk need to be taken into account.

In this working group report a wide range of areas of 
scientific interest have been discussed—the epidemiology 
of the links between MCI and dementia and fractures and 
low BMD, molecular mechanisms common to both brain 
and bone (signalling and molecular and cellular drivers), 
the influence of the gut microbiome, medications (includ-
ing effects of dementia drugs on bone, and the difficulties of 
adherence in patients with dementia and MCI), diet, nutri-
tional status, physical activity and exercise (also linked to 
falls and BMD and fractures).

It is apparent that fracture risk assessment approaches 
used currently, such as FRAX, may not capture the addi-
tional risk of fracture associated with MCI and dementia, 
and further work to establish the additional risk, independent 
of other risk factors, is needed. Further work is also needed 
in the medical community to elevate our recognition of the 

Fig. 3  Infographic regarding the effect of physical activity and exer-
cise in people without cognitive impairment, in mild cognitive 
impairment and in dementia. Created with Biorender. This figure was 

reproduced from Veronese et al. European Geriatric Medicine (2023) 
[177] under the Creative Commons licence http:// creat iveco mmons. 
org/ licen ses/ by/4. 0/

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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additional fracture risk experienced by patients with MCI 
or dementia, and to encourage osteoporosis drug prescrib-
ing, medication adherence, nutrition and exercise guidance 
and support for carers, all of which should be done in the 
context of the MDT. Cross speciality working (e.g. primary 
care physicians, geriatricians, rheumatologists, neurologists, 
psychiatrists, endocrinologists, dieticians) working collabo-
ratively, rather than in silos, will help to improve care of 
these patients—for example when prescribing medications 
which may be detrimental to bone health or may increase 
falls risk. Patients should be offered the same access to frac-
ture risk assessment and treatment regardless of age or cog-
nitive problems. In the context of comprehensive geriatric 
assessments, fracture risk assessment should be undertaken 
in parallel with cognitive testing- it is in patients with MCI 
or dementia that fractures can be most devastating in terms 
of morbidity and mortality.

Research gaps

This document delineates several research gaps that warrant 
further investigation. First, there is a need for a global under-
standing of the epidemiological associations between MCI 
or dementia and bone mineral density (BMD) and fractures, 
particularly in lower-middle-income countries. There is a 
call for more refined risk assessment approaches in popula-
tions with MCI and dementia, particularly regarding whether 
adjustments to  FRAX® probability should be made based on 
the degree of cognitive impairment or its rate of progression.

Moreover, there is a recommendation to consider BMD 
and fractures as secondary endpoints in trials for novel 
dementia therapeutics, including those targeting β amy-
loid. Further research is necessary to explore interventions 
aimed at improving the gut microbiota and understanding 
its impact on cognition, ensuring a comprehensive charac-
terization of participants—including factors like diet, falls 
risk and physical activity—to reduce potential for potential 
reverse causation. Underlying this, it is vital to understand 
how MCI and dementia influence dietary preferences and 
the impact of this upon the timing of maximal bone loss 
throughout the disease trajectory, in order to develop tar-
geted interventions.

Investigation of practical methods to enhance adherence 
to osteoporosis medications in individuals with MCI or 
dementia is needed, including studies that assess the advan-
tages of injectable or intravenous medications over oral 
agents. Lastly, a better understanding of how deprescribing 
policies affect the prescription of osteoporosis drugs is cru-
cial, along with clear communication to the medical com-
munity that these medications should generally be continued 
in patients with MCI or dementia (unless at the very end of 
life), as they are at a heightened risk of fractures.

Author contributions EMC, MR, CM, AT, CT, JR and NCH wrote 
the main manuscript text, CM prepared Fig. 2. All authors reviewed 
the manuscript.

Funding The ESCEO Working Group was funded by the ESCEO. The 
ESCEO receives unrestricted educational grants to support its educa-
tional and scientific activities from non-governmental organisations, 
not-for-profit organisations, non-commercial or corporate partners. 
The choice of topics, participants, content and agenda of the Working 
Groups as well as the writing, editing, submission and reviewing of the 
manuscript are the sole responsibility of the ESCEO, without any influ-
ence from third parties. This work was supported by the Distinguished 
Scientist Fellowship Program (DSFP) of the King Saud University, 
Riyadh, Kingdom of Saudi Arabia. NCH, EMC, NRF, CC are sup-
ported by the UK Medical Research Council (MRC) [MC_PC_21003; 
MC_PC_21001], National Institute for Health Research (NIHR) 
Southampton Biomedical Research Centre, University of Southamp-
ton, and University Hospital Southampton NHS Foundation Trust, UK. 
CLG is funded by the National Institute for Health and Care Research 
(NIHR302394). The views expressed are those of the authors and not 
necessarily those of the NIHR or the Department of Health and Social 
Care.

Data availability No datasets were generated or analysed during the 
current study.

Declarations 

Conflict of interest The authors declare no competing interests.

Consents and ethical approval This narrative article contains no origi-
nal data and thus issues of ethics, informed consent and patient confi-
dentiality do not apply.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. (2021) Decade of healthy ageing: baseline report. Summary. 
World Health Organization, Geneva. https:// www. who. int/ publi 
catio ns/i/ item/ 97892 40017 900 Accessed 17 Oct 2024

 2. Global health estimates 2019: Life Expectancy 2000-2019. 
Geneva: World Health Organisation. https:// www. who. int/ data/ 
global- health- estim ates. Accessed 17 Oct 2024. 2020

 3. Integrated care for older people (ICOPE): Guidance for person-
centred assessment and pathways in primary care. Geneva: World 
Health Organization. 2019

 4. Tavassoli N, de Souto BP, Berbon C et al (2022) Implementa-
tion of the WHO integrated care for older people (ICOPE) 
programme in clinical practice: a prospective study. Lancet 
Healthy Longev 3:e394–e404

http://creativecommons.org/licenses/by/4.0/
https://www.who.int/publications/i/item/9789240017900
https://www.who.int/publications/i/item/9789240017900
https://www.who.int/data/global-health-estimates
https://www.who.int/data/global-health-estimates


 Aging Clinical and Experimental Research            (2025) 37:5     5  Page 16 of 22

 5. American Psychiatric Association D-TF (2013) Diagnostic 
and statistical manual of mental disorders: DSM-5™ (5th ed.): 
American Psychiatric Publishing, Inc

 6. (2017) Global action plan on the public health response to 
dementia 2017–2025. World Health Organization, Geneva. 
https:// www. who. int/ publi catio ns/i/ item/ global- action- plan- 
on- the- public- health- respo nse- to- demen tia- 2017--- 2025

 7. Plassman BL, Potter GG (2018) Epidemiology of dementia and 
mild cognitive impairment. APA handbook of dementia. APA 
handbooks in psychology®. Washington, DC, US: American 
Psychological Association pp 15–39

 8. Petersen RC (2016) Mild cognitive impairment. Continuum 
(Minneap Minn) 22:404–418

 9. Sachs-Ericsson N, Blazer DG (2015) The new DSM-5 diagno-
sis of mild neurocognitive disorder and its relation to research 
in mild cognitive impairment. Aging Ment Health 19:2–12

 10. Prince MJ, Wu F, Guo Y et al (2015) The burden of disease in 
older people and implications for health policy and practice. 
Lancet 385:549–562

 11. Prince M, Guerchet M, Prina M (2015) The epidemiology and 
impact of dementia. Current state and future trends. WHO The-
matic Briefing, hal-03517019

 12. (2022) The impact of dementia on women. Alzheimer's 
Research UK Report. https:// alzhe imers resea rchuk. org/ wp- 
conte nt/ uploa ds/ 2022/ 05/ The- Impact- of- Demen tia- on- Women- 
ARUK- report. pdf

 13. (2020) 2020 Alzheimer's disease facts and figures. Alzheimers 
Dement. https:// doi. org/ 10. 1002/ alz. 12068

 14. Mukadam N, Marston L, Lewis G et al (2023) Incidence, age 
at diagnosis and survival with dementia across ethnic groups in 
England: a longitudinal study using electronic health records. 
Alzheimers Dement 19:1300–1307

 15. Consensus development conference (1993) diagnosis, prophy-
laxis, and treatment of osteoporosis. Am J Med 94:646–650

 16. Kanis JA, McCloskey EV, Harvey NC et al (2022) Interven-
tion thresholds and diagnostic thresholds in the management 
of osteoporosis. Aging Clin Exp Res 34:3155–3157

 17. Kanis JA, Adachi JD, Cooper C et al (2013) Standardising the 
descriptive epidemiology of osteoporosis: recommendations 
from the Epidemiology and Quality of Life Working Group of 
IOF. Osteoporos Int 24:2763–2764

 18. Sambrook P, Cooper C (2006) Osteoporosis. Lancet 
367:2010–2018

 19. Curtis EM, van der Velde R, Moon RJ et al (2016) Epidemiol-
ogy of fractures in the United Kingdom 1988–2012: variation 
with age, sex, geography, ethnicity and socioeconomic status. 
Bone 87:19–26

 20. Oden A, McCloskey EV, Kanis JA et al (2015) Burden of high 
fracture probability worldwide: secular increases 2010–2040. 
Osteoporos Int 26:2243–2248

 21. Schousboe JT (2016) Epidemiology of vertebral fractures. J 
Clin Densitom 19:8–22

 22. Gutiérrez-González R, Royuela A, Zamarron A (2023) Sur-
vival following vertebral compression fractures in population 
over 65 years old. Aging Clin Exp Res 35:1609–1617

 23. Castronuovo E, Pezzotti P, Franzo A et al (2011) Early and late 
mortality in elderly patients after hip fracture: a cohort study 
using administrative health databases in the Lazio region. Italy 
BMC Geriatr 11:37

 24. Siris ES, Chen YT, Abbott TA et al (2004) Bone mineral den-
sity thresholds for pharmacological intervention to prevent 
fractures. Arch Intern Med 164:1108–1112

 25. Pasco JA, Seeman E, Henry MJ et al (2006) The population 
burden of fractures originates in women with osteopenia, not 
osteoporosis. Osteoporos Int 17:1404–1409

 26. Harvey N, Dennison E, Cooper C (2010) Osteoporosis: impact 
on health and economics. NatRevRheumatol 6:99–105

 27. Rizzoli R, Branco J, Brandi ML et al (2014) Management of 
osteoporosis of the oldest old. Osteoporos Int 25:2507–2529

 28. Ihama F, Pandyan A, Roffe C (2021) Assessment of fracture risk 
tools in care home residents: a multi-centre observational pilot 
study. Eur Geriatr Med 12:79–89

 29. Harvey NC, Cooper C (2021) Fracture risk assessment in nursing 
homes. Eur Geriatr Med 12:1–3

 30. Kanis JA, Oden A, McCloskey EV et al (2012) A systematic 
review of hip fracture incidence and probability of fracture 
worldwide. Osteoporos Int 23:2239–2256

 31. Ward KA, Madanhire T, Marenah K et al (2024) Disparities in 
fragility fracture and osteoporosis care in Africa. Lancet Diabetes 
Endocrinol 12:294–296

 32. Duncan R, Francis RM, Jagger C et al (2015) Magnitude of fra-
gility fracture risk in the very old–are we meeting their needs? 
The Newcastle 85+ Study. Osteoporos Int 26:123–130

 33. Kanis JA, Norton N, Harvey NC et al (2021) SCOPE 2021: a new 
scorecard for osteoporosis in Europe. Arch Osteoporos 16:82

 34. Black DM, Schwartz AV, Ensrud KE et al (2006) Effects of 
continuing or stopping alendronate after 5 years of treatment: 
the Fracture Intervention Trial Long-term Extension (FLEX): a 
randomized trial. JAMA 296:2927–2938

 35. Deandrea S, Lucenteforte E, Bravi F et al (2010) Risk factors for 
falls in community-dwelling older people: a systematic review 
and meta-analysis. Epidemiology 21:658–668

 36. Sharma S, Mueller C, Stewart R et al (2018) Predictors of falls 
and fractures leading to hospitalization in people with dementia: 
a representative cohort study. J Am Med Dir Assoc 19:607–612

 37. Tolppanen A-M, Taipale H, Tanskanen A et al (2016) Compari-
son of predictors of hip fracture and mortality after hip fracture 
in community-dwellers with and without Alzheimer’s disease 
- exposure-matched cohort study. BMC Geriatr. https:// doi. org/ 
10. 1186/ s12877- 016- 0383-2

 38. Huang SW, Lin JW, Liou TH et al (2015) Cohort study evaluating 
the risk of hip fracture among patients with dementia in Taiwan. 
Int J Geriatr Psychiatry 30:695–701

 39. Wang HK, Hung CM, Lin SH et al (2014) Increased risk of hip 
fractures in patients with dementia: a nationwide population-
based study. BMC Neurol 14:175

 40. Reyes C, Estrada P, Nogués X et al (2014) The impact of com-
mon co-morbidities (as measured using the Charlson index) on 
hip fracture risk in elderly men: a population-based cohort study. 
Osteoporos Int 25:1751–1758

 41. Wiklund R, Toots A, Conradsson M et al (2016) Risk factors 
for hip fracture in very old people: a population-based study. 
Osteoporos Int 27:923–931

 42. Tsai CH, Chuang CS, Hung CH et al (2014) Fracture as an inde-
pendent risk factor of dementia: a nationwide population-based 
cohort study. Medicine (Baltimore) 93:e188

 43. Liang Y, Wang L (2017) Alzheimer’s disease is an important 
risk factor of fractures: a meta-analysis of cohort studies. Mol 
Neurobiol 54:3230–3235

 44. Jeon JH, Park JH, Oh C et al (2019) Dementia is associated with 
an increased risk of hip fractures: a nationwide analysis in Korea. 
J Clin Neurol 15:243–249

 45. Matsumoto S, Hosoi T, Yakabe M et  al (2024) Early-onset 
dementia and risk of hip fracture and major osteoporotic frac-
tures. Alzheimers Dement 20:3388–3396

 46. Yaffe K, Browner W, Cauley J et al (1999) Association between 
bone mineral density and cognitive decline in older women. J Am 
Geriatr Soc 47:1176–1182

 47. Bendayan R, Kuh D, Cooper R et al (2017) Associations of 
childhood and adulthood cognition with bone mineral density 

https://www.who.int/publications/i/item/global-action-plan-on-the-public-health-response-to-dementia-2017---2025
https://www.who.int/publications/i/item/global-action-plan-on-the-public-health-response-to-dementia-2017---2025
https://alzheimersresearchuk.org/wp-content/uploads/2022/05/The-Impact-of-Dementia-on-Women-ARUK-report.pdf
https://alzheimersresearchuk.org/wp-content/uploads/2022/05/The-Impact-of-Dementia-on-Women-ARUK-report.pdf
https://alzheimersresearchuk.org/wp-content/uploads/2022/05/The-Impact-of-Dementia-on-Women-ARUK-report.pdf
https://doi.org/10.1002/alz.12068
https://doi.org/10.1186/s12877-016-0383-2
https://doi.org/10.1186/s12877-016-0383-2


Aging Clinical and Experimental Research            (2025) 37:5  Page 17 of 22     5 

in later adulthood: a population-based longitudinal study. Front 
Aging Neurosci 9:241

 48. Kang HG, Park HY, Ryu HU et al (2018) Bone mineral loss 
and cognitive impairment: the PRESENT project. Medicine 
(Baltimore) 97:e12755

 49. Lui LY, Stone K, Cauley JA et al (2003) Bone loss predicts 
subsequent cognitive decline in older women: the study of 
osteoporotic fractures. J Am Geriatr Soc 51:38–43

 50. Loskutova N, Honea RA, Vidoni ED et al (2009) Bone density 
and brain atrophy in early Alzheimer’s disease. J Alzheimers 
Dis 18:777–785

 51. Tan ZS, Seshadri S, Beiser A et al (2005) Bone mineral density 
and the risk of Alzheimer disease. Arch Neurol 62:107–111

 52. Xie C, Wang C, Luo H (2023) Increased risk of osteoporosis 
in patients with cognitive impairment: a systematic review and 
meta-analysis. BMC Geriatr 23:797

 53. Lary CW, Ghatan S, Gerety M et al (2024) Bone mineral den-
sity and the risk of incident dementia: a meta-analysis. J Am 
Geriatr Soc 72:194–200

 54. Vun JSH, Ahmadi M, Panteli M et al (2017) Dementia and 
fragility fractures: issues and solutions. Injury 48:S10–S16

 55. Chang K-V, Hsu T-H, Wu W-T et  al (2016) Association 
between sarcopenia and cognitive impairment: a systematic 
review and meta-analysis. J Am Med Dir Assoc 17:1164.
e7-e15

 56. Sohrabi HR, Bates KA, Weinborn M et al (2015) Bone mineral 
density, adiposity, and cognitive functions. Front Aging Neurosci 
7:16

 57. Ragusa FS, Veronese N, Vernuccio L et al (2024) Mild cogni-
tive impairment predicts the onset of Sarcopenia: a longitudinal 
analysis from the English Longitudinal Study on Ageing. Aging 
Clin Exp Res 36:129

 58. Hirschfeld HP, Kinsella R, Duque G (2017) Osteosarco-
penia: where bone, muscle, and fat collide. Osteoporos Int 
28:2781–2790

 59. Chou YY, Lin CF, Lee YS et al (2023) The associations of osteo-
porosis and possible sarcopenia with disability, nutrition, and 
cognition in community-dwelling older adults. BMC Geriatr 
23:730

 60. Baker NL, Cook MN, Arrighi HM, Bullock R (2011) Hip 
fracture risk and subsequent mortality among Alzheimer's dis-
ease patients in the United Kingdom, 1988–2007. Age Ageing 
40:49–54

 61. Abelleyra Lastoria DA, Benny CK, Smith T et al (2023) Out-
comes of hip fracture in centenarians: a systematic review and 
meta-analysis. Eur Geriatr Med 14:1223–1239

 62. GBD 2021 Risk Factors Collaborators (2024) Global bur-
den and strength of evidence for 88 risk factors in 204 coun-
tries and 811 subnational locations, 1990-2021: a systematic 
analysis for the Global Burden of Disease Study 2021. Lancet 
403(10440):2162–2203

 63. Khosla S, Farr JN, Tchkonia T et al (2020) The role of cellular 
senescence in ageing and endocrine disease. Nat Rev Endocrinol 
16:263–275

 64. Karsenty G, Khosla S (2022) The crosstalk between bone remod-
eling and energy metabolism: a translational perspective. Cell 
Metab 34:805–817

 65. Taylor JA, Greenhaff PL, Bartlett DB et al (2023) Multisystem 
physiological perspective of human frailty and its modulation by 
physical activity. Physiol Rev 103:1137–1191

 66. Wang HS, Karnik SJ, Margetts TJ et al (2024) Mind gaps and 
bone snaps: exploring the connection between Alzheimer’s dis-
ease and osteoporosis. Curr Osteoporos Rep. https:// doi. org/ 10. 
1007/ s11914- 023- 00851-1

 67. Kim SY, Lee JK, Lim JS et al (2020) Increased risk of dementia 
after distal radius, hip, and spine fractures. Medicine (Baltimore) 
99:e19048

 68. Mosk CA, Mus M, Vroemen JP et al (2017) Dementia and delir-
ium, the outcomes in elderly hip fracture patients. Clin Interv 
Aging 12:421–430

 69. Fong TG, Inouye SK (2022) The inter-relationship between 
delirium and dementia: the importance of delirium prevention. 
Nat Rev Neurol 18:579–596

 70. Tsui A, Yeo N, Searle SD et al (2023) Extremes of baseline cog-
nitive function determine the severity of delirium: a population 
study. Brain 146:2132–2141

 71. Laudisio A, Fontana DO, Rivera C et al (2016) Bone mineral 
density and cognitive decline in elderly women: results from the 
InCHIANTI study. Calcif Tissue Int 98:479–488

 72. Ducy P, Amling M, Takeda S et al (2000) Leptin inhibits bone 
formation through a hypothalamic relay: a central control of bone 
mass. Cell 100:197–207

 73. Takeda S, Elefteriou F, Levasseur R et al (2002) Leptin regu-
lates bone formation via the sympathetic nervous system. Cell 
111:305–317

 74. Reid IR, Baldock PA, Cornish J (2018) Effects of leptin on the 
skeleton. Endocr Rev 39:938–959

 75. Thomas T, Gori F, Khosla S et al (1999) Leptin acts on human 
marrow stromal cells to enhance differentiation to osteoblasts 
and to inhibit differentiation to adipocytes. Endocrinology 
140:1630–1638

 76. Cornish J, Callon KE, Bava U et  al (2002) Leptin directly 
regulates bone cell function in vitro and reduces bone fragility 
in vivo. J Endocrinol 175:405–415

 77. Ducy P, Karsenty G (2010) The two faces of serotonin in bone 
biology. J Cell Biol 191:7–13

 78. Marenzana M, Chenu C (2008) Sympathetic nervous system and 
bone adaptive response to its mechanical environment. J Muscu-
loskelet Neuronal Interact 8:111–120

 79. Dimitri P, Rosen C (2017) The central nervous system and bone 
metabolism: an evolving story. Calcif Tissue Int 100:476–485

 80. Elefteriou F (2018) Impact of the autonomic nervous system on 
the skeleton. Physiol Rev 98:1083–1112

 81. Lourida I, Thompson-Coon J, Dickens CM et al (2015) Para-
thyroid hormone, cognitive function and dementia: a systematic 
review. PLoS One 10:e0127574

 82. Kelly RR, Sidles SJ, LaRue AC (2020) Effects of neurological 
disorders on bone health. Front Psychol 11:612366

 83. Xia WF, Jung JU, Shun C et al (2013) Swedish mutant APP sup-
presses osteoblast differentiation and causes osteoporotic deficit, 
which are ameliorated by N-acetyl-L-cysteine. J Bone Miner Res 
28:2122–2135

 84. Noguchi T, Ebina K, Hirao M et al (2018) Apolipoprotein E plays 
crucial roles in maintaining bone mass by promoting osteoblast 
differentiation via ERK1/2 pathway and by suppressing osteo-
clast differentiation via c-Fos, NFATc1, and NF-κB pathway. 
Biochem Biophys Res Commun 503:644–650

 85. Oliva CA, Vargas JY, Inestrosa NC (2013) Wnts in adult brain: 
from synaptic plasticity to cognitive deficiencies. Front Cell Neu-
rosci 7:224

 86. Bemiller SM, McCray TJ, Allan K et al (2017) TREM2 defi-
ciency exacerbates tau pathology through dysregulated kinase 
signaling in a mouse model of tauopathy. Mol Neurodegener 
12:74

 87. Liu ZT, Liu MH, Xiong Y et al (2024) Crosstalk between bone 
and brain in Alzheimer’s disease: mechanisms, applications, and 
perspectives. Alzheimers Dement 20:5720–5739

 88. Sommer F, Anderson JM, Bharti R et al (2017) The resilience of 
the intestinal microbiota influences health and disease. Nat Rev 
Microbiol 15:630–638

https://doi.org/10.1007/s11914-023-00851-1
https://doi.org/10.1007/s11914-023-00851-1


 Aging Clinical and Experimental Research            (2025) 37:5     5  Page 18 of 22

 89. Zhernakova A, Kurilshikov A, Bonder MJ et al (2016) Pop-
ulation-based metagenomics analysis reveals markers for gut 
microbiome composition and diversity. Science 352:565–569

 90. Claesson MJ, Jeffery IB, Conde S et al (2012) Gut microbiota 
composition correlates with diet and health in the elderly. 
Nature 488:178–184

 91. Strasser B, Wolters M, Weyh C et al (2021) The effects of life-
style and diet on gut microbiota composition, inflammation and 
muscle performance in our aging society. Nutrients. https:// doi. 
org/ 10. 3390/ nu130 62045

 92. Wilmanski T, Diener C, Rappaport N et al (2021) Gut micro-
biome pattern reflects healthy ageing and predicts survival in 
humans. Nat Metab 3:274–286

 93. Ticinesi A, Nouvenne A, Cerundolo N et al (2024) The inter-
action between Mediterranean diet and intestinal microbiome: 
relevance for preventive strategies against frailty in older indi-
viduals. Aging Clin Exp Res 36:58

 94. Carloni S, Rescigno M (2023) The gut-brain vascular axis in 
neuroinflammation. Semin Immunol 69:101802

 95. Cryan JF, O’Riordan KJ, Cowan CSM et al (2019) The micro-
biota-gut-brain axis. Physiol Rev 99:1877–2013

 96. Hochuli N, Kadyan S, Park G et al (2024) Pathways linking 
microbiota-gut-brain axis with neuroinflammatory mechanisms 
in Alzheimer’s pathophysiology. Microbiome Res Rep 3:9

 97. Prajapati SK, Shah R, Alford N et al (2023) The triple alliance: 
microbiome, mitochondria, and metabolites in the context of 
age-related cognitive decline and Alzheimer’s disease. J Ger-
ontol A Biol Sci Med Sci 78:2187–2202

 98. Jemimah S, Chabib CMM, Hadjileontiadis L et al (2023) Gut 
microbiome dysbiosis in Alzheimer’s disease and mild cogni-
tive impairment: a systematic review and meta-analysis. PLoS 
ONE 18:e0285346

 99. Ferreiro AL, Choi J, Ryou J et  al (2023) Gut microbiome 
composition may be an indicator of preclinical Alzheimer’s 
disease. Sci Transl Med 15:eabo2984

 100. Troci A, Philippen S, Rausch P et al (2024) Disease- and stage-
specific alterations of the oral and fecal microbiota in Alzhei-
mer’s disease. PNAS Nexus 3:pgad427

 101. Ruggiero C, Baroni M, Xenos D et al (2024) Dementia, osteo-
porosis and fragility fractures: intricate epidemiological rela-
tionships, plausible biological connections, and twisted clinical 
practices. Ageing Res Rev 93:102130

 102. Cronin O, Lanham-New SA, Corfe BM et al (2022) Role of the 
microbiome in regulating bone metabolism and susceptibility 
to osteoporosis. Calcif Tissue Int 110:273–284

 103. He Y, Chen Y (2022) The potential mechanism of the micro-
biota-gut-bone axis in osteoporosis: a review. Osteoporos Int 
33:2495–2506

 104. Zhou RX, Zhang YW, Cao MM et al (2023) Linking the rela-
tion between gut microbiota and glucocorticoid-induced osteo-
porosis. J Bone Miner Metab 41:145–162

 105. Yu M, Malik Tyagi A, Li JY et al (2020) PTH induces bone 
loss via microbial-dependent expansion of intestinal TNF(+) 
T cells and Th17 cells. Nat Commun 11:468

 106. Das M, Cronin O, Keohane DM et al (2019) Gut microbiota 
alterations associated with reduced bone mineral density in 
older adults. Rheumatology (Oxford) 58:2295–2304

 107. Ling CW, Miao Z, Xiao ML et al (2021) The association of 
gut microbiota with osteoporosis is mediated by amino acid 
metabolism: multiomics in a large cohort. J Clin Endocrinol 
Metab 106:e3852–e3864

 108. Ozaki D, Kubota R, Maeno T et al (2021) Association between 
gut microbiota, bone metabolism, and fracture risk in post-
menopausal Japanese women. Osteoporos Int 32:145–156

 109. Hou Y, Li J, Ying S (2023) Tryptophan metabolism and gut 
microbiota: a novel regulatory axis integrating the microbiome, 
immunity, and cancer. Metabolites 13:1166

 110. Kennedy PJ, Cryan JF, Dinan TG et al (2017) Kynurenine path-
way metabolism and the microbiota-gut-brain axis. Neurophar-
macology 112:399–412

 111. Ballesteros J, Rivas D, Duque G (2023) The role of the Kynure-
nine pathway in the pathophysiology of frailty, sarcopenia, and 
osteoporosis. Nutrients. https:// doi. org/ 10. 3390/ nu151 43132

 112. Zhang Y-W, Cao M-M, Li Y-J et al (2023) The regulative effect 
and repercussion of probiotics and prebiotics on osteoporosis: 
involvement of brain-gut-bone axis. Crit Rev Food Sci Nutr 
63:7510–7528

 113. Rolland Y, Ticinesi A, Sokol H et al (2024) Therapeutic perspec-
tives of pre-, pro-, post-biotics in the treatment of sarcopenia. J 
Nutr Health Aging 28:100298

 114. Dissanayaka DMS, Jayasena V, Rainey-Smith SR et al (2024) 
The role of diet and gut microbiota in Alzheimer’s disease. Nutri-
ents. https:// doi. org/ 10. 3390/ nu160 30412

 115. (2019) Risk reduction of cognitive decline and dementia: WHO 
guidelines. World Health Organization, Geneva. https:// iris. who. 
int/ bitst ream/ handle/ 10665/ 312180/ 97892 41550 543- eng. pdf? 
seque nce= 17

 116. Volkert D, Chourdakis M, Faxen-Irving G et al (2015) ESPEN 
guidelines on nutrition in dementia. Clin Nutr 34:1052–1073

 117. Soto ME, Secher M, Gillette-Guyonnet S et al (2012) Weight loss 
and rapid cognitive decline in community-dwelling patients with 
Alzheimer’s disease. J Alzheimers Dis 28:647–654

 118. Sanders CL, Wengreen HJ, Schwartz S et al (2018) Nutritional 
status is associated with severe dementia and mortality: the cache 
county dementia progression study. Alzheimer Dis Assoc Disord 
32:298–304

 119. Perry E, Walton K, Lambert K (2023) Prevalence of malnutrition 
in people with dementia in long-term care: a systematic review 
and meta-analysis. Nutrients. https:// doi. org/ 10. 3390/ nu151 
32927

 120. Spaccavento S, Del Prete M, Craca A et al (2009) Influence 
of nutritional status on cognitive, functional and neuropsychi-
atric deficits in Alzheimer’s disease. Arch Gerontol Geriatr 
48:356–360

 121. Meijers JM, Schols JM, Halfens RJ (2014) Malnutrition in care 
home residents with dementia. J Nutr Health Aging 18:595–600

 122. Lee CM, Woodward M, Batty GD et al (2020) Association of 
anthropometry and weight change with risk of dementia and its 
major subtypes: a meta-analysis consisting 2.8 million adults 
with 57 294 cases of dementia. Obes Rev 21:e12989

 123. Patel V, Edison P (2024) Cardiometabolic risk factors and neu-
rodegeneration: a review of the mechanisms underlying diabetes, 
obesity and hypertension in Alzheimer’s disease. J Neurol Neu-
rosurg Psychiatry 95:581–589

 124. O’Neill RF, Brennan L, Prinelli F et al (2022) PROtein enriched 
MEDiterranean diet to combat undernutrition and promote 
healthy neuroCOGnitive ageing in older adults: the PROMED-
COG consortium project. Nutr Bull 47:356–365

 125. Ward NA, Reid-McCann R, Brennan L et al (2023) Effects of 
PROtein enriched MEDiterranean Diet and EXercise on nutri-
tional status and cognition in adults at risk of undernutrition and 
cognitive decline: the PROMED-EX Randomised Controlled 
Trial. BMJ Open 13:e070689

 126. Iuliano S, Poon S, Robbins J et al (2021) Effect of dietary sources 
of calcium and protein on hip fractures and falls in older adults 
in residential care: cluster randomised controlled trial. BMJ 
375:n2364

 127. Giustina A, Bouillon R, Dawson-Hughes B et al (2023) Vitamin 
D in the older population: a consensus statement. Endocrine 
79:31–44

https://doi.org/10.3390/nu13062045
https://doi.org/10.3390/nu13062045
https://doi.org/10.3390/nu15143132
https://doi.org/10.3390/nu16030412
https://iris.who.int/bitstream/handle/10665/312180/9789241550543-eng.pdf?sequence=17
https://iris.who.int/bitstream/handle/10665/312180/9789241550543-eng.pdf?sequence=17
https://iris.who.int/bitstream/handle/10665/312180/9789241550543-eng.pdf?sequence=17
https://doi.org/10.3390/nu15132927
https://doi.org/10.3390/nu15132927


Aging Clinical and Experimental Research            (2025) 37:5  Page 19 of 22     5 

 128. Annweiler C, Rolland Y, Schott AM et al (2012) Higher vita-
min D dietary intake is associated with lower risk of alzhei-
mer’s disease: a 7-year follow-up. J Gerontol A Biol Sci Med 
Sci 67:1205–1211

 129. Annweiler C, Allali G, Allain P et al (2009) Vitamin D and 
cognitive performance in adults: a systematic review. Eur J 
Neurol 16:1083–1089

 130. Ilboudo Y, Yoshiji S, Lu T et al (2024) Vitamin D, cognition, 
and Alzheimer’s disease: observational and two-sample men-
delian randomization studies. J Alzheimers Dis 99:1243–1260

 131. Eimar H, Alebrahim S, Manickam G et al (2016) Donepezil 
regulates energy metabolism and favors bone mass accrual. 
Bone 84:131–138

 132. Londzin P, Cegieła U, Trawczyński M et al (2023) Unfavorable 
effects of memantine on the skeletal system in female rats. 
Biomed Pharmacother 164:114921

 133. Ahuja M, Siddhpuria S, Karimi A et al (2023) Cholinesterase 
inhibitors and falls, syncope and injuries in patients with cog-
nitive impairment: a systematic review and meta-analysis. Age 
Ageing 52:afad205

 134. McShane R, Westby MJ, Roberts E et al (2019) Memantine for 
dementia. Cochrane Database Syst Rev 3:Cd003154

 135. Tamimi I, Nicolau B, Eimar H et al (2018) Acetylcholinest-
erase inhibitors and the risk of osteoporotic fractures: nested 
case-control study. Osteoporos Int 29:849–857

 136. Ogunwale AN, Colon-Emeric CS, Sloane R et al (2020) Ace-
tylcholinesterase inhibitors are associated with reduced frac-
ture risk among older veterans with dementia. J Bone Miner 
Res 35:440–445

 137. Won DY, Byun SJ, Jeong JS et al (2020) Association between 
acetylcholinesterase inhibitors and osteoporotic fractures in 
older persons with Alzheimer’s disease. J Am Med Dir Assoc 
21:1128–33.e1

 138. Hosoi T, Yakabe M, Matsumoto S et al (2023) Relationship 
between antidementia medication and fracture prevention in 
patients with Alzheimer’s dementia using a nationwide health 
insurance claims database. Sci Rep 13:6893

 139. Elhalag RH, Chèbl P, Bayoumy NM et al (2024) The risk 
of bone fractures in dementia patients receiving acetylcho-
linesterase inhibitors: a meta-analysis. Ann Med Surg (Lond) 
86:2105–2115

 140. Rocca WA, Kantarci K, Faubion SS (2024) Risks and benefits 
of hormone therapy after menopause for cognitive decline and 
dementia: a conceptual review. Maturitas 184:108003

 141. Rozenberg S, Al-Daghri N, Aubertin-Leheudre M et al (2020) Is 
there a role for menopausal hormone therapy in the management 
of postmenopausal osteoporosis? Osteoporos Int 31:2271–2286

 142. Hiligsmann M, Cornelissen D, Vrijens B et al (2019) Determi-
nants, consequences and potential solutions to poor adherence to 
anti-osteoporosis treatment: results of an expert group meeting 
organized by the European Society for Clinical and Economic 
Aspects of Osteoporosis, Osteoarthritis and Musculoskeletal Dis-
eases (ESCEO) and the International Osteoporosis Foundation 
(IOF). Osteoporos Int 30:2155–2165

 143. Liu J, Yu Y, Yan S et al (2023) Risk factors for self-reported 
medication adherence in community-dwelling older patients with 
multimorbidity and polypharmacy: a multicenter cross-sectional 
study. BMC Geriatr 23:75

 144. He X, Wang X, Wang B et al (2023) The association between 
mild cognitive impairment and medication non-adherence among 
elderly patients with chronic diseases. Cureus 15:e47756

 145. Hayes TL, Larimer N, Adami A et al (2009) Medication adher-
ence in healthy elders: small cognitive changes make a big dif-
ference. J Aging Health 21:567–580

 146. García-Sempere A, Hurtado I, Sanfélix-Genovés J et  al 
(2017) Primary and secondary non-adherence to osteoporotic 

medications after hip fracture in Spain. The PREV2FO popula-
tion-based retrospective cohort study. Sci Rep 7:11784

 147. Knopp-Sihota JA, Cummings GG, Newburn-Cook CV et al 
(2014) Dementia diagnosis and osteoporosis treatment propen-
sity: a population-based nested case-control study. Geriatr Ger-
ontol Int 14:121–129

 148. Armstrong P, Kuo YF, Cram P et al (2023) National trends in 
osteoporosis medication use among Medicare beneficiaries with 
and without Alzheimer’s disease/related dementias. Osteoporos 
Int 34:725–733

 149. Tan LF, Ying SM, Teng J et al (2022) The impact of frailty, falls 
and cognition on osteoporosis management in the oldest old. 
Calcif Tissue Int 111:145–151

 150. Hopkins J, Hill K, Jacques A et al (2023) Prevalence, risk fac-
tors and effectiveness of falls prevention interventions for adults 
living with mild cognitive impairment in the community: a sys-
tematic review and meta-analysis. Clin Rehabil 37:215–243

 151. Xiang K, Liu Y, Sun L (2021) Motoric cognitive risk syndrome: 
symptoms, pathology, diagnosis, and recovery. Front Aging Neu-
rosci 13:728799

 152. Minta K, Colombo G, Taylor WR et al (2023) Differences in fall-
related characteristics across cognitive disorders. Front Aging 
Neurosci. https:// doi. org/ 10. 3389/ fnagi. 2023. 11713 06

 153. Beauchet O, Matskiv J, Rolland Y et  al (2023) Interaction 
between cognitive and motor disorders for risk screening of inci-
dent falls: results of an elderly population-based observational 
cohort study. Aging Clin Exp Res 35:1027–1032

 154. Teplitxky A, Gautier J, Lievre M et  al (2023) Association 
between age-related hearing loss and gait disorders in older fall-
ers. Aging Clin Exp Res 35:785–791

 155. Brotto D, Benvegnù F, Colombo A et al (2023) Age-related 
changes in auditory perception. Hearing loss in the elderly: aging 
ear or aging brain? Aging Clin Exp Res 35:2349–2354

 156. Fernando E, Fraser M, Hendriksen J et al (2017) Risk factors 
associated with falls in older adults with dementia: a systematic 
review. Physiother Can 69:161–170

 157. Chantanachai T, Sturnieks DL, Lord SR et al (2021) Risk factors 
for falls in older people with cognitive impairment living in the 
community: systematic review and meta-analysis. Ageing Res 
Rev 71:101452

 158. Seppala LJ, Petrovic M, Ryg J et al (2021) STOPPFall (screening 
tool of older persons prescriptions in older adults with high fall 
risk): a Delphi study by the EuGMS Task and Finish Group on 
Fall-Risk-Increasing Drugs. Age Ageing 50:1189–1199

 159. Horikawa E, Matsui T, Arai H et al (2005) Risk of falls in Alz-
heimer’s disease: a prospective study. Intern Med 44:717–721

 160. Perttila NM, Öhman H, Strandberg TE et al (2017) How do com-
munity-dwelling persons with Alzheimer disease fall? Falls in 
the FINALEX study. Dement Geriatr Cogn Dis Extra 7:195–203

 161. Green AR, Reifler LM, Bayliss EA et al (2019) Drugs contribut-
ing to anticholinergic burden and risk of fall or fall-related injury 
among older adults with mild cognitive impairment, dementia 
and multiple chronic conditions: a retrospective cohort study. 
Drugs Aging 36:289–297

 162. Phelan EA, Mahoney JE, Voit JC et al (2015) Assessment and 
management of fall risk in primary care settings. Med Clin North 
Am 99:281–293

 163. Patton S, Vincenzo J, Lefler L (2022) Gender differences in older 
adults’ perceptions of falls and fall prevention. Health Promot 
Pract 23:785–792

 164. Damanti S, Ramirez GA, Prat V et al (2022) Selective serotonin 
reuptake inhibitors and fractures in older nursing home residents: 
data from the INCUR study. Maturitas 158:37–39

 165. Eckstrom E, Parker EM, Lambert GH et al (2017) Implementing 
STEADI in academic primary care to address older adult fall 
risk. Innov Aging 1:igx028

https://doi.org/10.3389/fnagi.2023.1171306


 Aging Clinical and Experimental Research            (2025) 37:5     5  Page 20 of 22

 166. (2020) WHO guidelines on physical activity and sedentary 
behaviour. World Health Organization, Geneva. https:// iris. 
who. int/ bitst ream/ handle/ 10665/ 336656/ 97892 40015 128- eng. 
pdf? seque nce=1

 167. Izquierdo M, Merchant RA, Morley JE et al (2021) International 
exercise recommendations in older adults (ICFSR): expert con-
sensus guidelines. J Nutr Health Aging 25:824–853

 168. Cauley JA, Giangregorio L (2020) Physical activity and skeletal 
health in adults. Lancet Diabetes Endocrinol 8:150–162

 169. Qu X, Zhang X, Zhai Z et al (2014) Association between physical 
activity and risk of fracture. J Bone Miner Res 29:202–211

 170. LaMonte MJ, Wactawski-Wende J, Larson JC et al (2019) Asso-
ciation of physical activity and fracture risk among postmeno-
pausal women. JAMA Netw Open 2:e1914084

 171. Han S, Jang H-D, Choi S et al (2020) Changes in physical activ-
ity and risk of fracture: a Korean nationwide population-based 
cohort study. Sci Rep 10:16266

 172. Lin J, Ning S, Lyu S et al (2024) The effects of different types of 
Tai Chi exercises on preventing falls in older adults: a systematic 
review and network meta-analysis. Aging Clin Exp Res 36:65

 173. Chen YL, Tseng CH, Lin HT et al (2023) Dual-task multicom-
ponent exercise-cognitive intervention improved cognitive func-
tion and functional fitness in older adults. Aging Clin Exp Res 
35:1855–1863

 174. Schumm AK, Craige EA, Arora NK et al (2023) Does adding 
exercise or physical activity to pharmacological osteoporosis 
therapy in patients with increased fracture risk improve bone 

mineral density and lower fracture risk? A systematic review and 
meta-analysis. Osteoporos Int 34:1867–1880

 175. Beaudart C, Dawson A, Shaw SC et al (2017) Nutrition and 
physical activity in the prevention and treatment of sarcopenia: 
systematic review. Osteoporos Int 28:1817–1833

 176. Bangsbo J, Blackwell J, Boraxbekk CJ et al (2019) Copenhagen 
Consensus statement 2019: physical activity and ageing. Br J 
Sports Med 53:856–858

 177. Izquierdo SM, Ochoa SC, Sanchez BI et al (1997) Epidemiology 
of osteoporotic hip fractures in the province of Zamora (1993). 
Rev Esp Salud Publica 71:357–367

 178. López-Ortiz S, Lista S, Valenzuela PL et al (2023) Effects of 
physical activity and exercise interventions on Alzheimer’s dis-
ease: an umbrella review of existing meta-analyses. J Neurol 
270:711–725

 179. Veronese N, Soysal P, Demurtas J et al (2023) Physical activity 
and exercise for the prevention and management of mild cog-
nitive impairment and dementia: a collaborative international 
guideline. Eur Geriatr Med 14:925–952

 180. Iso-Markku P, Aaltonen S, Kujala UM et al (2024) Physical 
activity and cognitive decline among older adults: a systematic 
review and meta-analysis. JAMA Netw Open 7:e2354285-e

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Elizabeth M. Curtis1,2  · Mario Miguel3  · Claire McEvoy4  · Andrea Ticinesi5,6  · Carla Torre7,8  · 

Nasser Al‑Daghri9 · Majed Alokail10 · Ewa Bałkowiec‑Iskra11,12  · Olivier Bruyère13,14  · Nansa Burlet15 · 

Etienne Cavalier16  · Francesca Cerreta17 · Patricia Clark18  · Antonio Cherubini19,20  · Cyrus Cooper1,2  · 

Patrizia D’Amelio21  · Nicholas Fuggle1,2  · Celia Gregson22,23  · Philippe Halbout24 · John A. Kanis25,26  · 

Jean Kaufman27 · Andrea Laslop28  · Stefania Maggi29  · Andrea Maier30,31  · Radmila Matijevic32  · 

Eugene McCloskey33,34  · Sif Ormarsdóttir35 · Concha Prieto Yerro36 · Régis P. Radermecker37  · Yves Rolland38  · 

Andrea Singer39  · Nicola Veronese40  · René Rizzoli41  · Jean‑Yves Reginster42  · Nicholas C. Harvey1,2 

 * Nicholas C. Harvey 
 nch@mrc.soton.ac.uk

 Elizabeth M. Curtis 
 bc@mrc.soton.ac.uk

 Mario Miguel 
 mrosa@medicina.ulisboa.pt

 Claire McEvoy 
 c.mcevoy@qub.ac.uk

 Andrea Ticinesi 
 andrea.ticinesi@unipr.it

 Carla Torre 
 carla.torre@ff.ulisboa.pt

 Nasser Al-Daghri 
 aldaghri2011@gmail.com

 Majed Alokail 
 malokail@KSU.EDU.SA

 Ewa Bałkowiec-Iskra 
 ewa.balkowiec@urpl.gov.pl

 Olivier Bruyère 
 olivier.bruyere@uliege.be

 Nansa Burlet 
 nansaburlet@gmail.com

 Etienne Cavalier 
 etienne.cavalier@chuliege.be

 Francesca Cerreta 
 francesca.cerreta@ema.europa.eu

 Patricia Clark 
 osteoclark@gmail.com

 Antonio Cherubini 
 a.cherubini@inrca.it

 Cyrus Cooper 
 cc@mrc.soton.ac.uk

 Patrizia D’Amelio 
 patrizia.damelio@chuv.ch

 Nicholas Fuggle 
 nrf@mrc.soton.ac.uk

https://iris.who.int/bitstream/handle/10665/336656/9789240015128-eng.pdf?sequence=1
https://iris.who.int/bitstream/handle/10665/336656/9789240015128-eng.pdf?sequence=1
https://iris.who.int/bitstream/handle/10665/336656/9789240015128-eng.pdf?sequence=1
http://orcid.org/0000-0002-5147-0550
http://orcid.org/0000-0003-3158-2106
http://orcid.org/0000-0001-8512-3293
http://orcid.org/0000-0001-9171-8592
http://orcid.org/0000-0002-5542-9993
http://orcid.org/0000-0001-8882-9769
http://orcid.org/0000-0003-4269-9393
http://orcid.org/0000-0003-0947-2226
http://orcid.org/0000-0001-7981-5357
http://orcid.org/0000-0003-0261-9897
http://orcid.org/0000-0003-3510-0709
http://orcid.org/0000-0002-4467-8337
http://orcid.org/0000-0001-5463-2255
http://orcid.org/0000-0001-6414-0529
http://orcid.org/0000-0002-3129-4326
http://orcid.org/0009-0009-2707-3959
http://orcid.org/0000-0002-0453-8663
http://orcid.org/0000-0001-7206-1724
http://orcid.org/0000-0002-4993-9399
http://orcid.org/0000-0003-0177-8140
http://orcid.org/0000-0002-2866-8171
http://orcid.org/0009-0003-9486-9144
http://orcid.org/0000-0001-9786-8524
http://orcid.org/0000-0002-9328-289X
http://orcid.org/0000-0002-1537-422X
http://orcid.org/0000-0001-6290-752X
http://orcid.org/0000-0002-8194-2512


Aging Clinical and Experimental Research            (2025) 37:5  Page 21 of 22     5 

 Celia Gregson 
 celia.gregson@bristol.ac.uk

 Philippe Halbout 
 philippe.halbout@osteoporosis.foundation

 John A. Kanis 
 w.j.pontefract@shef.ac.uk

 Jean Kaufman 
 jean.kaufman@ugent.be

 Andrea Laslop 
 andrea.laslop@ages.at

 Stefania Maggi 
 stefania.maggi@in.cnr.it

 Andrea Maier 
 a.maier@nus.edu.sg

 Radmila Matijevic 
 radmila.matijevic@mf.uns.ac.rs

 Eugene McCloskey 
 e.v.mccloskey@sheffield.ac.uk

 Sif Ormarsdóttir 
 sif.ormarsdottir@lyfjastofnun.is

 Concha Prieto Yerro 
 concha.yerro@gmail.com

 Régis P. Radermecker 
 regis.radermecker@chuliege.be

 Yves Rolland 
 rolland.y@chu-toulouse.fr

 Andrea Singer 
 andrea.f.singer@gunet.georgetown.edu

 Nicola Veronese 
 ilmannato@gmail.com

 René Rizzoli 
 rene.rizzoli@unige.ch

 Jean-Yves Reginster 
 jyr.ch@bluewin.ch

1 MRC Lifecourse Epidemiology Centre, University 
of Southampton, Southampton, UK

2 NIHR Southampton Biomedical Research Centre, University 
of Southampton, Southampton, UK

3 Centro de Estudos Egas Moniz, Faculdade de Medicina da 
Universidade de Lisboa, Lisbon, Portugal

4 Centre for Public Health, School of Medicine, Dentistry 
and Biomedical Sciences, Queen’s University, Belfast, UK

5 Department of Medicine and Surgery, University of Parma, 
Parma, Italy

6 Azienda Ospedaliero-Universitaria Di Parma, Parma, Italy

7 Faculdade de Farmácia, Universidade de Lisboa, Avenida 
Professor Gama Pinto, 1649-003 Lisbon, Portugal

8 Laboratory of Systems Integration Pharmacology, Clinical 
and Regulatory Science, Research Institute for Medicines 
of the University of Lisbon (iMED.ULisboa), Avenida 
Professor Gama Pinto, 1649-003 Lisbon, Portugal

9 Chair for Biomarkers of Chronic Diseases, Biochemistry 
Department, College of Science, King Saud University, 
11451 Riyadh, Kingdom of Saudi Arabia

10 Biochemistry Department, College of Science, KSU, Riyadh, 
Kingdom of Saudi Arabia

11 Department of Experimental and Clinical Pharmacology, 
Medical University of Warsaw, Warsaw, Poland

12 The Office for Registration of Medicinal Products, Medical 
Devices and Biocidal Products & CHMP, SAWP, CNSWP, 
PCWP, ETF (European Medicines Agency) Member, 
Warsaw, Poland

13 Research Unit in Public Health, Epidemiology and Health 
Economics, University of Liège, Liège, Belgium

14 Department of Physical Activity and Rehabilitation Sciences, 
University of Liège, Liège, Belgium

15 Research Unit in Epidemiology, University of Liege, Liège, 
Belgium

16 Department of Clinical Chemistry, CIRM, University 
of Liège, CHU de Liège, Liège, Belgium

17 Digital Health and Geriatrics, European Medicines Agency, 
Amsterdam, The Netherlands

18 Clinical Epidemiology Unit, Hospital Infantil Federico 
Gómez-Facultad de Medicina, National Autonomous 
University of Mexico (UNAM), Mexico City, Mexico

19 Geriatria, Accettazione Geriatrica e Centro di ricerca 
per l’invecchiamento, IRCCS INRCA Istituto Nazionale di 
Ricovero e Cura per Anziani, Ancona, Italy

20 Department of Clinical and Molecular Sciences, Università 
Politecnica delle Marche, Ancona, Italy

21 Department of Medicine, Service of Geriatric Medicine & 
Geriatric Rehabilitation, University of Lausanne Hospital, 
University of Lausanne, Lausanne, Switzerland

22 Musculoskeletal Research Unit, Bristol Medical School, 
Learning and Research Building, University of Bristol, 
Southmead Hospital, Bristol BS10 5NB, UK

23 The Health Research Unit of Zimbabwe (THRU ZIM), 
The Biomedical Research and Training Institute, Harare, 
Zimbabwe

24 International Osteoporosis Foundation, Nyon, Switzerland

25 Mary McKillop Institute for Health Research, Australian 
Catholic University, Melbourne, Australia

26 Centre for Metabolic Bone Diseases, University of Sheffield, 
Sheffield, UK

27 Department of Endocrinology, Ghent University Hospital, 
Ghent, Belgium

28 Scientific Office, Austrian Medicines and Medical Devices 
Agency, Vienna, Austria

29 CNR Aging Branch-IN, Padua, Italy

30 Healthy Longevity Translational Research Program, 
Yong Loo Lin School of Medicine, National University 
of Singapore, Singapore 117596, Singapore

31 Department of Human Movement Sciences, 
at AgeAmsterdam, Faculty of Behavioural and Movement 
Sciences, Vrije Universiteit Amsterdam, Amsterdam 
Movement Sciences, Amsterdam, The Netherlands



 Aging Clinical and Experimental Research            (2025) 37:5     5  Page 22 of 22

32 Faculty of Medicine in Novi Sad, University of Novi Sad, 
Novi Sad, Serbia

33 Mellanby Centre for Musculoskeletal Research, Division 
of Clinical Medicine, School of Medicine and Population 
Health, University of Sheffield, Sheffield, UK

34 MRC Versus Arthritis Centre for Integrated Research 
in Musculoskeletal Ageing, University of Sheffield, Sheffield, 
UK

35 Medicine Assessment and Licencing, Icelandic Medicines 
Agency, Reykjavik, Iceland

36 Agencia Española de Medicamentos y Productos Sanitarios, 
Madrid, Spain

37 Department of Diabetes, Nutrition and Metabolic Disorders, 
Clinical Pharmacology, University of Liege, CHU de Liège, 
Liège, Belgium

38 HealthAge, CHU Toulouse, CERPOP UMR 1295, Inserm, 
Université Paul Sabatier, Toulouse, France

39 Departments of Obstetrics & Gynecology and Medicine, 
MedStar Georgetown University Hospital, Washington, DC, 
USA

40 Department of Internal Medicine, Geriatrics Section, 
University of Palermo, Palermo, Italy

41 Geneva University Hospitals and Faculty of Medicine, 
Geneva, Switzerland

42 Protein Research Chair, Biochemistry Department, 
College of Science, King Saud University, Riyadh, 
Kingdom of Saudi Arabia


	Impact of dementia and mild cognitive impairment on bone health in older people
	Abstract
	Introduction
	Dementia and mild cognitive impairment
	Definitions
	Burden of disease

	Osteoporosis and high fracture risk
	Definition and epidemiology
	Burden of disease

	Associations between cognitive impairment, bone mineral density and fracture risk
	Mechanistic considerations
	Common and bidirectional pathways

	Molecular mechanisms linking cognitive impairment and bone health
	Brain-bone signalling
	Molecular and cellular drivers

	Gut microbiome as a link between brain and bone
	Gut microbiome: biodiversity and dysbiosis
	Gut microbiome, dybiosis and dementia
	Gut microbiota and brain-bone axis

	Nutritional changes, cognitive impairment and bone health
	Medications for dementia and their impact on bone health
	Cognitive impairment and reduced adherence to osteoporosis medications
	Cognitive impairment and its association with falls
	The impact of physical activity and exercise on cognitive impairment and bone health
	Conclusions
	Research gaps
	References


