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Abstract

Osteoporosis and cognitive impairment, which are highly prevalent conditions in elderly 

populations, share several risk factors. This study aims at evaluating the association of bone 

mineral density (BMD) with prevalent and incident cognitive impairment after a 3-year follow-up. 

We studied 655 community-dwelling women aged 65+ participating in the InCHIANTI study, who 

had been followed for 3 years. Total, trabecular, and cortical BMD were estimated by peripheral 

quantitative computed tomography using standard transverse scans at 4 and 38 % of the tibial 

length. Cognitive performance was evaluated using the Mini-Mental State Examination and the 

Trail Making Tests (TMT) A and B; a MMSE score <24 was adopted to define cognitive 

impairment. The TMT A–B score was calculated as the difference between TMT-A and TMT-B 

times (ΔTMT). The association of cognitive performance after 3 years with baseline indices of 

BMD was assessed by logistic and linear regression analyses. Cortical, but not trabecular, BMD 

was independently associated with incident cognitive impairment (OR 0.93, 95 % CI 0.88–0.98; P 
= 0.012), worsening cognitive performance (OR 0.96, 95 % CI 0.92–0.98; P = 0.039), and 

worsening performance in ΔTMT (OR 0.96, 95 % CI 0.92–0.99; P = 0.047). Increasing cortical 

BMD tertiles was associated with decreasing probability of incident cognitive impairment (P for 
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linear trend =0.001), worsening cognitive performance (P = 0.013), and a worsening performance 

below the median value (P for linear trend <0.0001). In older women, low BMD might represent 

an independent and early marker of subsequent cognitive impairment. Physicians should assess 

and monitor cognitive performance in the routine management of elderly women with 

osteoporosis.
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Introduction

Cognitive dysfunction is a prevalent public health problem. In fact, dementia has been 

detected in 14–20 % of older subjects; approximately 4.6 million people are diagnosed with 

dementia each year, with a twofold increase in the disease prevalence every 20 years [1]. By 

2020, the population with a diagnosis of dementia is expected to increase to 42.3 million 

worldwide, and to 81.1 million by 2040 [1]. The incidence of dementia disorders increases 

exponentially beyond the age of 65. In older populations, cognitive dysfunction has been 

associated with several adverse outcomes; thus, dementia imposes a significant burden to 

health care and social costs, and represents a significant fraction of the healthcare costs 

attributed to older population strata [2].

Due to its worldwide prevalence, osteoporosis is as well a serious public health concern. It 

has been estimated that over 200 million people worldwide suffer from this condition, 

approximately one-tenth of women aged 60, one-fifth of women aged 70, two-fifths of 

women aged 80, and two-thirds of women aged 90 [3].

Low BMD and cognitive impairment share several common risk factors, and previous 

studies found an association of osteoporosis with stroke, brain atrophy, brain white matter 

changes, and silent infarcts [4–6]; also, it has been reported that low BMD and cognitive 

impairment often coexist, and that osteoporosis is associated with increased rates of 

progression from mild cognitive impairment to Alzheimer’s disease, as well as with incident 

Alzheimer disease [7, 8]. In addition, there is evidence of an increased risk of dementia in 

subjects with diagnosis of osteoporosis or osteoporotic fractures in Asian populations [1]; 

however, there are relevant racial differences in bone mass, so that Asian women have lower 

bone mass than Caucasian [9].

The aim of the present study was to evaluate the association of BMD with prevalent and 

incident cognitive impairment over a 3-year follow-up in a population of community-

dwelling elderly living in two small towns in the countryside of Tuscany, Italy, who had 

been enrolled in the Invecchiare in CHIANTI study.
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Methods

Study Design and Participants

The present study is based upon data from the “Invecchiare in Chianti” study, a prospective 

population-based study of older persons in Tuscany, Italy that aims to identify risk factors 

for late-life disability [10]. Baseline data collection started in September 1998, and was 

completed in March 2000. The Italian National Research Council on Aging Ethical 

Committee ratified the study protocol, and participants provided written consent to 

participate.

At baseline, analyses for the present study included all 655 women aged 65+. After three 

years of follow-up, data were available for 353 women without baseline cognitive 

impairment (we excluded from the original sample 249 participants with baseline diagnosis 

of dementia (cortical or vascular)), with a baseline MMSE score <24 or with baseline 

incomplete data on bone parameters or cognitive function, and 53 women because they were 

lost at the 3 year follow-up evaluation, or had incomplete data for this study.

Cognitive Function

Cognitive performance was assessed adopting the 30-item MMSE, which is a most widely 

used tool for measuring of cognitive function; it has been proven as an effective screening 

instrument for cognitive impairment in general populations [11]. Scores for the MMSE 

range from 0 to 30, with lower scores reflecting worse cognitive function. A cutoff of 24 was 

used to detect cognitive impairment; in addition, worsening cognitive performance was 

considered for subjects with lower scores at the follow-up tests, as compared with baseline 

evaluations (i.e., MMSE at follow-up — MMSE at baseline = ΔMMSE < 0); furthermore, to 

avoid any casual fluctuation in cognitive performance, among subjects with a worsening 

cognitive performance, a performance below the median value was also considered. All the 

MMSE scores were adjusted according to the following formula [(unadjusted MMSE/

maximum possible point for completed items) × 30] [12].

Also, the Trail Making Test (TMT) was administered to measure visuospatial scanning, 

sequential processing, motor speed, attention, and executive functioning. The Trail Making 

Test is administered in two parts [13]. Part A is a visual-scanning, a timed task in which 

participants are asked to connect with lines 25 circles numbered from 1 to 25 as quickly as 

possible. In Part B participants are asked to connect circles containing numbers or letters in 

an alternate numeric/alphabetical order. The TMT A-B score calculated as the difference 

between TMT-A and TMT-B times (ΔTMT) is considered a measure of cognitive flexibility 

relatively independent of manual dexterity [14, 15]. Worsening performance in ΔTMT was 

considered for an increased time to carry out the follow-up test, as compared with baseline 

evaluation (i.e., ΔTMT at followup — ΔTMT at baseline = ΔTMT < 0). Furthermore, to 

avoid casual fluctuations in cognitive performance among subjects with worsening ΔTMT 

performance, a performance below the median value was also considered.
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Bone Parameters

BMD was estimated using peripheral quantitative computed tomography (pQCT) using an 

XCT 2000 device (Stratec Medizintechnik, Pforzheim, Germany) at the tibial site. The 

precision error of the XCT2000 was below 1 % for volumetric trabecular and cortical 

density. The pQCT was adopted because this technique has been shown to be effective in the 

assessment of osteoporosis and in predicting the risk of osteoporotic fractures. The tibiotalar 

joint was identified using a pQCT longitudinal scout and used as an anatomic marker for the 

identification of measurements sites.

Standard (2.5-mm thickness) transverse scans were obtained at 4 and 38 % of tibial length to 

measure trabecular and cortical bone density, respectively. The cross-sectional images 

obtained from the pQCT were analyzed using the BonAlyse software (BonAlyse Oy, 

Jyvaskyla, Finland), a software for processing pQCT scans that automatically identifies 

cortical and trabecular bone tissue assessing at the same time the BMD. Areas with density 

values >710 mg/cm3 were considered as cortical bone, whereas those having density values 

between 180 and 710 mg/cm3 were considered as trabecular bone [16]. The precision error 

of the XCT-2000 is below 1 % for volumetric trabecular and cortical density and for cortical 

bone area [16]. The pQTC bone measures included in the present study were as follows: 

total bone density (4 and 38 % of tibial length), trabecular bone density (4 % of tibial 

length), cortical bone density (38 % of tibial length).

Covariates

Smoking was self-reported, and expressed as pack-years. Education was expressed as years 

of school attendance. Data on dietary intake, including alcohol consumption, were collected 

by the questionnaire created for the European Prospective Investigation into Cancer and 

nutrition (EPIC) study [17]. Adherence to the Mediterranean diet was ascertained using the 

Mediterranean Diet Score [18], as well as the dosage of urinary total polyphenols, which are 

phytochemical compounds present in plant-based foods, such as fruits, vegetables, and 

derived foods.

Adjudicated disease diagnoses were based on self-reported history, clinical documentation, 

and medication use, as well as standardized criteria derived from the Women’s Health and 

Aging Study protocol [19]. Comorbidity was quantified using the Charlson comorbidity 

index score [20]. All drugs assumed by participants were coded according to the 

Anatomical, Therapeutic, and Chemical codes [21]. Depressive symptoms were assessed 

using the original 20-item version of the Center for Epidemiological Studies-Depression 

Scale (CES-D) [22]. Blood samples were obtained from participants after 12-h fasting, and 

after resting for at least 15 min. Aliquots of serum were stored at −80 °C and were not 

thawed until analyzed. Glomerular Filtration Rate was estimated using the Cock-croft-Gault 

equation. Functional ability was estimated by self-report using the Katz’ questionnaire 

investigating Activities of Daily Living [23]. This tool is most commonly adopted for 

assessing functional independency for clinical and epidemiological purposes. Walking speed 

was defined as the best performance (m/s) of two 4-m walks at usual pace along a corridor. 

Participants were allowed to use walkers. Usual physical activity was self-reported and 

defined as walking inside the house for at least 3 h/day.
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Statistical Analyses

Data were recorded using dedicated software. Statistical analyses were performed using 

Statistical Package for the Social Sciences (SPSS for Mac version 20.0, 2011, SPSS Inc., 

Chicago, IL); differences were considered significant at the P < 0.050 level.

Data of continuous variables are presented as mean values ± standard deviation (SD). 

Analysis of variance for normally distributed variables according to incident cognitive 

impairment (defined as a MMSE < 24) was performed by ANOVA comparisons; medians 

and interquartile ranges were provided for non-normally distributed variables, and the non-

parametric Mann-Whitney U test was adopted. The two-tailed Fisher exact test was used for 

dichotomous variables.

Logistic regression was used to evaluate the association of prevalent cognitive impairment at 

baseline with bone mineral density parameters and with increasing BMD tertiles.

In addition, in women without cognitive impairment at baseline, multivariable linear 

regression analysis was adopted to estimate the crude, as well as the adjusted association of 

MMSE score at follow-up with baseline BMD parameters; multivariable logistic regression 

analysis was adopted to estimate the crude, as well as the adjusted association of 3-year 

incident cognitive impairment with baseline BMD parameters; also, multivariable logistic 

regression analysis was adopted to estimate the crude, as well as the adjusted association of 

the prevalence of worsening cognitive performance with baseline BMD parameters; the 

covariates which were entered in the multivariable models were those which differed 

significantly (P < 0.050) in univariate analyses.

Also, logistic regression analysis was adopted to evaluate the association of increasing 

cortical and total BMD tertiles with incident cognitive impairment after the 3 years follow-

up. Moreover, analysis of the interaction term “cortical BMD × age” was also performed to 

assess whether the association of cortical BMD with incident cognitive impairment, 

prevalent worsening cognitive impairment, as well as prevalent worsening performance in 

ΔTMT varied according to age.

Eventually, logistic regression was adopted to assess the adjusted association of prevalent 

worsening performance in ΔTMT with baseline bone parameters.

Results

Baseline cortical BMD tertiles were <1065 mg/cm3 (lower), 1065–1128 mg/cm3 (medium), 

and >1128 mg/cm3 (higher). The corresponding intervals for total BMD at 38 % of the tibial 

length were <820 mg/cm3, 820–903 mg/cm3, and >903 mg/cm3.

Cross-Sectional Analysis

Baseline cognitive impairment was detected in 249/655 (38 %) women. The mean ΔTMT 

was 106 ± 68 s. The mean age of women with cognitive impairment was significantly higher 

as compared with others (80 ± 8 vs. 73 ± 6; P < 0.0001).
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Cortical BMD and total BMD obtained at 38 % of the tibial length were significantly lower 

in women with cognitive impairment (cortical BMD at 38 % of the tibial length: 1067 ± 89 

vs. 1088 ± 75 mg/cm3; P = 0.006; total BMD at 38 % of the tibial length: 828 ± 106 vs. 862 

± 91 mg/cm3; P < 0.0001), while there were no differences in trabecular and total BMD at 

4 % of the tibial length (trabecular BMD at 4 % of the tibial length: 190 ± 69 vs. 197 ± 54 

mg/cm3; P = 0.179; total BMD at 4 % of the tibial length: 231 ± 56 vs. 239 ± 43 mg/cm3; P 
< 0.074). Also, cortical BMD was lower in women with a mean ΔTMT below the mean 

value (1083 ± 75 vs. 1112 ± 68 mg/cm3; P = 0.030), while no association was found for 

other BMD parameters (total BMD at 4 % of the tibial length: 868 ± 92 vs. 885 ± 82 mg/

cm3; P = 0.282; total BMD at 4 %: 241 ± 42 vs. 240 ± 35 mg/cm3; P = 0.781; trabecular 

BMD: 199 ± 60 vs. 202 ± 49 mg/cm3; P < 0.731).

Longitudinal Analysis

The main characteristics of participants according to incident cognitive impairment after 3 

years are depicted in Table 1.

Incident cognitive impairment was found in 76/353 (21 %) participants. The baseline MMSE 

score was significantly lower in subjects who developed cognitive impairment as compared 

with other participants (25 ± 2 vs. 27 ± 2; P < 0.0001); after the 3-year follow-up, the mean 

MMSE was 20 ± 3 among participants with cognitive decline, and 27 ± 2 (P < 0.0001) in 

other subjects. Also, 179 (44 %) of women had a worsening performance at the follow-up 

MMSE as compared with the baseline testing; among these participants the median variation 

in the MMSE score was −2 (−4; −1).

The mean ΔTMT at follow-up was 82 s, and 58 (17 %) of women exhibited a worse ΔTMT, 

as compared with the baseline evaluation. Among participants with a worse ΔTMT, the 

median variation was 32 (12–57) s.

At baseline, both the cortical and total BMD obtained at 38 % of the tibial length were 

significantly lower in subjects who developed incident cognitive impairment (cortical BMD 

at 38 % of the tibial length: 1052 ± 79 vs. 1096 ± 73 mg/cm3; P < 0.0001; total BMD at 

38 % of the tibial length: 824 ± 88 vs. 871 ± 90 mg/cm3; P < 0.0001). No significant 

association was found for trabecular and total BMD at 4 % of the tibial length.

Baseline cortical BMD at 38 % of the tibial length was the only BMD parameter 

significantly associated with a follow-up ΔTMT below the mean value (1078 ± 76 vs. 1114 

± 69 mg/cm3; P = 0.010), while no association was found for total BMD obtained at 38 % of 

the tibial length (861 ± 92 vs. 887 ± 81 mg/cm3; P = 0.108), nor for trabecular (197 ± 62 vs. 

204 ± 49 mg/cm3; P = 0.468) or total BMD at 4 % of the tibial length (240 ± 44 vs. 240 ± 45 

mg/cm3; P = 0.892).

Multivariable Analysis

Analyses of crude and multivariable linear regression models indicated that the baseline total 

BMD at 38 % of the tibial length was associated with the follow-up MMSE score in women 

without baseline cognitive impairment (crude model: B = 0.10, 95 % CI 0.05–0.14; P < 

0.0001. Multivariable model: B = 0.05,95 % CI 0.01–0.09; P = 0.019). Likewise, cortical 
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BMD was associated with the follow-up MMSE score in the crude (B = 0.01, 95 % CI 0.07–

0.18; P < 0.0001), as well as in the multivariable model (B = 0.08, 95 % CI 0.03–0.13; P = 

0.001). No significant association was found between the follow-up MMSE score and total 

BMD at 4 % of the tibial length (crude model: B = 0.07, 95 % CI −0.01 to 0.02; P = 0.133) 

or the trabecular BMD (crude model B = 0.03, 95 % CI −0.04 to 0.11; P = 0.410) (Table 2).

Also, analyses of the crude and multivariable logistic regression models indicated that 

cortical BMD was inversely associated with the probability of incident cognitive impairment 

at 3 years (crude model: OR 0.93, 95 % CI 0.90–0.96; P < 0.0001. Multivariable model: OR 

0.93, 95 %CI 0.88–0.98; P = 0.012). Also, total BMD at 38 %of the tibial length was 

inversely associated with incident cognitive impairment only in the crude model (OR 0.95, 

95 % CI 0.92–0.98; P < 0.0001). Again, no significant association was found between 

incident cognitive impairment and total BMD assessed at 4 % of the tibial length (crude 

model: OR 0.99, 95 % CI 0.93–1.05; P = 0.766); or trabecular BMD (crude model: OR 1.00, 

95 % CI 0.96–1.06; P = 0.753). According to multivariable logistic model, age (OR 1.15, 

95 % CI 1.03–1.29; P = 0.014), diabetes (OR 7.83, 95 % CI 1.22–10.22; P = 0.030), and 

baseline MMSE (OR 0.59, 95 % CI 0.43–81; P = 0.001) were also significantly associated 

with incident cognitive impairment.

Furthermore, analysis of the interaction term indicated that age did not affect the association 

between cortical BMD and incident cognitive impairment (P = 0.178).

In addition, according to logistic regression, cortical BMD was inversely associated with 

worsening MMSE scores (crude model: OR 0.96, 95 % CI 0.93–0.98; P = 0.008. 

Multivariable model: OR 0.96, 95 % CI 0.92–0.98; P = 0.039). The total BMD at 38 % of 

the tibial length was inversely associated with incident cognitive impairment only in the 

crude model (OR 0.97, 95 % CI 0.94–0.98; P = 0.012). No significant association was found 

between prevalence of worsening cognitive performance and total BMD at 4 % of the tibial 

length (OR 0.97, 95 % CI 0.92–1.02; P = 0.235) or trabecular BMD (OR 0.97, 95 % CI 

0.93–1.01; P = 0.195). According to the multivariable logistic model, age (OR 1.08, 95 % CI 

1.01–1.15; P = 0.024), education level (OR 0.87, 95 % CI 0.78–0.97; P = 0.013), total 

cholesterol level (OR 0.91, 95 % CI 0.83–0.99; P = 0.045), as well as baseline MMSE (OR 

1.31, 95 % CI 1.09–1.57; P = 0.003) were all associated with prevalent worsening cognitive 

performance. Moreover, analysis of the interaction term indicated that age did not affect the 

association between cortical BMD and prevalent worsening cognitive performance (P = 

0.491). Again, among subjects with worsening ΔMMSE, worsening below the median value 

was inversely associated with cortical BMD (crude model: (OR 0.93, 95 % CI 0.90–0.97; P 
= <0.0001); multivariable model: OR 0.93, 95 % CI 0.88–0.98; P = 0.011); among these 

subjects, age (OR 1.09, 95 % CI 1.01–1.17; P = 0.020), education level (OR 0.80, 95 % CI 

0.65–0.99; P = 0.043), diagnosis of diabetes (OR 7.24, 95 % CI 1.68–12.77; P = 0.008), and 

baseline MMSE score (OR 1.076, 95 % CI 1.01–1.12; P = 0.018) were all associated with a 

ΔMMSE score below the median value.

Also, total BMD at 38 % of the tibial length was inversely associated with a worsening 

cognitive performance below the median value in the crude model (OR 0.95, 95 % CI 0.92–

0.98; P = <0.0001) as well as in the multivariable model (OR 0.95, 95 % CI 0.90–0.99; P = 
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0.026); among these subjects, age (OR 1.08, 95 % CI 1.01–1.17; P = 0.029), education level 

(OR 0.79, 95 % CI 0.64–0.98; P = 0.036), diagnosis of diabetes (OR 6.49, 95 % CI 1.51–

7.84; P = 0.012), and baseline MMSE score (OR 1.06, 95 % CI 1.01–1.12; P = 0.023) were 

all associated with a ΔMMSE score below the median value.

No significant association was found between worsening cognitive performance below the 

median value and total BMD at 4 % of the tibial length in the crude model (OR 0.99, 95 % 

CI 0.93–1.05; P = 0.776) or trabecular BMD (OR 1.01, 95 % CI 0.96–1.06; P = 0.644).

Also, cortical BMD was associated with a reduced probability of worsening performance in 

ΔTMT in the multivariable model (OR 0.96, 95 % CI 0.92–0.99; P = 0.047), while no 

significant association was found for total BMD at 38 % of the tibial length (OR 0.98, 95 % 

CI 0.94–0.1.01; P = 0.185), nor for trabecular BMD (OR 0.98, 95 % CI 0.93–1.03; P = 

0.414) or total BMD at 4 % of the tibial length (OR 0.96, 95 % CI 0.90–1.02; P = 0.149). 

According to the multivariable logistic regression model, education level (OR 0.84, 95 % CI 

0.72–0.97; P = 0.019) and baseline ΔTMT (OR 0.97, 95 % CI 0.95–0.98; P = 0.001) were all 

associated with prevalent worsening performance in ΔTMT. Furthermore, analysis of the 

interaction term indicated that age did not affect the association between cortical BMD and 

prevalent worsening performance in ΔTMT (P = 0.092). Among subjects who performed a 

worse ΔTMT, a performance below the median value was again associated with cortical 

BMD (OR 0.91, 95 % CI 0.83–0.99; P = 0.033). Education level (OR 0.60, 95 % CI 0.33–

0.93; P = 0.025) and baseline ΔTMT (OR 0.97, 95 % CI 0.94–0.99; P = 0.013) were also 

associated with a performance below the mean value. Conversely, no association was found 

for total BMD at 38 % of the tibial length (OR 0.96, 95 % CI 0.89–0.1.02; P = 0.170), nor 

for trabecular BMD (OR 0.91, 95 % CI 0.80–1.02; P = 0.122) or total BMD at 4 % of the 

tibial length (OR 0.94, 95 % CI 0.79–1.09; P = 0.406).

At baseline, increasing cortical BMD tertiles were associated with lowering probability of 

prevalent dementia (P for linear trend < 0.0001); however, such an association was no longer 

significant after introducing age (P for linear trend = 0.081); likewise, increasing baseline 

cortical BMD tertiles were associated with decreasing probability of incident cognitive 

impairment (P for linear trend = 0.001), worsening cognitive performance (P for linear trend 

= 0.013), as well a ΔMMSE score below the median value in subjects who exhibited a worse 

cognitive performance (P for linear trend < 0.0001) (Fig. 1).

Discussion

Results of the present study indicate that bone density, particularly at the cortical level, is 

independently and inversely associated with dementia and incident cognitive impairment in 

community-dwelling elderly women. This finding adds to the available evidence on the 

involvement of common subsystems in cognitive and physical aging, which contribute to the 

development of the frailty phenotype.

Noticeably, the association of BMD with dementia and incident cognitive impairment 

suggests that the determinants of decreased bone density at baseline were still acting on 

cognitive function after 3 years.
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Several factors may contribute to explain this association. Hypoxemia has been associated 

with both dementia and osteoporosis; in fact, low hemoglobin levels and depressed ejection 

fraction has been linked with low BMD, as well as with cognitive decline [24–27]. 

Furthermore, hormonal changes, which are involved in the pathophysiology of osteoporosis, 

have also been associated with the development of dementia. In this setting, estrogen 

deficiency is of particular interest. In fact, several cross-sectional studies reported larger 

hippocampus size in women receiving hormone therapy [28]. In addition, use of the estrogen 

receptor modulator raloxifene, which is administrated for the treatment of osteoporosis, has 

been associated with improved cognition [29]. Also, studies on human neural cells have 

demonstrated neurotrophic and neuroprotective effects of dehydroepiandrosterone and its 

metabolites, mainly through dehydroepiandrosterone-dependent neural stem cell stimulation, 

genomic activity modulation, and upregulation of androgen receptor levels [29]. In clinical 

studies, higher dehydroepiandrosterone levels have been related to better executive 

functioning, and to higher MMSE scores, even though these results are still controversial 

[30, 31]. However, in the present study dehydroepiandrosterone sulfate and estradiol levels 

were not significantly associated with incident cognitive impairment. Of notice, our 

population was older than those enrolled in previous studies. Moreover, while some 

association between hormonal profile and cognition has been evidenced in cross-sectional 

studies, longitudinal studies have so far yielded contrasting results [30]; studies on DHEAS 

supplementation have produced as well inconsistent results [30].

Also, an association has been reported in female subjects between low BMD and the 

presence of carotid plaques and peripheral artery disease, which are both risk factors for the 

development of cognitive decline [32].

It has been hypothesized that increased serum levels of proinflammatory cytokines may have 

a role in the development of both osteoporosis and dementia [33]; nevertheless, in the 

present study hsCRP and Il-6 levels were not significantly associated with incident cognitive 

impairment. In addition, low vitamin D levels, which are associated with lower BMD, may 

increase the risk of dementia through both neurodegenerative and vascular mechanisms [33]; 

in fact, vitamin D receptors are expressed in areas involved in memory; the active form of 

vitamin D, 1,25 dihydroxy-vitamin D3, is known to regulate neurotrophin expression, as 

well as the survival, development, and function of neural cells. In vitro, vitamin D also 

stimulates macrophages, which increases the clearance of amyloid plaques [34].

From a genetic point of view, an association of the Apo E4 allele with low BMD has been 

repeatedly reported, yet results are conflicting [1, 35]. In the present study, serum vitamin D 

levels were lower among participants who developed cognitive impairment; nevertheless, the 

association of low BMD with cognitive impairment was independent of vitamin levels.

Recently, it has been observed that gait slowing occurs early before the onset of dementia, 

thus configuring the “motoric cognitive risk syndrome” [36]. Noticeably, loss of BMD has 

been associated with decline in walking speed [37]. Thus, low BMD might represent an 

early marker of gait disturbances, and therefore of cognitive decline, in older populations.
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Interestingly, the association of incident cognitive impairment with BMD in our analyses 

seems to be determined mainly by cortical bone density values. Approximately, 75 % of the 

weight of the skeleton is represented by cortical bone, which might affect our results [38]. 

However, it has been demonstrated that age-related bone remodeling and bone loss occur 

mainly at the cortical site, while trabecular bone, which was measured at the distal 

epiphysis, responds chiefly to mechanical stimuli [39]. Accordingly, cortical BMD has been 

associated with the levels of routine physical activity, which in turn is known to be 

associated with cognitive performance [40]. Cortical bone is mainly involved in overall bone 

strength and is more sensitive than trabecular bone as a marker of adverse outcomes, such as 

incident fractures [39].

Furthermore, cortical, but not trabecular bone density is associated with higher levels of 

parathyroid hormone; on the other hand, increased parathyroid hormone levels have been 

linked with cognitive impairment and dementia [41]. In addition, cortical bone parameters 

are affected by caloric restriction [38]; however, at the time of the first diagnosis, the body 

mass index of subjects with dementia was significantly lower.

Periostin is a matricellular protein that mediates adaptive response of cortical bone to 

loading; periostin deficiency has significant negative consequences on bone materials 

properties, damage accumulation and repair, including local modeling/remodeling in 

response to fatigue; at the same time, periostin exerts a neuroprotective effect and enhances 

cortical plasticity [42].

Also, cortical, rather than trabecular bone is influenced by renal dysfunction, which in turn 

is associated with cognitive impairment [43]. Nevertheless, in the present study, the 

association between cortical BMD and cognitive dysfunction persisted after adjusting for 

renal function.

The feasibility of interventions aiming at preventing cognitive impairment, or at least 

slowing its progression, is receiving increasing support from clinical and experimental 

studies on the effect of blood pressure control, inhibition of systemic or brain renin–

angiotensin system, as well as vitamin D supplementation on cognitive performance and 

decline. However, the prerequisite for any preventive intervention is targeting individuals at 

higher risk of cognitive decline. Older women with reduced BMD might represent higher-

risk subjects in whom early preventive interventions might be characterized by a reduced 

number needed to treat, and thus higher cost-effectiveness; however, the efficacy and cost/

effectiveness of early interventions for the prevention of cognitive impairment in targeted 

populations with reduced BMD should be verified by dedicated trials.

Strengths and Limitations

The study has been conducted in a large, unselected rural Italian population of community-

dwelling elderly women; these subjects generally followed a Mediterranean diet, which 

probably lowered their risk of both osteoporosis and cognitive impairment [44, 45]. Thus, 

results of this study might not apply to other populations; however, nor the Mediterranean 

Diet Score nor the polyphenols excretion were associated with incident cognitive 
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impairment in our study. Also, cognitive assessment included both the MMSE and the TMT, 

which adds information on visuospatial scanning, sequential processing, motor speed, 

attention, and executive function. However, other specific cognitive domains (such as those 

relative to language function) were not fully explored in this study. Eventually, in our study 

the assessment of BMD was performed by pQCT, which is difficult to be adopted in a 

routine clinical setting. On the other hand, this method has proven effective in distinguishing 

the trabecular from cortical bone; also, its predictive power for incident fractures is similar, 

or even higher, as compared with DeXA.

Conclusion

Older women with reduced BMD are at higher risk of cognitive decline; the diagnostic 

workup in older women with osteoporosis should therefore include the assessment and 

monitoring of cognitive function.
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Fig. 1. 
Association (odds ratios) according to logistic regression analysis in female participants, of 

increasing cortical BMD tertiles with incident cognitive impairment, worsening cognitive 

performance, and a performance below the median value in subjects with worsening 

cognitive performance, after 3 years
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Table 1

Characteristics of participants aged 65+ according to the development of cognitive impairment

Participants with incident
cognitive impairment (n = 76)

Participants without incident
cognitive impairment (n = 277)

P

Demographics and lifestyle habits

Age (years) 77 ± 7 72 ± 6 <0.0001

Education (years) 4 ± 2 6 ± 3 <0.0001

Smoking
a 0 (0–0) 0 (0–6) 0.001

Self-perceived low income 35 (47 %) 163 (59 %) 0.066

Living alone 42 (55 %) 121 (44 %) 0.091

Falls in the previous year 28 (37 %) 68 (24 %) 0.041

Usual physical activity
b 58 (76 %) 227 (82 %) 0.324

Protein intake (g/day) 66 ± 17 72 ± 20 0.019

Calcium intake (g/day) 759 ± 233 833 ± 352 0.087

Energy intake (Kcal/day) 1659 ± 419 1780 ± 513 0.060

Alcohol consumption (g/day) 1.8 (0–13.3) 1.9 (0–13.2) 0.665

Mediterranean Diet Score 4 ± 2 5 ± 2 0.238

Comorbid conditions

Diabetes 12 (16 %) 18 (6 %) 0.018

Hypertension 48 (63 %) 171 (62 %) 0.894

Atrial fibrillation 4 (6 %) 4 (1 %) 0.063

Heart failure 4 (5 %) 8 (3 %) 0.297

Chronic pulmonary disease 0 3 (1 %) 0.999

Stroke 4 (5 %) 11 (4 %) 0.539

Parkinson’s disease 3 (4 %) 2 (1 %) 0.069

Hepatic disease 1 (1 %) 1 (1 %) 0.385

Visual impairment 5 (9 %) 7 (3 %) 0.051

Hearing impairment 5 (7 %) 7 (2 %) 0.141

Charlson comorbidity score index 1 (0–1) 1 (0 ± 1) 0.225

Medications

Neuroleptics 6 (8 %) 6 (2 %) 0.025

SSRI
c 2 (3 %) 3 (1 %) 0.294

ACE-inhibitors 16 (21 %) 31 (11 %) 0.035

Antiplatelets 11 (14 %) 17 (6 %) 0.028

Anticoagulants 0 5 (2 %) 0.589

L-thyroxine 1 (1 %) 16 6(%) 0.136

Benzodiazepines 14 (18 %) 63 (23 %) 0.531

Loop diuretics 7 (9 %) 20 (7 %) 0.626

Corticosteroids 2 (3 %) 4 (1 %) 0.613

Bisphosphonates 3 (4 %) 9 (3 %) 0.726

Biohumoral parameters

Glomerular Filtration Rate 58 ± 19 66 ± 17 0.002
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Participants with incident
cognitive impairment (n = 76)

Participants without incident
cognitive impairment (n = 277)

P

Total proteins (g/dL) 7.2 ± 0.4 7.1 ± 0.4 0.728

Interleukin 6 (pg/mL) 1.3 (0.7–2.1) 1.9 (0.7–1.9) 0.101

CRP-HS (μg/mL)
d 2.3 (1.5–4.5) 2.5 (1.3–5.1) 0.294

Hemoglobin (g/dl) 13.3 ± 0.9 13.3 ± 1.0 0.634

Total cholesterol (mg/dL) 220 ± 36 232 ± 34 0.017

25(OH) vitamin D 32.8 (21.1–43.0) 38.7 (26.3–55.7) <0.0001

Parathyroid hormone (pg/mL) 26.2 (17.9–43.0) 23.2 (16.0–55.7) 0.008

Activities of Daily Living 5 ± 1 6 ± 0 0.100

CES-D
e 17 ± 9 14 ± 9 0.005

DHEAS (μg/dL)
f 61.2 (36.1–105.1) 63.6 (40.4–116.0) 0.237

17 beta-estradiol (pg/mL) 5.7 (4.3–8.7) 5.5 (3.9–7.7) 0.604

Urinary Polyphenol
g 197.9 ± 67.6 194.5 ± 80.0 0.771

Physical and cognitive performance

Baseline Mini–Mental State Examination 25 ± 2 27 ± 2 <0.0001

Gait speed (m/sec) 0.9 ± 0.2 1.0 ± 0.2 <0.0001

Bone pQTC parameters

Trabecular bone mineral density (mg/cm3) 200 ± 56 197 ± 53 0.754

Cortical bone mineral density (mg/cm3) 1052 ± 79 1096 ± 73 <0.0001

Total bone mineral density at 38 % of the tibial length 
(mg/cm3)

824 ± 88 871 ± 90 <0.0001

Total bone mineral density at 4 % of the tibial length (mg/
cm3)

237 ± 43 239 ± 43 0.767

a
Pack-years

b
Walking inside the house for at least 3 h/day

c
Selective Serotonin Reuptake Inhibitor

d
High-sensitivity C-reactive protein

e
20-item version of the Center for Epidemiological Studies-Depression Scale

f
Dehydroepiandrosterone sulfate

g
Expressed as a mg of gallic acid eq/g creatinine
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Table 2

Association (B coefficients, B, or Odds Ratios, OR, and 95 % confidence intervals, CI) of cognitive 

performance after the 3-year follow-up with the variables of interest according to linear and logistic regression 

analyses

Bone Mineral 
Density (mg/cm3)

Cognitive performance after the 3-year follow-
up

Mini-Mental State Examination 
score Incident cognitive impairment

a
Worsening cognitive performance

b

B 95 % CI P OR 95 % CI P OR 95 % CI P

Total 38 % tibial

Crude association 0.10 0.05-0.14 <0.0001 0.95 0.92-0.98 <0.0001 0.97 0.94-0.98 0.012

Fully adjusted
c 0.05 0.01-0.09  0.019 0.96 0.92-1.01  0.97 0.98 0.95-1.01 0.201

Cortical

Crude association 0.01 0.07-0.18 <0.0001 0.93 0.90-0.96 <0.0001 0.96 0.93-0.98 0.008

Fully adjusted
c 0.08 0.03-0.13  0.001 0.93 0.88-0.98  0.012 0.96 0.92-0.98 0.039

Total 4 % tibial

Crude association 0.07 -0.01-0.02  0.133 0.99 0.93-1.05  0.766 0.97 0.92-1.02 0.235

Fully adjusted
c

Trabecular

Crude association 0.03 -0.04-0.11  0.410 1.00 0.96-1.06  0.753 0.97 0.93-1.01 0.195

Fully adjusted
c

All the covariates were entered simultaneously into the adjusted regression models

a
Defined as a MMSE score <24

b
Defined as the prevalence of subjects with a lower MMSE score at the follow-up test, as compared with baseline evaluation (MMSE at followup – 

MMSE at baseline = ΔMMSE < 0)

c
Adjusted for: age; education, smoking; falls, protein intake; diagnosis of diabetes; use of neuroleptics, ACE-inhibitors, and antiplatelets; 

glomerular filtration rate, total cholesterol, hemoglobin, 25(OH) vitamin D, parathyroid hormone, 20-item version of the Center for 
Epidemiological Studies-Depression Scale, gait speed, and the baseline Mini–Mental State Examination score
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