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Purpose: Bone and lean mass loss and cognitive impairment are prevalent in elder adults and have been hypothesized to share a potential link.

Methods: This nationwide cross-sectional study systemically sampled elder adults aged ≥65 years and conducted the door-to-door survey. The causal diagrams help to decide which covariates were included in the generalized linear mixed models (GLMMs). The structural equation modeling (SEM) was performed for the validation.

Results: A total of 535 participants were enrolled and categorized into the normal (67.3%), mild cognitive impairment (18.3%), and dementia groups (14.4%). With increasing in the severity of cognitive impairment, the bone marrow density and lean mass consistently showed the trend of decreasing values. In the GLMMs, a significant association existed between the decrease of the bone mineral density (BMD) and the Mini-Mental State Examination (MMSE) (β = 5.819 scores per g/cm2 decrease, p = 0.0305) with adjustment of the age, sex, and physical activity. The SEM models confirmed that the MMSE was significantly and directly predicted by the age (β = 0.1363, p = 0.0003) and BMD (β = 0.1251, p = 0.0006) independently and indirectly predicted by lean mass (β = 0.1138, p = 0.0003) through the bone density path.

Conclusion: In conclusion, an independent association between bone loss and cognitive impairment was existed rather than the confounding effect and the decrease of lean mass indirectly contributed to cognitive impairment by influencing the bone density.
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INTRODUCTION

Skeletal deficit and muscle loss have emerged as major issues for elder adults (1–3). Several reports have documented the comorbidity of osteopenia and osteoporosis in patients with dementia (4–6). Bone loss has also been reported for sharing a distinctive connection to cognitive impairment (7). The mechanical unloading of the skeleton has been proposed to cause loss of bone mass in patients with aging (8). In addition, decreased physical activity (9), fragility, and sarcopenia (10) may also directly or indirectly contribute to bone loss in elder patients with dementia. Collectively, the connection between the boss loss and cognitive impairment is not easily elucidated and possibly as a result of confounding by related various factors.

Physiologists proposed a paradigm that bone remodeling and energy metabolism are coregulated through the brain–bone axis (11–13). The skeleton is a metabolically active system and undergoes bone resorption and bone formation in whole life (14). Investigation into the brain–bone axis began with an emphasis on leptin (15), a hormone secreted by the adipose cells with remarkable effects in the brain for coregulation of the appetite and bone accrual (12, 16). Low levels of leptin have been reported in Alzheimer's disease (16, 17). Moreover, the lean mass has been found in a major source of neurotrophic factors for preventing cognitive impairment (18). Accordingly, two correlated factors of bone and lean mass are needed to be considered simultaneously to explore the relationship between body composition and cognitive impairment in a statistical model. However, most of the epidemiological studies (4, 19–27) only considered one of the two correlated factors at a time. An epidemiological study investigating the link between the bone and lean mass cognitive impairment in elder adults, while effectively controlling multiple contributing factors is warranted.

In statistical analysis, one of the major challenges to investigating the influential factors on cognitive impairment is that the numerous variables, including age, physical activity, bone mass, and lean mass, are correlated with each other. With respect to the methodological advances and software development, a structural equation modeling (SEM) permits the illustration of the relationship among many factors (28, 29). The flexibility of SEM allows its application in a cross-sectional study and other research designs (28). While the causal relationship cannot be obtained from a cross-sectional study, a directed acyclic graph (DAG) provides a simple way to demonstrate the relationships between the variables and to evaluate if confounding was present in the model (30).

The National Nutrition and Health Survey in Taiwan (NAHSIT) 2005–2008 described that osteoporosis was estimated to affect one-fourth of the general population in Taiwan (31). A recent 2018 report indicated that the incidence and prevalence of osteoporosis in Taiwan were similar to those in most of the Western countries with aging populations as well (32). In this study, we like to investigate whether an association exists between cognitive impairment and bone loss in our community-based elder participants by using the latest survey data NAHSIT 2013–2016. We adopted two novel approaches: (1) using DAGs to identify the confounding variables that are needed to be adjusted in the conventional regression analysis and (2) conducting an SEM to validify the best model constructed by a DAG.



METHODS


Study Design and Data Collection

The nationwide cross-sectional data were collected through the NAHSIT from January 1, 2013, to December 31, 2017, covering 359 townships or the city districts in Taiwan. The systematic sampling of the participants was classified into the eight strata by the characteristics of the population density, geographical area, and dietary habits. The door-to-door visits were carried out to obtain information of age, sex, body mass index (BMI), and physical activity by the trained interviewers. Mobile dual-energy X-ray absorptiometry (DXA) was performed to obtain the body composition parameters and the bone mineral density (BMD) in each specific body region. Based on the WHO definition, we defined osteoporosis as a BMD T-score (in g/cm2) of ≤2.5 at the femoral neck or the lumbar spine in those aged 65 years and older. The DXA device (Prodigy, GE Healthcare Lunar, Wisconsin, USA) was used. Elder participants aged ≥65 years who agreed to complete the physical assessment were enrolled. Besides, the lipid profiles, vitamin A, and vitamin D were measured in the centralized laboratory. This study was approved by the Institutional Review Board on Biomedical Science Research, Academia Sinica, Taiwan (AS-IRB01-13067) and the Research Ethics Committee, National Health Research Institutes, Taiwan (EC1020110). Informed consent was acquired from the participants.



Cognitive Assessment

The diagnosis for dementia due to all the causes was following the guideline by the National Institute on Aging-Alzheimer's Association workgroups. Taiwanese version of the Mini-Mental State Examination (MMSE) (33) assessment was performed by the trained interviewers. The participants were categorized into the normal cognition, mild cognitive impairment (MCI), and dementia groups according to the previous literature. First, the participants with the MMSE scores of 27–30 (≥9 education years) and of 26–30 (<9 education years) were classified into normal cognition. Second, the participants with the MMSE scores of 24–26 (≥9 education years) and of 23–25 (<9 education years) were classified into MCI. Third, the participants with the MMSE scores of 14–23 (≥9 education years) and of 11–22 (<9 education years) were classified into moderate dementia. Finally, the participants with the MMSE scores of 0–13 (≥9 education years) and of 0–10 (<9 education years) were classified into severe dementia (33).



Causal Diagram

The DAGs were plotted by background knowledge (Figure 1). In Model 1, the unbiased causal path between bone loss and cognitive impairment was plotted with adjustment of age and sex. In Model 2, the causal path was plotted with adjustment of age, sex, and physical activity. In Model 3, the causal path was plotted with adjustment of the age, sex, physical activity, vitamin D, and total lean mass. The DAGs were produced by the DAGitty version 3.0 software (University of Lübeck, Germany).


[image: Figure 1]
FIGURE 1. The proposed directed acyclic graphs between bone loss and cognitive impairment. (A) Models of the no adjustment of confounders. (B) Models of the adjustment of confounders.




Statistical Analysis

The continuous and discrete variables were analyzed through the ANOVA and chi-squared test, respectively. The p-trend for the three cognitive groups was estimated by the generalized linear models for continuous variables and the Cochran–Armitage trend test for the discrete variable. We used the DAGs to decide which covariates were adjusted and put them into the multivariable model for obtaining the unbiasing results. The generalized linear mixed models (GLMMs) with the random intercept and unstructured covariance matrix were applied, with the MMSE scores being dependent variables and with total BMD (unadjusted model); with total BMD, age, and sex (in Model 1); with total BMD, age, sex, and physical activity (in Model 2); or with total BMD, age, sex, physical activity, vitamin D, and total lean mass (in Model 3) being independent variables. The model fit statistics of the Akaike information criterion (AIC) and the Schwarz information criterion (SIC) were used to select the best model. For the AIC and the SIC, a lower score indicates a better model (34). The statistical significance was defined as two-tailed p < 0.05. All the statistical analyses were performed by using SAS 9.4 (Cary, North Carolina, USA). In the subgroup analysis by gender, the GLMMs with the above settings were applied. Required sample sizes for the subgroup analysis were estimated by specifying an α error of 0.05, a power (1-β) of 0.80, the number of covariates of 5, and the R2 values obtained in the unadjusted model.



Validation Study

To examine the relationship between bone loss and cognitive impairment in Models 1 to 3, we employed the SEM. For explaining the SEM fit, we focused on the chi-squared test, comparative fit index (CFI), and standardized root mean square residual (SRMR). The chi-squared test for the SEM with p < 0.05 was defined as a good model fit. The values of the CFI and SRMR ≥ 0.90 and the SEM < 0.80 were considered as acceptable levels of fit, respectively (35–37). For the assessment of the direct effects, β coefficient of < 0.05 was considered to be unmeaningful, β coefficient of 0.05–0.09 was small but meaningful, β coefficient of 0.10–0.24 was moderate, and β coefficient of ≥ 0.25 was large. For the assessment of the indirect effects, β coefficient of < 0.003 was unmeaningful, β coefficient of 0.003–0.010 was small but meaningful, β coefficient of 0.010–0.060 was moderate, and β coefficient of ≥ 0.060 was large (38).




RESULTS


Demographic Characteristics

The flowchart of enrolling the elder participants in this cross-sectional study is shown in Figure 2. A total of 535 elder participants who completed the assessment were enrolled (Table 1). The average MMSE scores for the normal cognition, MCI, and dementia groups were 28.5 ± 1.2, 24.7 ± 1.0, and 12.8 ± 9.6 (p <0.0001, p-trend < 0.0001), respectively. In these three groups, the average ages were 71.3 ± 5.6, 73.2 ± 7.0, and 75.1 ± 6.8 (p < 0.0001, p-trend < 0.0001) and the education years were 9.5 ± 4.9, 8.2 ± 4.3, and 5.7 ± 4.2 (p < 0.0001, p-trend < 0.0001), respectively. Dementia and MCI groups had more female participants compared to the normal cognition. No significant difference in BMI was observed among these three groups.
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FIGURE 2. Flowchart of the study.



Table 1. Demographic characteristics of the three cognitive groups (N = 535).
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Bone Marrow Density and Osteoporosis

The measurements of BMD in the whole body and specific body regions for the three cognitive groups are shown in Table 2. With increasing in the cognitive impairment, the whole-body BMD revealed the decreasing values (1.102 ± 0.136, 1.096 ± 0.136, 1.013 ± 0.139 g/cm2, p < 0.0001, p-trend < 0.0001) among the normal cognition, MCI, dementia groups, respectively. Besides, BMD also showed the trend of decreasing values consistently in the upper extremities (p = 0.0005, p-trend = 0.0016), lower extremities (p < 0.0001, p-trend < 0.0001), spine (p < 0.0001, p trend < 0.0001), trunk area (p < 0.0001, p-trend < 0.0001), and femoral neck (p < 0.0001, p-trend < 0.0001), respectively. On the basis of the WHO definition, osteoporosis was more prevalent in the older adults with more severe cognitive impairment [normal cognition: 15.8%, MCI: 23.5%, and dementia groups: 32.5%, respectively (p = 0.0022, p-trend = 0.0005)]. The prevalence of osteoporosis in the overall participants was 19.6% (105/535).


Table 2. Dual-energy X-ray absorptiometry (DXA) measurements for bone marrow density in the three cognitive groups.
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Body Composition, Physical Activity, and Laboratory Tests

For body composition parameters (Table 3), the total lean mass was decreasing significantly with increasing in the cognitive impairment (40.79 ± 7.38, 39.14 ± 7.38, 37.21 ± 7.17 kg, p = 0.0006, p-trend < 0.0001). The lean mass in the arms (p = 0.0047, p-trend = 0.0011), trunk (p = 0.0047, p-trend = 0.0011), android (p = 0.0045, p-trend = 0.0012), gynoid (p < 0.0001, p-trend < 0.0001), and legs (p = 0.0045, p-trend = 0.0012) revealed as the same trend as lean mass in whole body. For fat mass, the three cognitive groups showed no significant differences among them. For physical activity (Table 4), the MCI group showed a little higher activity, but no significant differences were found in the three groups. The laboratory tests of the lipid profiles, ferritin, vitamin A, and vitamin D showed no significant differences among the three cognitive groups as well (Table 4).


Table 3. Dual-energy X-ray absorptiometry measurements for body composition in the three cognitive groups.
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Table 4. Physical activity of the three cognitive groups.
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Associations Between Bone Loss and Cognitive Impairment

The regression analysis of the GLMMs is presented in Table 5. In the unadjusted models, decrease of total BMD showed significantly decrease of the MMSE score (β = 8.479 per g/cm2 decrease, SE = 2.072, p < 0.0001). In Model 1, the significant association between total BMD and the MMSE score remained with adjustment of the age and sex (β = 5.792 per g/cm2 decrease, SE = 2.681, p = 0.0312). In Model 2, this significant association was persisted even if adjustment of the age, sex, and physical activity (β = 5.819 per g/cm2 decrease, SE = 2.682, p = 0.0305). In Model 3, no statistically significant association between the bone loss (β = 5.884 per g/cm2 decrease, SE = 3.092, p = 0.0576) and cognitive impairment was found with adjustment of the age, sex, physical activity, vitamin D, and total lean mass. In comparison to Models 1 and 2, Model 3 with the lowest values of the AIC (3014.11) and the SIC (3010.11) was considered the best model, which was furtherly used for the validation with an SEM.


Table 5. Generalized linear mixed model estimates of the Mini-Mental State Examination (MMSE).
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There was no sex difference observed in the GLMMs (Supplementary Table S1). In the unadjusted models, decrease of total BMD showed significantly decrease of the MMSE score in the males (β = 6.926 per g/cm2 decrease, SE = 2.986, p = 0.0211) and in the females (β = 9.857 per g/cm2 decrease, SE = 4.778, p = 0.0403), respectively. After adjustment for the age, physical activity, vitamin D, and total lean mass, a decrease of total BMD showed a reduction of the MMSE but without statistically significant. However, the sample size in the subgroup analysis by gender was inadequate (Supplementary Table S2). This study had 535 participants and out of them, 302 were males and 233 were females. The minimum sample size was 421 to attain an α error of 0.05 and apower (1-β) of 0.80 in the GLMMs with five covariates.



Validation With Structural Equation Modeling

In this study, the final SEM for the variables of age, bone mass, lean mass, vitamin D, physical activity, and the MMSE scores were plotted (Figure 3). This model also showed acceptable levels of fit [chi-squared test 22.75 with degrees of freedom of 5 (p =0.0004), CFI: 0.97, adjusted CFI: 0.93, SRMR: 0.06]. The standardized effects for the direct, indirect, and total effects were listed (Supplementary Tables S3–S5). In the direct paths, the predictive model confirmed that the MMSE score was significantly and moderately predicted by age (β = 0.1363, p = 0.0003) and bone mass (β = 0.1251, p = 0.0006) by total BMD. In the indirect paths, the MMSE score was significantly and strongly predicted by lean mass (β = 0.1138, p = 0.0003).


[image: Figure 3]
FIGURE 3. Graphical presentation of the structural equation modeling. *p < 0.05, **p < 0.01.





DISCUSSION

This study examined the association between bone mass and cognitive function for ethnic Asian elder adults in Taiwan. We found that bone loss was independently associated with cognitive impairment in the primary analysis with the GLMMs. The association between bone mass and cognitive function was not simply the confounding effect of age or change of body composition. These findings were reproducible and confirmed by our separate validation study with SEM.

An earlier hospital-based study, using a nationwide health insurance database for the patients in Taiwan who were diagnosed as having osteoporosis and related fractures [the International Classification of Diseases-9-Clinical Modification (ICD-9-CM) codes 733.0 and 733.1], revealed a 1.4-fold relative risk of developing dementia (39). Another similar study conducted in Germany that analyzed patients who had osteoporosis-related fractures (the ICD-10 codes M80 and M81) from 1993 to 2012 revealed that the patients with osteoporosis had a 1.2–1.3-fold higher risk of developing dementia (6). This study extended and confirmed that the association between bone mass and cognitive impairment existed in both the hospital-based and community-based populations. In addition, the participants in this study were noninstitutionalized healthy elder adults. This indicated that bone health should be emphasized before elder adults developed obvious symptoms and signs of cognitive impairment.

Researchers have previously hypothesized that dementia and osteoporosis share mechanisms or are linked in other forms. In the SEM models, we found that the age and bone density individually directly predicted the MMSE score. This should be compatible with the unadjusted Model 1 and Model 2 in the regression analyses with the GLMMs. Therefore, we inferred that age and BMD were independently associated with cognitive impairment. On the other hand, BMD was not significantly associated with the MMSE score in Model 3 with adjustment of the vitamin D and lean mass. Additionally, lean mass was found significantly associated with the MMSE score in Model 3. In the SEM models, we found that the MMSE score was strongly and indirectly predicted by lean mass. These indirect paths from the lean mass to bone density, in the negative sense, should explain the attenuated association between BMD and the MMSE score by the GLMMs in Model 3. Additionally, we determined the SEM with acceptable fit with the three indicators of chi-squared test, CFI, and SRMR. Despite the root mean square error of approximation (RMSEA) was commonly used, we have the three main reasons that prefer SRMR to RMSEA: (1) SRMR is more accurate than RMSEA across small-to-large sample sizes (36, 40), (2) SRMR produces less type I error than RMSEA (36), and (3) RMSEA is more likely to overreject the true population models by using the proposed cutoff criteria (41). Thus, we determined to use the three indicators, including the chi-squared test, CFI, and SRMR, to have an overall judgment of the good model fit.

The representative sampling of the community-based elder participants in this study should also be our strength. Proportions or prevalence of normal cognition, MCI, and dementia were similar to another nationwide population-based cross-sectional survey of cognitive impairment in Taiwan (42, 43). This study also had some limitations. First, owing to the cross-sectional design, we could not directly obtain the causal relationship between bone loss and cognitive impairment. However, with the SEM models, we may infer the most reasonable causal paths between bone loss and cognitive impairment. Second, the NAHSIT study focused on surveying the nutritional status of the elder participants and contained no more advanced genetic biomarkers. Third, this study had inadequate sample sizes in the subgroup analysis by gender. Though the overall analysis exhibited consistent results in both the males and females (Supplementary Table S1), larger sample size was required to confidently conclude no gender difference between the bone loss and cognitive impairment (Supplementary Table S2). Fourth, since this study aimed to survey the health status in the community population, the participants with higher health awareness were with higher willingness to complete all the assessments. A healthy volunteer bias possibly occurred and, therefore, the association between bone loss and cognitive impairment could be underestimated in this study. While the prevalence of osteoporosis in this study was 19.6%, the prevalence of osteoporosis by the National Health Insurance Research Database (NHIRD) of Taiwan, a real-world health database with coverage of > 99.9% residents in Taiwan (44), was from 17.4 to 25.0% (32). Our prevalence of MCI and dementia was similar to the prevalence by the NHIRD of Taiwan (42). Additionally, to ensure the representativeness for the total population in Taiwan, the NAHSIT 2013–2016 adopted the stratified sampling design by the characteristics of population density (with consideration of age and sex distribution) and geographical area. The enrollment protocol of the latest NAHSIT 2013–2016 (45) and the previous NAHSIT 2005–2008 (46) has been previously published. Consequently, we considered that the representative of the enrolled participants was not threatened.

In conclusion, these results support the association between bone loss and cognitive impairment for the older adults that were present and not simply a confounding effect from aging. The decrease of lean mass may indirectly affect cognitive impairment by influencing bone density. Further studies focus on exploring the biological plausibility that should be more convincing.
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