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Abstract

:

This cross-sectional study aimed to determine the association between phase angle (PhA) and physical activity intensity in community-dwelling older Japanese adults. The intensity and time of physical activity for predicting high PhA were also examined. This study involved 67 community-dwelling older adults (mean age: 78.3 ± 5.5; female: 83.6%). We measured the physical activity and body composition of the participants. Physical activity was measured using a triaxial accelerometer, and light-intensity physical activity (LPA) and moderate-to-vigorous intensity physical activity (MVPA) hours per day were calculated from the results. Body composition was measured using Inbody S10, and the PhA was calculated from the measurements of the right side of the body. Bayesian statistical modeling revealed an association between PhA and MVPA (β = 0.256; p = 0.022; 95% Bayesian confidence interval [CI] = 0.001, 0.012), but not LPA (β = −0.113; p = 0.341; 95% Bayesian CI = −0.002, 0.001), even after adjustment for confounders. The cutoff value of MVPA predicting high PhA, calculated by the receiver operator characteristic curve, was 19.7 min/d (sensitivity = 0.906; specificity = 0.429). These results can be used to develop strategies to increase PhA in older adults and suggest that MVPA is important in this population.
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1. Introduction


Bioelectrical impedance analysis (BIA) is widely used as a simple and non-invasive method for measuring body composition. Impedance, a generic term for the opposition of the body to alternating currents, comprises resistance (R) and reactance (Xc). The phase angle (PhA), which is directly calculated from BIA measurements, is considered to indicate cellular health [1] and has attracted attention as an easily measurable physical health indicator for older adults. A lower PhA has been suggested as a predictor of frailty and is associated with mortality in older adults [2]. Therefore, it is necessary to improve PhA from the perspective of health promotion among older adults.



Recently, the importance of physical activity in maintaining and improving PhA in older adults has been highlighted [3]. Physical activity is divided into exercise-related and non-exercise-related activities [4], with different intensities depending on the activity. It is necessary to identify the appropriate exercise intensity for older adults to effectively enhance their PhA, and hence, physical health. On the other hand, lower PhA has been reported in clinical populations compared to that in healthy populations [5,6]. Additionally, in a study of three racial or ethnic groups (non-Hispanic white, non-Hispanic black, and Mexican American), it was found that PhA differed by race and ethnicity [7]. Furthermore, since Asians tend to have lower PhA than Caucasians tend to [8,9], it can be expected that the results will vary depending on the characteristics of the population studied. In light of these reports, it is necessary to consider health status and race. However, studies investigating the association between PhA and physical activity intensity in healthy older adults in Japan are limited. A cross-sectional study of older Japanese adults (mean age 75.2 years; mean PhA = 5.2 ± 0.8°) reported that moderate-to-vigorous physical activity (MVPA) was associated with higher PhA [10].



Physical activity is affected by the residential area and living environment. Although the research setting of a previous study was a rural region [11], physical activity and lifestyle may differ depending on the residential area (rural or urban) and neighborhood environment [12,13,14]. In addition, a study of East Asians (age range 30–79 years) showed that body mass index (BMI) differed between urban and rural areas [15], and although the age of the participants was different from that of this study, regional differences in body composition have also been reported among Japanese adolescents [16]. Based on these factors, regional characteristics (rural or urban) are sometimes included as adjustment variables in surveys dealing with body composition [17]. Therefore, accumulating studies from multiple regions is important for understanding the contribution of physical activity to PhA. Furthermore, it has been reported that age, sex, BMI, nutrition status, muscle strength (grip strength), walking speed, balance ability, skeletal muscle mass index (SMI), and muscle quality also affect PhA [1,18,19,20,21]. However, to the best of our knowledge, analyses that consider these confounders are insufficient, and the evidence for the effectiveness of physical activity would be stronger if the association between PhA and physical activity were found even after adjusting for these variables.



Additionally, since PhA is also associated with mortality in older adults, increasing PhA is an important effort to prevent disability and reduce the risk of mortality. The risk of incident disability related to PhA has been associated with physical activity, with higher levels of MVPA and light-intensity physical activity (LPA) in bouts of <10 min in older adult Japanese subjects being associated with a lower risk of functional impairment [22,23]. From this, it is inferred that physical activity intensity and times may also be related to PhA, and an association between MVPA and PhA has been reported in certain community-dwelling older adults [9]. However, it is not clear what kind of MVPA predicts high PhA. Identifying its cutoff value will provide useful information for improving the health of older adults.



Therefore, this study aimed to determine the association between PhA and the intensity of physical activity in community-dwelling older Japanese adults. In addition, we examined the intensity and time of physical activity required to predict high PhA. Based on trends in previous studies, we hypothesized that a higher PhA would be associated with moderate- or high-intensity physical activity.




2. Materials and Methods


2.1. Materials


2.1.1. Sample Size Calculation


Regarding the number of explanatory variables in the multiple regression analysis, ten times the number of explanatory variables has been suggested as a guide [24]. In this study, age, sex, BMI, SMI, nutrition status, grip strength, balance ability, gait speed, and muscle quality were used as adjustment variables [9,18,19,20,21]. If LPA, MVPA, and adjustment variables are included, the total number of independent variables is assumed to be ten. Therefore, the target sample size was set to 110.




2.1.2. Recruitment of Research Participants and Selection of Participants for Analysis


This cross-sectional study included 99 participants of health screening programs conducted from November 2022 to September 2023. The study area was the city of Nara, Nara Prefecture, Japan. Nara is located in the Kansai region of Japan and is the capital of the Nara Prefecture. Nara has a population of 349,948 (1 November 2023) [25], a population density of 1275 (2021) [26], and an aging rate of 31.9% (2023) [27]. The exclusion criteria for this study were the inability to give consent to participate in the study, being younger than 65 years of age, use of a pacemaker, a history of cerebrovascular disease or orthopedic surgery, a certification for requiring support or nursing care, and missing measurement items. The number of participants analyzed in this study is shown in Figure 1. Of the 99 participants, 27 met the exclusion criteria for this study or could not give consent to wear the accelerometer. Therefore, 72 participants were given accelerometers, but five participants were unable to wear the accelerometer for more than 10 h per day and more than 3 days per week, leaving 67 participants for the final analysis of this study. Participant recruitment was requested by the Regional Comprehensive Support Center in Nara, and materials for the health checkup program were distributed. This health checkup program was not a regular checkup activity, and we explained the content of our research to local comprehensive support centers in Nara City and recruited participants from communities that agreed to our research activities. This study was conducted in accordance with the Strengthening the Reporting of Observational Studies in Epidemiology Statement.





2.2. Ethical Considerations


In this study, all participants were given a detailed description of the study verbally and in writing and were asked to sign a consent form. This study was approved by the Ethics Review Committee of the authors’ affiliated organization (approval number: 4-H026).




2.3. Measurement Variables


2.3.1. Participant Characteristics


Age, sex, household composition (Do you live alone? [Yes or No]), years of education, and medical and surgical histories were ascertained using questionnaires. Height (PA-200, UCHIDA, Tokyo, Japan) and weight (DP-7900PW, Yamato, Hyogo, Japan) were measured for all participants. BMI was calculated from the values obtained from body measurements using the following formula: BMI (kg/m2) = weight (kg)/height (m)2.




2.3.2. Physical Activity


Physical activity was measured using an Active Style Pro (HJA-750C, Omron, Kyoto, Japan). The Active-style Pro has the same level of measurement accuracy as energy expenditure measured by the double-labeled water method [28] and is suitable for measuring physical activity on free-living days. Accelerometers were instructed to be worn for a minimum of 10 h per day for 1 week, except for bathing and other activities where there was a risk of submersion. An accelerometer was attached to the front of the left lumbar region. We distributed a leaflet on equipment precautions and provided individual verbal and practical demonstration explanations to each participant regarding the method of wearing the accelerometers. Furthermore, the accelerometer was set in such a way that only the clock could be viewed, and the participants could not check their step counts. The accelerometers were collected by mail and the data was captured on a personal computer using an Omron USB communication tray (HHX-IT4, Omron, Kyoto, Japan). A macro program (ver. 190829), developed and distributed by the Japan Physical Activity Research Platform, was used for accelerometer data processing [29]. LPA and MVPA times were extracted from the data processed using the macro program, and the mean values per day were calculated and used in the analysis. In this study, LPA was defined as 1.6 Mets to 2.9 Mets of activity, and MVPA was defined as 3 Mets or more of activity [30]. In addition, only those who wore the device for at least 10 h per day for at least 3 days were included in the analysis [31].




2.3.3. Body Composition


Body composition was measured using an Inbody S10 (Inbody Japan, Tokyo, Japan) before all physical function measurements were performed. Furthermore, sufficient rest time was ensured before body composition measurements. All metal objects attached to the participants were removed before the measurements began. The limb to be measured was positioned supine, and electrodes were attached to the thumb, middle finger, and ankle joints bilaterally [32]. The PhA was calculated from the measurements of the right side of the body using the following formula: PhA (°) = (Xc × R) × 180°/π. The higher PhA shows better cellular function [1]. In this study, we defined low PhA as ≤4.95° in males and ≤4.35° in females, using the cutoff value of increased risk of incident disability occurrence in older adults as a reference [19,21].



The SMI was calculated by dividing the skeletal muscle mass of the extremities by the square of the height (SMI [kg/m2] = appendicular skeletal muscle mass [kg]/height [m]2) [32,33,34].




2.3.4. Global Leadership Initiative on Malnutrition (GLIM) Criteria


The GLIM criteria are international standards for the diagnosis of malnutrition. Three phenotypic criteria (weight loss, low BMI, and reduced muscle mass) and two etiologic criteria (reduced food intake or assimilation and inflammation or disease burden) are assessed, and participants are considered malnourished if at least one phenotypic criterion and one etiologic criterion are met [35].




2.3.5. Grip Strength


Grip strength was measured using a Smedley-type digital grip-strength meter (GROP-D; TAKEI, Niigata, Japan). The measurement position included the participant standing, with the elbow joint in extension and the arm lowered to the side of the body for two measurements. The highest values of the two measurements were used in this study.




2.3.6. Short Physical Performance Battery (SPPB)


The SPPB is a physical performance test consisting of balance, gait speed, and chair-stand test [36,37]. Balance tests were performed in a side-by-side stand, semi-tandem stand, and tandem stand for 10 s each. Gait speed was recorded as the time taken to walk 4 m at normal gait speed. The chair-stand test involved the participant starting in a seated position on a chair, and the time for five repetitions of standing up and sitting down was measured. Each item was scored from 0 to 4, with the total score ranging from 0 to 12 points [37]. In this study, the gait speed per meter was calculated from the 4 m gait speed [18].




2.3.7. Muscle Quality


Echo intensity, which reflects intramuscular adipose tissue and is frequently used to assess muscle quality, was used to evaluate muscle quality [38]. Echo intensity was calculated using ultrasound images taken in B mode (gain 85 dB, frequency 8.4 MHz, depth 4.0–7.0 cm) of an ultrasound system (Toshiba, Viamo SSA-640, Tokyo, Japan). The measurement muscle was the rectus femoris of the dominant leg, and the measurement limb was positioned supine on a bed with the ankle joint in the neutral position. Two evaluators, trained in echo intensity measurements, were responsible for the measurements to avoid measurement errors. The linear array probe was gently applied perpendicularly to the skin using a water-soluble permeable gel to prevent shape changes in the muscle due to probe pressure. The echo intensity was calculated from the ultrasound image results using the ImageJ software (version 1.53, National Institutes of Health, Bethesda, MD, USA). Echo intensities were obtained using 8-bit grayscale analysis, with the mean echo intensity of the manually enclosed area analyzed and expressed as a value from 0 to 255 (black = 0; white = 255) [38]. Lower echo intensity values indicated a better condition. In this study, the mean value of the echo intensity calculated from three ultrasound images was used for analysis.





2.4. Statistical Analysis


Means and standard deviations were calculated for continuous variables, and proportions were calculated for categorical variables. Pearson’s correlation coefficient was used to confirm the association between PhA and physical activity, age, BMI, SMI, grip strength, balance ability (SPPB balance tests), gait speed, and muscle quality. Spearman’s rank correlation coefficient was used to confirm the association between PhA and sex and nutrition status (GLIM criteria).



Ten independent variables, including eight confounding factors, were included in this study. Therefore, considering the possibility that the target sample size might not have been reached, we decided that Bayesian statistics, which can provide a stable estimation even with small sample sizes, should be used and adopted as the analytical method [39,40]. Bayesian statistics use a prior distribution and combine Bayesian estimation with the Markov chain Monte Carlo method, which is a random number generation algorithm, to generate parameters estimated as a posterior distribution from the acquired data. Bayesian statistics were selected for the analysis as the study focused on older adults in a specific area (one city), allowing the generation of a posterior distribution that better reflected the characteristics of this area.



As the dependent variable PhA is a continuous variable, modeling was conducted assuming a normal distribution. The settings were as follows: chain 4, iteration 3000, warm-up 2000, and thin 1. The prior distribution was assumed to be uninformed. In the convergence determination, convergence to the steady state was considered to have occurred when the estimated posterior distribution Rhat was less than 1.05 [40].



Age, sex, BMI, SMI, nutrition status (GLIM criteria), grip strength, balance ability (SPPB balance test), gait speed, and muscle quality were selected as adjustment variables. The models assumed a bivariate analysis model with PhA as the dependent variable and LPA and MVPA as independent variables (Model 1) and a multivariate analysis model that included confounding factors in Model 1 (Model 2). The widely applicable information criterion (WAIC) of both models was compared and the one with a lower value was adopted as the better model (the model more predictive of the phenomenon) [41]. WAIC is a measure for predicting true distribution; the closer the number is to zero, the better the model.



The results of the Bayesian statistical analysis were confirmed using Expected A Posteriori (EAP) and 95% Bayesian confidence intervals (CI). The 95% Bayesian CI in Bayesian statistics has a meaning similar to the 95% CI in conventional statistics and is interpreted as significant if the value does not contain zero (allowing for an interpretation independent of the p-value). In this study, t-values, standardized regression coefficients (β), and p-values were also calculated as indices of judgment, in analogy with conventional statistics.



To determine the cutoff value of MVPA time for predicting high PhA in older adults, a receiver operator characteristic (ROC) curve was used to calculate the area under the curve (AUC). The cutoff value was defined as the point with the highest sensitivity and specificity.



SPSS Statistics version 25.0 (IBM, Armonk, NY, USA) was used for descriptive statistics, Pearson’s correlation coefficient analysis, Spearman’s rank correlation coefficient analysis, and ROC analysis. Statistical significance was set at p < 0.05. R software version 4.0.5 (R Foundation for Statistical Computing, Vienna, Austria) with the RStan (version 2.21.2), loo (version 2.4.1), and brms (version 2.15.0) packages was used for Bayesian statistical analysis.





3. Results


3.1. Participants’ Characteristics


The participants’ characteristics are shown in Table 1. The mean age of the 67 participants was 78.3 ± 5.5 years and 83.6% were women. The mean years of education was 13.1 ± 2.1 years, and 44.8% of the participants were older adults living alone. The mean daily time of accelerometer wearing was 850.9 ± 93.9 min/d, the mean LPA time was 346.3 ± 84.0 min/d, and the mean MVPA time was 38.0 ± 23.2 min/d. The mean PhA was 4.4 ± 0.6°.




3.2. Correlation of PhA with LPA and MVPA


Table 2 shows the correlation between PhA and each variable. Significant negative correlations were found between PhA and age (r = −0.343; p < 0.01), sex (r = −0.526; p < 0.01), and muscle quality (r = −0.25; p = 0.041), while SMI (r = 0.581; p < 0.01) and grip strength (r = 0.645; p < 0.01) showed a significant positive correlation. BMI also showed a significant correlation trend with PhA (r = 0.204; p = 0.099). On the other hand, nutrition status (r = −0.176; p = 0.155), balance ability (r = −0.011; p = 0.927), and gait speed (r = −0.068; p = 0.583) showed no significant association.



Figure 2 and Figure 3 show the correlation between PhA and physical activity according to intensity. PhA and LPA were not significantly correlated (r = −0.089; p = 0.475); however, PhA and MVPA were significantly correlated (r = 0.305; p = 0.012).




3.3. Model Selection


Bayesian statistical modeling produced all models as predictive distributions that approximated the true distribution (Rhat < 1.05). Models 1 and 2 produced a WAIC of 115.001 and 94.017, respectively, with Model 2 being selected as the better model.




3.4. Relationship between PhA and Physical Activity (Bayesian Statistics)


Table 3 presents the results of the Bayesian statistics. In the bivariate analysis model with PhA as the dependent variable and LPA and MVPA as independent variables (Model 1), only MVPA was significantly associated; LPA was not. The multivariate analysis model (Model 2) confirmed the association between PhA and MVPA, even after adjusting for confounders (β = 0.256; p = 0.022; 95% Bayesian CI = 0.001, 0.012).




3.5. ROC Analysis


ROC analysis showed AUC = 0.653; p = 0.032; 95% CI = 0.520, 0.785. Cut-off MVPA times were 19.7 min/d (sensitivity = 0.906; specificity = 0.429) (Figure 4).





4. Discussion


In this study, we examined the relationship between PhA and physical activity intensity in Japanese older adults to obtain useful information for establishing strategies to increase PhA in older adults. Bayesian statistics results showed an association between PhA and physical activity among community-dwelling older adults in Japan and found a significant association between PhA and MVPA, even after adjusting for age, sex, BMI, SMI, nutrition status, grip strength, balance ability (SPPB balance tests), gait speed, and muscle quality. The cutoff value for physical activity to predict high PhA was calculated by ROC analysis and found that MVPA of at least 19.7 min per day may be required.



Physiological and pathological conditions (age, sex, BMI, and race) should be considered when measuring PhA [42]. We targeted older Japanese adults as there have been limited studies focusing on PhA and physical activity intensity in this population. Yamada et al. found an association between PhA and MVPA in Japanese adults (age range: 32–69 years) after adjusting for age, sex, height, body fat percentage, body cell mass, and leg muscle power [43]. In a study by Asano et al., in which the participants were limited to older adults, PhA was found to be associated with MVPA after adjusting for age, sex, BMI, years of education, self-rated economic status (very poor/a little poor/normal/little good/very good), alcohol consumption, smoking status, history of diabetes and cancer, and muscle mass [10]. In this study, muscle quality, which has recently been indicated to be related to PhA, was added to the adjusted variables in previous studies and analyzed using a Bayesian statistical model. The results revealed that MVPA was associated with PhA, which is similar to the findings of previous studies. Moreover, physical activity is affected by the residential area and living environment. The target area of this study was the capital of Nara Prefecture, which has urban functions. Therefore, it has different characteristics from rural areas, which was the object of the previous study. Furthermore, comparing the major industries in each region–1.3% vs. 5.7% (Nara vs. previous study area) in the primary industry and 16.7% vs. 25.0% (Nara vs. previous study area) in the secondary industry [44,45]—it is predicted that the living environments are also different. MVPA was related to PhA even in older adults who belonged to regions where such characteristics were different; hence, this study enhances the scientific evidence of the contribution of MVPA to PhA.



However, LPA was not associated with PhA in the participants in this study. Unlike conventional statistics, Bayesian statistics allow the null hypothesis to be “adopted” [46]. Because the previous study used conventional statistical methods, the null hypothesis for the association between LPA and PhA, which did not show a significant difference, could not be adopted and thus could not be clarified. Therefore, using Bayesian statistics, the present study clarified the possibility that LPA is not associated with PhA in older adults. The effect of training on the PhA has been confirmed mainly with exercises that do not belong to the LPA group, such as resistance training [47]. In addition, although the relationship between muscle mass and the PhA has been reported [21], it has also been reported that older adults who participate in recreational activities (golfing, gardening, tennis, and/or cycling) more than three times a week together with activities of daily living (walking, grocery shopping, and gardening) could reduce their decline in muscle mass with aging more than inactive older adults [48]. Uemura et al. investigated the relationship between PhA and physical activity level (PAL) and found that PhA and PAL were related regardless of sex [49]. Because PAL indicates the mean intensity of daily activities, older adults who live with high activity intensity can be interpreted as having a higher PhA. Although it was not possible to identify a causal relationship in this study, both its results and trends from previous studies suggest that an increase in MVPA is important for improving PhA. In the future, longitudinal studies should be conducted to examine the causal relationship between MVPA and PhA.



The correlation between PhA and each of the variables in this study showed that age, sex, and muscle quality had significant negative correlations, while SMI and grip strength had significant positive correlations. Furthermore, BMI also showed a significant correlation trend with PhA These relationships were similar to those found in previous studies [9,18,21]. On the other hand, there was no correlation between PhA and nutrition status, balance ability (SPPB balance tests), and gait speed. The GLIM criteria for nutrition status were used in this study, which indicated that only 10% of the participants were undernourished, suggesting that the results were influenced by the fact that most of the participants were in good nutritional condition. In addition, most of the participants had perfect scores on the balance test and gait speed evaluation, which are related to SPPB, and the low variability of the measured values is likely to have influenced the results. In addition, since the Timed Up and Go test was used as the balance test in the previous study [20], the specificity of the test may have influenced the results.



In this study, ROC analysis suggested that engaging in MVPA for more than 19.7 min per day may predict high PhA. This result indicates that approximately 140 min or more of MVPA per week is required. This value is similar to the amount of exercise (at least 150–300 min of moderate-intensity aerobic physical activity or at least 75–150 min of vigorous-intensity aerobic physical activity) recommended by the World Health Organization’s Guidelines on Physical Activity and Sedentary Behavior [50]. However, caution must be exercised in interpreting the results of this study. The AUC calculated from the ROC analysis was 0.653, leaving the question of accuracy. Since the number of participants in this study was small, it is necessary to increase the number of participants to improve the accuracy of the analysis and to examine the reference values for age and sex in the future.



In this study, we found an association between PhA and MVPA in older Japanese adults living in a medium-sized city after adjusting for important confounders. However, this study had several limitations. First, as this was a cross-sectional study, the causal relationship between PhA and MVPA could not be clarified. In the future, it is necessary to conduct longitudinal studies and observe the effects of MVPA on PhA over a longer period. In addition, given the low rate of compliance with physical activity guidelines among older adults [51], interventional studies on increasing MVPA among older adults are needed. Second, the sample size was small. This issue was addressed using Bayesian statistical modeling. However, Bayesian statistics reflect the attributes of the target population, and it is unclear whether the results of this study are applicable to other regions. It is necessary to collect data on different participants from other regions and perform a Bayesian update based on the results. To recruit enough number of participants for future studies, we will conduct outreach activities regarding this study and the health checkup project. In addition, we will also strive to provide opportunities for information meetings in municipalities outside the areas covered by this study. Third, we were unable to analyze the data according to sex or age. Although related to the second limitation, the small number of participants in the analysis made it difficult to analyze by age and sex. Although we adjusted for age and sex by including them as covariates, we believe that a more detailed analysis is needed because PhA and physical activity differ by age and sex [42,52,53]. Fourth, this study used the BIA method (Inbody S10), which is widely used as a simple and non-invasive method for measuring body composition. However, the validity of this body-composition method could vary depending on the characteristics of the target population (country studied, health status) and age [54,55]. In addition, in this study, SMI was calculated based on manuals and previous studies. However, studies in Europe have proposed methods of calculating SMI that could take sex and BMI into account [55]. In the future, if an appropriate method for calculating SMI in Japanese people is clarified, taking that method of calculation into account before analysis will also be necessary.




5. Conclusions


The results of this study clarify the association between PhA and MVPA in community-dwelling older adults. The results additionally suggest the need to examine interventions that increase MVPA and the effects thereof, in addition to the resistance training-centered intervention studies that have been previously conducted, in the effort to examine ways to increase PhA in older adults. Furthermore, future studies are needed to elucidate the causal relationship between PhA and MVPA through longitudinal research and interventional studies are needed to examine the effects of MVPA on PhA.



In addition, the results of this study suggest that the cutoff value that predicts high PhA in older adults is an MVPA of 19.7 min or more per day. Although further studies with a larger number of participants are needed to improve the accuracy of the analysis, the results may be used as information for recommending MVPA for older adults.







Author Contributions


Conceptualization, D.N., K.F., Y.T., Y.K., K.Y. and K.N.; methodology, D.N., K.F., Y.T., Y.K., K.Y., K.N. and N.T.; validation, D.N., K.F., Y.T., Y.K., K.Y. and K.N.; formal analysis, D.N. and K.Y.; investigation, D.N., K.F., Y.T., Y.K., K.Y., K.N., N.T., S.T. and T.I.; resources, D.N., K.F., Y.T., Y.K., Y.K., K.N. and N.T.; data curation, D.N.; writing—original draft preparation, D.N.; writing—review and editing, D.N., K.F., Y.K., K.Y., K.N., N.T., S.T. and T.I.; visualization, D.N., K.F., Y.T., Y.K., K.Y. and K.N.; supervision, D.N. and K.F.; project administration, D.N., K.F., Y.T. and Y.K.; funding acquisition, D.N. All authors except Y.T. have read and agree to the published version of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the graduate schools of Naragaluen University (funding number 21iaea).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Review Committee of Naragakuen University (approval number: 4-H026; dates of approval: 15 November 2022).




Informed Consent Statement


Informed consent was obtained from all participants involved in the study.




Data Availability Statement


The data supporting the findings of this study are available upon request from the corresponding author. The data are not publicly available because of privacy and ethical restrictions.




Acknowledgments


We are grateful to all participants and the Nara Tomigaoka and Tomio Regional Comprehensive Support Center for their cooperation.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Norman, K.; Stobäus, N.; Pirlich, M.; Bosy-Westphal, A. Bioelectrical phase angle and impedance vector analysis—Clinical relevance and applicability of impedance parameters. Clin. Nutr. 2012, 31, 854–861. [Google Scholar] [CrossRef] [PubMed]

	



Wilhelm-Leen, E.R.; Hall, Y.N.; Horwitz, R.I.; Chertow, G.M. Phase angle, frailty and mortality in older adults. J. Gen. Intern. Med. 2014, 29, 147–154. [Google Scholar] [CrossRef] [PubMed]

	



Mundstock, E.; Amaral, M.A.; Baptista, R.R.; Sarria, E.E.; Dos Santos, R.R.G.; Filho, A.D.; Mattiello, R. Association between phase angle from bioelectrical impedance analysis and level of physical activity: Systematic review and meta-analysis. Clin. Nutr. 2019, 38, 1504–1510. [Google Scholar] [CrossRef]

	



von Loeffelholz, C.; Birkenfeld, A.L. Non-Exercise Activity Thermogenesis in Human Energy Homeostasis. Endotext [Internet]. 2022. Available online: https://www.ncbi.nlm.nih.gov/books/NBK279077/ (accessed on 15 November 2023).

	



Gunn, S.M.; Halbert, J.A.; Giles, L.C.; Stepien, J.M.; Miller, M.D.; Crotty, M. Bioelectrical phase angle values in a clinical sample of ambulatory rehabilitation patients. Dyn. Med. 2008, 7, 14. [Google Scholar] [CrossRef] [PubMed]

	



Selberg, O.; Selberg, D. Norms and correlates of bioimpedance phase angle in healthy human subjects, hospitalized patients, and patients with liver cirrhosis. Eur. J. Appl. Physiol. 2002, 86, 509–516. [Google Scholar] [CrossRef] [PubMed]

	



Piccoli, A.; Pillon, L.; Dumler, F. Impedance vector distribution by sex, race, body mass index, and age in the United States: Standard reference intervals as bivariate Z scores. Nutrition 2002, 18, 153–167. [Google Scholar] [CrossRef]

	



Gonzalez, M.C.; Barbosa-Silva, T.G.; Bielemann, R.M.; Gallagher, D.; Heymsfield, S.B. Phase angle and its determinants in healthy subjects: Influence of body composition. Am. J. Clin. Nutr. 2016, 103, 712–716. [Google Scholar] [CrossRef]

	



Barbosa-Silva, M.C.G.; Barros, A.J.; Wang, J.; Heymsfield, S.B.; Pierson, R.N., Jr. Bioelectrical impedance analysis: Population reference values for phase angle by age and sex. Am. J. Clin. Nutr. 2005, 82, 49–52. [Google Scholar] [CrossRef]

	



Asano, Y.; Nagata, K.; Shibuya, K.; Fujii, Y.; Kitano, N.; Okura, T. Association of 24-h movement behaviors with phase angle in community-dwelling older adults: A compositional data analysis. Aging Clin. Exp. Res. 2023, 35, 1469–1476. [Google Scholar] [CrossRef]

	



Soma, Y.; Tsunoda, K.; Kitano, N.; Jindo, T.; Tsuji, T.; Saghazadeh, T.; Okura, T. Relationship between built environment attributes and physical function in Japanese community-dwelling older adults. Geriatr. Gerontol. Int. 2017, 17, 382–390. [Google Scholar] [CrossRef]

	



Iwai, N.; Yoshiike, N.; Saitoh, S.; Nose, T.; Kushiro, T.; Tanaka, H. Leisure-time physical activity and related lifestyle characteristics among middle-aged Japanese. J. Epidemiol. 2000, 10, 226–233. [Google Scholar] [CrossRef] [PubMed]

	



Ishii, K.; Shibata, A.; Oka, K. Environmental, psychological, and social influences on physical activity among Japanese adults: Structural equation modeling analysis. Int. J. Behav. Nutr. Phys. Act. 2010, 7, 61. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Yatsuya, H.; Hanibuchi, T.; Ota, A.; Naito, H.; Otsuka, R.; Murata, C.; Hirakawa, Y.; Chiang, C.; Uemura, M.; et al. Positive association of physical activity with both objective and perceived measures of the neighborhood environment among older adults: The Aichi Workers’ Cohort Study. Int. J. Environ. Res. Public Health 2020, 17, 7971. [Google Scholar] [CrossRef]

	



O’Loughlin, J.; Casanova, F.; Fairhurst-Hunter, Z.; Hughes, A.; Bowden, J.; Watkins, E.R.; Freathy, R.M.; Millwood, I.Y.; Lin, K.; Chen, Z.; et al. Mendelian randomisation study of body composition and depression in people of East Asian ancestry highlights potential setting-specific causality. BMC Med. 2023, 21, 37. [Google Scholar] [CrossRef] [PubMed]

	



Anzai, I.; Sakamoto, K.; Togo, M.; Katsunuma, H. A comparative study of body composition of urban and rural Japanese boys 12 to 14 years old. Ann. Hum. Biol. 1981, 8, 109–117. [Google Scholar] [CrossRef]

	



Wang, J.; Rennie, K.L.; Gu, W.; Li, H.; Yu, Z.; Lin, X. Independent associations of body-size adjusted fat mass and fat-free mass with the metabolic syndrome in Chinese. Ann. Hum. Biol. 2009, 36, 110–121. [Google Scholar] [CrossRef]

	



Germano, M.L.; Dos Santos Gomes, C.; Azevedo, I.G.; Fernandes, J.; de Medeiros Freitas, R.V.; Guerra, R.O. Relationship between phase angle and physical performance measures in community-dwelling older adults. Exp. Gerontol. 2021, 152, 111466. [Google Scholar] [CrossRef]

	



Kajiyama, S.; Nakanishi, N.; Yamamoto, S.; Ichikawa, T.; Okamura, T.; Hashimoto, Y.; Kitagawa, N.; Hamaguchi, M.; Fukui, M. The impact of nutritional markers and dietary habits on the bioimpedance phase angle in older individuals. Nutrients 2023, 15, 3599. [Google Scholar] [CrossRef]

	



Matias, C.N.; Nunes, C.L.; Francisco, S.; Tomeleri, C.M.; Cyrino, E.S.; Sardinha, L.B.; Silva, A.M. Phase angle predicts physical function in older adults. Arch. Gerontol. Geriatr. 2020, 90, 104151. [Google Scholar] [CrossRef]

	



Akamatsu, Y.; Kusakabe, T.; Arai, H.; Yamamoto, Y.; Nakao, K.; Ikeue, K.; Ishihara, Y.; Tagami, T.; Yasoda, A.; Ishii, K.; et al. Phase angle from bioelectrical impedance analysis is a useful indicator of muscle quality. J. Cachexia Sarcopenia Muscle 2022, 13, 180–189. [Google Scholar] [CrossRef]

	



Uemura, K.; Doi, T.; Tsutsumimoto, K.; Nakakubo, S.; Kim, M.; Kurita, S.; Ishii, H.; Shimada, H. Predictivity of bioimpedance phase angle for incident disability in older adults. J. Cachexia Sarcopenia Muscle 2020, 11, 46–54. [Google Scholar] [CrossRef] [PubMed]

	



Chen, T.; Honda, T.; Chen, S.; Narazaki, K.; Kumagai, S. Dose–response association between accelerometer-assessed physical activity and incidence of functional disability in older Japanese adults: A 6-Year Prospective Study. J. Gerontol. A Biol. Sci. Med. Sci. 2020, 75, 1763–1770. [Google Scholar] [CrossRef] [PubMed]

	



Peduzzi, P.; Concato, J.; Feinstein, A.R.; Holford, T.R. Importance of events per independent variable in proportional hazards regression analysis. II. Accuracy and precision of regression estimates. J. Clin. Epidemiol. 1995, 48, 1503–1510. [Google Scholar] [CrossRef] [PubMed]

	



Government of Nara City. Population of Nara City. Available online: https://www-city-nara-lg-jp.translate.goog/soshiki/7/150603.html?_x_tr_sl=ja&_x_tr_tl=en&_x_tr_hl=ja (accessed on 15 November 2023).

	



Government of Nara City. Population Trends. Available online: https://www-city-nara-lg-jp.translate.goog/soshiki/7/128757.html?_x_tr_sl=ja&_x_tr_tl=en&_x_tr_hl=ja (accessed on 15 November 2023).

	



Government of Nara City. 2023 Basic Statistical Survey Data by School. Available online: https://www.city.nara.lg.jp/uploaded/attachment/162862.pdf (accessed on 15 November 2023).

	



Murakami, H.; Kawakami, R.; Nakae, S.; Yamada, Y.; Nakata, Y.; Ohkawara, K.; Sasai, H.; Ishikawa-Takata, K.; Tanaka, S.; Miyachi, M. Accuracy of 12 wearable devices for estimating physical activity energy expenditure using a metabolic chamber and the doubly labeled water method: Validation study. JMIR mHealth uHealth 2019, 7, e13938. [Google Scholar] [CrossRef] [PubMed]

	



Japan Physical Activity Research Platform. Device. Available online: http://paplatform.umin.jp (accessed on 29 March 2023). (In Japanese).

	



Gibbs, B.B.; Hergenroeder, A.L.; Katzmarzyk, P.T.; Lee, I.M.; Jakicic, J.M. Definition, measurement, and health risks associated with sedentary behavior. Med. Sci. Sport. Exerc. 2015, 47, 1295–3000. [Google Scholar] [CrossRef] [PubMed]

	



Hart, T.L.; Swartz, A.M.; Cashin, S.E.; Strath, S.J. How many days of monitoring predict physical activity and sedentary behaviour in older adults? Int. J. Behav. Nutr Phys. Act. 2011, 8, 62. [Google Scholar] [CrossRef] [PubMed]

	



Kubo, Y.; Noritake, K.; Nakashima, D.; Fujii, K.; Yamada, K. Relationship between nutritional status and phase angle as a noninvasive method to predict malnutrition by sex in older inpatients. Nagoya J. Med. Sci. 2021, 83, 31–40. [Google Scholar] [PubMed]

	



Kurban, M.; Zeng, N.; Wang, M.; Liu, H.; Wu, J.R.; Feng, G.; Liu, M.; Guo, Q. Role of Human Body Composition Analysis and Malnutrition Risk Questionnaire in the Assessment of Nutritional Status of Patients with Initially Diagnosed Crohn’s Disease. Front. Med. 2020, 7, 106. [Google Scholar] [CrossRef]

	



Tanaka, H.; Kitamura, G.; Tamura, M.; Nankaku, M.; Taniguchi, M.; Kikuchi, T.; Maki, T.; Ikeguchi, R.; Miyamoto, S.; Takahashi, R.; et al. Pre-stroke physical activity is associated with post-stroke physical activity and sedentary behavior in the acute phase. Sci. Rep. 2023, 13, 21298. [Google Scholar] [CrossRef]

	



Cederholm, T.; Jensen, G.L.; Correia, M.I.T.D.; Gonzalez, M.C.; Fukushima, R.; Higashiguchi, T.; Baptista, G.; Barazzoni, R.; Blaauw, R.; Coats, A.J.S.; et al. GLIM criteria for the diagnosis of malnutrition—A consensus report from the global clinical nutrition community. J. Cachexia Sarcopenia Muscle 2019, 10, 207–217. [Google Scholar] [CrossRef]

	



Mijnarends, D.M.; Meijers, J.M.; Halfens, R.J.; ter Borg, S.; Luiking, Y.C.; Verlaan, S.; Schoberer, D.; Jentoft, A.J.; van Loon, L.J.; Schols, J.M. Validity and reliability of tools to measure muscle mass, strength, and physical performance in community-dwelling older people: A systematic review. J. Am. Med. Dir. Assoc. 2013, 14, 170–178. [Google Scholar] [CrossRef] [PubMed]

	



Kong, H.H.; Won, C.W.; Kim, W. Effect of sarcopenic obesity on deterioration of physical function in the elderly. Arch. Gerontol. Geriatr. 2020, 89, 104065. [Google Scholar] [CrossRef] [PubMed]

	



Akazawa, N.; Kishi, M.; Hino, T.; Tsuji, R.; Tamura, K.; Hioka, A.; Moriyama, H. Relationship between muscle mass and fraction of intramuscular adipose tissue of the quadriceps in older inpatients. PLoS ONE 2022, 17, e0263973. [Google Scholar] [CrossRef]

	



Gelman, A. Prior distributions for variance parameters in hierarchical models (comment on article by Browne and Draper). Bayesian Anal. 2006, 1, 515–534. [Google Scholar] [CrossRef]

	



Gelman, A.; Carlin, J.B.; Stern, H.S.; Dunson, D.B.; Vehtari, A.; Rubin, D.B. Bayesian Data Analysis; Chapman & Hall/Crc.C: Boca Raton, FL, USA, 2013. [Google Scholar]

	



Watanabe, S. Asymptotic equivalence of Bayes cross validation and widely applicable information criterion in singular learning theory. J. Mach. Learn. Res. 2010, 11, 3571–3594. [Google Scholar]

	



Bellido, D.; García-García, C.; Talluri, A.; Lukaski, H.C.; García-Almeida, J.M. Future lines of research on phase angle: Strengths and limitations. Rev. Endocr. Metab. Disord. 2023, 24, 563–583. [Google Scholar] [CrossRef]

	



Yamada, Y.; Yoshida, T.; Murakami, H.; Kawakami, R.; Gando, Y.; Ohno, H.; Tanisawa, K.; Konishi, K.; Julien, T.; Kondo, E.; et al. Phase angle obtained via bioelectrical impedance analysis and objectively measured physical activity or exercise habits. Sci. Rep. 2022, 12, 17274. [Google Scholar] [CrossRef]

	



Government of Nara City. Environment of Nara City (Reiwa 4th Edition). Available online: https://www.city.nara.lg.jp/uploaded/attachment/162712.pdf (accessed on 15 November 2023).

	



Government of Kasama City. Reiwa 4th Edition Statistics Kasama. Available online: https://www.city.kasama.lg.jp/data/doc/1677035792_doc_70_0.pdf (accessed on 15 November 2023).

	



Kruschke, J.K. Bayesian estimation supersedes the t-test. J. Exp. Psychol. 2013, 142, 573–603. [Google Scholar] [CrossRef]

	



Martins, A.D.; Fernandes, O.; Oliveira, R.; Bilro, V.; Lopes, G.; Rego, A.M.; Parraça, J.A.; Raimundo, A.M.M.; Brito, J.P. Effects of exercise programs on phase angle in older adults: A systematic review and meta-analysis. Arch. Gerontol. Geriatr. 2022, 103, 104787. [Google Scholar] [CrossRef]

	



Safdar, A.; Hamadeh, M.J.; Kaczor, J.J.; Raha, S.; Debeer, J.; Tarnopolsky, M.A. Aberrant mitochondrial homeostasis in the skeletal muscle of sedentary older adults. PLoS ONE 2010, 5, e10778. [Google Scholar] [CrossRef]

	



Uemura, K.; Yamada, M.; Saho, K.; Okamoto, H. Association of bio-impedance phase angle and physical activity level in older adults. Phys. Ther. Jpn. 2019, 46, 143–151. [Google Scholar]

	



World Health Organization. WHO Guidelines on Physical Activity and Sedentary Behaviour. Available online: https://iris.who.int/bitstream/handle/10665/336656/9789240015128-eng.pdf?isAllowed=y&sequence=1 (accessed on 18 December 2023).

	



Keadle, S.K.; McKinnon, R.; Graubard, B.I.; Troiano, R.P. Prevalence and trends in physical activity among older adults in the United States: A comparison across three national surveys. Prev. Med. 2016, 89, 37–43. [Google Scholar] [CrossRef] [PubMed]

	



Amagasa, S.; Fukushima, N.; Kikuchi, H.; Takamiya, T.; Oka, K.; Inoue, S. Light and sporadic physical activity overlooked by current guidelines makes older women more active than older men. Int. J. Behav. Nutr. Phys. Act. 2017, 14, 59. [Google Scholar] [CrossRef] [PubMed]

	



Ishikawa-Takata, K.; Nakae, S.; Sasaki, S.; Katsukawa, F.; Tanaka, S. Age-related decline in physical activity level in the healthy older Japanese population. J. Nutr. Sci. Vitaminol. 2021, 67, 330–338. [Google Scholar] [CrossRef]

	



Buckinx, F.; Reginster, J.Y.; Dardenne, N.; Croisiser, J.L.; Kaux, J.F.; Beaudart, C.; Slomian, J.; Bruyère, O. Concordance between muscle mass assessed by bioelectrical impedance analysis and by dual energy X-ray absorptiometry: A cross-sectional study. BMC Musculoskelet. Disord. 2015, 16, 60. [Google Scholar] [CrossRef]

	



Jayanama, K.; Putadechakun, S.; Srisuwarn, P.; Vallibhakara, S.A.; Shantavasinkul, P.C.; Sritara, C.; Kantachuvesiri, S.; Komindr, S. Evaluation of Body Composition in Hemodialysis Thai Patients: Comparison between Two Models of Bioelectrical Impedance Analyzer and Dual-Energy X-Ray Absorptiometry. J. Nutr. Metab. 2018, 2018, 4537623. [Google Scholar] [CrossRef]








[image: Healthcare 12 00167 g001] 





Figure 1. Flowchart of participant selection. 
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Figure 2. Correlation between PhA and LPA. PhA, phase angle; LPA, light-intensity physical activity. 
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Figure 3. Correlation between PhA and MVPA. PhA, phase angle; MVPA, moderate to vigorous physical activity. 
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Figure 4. ROC curve of MVPA time for predicting high phase angle. AUC, area under the receiver operator characteristic curve; CI, confidence interval. 
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Table 1. Participants’ characteristics.
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Characteristic

	
Frequency (n = 67)






	
Age (years), mean ± SD

	
78.4 ± 5.5




	
Female (%)

	
83.6




	
Body mass index (kg/m2), mean ± SD

	
22.6 ± 3.4




	
Education (years), mean ± SD

	
13.1 ± 2.1




	
Living alone (%)

	
44.8




	
Accelerometer data

	
Wearing time (min/d), mean ± SD

	
850.9 ± 93.9




	
LPA (min/d), mean ± SD

	
346.3 ± 84.0




	
MVPA (min/d), mean ± SD

	
38.0 ± 23.2




	
Body Composition

	
Phase angle (°), mean ± SD

	
4.4 ± 0.6




	
Low phase angle (%)

	
52.2




	
SMI (kg/m2), mean ± SD

	
5.9 ± 0.8




	
Malnutrition (%)

	
11.9




	
Grip strength (kg), mean ± SD

	
22.1 ± 6.1




	
SPPB

	
Balance (score), median (first-third quartile)

	
4 (4-4)




	
Gait speed (score), median (first-third quartile)

	
4 (4-4)




	
Chair stand (score), median (first-third quartile)

	
4 (4-4)




	
Total (score), median (first-third quartile)

	
12 (12-12)




	
Gait speed (m/s), mean ± SD

	
1.5 ± 0.4




	
Muscle quality, mean ± SD

	
44.0 ± 11.8








SD, standard deviation; LPA, light-intensity physical activity; MVPA, moderate-to-vigorous physical activity; SMI, skeletal muscle mass index; SPPB, short physical performance battery. Wearing time is the number of hours the accelerometer is worn per day. Malnutrition describes the percentage of participants judged to be malnourished by the GLIM criteria. Muscle quality is a result of Echo intensity.













 





Table 2. Relationship between PhA and each variable.
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	Characteristic
	Correlation Coefficient
	p-Value





	Age (years)
	−0.343
	<0.01



	Sex
	−0.526
	<0.01



	Body mass index (kg/m2)
	0.204
	0.099



	LPA (min/d)
	−0.089
	0.475



	MVPA (min/d)
	0.305
	0.012



	SMI (kg/m2)
	0.581
	<0.01



	Malnutrition
	−0.176
	0.155



	Grip strength (kg)
	0.645
	<0.01



	SPPB; balance tests (score)
	−0.011
	0.927



	Gait speed (m/s)
	−0.068
	0.583



	Muscle quality
	−0.250
	0.041







LPA, light-intensity physical activity; MVPA, moderate-to-vigorous physical activity; SMI, skeletal muscle mass index; SPPB, Short Physical Performance Battery.













 





Table 3. Relationship between PhA and physical activity (Bayesian statistics).
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Model 1

	

	
Model 2




	
EAP

	
β

	
t

	
p-Value

	
95% Bayesian CI

	

	
EAP

	
β

	
t

	
p-Value

	
95% Bayesian CI






	
LPA

	
−0.002

	
−0.228

	
−1.775

	
0.08

	
−0.003

	
0.001

	

	
−0.001

	
−0.113

	
−0.96

	
0.341

	
−0.002

	
0.001




	
MVPA

	
0.01

	
0.389

	
2.93

	
0.005

	
0.003

	
0.016

	

	
0.007

	
0.256

	
2.347

	
0.022

	
0.001

	
0.012




	
Age

	

	

	

	

	

	

	

	
−0.018

	
−0.173

	
−1.537

	
0.13

	
−0.041

	
0.006




	
Sex

	

	

	

	

	

	

	

	
0.097

	
0.064

	
0.28

	
0.781

	
−0.581

	
0.766




	
Body mass index

	

	

	

	

	

	

	

	
0.017

	
0.098

	
0.592

	
0.556

	
−0.039

	
0.073




	
SMI

	

	

	

	

	

	

	

	
0.12

	
0.175

	
0.712

	
0.479

	
−0.208

	
0.445




	
Malnutrition

	

	

	

	

	

	

	

	
−0.017

	
−0.014

	
−0.115

	
0.909

	
−0.318

	
0.265




	
Grip strength

	

	

	

	

	

	

	

	
0.034

	
0.358

	
1.64

	
0.107

	
−0.008

	
0.074




	
SPPB (balance tests)

	

	

	

	

	

	

	

	
−0.008

	
−0.004

	
−0.052

	
0.959

	
−0.331

	
0.309




	
Gait speed

	

	

	

	

	

	

	

	
−0.156

	
−0.102

	
−0.988

	
0.327

	
−0.464

	
0.161




	
Muscle quality

	

	

	

	

	

	

	

	
0.002

	
0.043

	
0.385

	
0.702

	
−0.008

	
0.012




	

	
WAIC = 115.001

	

	
WAIC = 94.017








EAP, expected a posteriori; CI, confidence interval; LPA, light-intensity physical activity; MVPA, moderate-to-vigorous physical activity; SMI, skeletal muscle mass index; SPPB, short physical performance battery. Muscle quality used Echo Intensity results. Model 1 is a model with no adjustment. Model 2 was adjusted for age, sex, BMI, SMI, grip strength, SPPB, gait speed, and muscle quality.
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