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Abstract 

Background 

Dynamic high-intensity physical activity is thought to be beneficial for older adults’ bone 

health. Traditional volume-based processing of accelerometer-measured physical activity 

data, quantified on a minute-per-minute basis, may average out sporadic high impact activity, 

whereas accelerometer data processing approaches based on identifying impacts can capture 

also these potentially beneficial short activity bursts. We investigated the associations 

between habitual physical activity and proximal femur bone traits among sedentary older 

adults utilizing three different numerical treatments of accelerometer-data to examine, if 

impact-based processing approaches are more suitable to assess bone loading than volume-

based processing of physical activity data among older adults.  

Methods  

This cross-sectional study utilized the baseline data from the PASSWORD-study (n=284, 

mean ± SD age 74 ± 4 years, 57 % women).  Total femur bone mineral content (BMC) and 

bone mineral density (BMD), femoral neck BMC, BMD, section modulus and minimal width 

(MNW) were measured with dual energy x-ray absorptiometry. Physical activity was 

measured for seven consecutive days with a tri-axial accelerometer. Raw acceleration data 

was processed in three different ways and quantified as i) mean daily minutes in sedentary, 

light and moderate-to-vigorous-intensity activity, ii) mean daily number of acceleration peaks 

divided into low (1.5 g to 2.0 g), medium (2.0 g to 2.5 g) and high (> 2.5 g) impacts, and iii) 

mean daily osteogenic index, which is a summary score calculated from log-transformed 

number of impact peaks in 32 intensity bands (≥ 1.3 g). Associations between physical 

activity measures and each bone trait were estimated with multiple linear regression adjusted 

with covariates (age, sex, weight, height, smoking, physical function, medication). 

Results  

Participants recorded on average 10 h sedentary, 2.5 hrs light and 32 min moderate-to-

vigorous activity, and 3937 low, 494 medium and 157 high impacts per day. Mean osteogenic 

index score was 173. Light physical activity was positively associated with all bone traits 

(beta = 0.147 to 0.182, p<0.001 to p=0.005) except MNW. Sedentary or moderate-to-
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vigorous activity, low, medium or high impacts or osteogenic index were not associated with 

any bone parameter.   

Conclusions  

Light physical activity may decelerate the age-related bone loss in older adults who do not 

meet the physical activity recommendations. In this population, the amount of high impact 

activity may be insufficient to stimulate bone remodelling. 

Keywords: accelerometer, physical activity, sedentary, older adults, bone mineral content, 

bone mineral density 

 

1 Introduction 

Life-long physical activity is one of the major non-pharmacological methods to prevent and 

treat osteoporosis [1–3] but the evidence on which exact types and intensities of exercise are 

sufficient to promote bone health in older age is still inconsistent [4]. Notably, specific 

prescription of physical activity for bone health for older people is conspicuously absent from 

the current American physical activity recommendations [5]. Impact activities including 

hopping and jogging are likely to have higher osteogenic potential than habitual walking also 

for older adults [6]. However, the majority of older adults do not engage in high-intensity 

physical activity, but prefer light activities such as walking [7].  

Findings on the associations between accelerometer-based physical activity and bone 

parameters in older adults are scarce and inconclusive. Some [8, 9], but not all [10, 11], 

studies have shown a positive association between moderate-to-vigorous intensity physical 

activity and femoral neck bone parameters. However, accelerometer-data is usually averaged 

into mean intensity of each 15–60 second epoch, which may artificially prevent the ability to 

detect potentially osteogenic high-impact activity, which may occur in short bursts [12, 13], 

such as in stair climbing. Therefore, other accelerometer-data processing approaches are 

necessary to investigate bone loading physical activity. 

A few alternative raw acceleration data processing approaches appropriate for bone loading 

evaluation have been developed, which capitalise on the physiological understanding that 

bone responds to strain magnitude and rate [14, 15]. For example, Ahola and colleagues [12] 
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presented a method based on identifying all impact peaks present in a prolonged 

accelerometry recording. The osteogenic index, also known as daily impact score, is then 

calculated by dividing the impact peaks into 32 intensity bands (from 1.3 to 10 times body 

weight) based on the maximum acceleration of the peak. Subsequently the number of peaks 

in the bands are summed together with each band weighted with the logarithm of the peaks 

within it [12]. A more straightforward approach is to summarize the amount of acceleration 

peaks within a specified number of intensity bands, and use the count within each band as a 

measure [16–19].  

Osteogenic indices have been shown to be associated with bone traits in premenopausal [12] 

and postmenopausal women [20]. Even a low volume of high impacts corresponding to 

jogging or running has been beneficially associated with bone traits in adolescents [21], 

premenopausal [19, 22], postmenopausal [22] and older women [18]. While a minimal 

impact threshold of around 5 times body weight has been identified for adolescents and 

young and middle-aged adults for positive bone adaptations [19, 21], it has been proposed 

that lower-intensity impacts may create similar mechanical strains and thus be associated 

with better bone health among older people as higher intensity activity among younger 

people [16, 18, 22]. However, studies among older men are lacking altogether, and a dearth 

of research is to be found with older women as well.  

Among older adults, the amount of high intensity impacts has been very low in earlier studies 

[17, 18, 23]. We have previously investigated the amount of physical activity accumulated 

through the gradation of intensities among older men and women who were at most 

moderately active by self-report [24]. We observed that less than one third of participants 

recorded any activity at intensities corresponding to walking faster than 5 km/h during the 

measurement week and the amount of activity corresponding to jogging was, for all intents 

and purposes, non-existing [24]. However, in that study the raw acceleration data were 

averaged into one-minute epochs, and the amount of impacts remained unknown. Therefore, 

the purpose of this cross-sectional study was to investigate the amount of potentially 

osteogenic high-impact activity and the associations of accelerometer-based physical activity 

with proximal femur bone traits among older men and women who did not meet physical 

activity recommendations. We utilized three different accelerometer-data processing 

approaches. First, we divided physical activity into sedentary, light and moderate-to-vigorous 

intensity activity [13]. Then we calculated the amount of low, medium and high impacts [16] 
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and finally, the osteogenic index [12]. Based on the previous literature, we hypothesized that 

osteogenic index and the amount of high impacts would be more strongly associated with 

bone properties than the volume-based (minutes of activity within a particular intensity 

range) physical activity measure. 

2 Materials and methods 

2.1 Study design and participants 

This cross-sectional study utilized the baseline data of the Promoting safe walking among 

older people (PASSWORD, ISRCTN52388040) –study. Study design and recruitment 

process have been described in detail by Sipilä et al [25] and the study flow for baseline 

measurements by Savikangas et al [24]. Briefly, participants were eligible for the study if 

they were 70–85 years old, community-dwelling, lived in the city of Jyväskylä, Finland, did 

not meet the current physical activity recommendations by self-report (less than 150 min of 

walking/week and no regular resistance training), could walk 500 m without assistance, and 

scored ≥ 24 points in the Mini Mental State Examination (MMSE) test. Exclusion criteria 

were severe chronic condition and/or medication, behavioural factor that could have 

compromised participation in the study, severe vision or hearing problem, heavy alcohol 

consumption, and other family member participating in the PASSWORD-study. From the 

initial random sample of 3862 people drawn from the Finnish national population registry, 

2684 could be contacted by phone. Of them, 401 were invited to laboratory measurements 

after an initial screening interview, and finally 314 were recruited to the study after additional 

review of the exclusion criteria at the laboratory. The final sample for the present study 

included 284 participants with acceptable data on accelerometer-measured physical activity 

and bone properties.  

This study has been carried out in accordance with The Code of Ethics of the World Medical 

Association (Declaration of Helsinki). The study protocol was approved by the Ethics 

committee of the Central Finland Health Care District (14/12/2016, ref: 11/2016). Informed 

consent was obtained from all individual participants included in the study. 

 

2.2 Measurements 
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2.2.1 Bone properties 

Femoral neck and total proximal femur bone mineral content (BMC, g), bone mineral density 

(BMD, g/cm
2
) and the T-score were measured with dual energy x-ray absorptiometry (DXA, 

LUNAR Prodigy, GE Healthcare, Madison, WI, USA). Subsequently, femoral neck section 

modulus (SM [mm³], an index of bending strength) and minimal neck width (MNW [mm], an 

outer diameter of the bone) at the narrowest femoral neck section were calculated with 

advanced hip structural analysis (AHA). Based on the femoral neck T-score participants were 

categorize as normal (≥ -1), osteopenic (< -1 to > -2.5) or osteoporotic (≤ -2.5) [1, 26]. Mean 

values of the bone traits in both femurs were calculated. For participants with hip 

replacement on either side, the scan of the non-operated side was used. Participants with hip 

replacement on both sides were excluded. 

Participants were scanned in supine position in the centre of the table using the default-

scanning mode automatically selected by the Prodigy software (Lunar Prodigy Advance 

Encore v. 14.10.022). Standard procedures of the device manufacturer were followed and the 

device was calibrated with a phantom every morning prior to the measurements for quality 

assurance. Images were controlled prior to the analyses to ensure right definition of the 

femoral neck section. As for two participants, scans of one femur were excluded due to failed 

definition of femoral neck section, and the values for the other side were used. Coefficients of 

variation (CV%) for different femoral neck properties have been reported to vary 

approximately between 2–10%, SM having the highest CV of 10.1 % [27]. In our laboratory, 

the CV% for SM has been reported to be 5.1 % [28] and the root mean square coefficient of 

variation (CVRMS) for femoral neck BMC 0.6% [29]. 

2.2.2 Physical activity 

Tri-axial accelerometer (UKK RM42, UKK, Tampere, Finland) was used to measure physical 

activity. Participants were instructed to wear the accelerometer in an elastic waistband on 

their right side of the hip during waking hours, except during water activities. For all 

accelerometer-data processing approaches, all three axes were included by using the resultant 

(Euclidian norm, √x² + y² + z²) acceleration in data processing. We have described the 

numerical approach used to divide the 24 h hour minute by minute recordings into sedentary 

(less than 0.0167 multiples of gravity [g]), light (0.0167 g to 0.091 g), moderate (0.091 g to 

0.414 g) and vigorous (0.414 g or more) categories in a previous publication from the same 
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dataset [24]. Briefly, the resultant was taken from each 3D sample, mean amplitude deviation 

was then calculated in non-overlapping 5 s epochs, and the mean of 12 consecutive epochs 

was used to produce a minute-by-minute intensity array from mid-night to mid-night. The 

array was then transformed into a histogram with the aforementioned bin cut-offs to produce 

daily minutes spent in the four categories, and the mean of all included days (at least 3 days 

with at least 10 h wear-time was required to be included in statistical analyses) is given as the 

result. Due to the very limited amount of vigorous activity, moderate and vigorous intensity 

activities were combined into one category for further analysis. The processing approach and 

cut-offs have been validated among younger adults [13, 30]. 

Our in-house implementation of Deere and colleagues [16] acceleration peak calculation was 

used to identify each sample of the resultant acceleration recording, which was higher than 

the preceding and the subsequent sample as an acceleration peak. The magnitude, and the 

time stamp of the peak were noted. The peaks were then divided into 24 hour epochs, and a 

three category histogram (low [1.5 g to 2.0 g]; medium [2.0 g to 2.5 g]; high [higher than 

2.5g]) was calculated to represent each day. The mean of days selected for physical activity 

evaluation is reported as the outcome.  

Our in-house implementation of Ahola and colleagues [12] osteogenic index calculation was 

used to calculate an osteogenic index for each 24 h period of recording and the mean of each 

included day is reported as the outcome. We have described our implementation in a previous 

publication [31]. Briefly, the norm (resultant) of each sample was calculated and the data was 

subsequently considered in 24 h epochs from mid-night to mid-night. All continuous peaks 

above 1.3 g were identified, and the maximum value of a given peak was noted. The resulting 

peak array was transformed into 32 bin histogram from 1.3 to 10.3 g with values higher than 

10.3 g assigned to the final bin. The daily osteogenic index was then calculated as the sum of 

the logarithm of peaks in a bin multiplied by the lower cut-off of a given bin.  

2.2.3 Covariates 

Sex and date of birth were drawn from population registry, and age in years at the laboratory 

visit day was calculated. Body weight (kg) and height (cm) were measured with standard 

procedures and body mass index (BMI, kg/m
2
) was calculated. Physical functioning was 

assessed with the Short Physical Performance Battery (SPPB), which consists of four meters 

habitual walking speed, five time chair rise time and standing balance tests [32]. Information 
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on current medication use, including hormone replacement therapy, bisphosphonates and oral 

glucocorticoids, was collected by self-report at nurse’s examination and verified from the 

integrated patient information system utilized by the national health services (Effica 

database) by the study physician. All non-vaginal preparations including oestrogen were 

considered as hormone replacement therapy. Smoking history was self-reported and 

categorized as current smoker, former smoker (smoked at least 100 times during lifetime, but 

reported no current smoking), or never smokers (smoked < 100 times during lifetime).  

2.3 Statistical analyses  

Descriptive data are presented as means and/or medians with standard deviations (SD) and/or 

inter-quartile range (IQR) for continuous variables and frequencies (n) and percentages (%) 

for categorical variables in all participants and for men and women separately. To illustrate 

the distribution of impacts within each intensity band utilized to calculate osteogenic index, 

logarithm of the mean daily amount of impacts at each level from 1.3 g onwards is presented 

in a histogram. Based on visual inspection, medium and high impacts were skewed to the 

right and thus log-transformed for further analyses. In addition, Kolmogorov-Smirnoff –tests 

indicated moderate-to-vigorous intensity activity, low impacts and osteogenic index to have 

skewed distributions. As for these physical activity variables, initial analyses were therefore 

performed with both original and log-transformed values. Since the results did not differ, 

original values were used in the analyses. 

Associations of physical activity variables with each others were assessed using Pearson’s 

correlation coefficient r. Associations of proximal femur bone traits with physical activity 

were tested utilizing multiple linear regression. Separate models were built for each bone trait 

and each physical activity variable. Models were adjusted with factors known to be 

associated with bone health and/or physical activity, including sex, age, weight, height, 

smoking status, SPPB score, hormone replacement therapy, oral glucocorticoids, and 

bisphosphonates. All variables were tested for multicollinearity. To adjust the associations of 

physical activity intensities and impact intensities with other intensity bands, a second set of 

models was built, one including sedentary, light and moderate-to-vigorous intensity activity 

and all covariates, and the second including low, medium and high impacts and all covariates. 

Additional sensitivity analyses were performed, in which all participants using hormone 

replacement therapy, bisphosphonates or oral glucocorticoids were excluded. Statistical 
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analyses were performed with IBM SPSS Statistics 26 (SPSS Inc., Armonk, NY). Statistical 

significance level was set at 0.05 for all analyses.  

To investigate the strength of the associations of impacts within each intensity band utilized 

to calculate osteogenic index, partial correlation coefficients were calculated for log-

transformed number of impacts within each intensity band and each bone variable. 

Correlations were adjusted with those covariates that had p<0.1 in some of the regression 

models of the bone variable in question. Results are presented in graphs as correlation 

coefficient r and 95% confidence interval (CI). The graphs were created with RStudio version 

1.2.1335 (RStudio Inc., Boston, MA). 

A priori power analyses were calculated as for the main outcome, 10 meters maximal 

walking speed, of the PASSWORD-study (Sipilä et al 2018). Additional post hoc power 

calculations were performed for the present study. For the studied variables, a sample size of 

284 yields a power over  98 % to show a contribution to the explained variance of 10 % in a 

linear regression model with 10–12 predictors (including interactions, but not constant) if the 

probability level (alpha) is set at 0.05. Sample size of 284 yields even weak correlation 

coefficients (r=0.12) statistically significant (p <.001, two-tailed).  

3 Results  

Descriptive data of participant characteristics are presented in Table 1. Mean age was 74 

years, and 57 % were women. Mean BMC at the femoral neck was 4.440 g and mean BMD 

0.905 g/cm
2
. Nearly half of the participants had femoral neck T-score below -1, which 

indicates potential osteopenia.  

Participants spent on average 10 h per day sedentary, 2.5 hrs in light activity and half an hour 

in moderate-to-vigorous activity. Participants had on average (median; IQR) 3937 (4591; 

2103–5177) low, 494 (347; 164–662) medium and 157 (112; 70–181) high impacts per day. 

Mean osteogenic index score was 173 (Table 1). The distribution of log-transformed mean 

daily number of impacts throughout the intensity range utilized to calculate osteogenic index 

is presented in Figure 1. The average amount of impacts within each intensity band decreased 

from over 5000 impacts in the 1.3 to <1.5g bin to less than 10 daily impacts in the 3.1 to 

<3.3g bin. The mean amount of impacts within each bin exceeding the intensity of 6.1g was 

less than one, except in the last bin including all impacts of ≥ 10.3 g.   
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Bivariate correlations between physical activity variables are shown in Table 2. Strongest 

associations (r>0.7) were observed between moderate-to-vigorous activity and low impacts, 

low and medium impacts, medium and high impacts, and osteogenic index and high impacts.  

The associations of proximal femur bone traits with physical activity and impact intensities 

and osteogenic index are presented in Tables 3–4. Light physical activity was positively 

associated with femoral neck BMC and BMD, total femur BMC and BMD and with SM (beta 

= 0.147 to 0.182, p<0.001 to p=0.005), but not with MNW (Table 3). Ten minutes increase in 

mean daily light activity was associated with 0.024 g higher femoral neck BMC and 0.003 

g/cm
2
 higher femoral neck BMD. Sedentary time or moderate-to-vigorous activity were not 

associated with any bone trait. When adjusted with other intensity bands, light physical 

activity remained positively associated with all bone traits (beta = 0.144 to 0.180, p<0.001 to 

p=0.010) except MNW, whereas no statistically significant associations were found for 

sedentary or moderate-to-vigorous intensity activity (Table 4). The results did not change, 

when all hormone replacement therapy, bisphosphonate and oral glucocorticoid users were 

excluded: light activity remained significantly and positively associated with all bone 

parameters (p<0.001 to p=0.010, data not shown) except MNW when investigated as single 

physical activity variable in the model. When adjusted with other bands, the positive 

association with MNW became statistically significant, too (p=0.038, data not shown). 

Sedentary or moderate-to-vigorous activity were not associated with any bone parameter in 

the sensitivity analyses either.  

Low, medium or high impacts were not associated with any bone trait when investigated in 

separate models (p>0.09 for all, Table 3). In the sensitivity analyses excluding all hormone 

replacement therapy, bisphosphonates and oral glucocorticoid users and only one impact 

intensity in the model at a time, low impacts were positively associated with total femur 

BMD (beta=0.130, p=0.048, data not shown). When adjusted with other impact intensity 

bands, low impacts were positively associated with femoral neck BMD (beta=0.186, 

p=0.025) and negatively with MNW (beta=-0.177, p=0.038), and this result was replicated in 

the sensitivity analyses (data not shown). Medium or high impacts were not associated with 

any bone trait in any model. 

Osteogenic index was not associated with any bone trait (p>0.3 for all, Table 3), which did 

not change in the sensitivity analyses excluding all hormone replacement therapy, 

bisphosphonates and oral glucocorticoids users (data not shown). Associations of log-
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transformed number of impacts within each intensity band utilized to calculate osteogenic 

index with femoral neck BMC, BMD and SM are presented in Figure 2 (data for total femur 

BMC and BMD and MNW not shown). Impacts of any intensity were not associated with any 

bone variable, when the associations were adjusted for covariates.  

4 Discussion 

We examined the associations of physical activity with proximal femur bone traits among 

sedentary older men and women utilizing three different approaches to process the raw 

acceleration data. We found that light intensity physical activity was positively associated 

with femoral neck and total femur bone mineral content and density and with section 

modulus, which indicates femoral neck bending strength. In contrast, neither sedentary or 

moderate-to-vigorous activity nor any of the two impact peak-based methods were 

significantly associated with bone health. That is, high impacts or osteogenic index were not 

better predictors of bone health among sedentary older adults than other physical activity 

measures, in contrast to what was hypothesized.   

We found that light intensity activity was consistently positively associated with all other 

proximal femur bone traits except femoral neck minimal width in all models, which is in 

contrast to the previous literature indicating relatively high-magnitude impact peaks [17, 18, 

20] and moderate and vigorous activities [8, 9, 33] as positive predictors of proximal femur 

bone traits. Only a few previous studies have investigated the associations between light 

physical activity and proximal femur bone traits in older adults, with no significant 

associations found [8, 10, 33, 34]. Chastin and colleagues [35] have shown a significant 

positive association between light activity and femoral neck BMD in women in a general 

adult population including also older adults. In contrast, based on previous research [18–20, 

22] we hypothesized that high impacts and osteogenic index would be beneficially associated 

with bone measures, but did not observe any relationship. Similarly to the present study, 

Hannam and colleagues [18] did not find any significant associations between impacts of any 

intensity and hip BMD among a comparable cohort of older women. In contrast, they found 

high impacts to be positively and low/medium impacts negatively associated with hip 

structural measures in some adjusted models, yet the observed significant associations were 

weak. This was presumed to be due to low amount of high impacts or the low threshold 

utilized to categorize high impacts [18]. In the present study, the mean daily amount of high 

impacts was tenfold compared to the study of Hannam et al [18]. It may thus be, that the 
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intensity of high impacts classified as per Deere and colleagues [16] is not sufficient for 

osteogenesis, even though this amount could have been expected to be sufficient based on the 

findings by Stiles and colleagues [22]. They observed that the osteogenic threshold was lower 

among post- than among premenopausal women, which could have indicated even lower 

threshold among older adults [22].  

In contrary to Hannam et al [18], we found that low impacts were positively associated with 

hip BMD. The association was, however, statistically significant only when adjusted for other 

impact intensities. On the other hand, the association between femoral neck width and low 

impacts was negative, when other impact bands were included in the model. These 

contrasting findings must be interpreted with caution due to high collinearity of impacts 

within different intensity bands. As for the femoral neck width, biological covariates, 

including sex, age and height, may determine the bone structure to the extent that associations 

with physical activity variables remain imperceptible.   

Bone mass and strength decline with increasing age [36], and some researchers have 

proposed that lower impacts may create similar strains in older and weaker bones as higher 

impacts create in younger and stronger bones [16]. In contrast, we have observed a reversed 

trend between maximal performance and skeletal robustness in cross-sectional studies 

compared to the suggestion by Deere and colleagues [16], i.e. we found that younger men 

were able to produce higher maximal forces with respect to tibial robustness in jumping 

compared to older men [37], and that the relationship between jumping performance and 

tibial robustness was similar between pre- and postmenopausal women albeit the marked 

bone loss associated with menopause [38]. In addition to magnitude of the strains, another 

crucial element of bone loading physical activity is the frequency of the strains [39]. In the 

present study, the amount of impacts exceeding 4.9g, which has been considered sufficient to 

promote bone health in adolescents and younger adults [19, 21], was very low. It is thus 

plausible, that the impacts have not occurred as cycles with sufficient length and frequency to 

stimulate bone remodelling. However, it has also been proposed, that low-force exercises 

may cause sufficient strains to maintain the so-called conservation mode [40] and that 

habitual physical activity may influence the rate of age-related bone loss [41]. This is 

supported by a meta-analysis showing that long-term walking interventions prevent age-

related bone loss [42]. Thus, it could be that continuous and large amounts of accelerometer-

based light activity can create sufficient strains or micro damage to avoid dropping to disuse-
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mode with excessive bone resorption, and decelerate the age-related bone loss. It may be that 

sedentary older adults, who do not meet the physical activity recommendations, benefit from 

continuous loading in means of large amounts of habitual upright ambulatory activities that 

are classified as light physical activity.  

Even though light intensity activity only explained approximately 2 % of variation in bone 

parameters, an increase of 10 minutes of light intensity activity per day was associated with 

0.3 % higher hip BMD. This corresponds almost to the average yearly decline of 0.5 % in 

BMD in this age group [36]. Increasing light intensity physical activity might thus be a 

feasible way to prevent the age-related loss of bone among sedentary older adults. It is, 

however, important to bear in mind that the benefits of high intensity resistance exercise 

alone and combined with impact activity for older adults’ bone health are well documented 

[4, 43]. Higher intensity activities should therefore be preferred, if possible and safe. Future 

longitudinal and intervention studies are required to confirm, if light intensity physical 

activity has positive effect on bone health among sedentary older adults. 

This study has several limitations. The cross-sectional study design does not allow to draw 

any conclusions on the causal effects of habitual physical activity on bone health. In 

accordance with the inclusion criteria of the PASSWORD-study, the amount of high impacts 

was very small. It is therefore not possible to draw conclusions on, if greater amount of high 

impacts would be beneficially associated with bone health also in older age. In addition, the 

study sample was relatively small, which may have led to limited power to detect 

associations between small numbers of high impacts with bone traits. The study population 

was also relatively healthy but at most moderately physically active, thus the results cannot 

be generalized to all older adults. Furthermore, bone measurement was limited to DXA-scan 

of the femurs. Additional bone characterisations would have given a wider understanding of 

the associations between physical activity and bone properties. For example, any lumbar 

spine measurements were not obtained, and future studies are required to investigate if high 

impact activity is associated with lumbar spine health among older adults. Finally, many 

lifestyle and environmental factors during life-course, which determine bone health, could 

have affected the results. It may, for example, be that those participants who have earlier in 

their lives engaged in more intense physical activity and thus gained good bone health, have 

maintained higher level of lighter activity in old age. Healthy diet – especially sufficient 

intake of vitamin D and calcium – is crucial for bone health, but nutrient intake could not be 
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controlled for in the present study. It has also been suggested that lean body mass mediates 

the association between physical activity and bone health [34] and it would have been 

worthwhile to adjust the models with body composition instead of body weight. Due to high 

collinearity between lean body mass and two important predictors of bone strength and 

structure, sex and height, this was not possible in the present study. 

5 Conclusion 

In summary, we found that light intensity physical activity was positively associated with 

bone health among sedentary older adults, whereas any measure of high intensity or high 

impact activity was not. In light of these results, older adults with sedentary lifestyles should 

be encouraged to replace sedentary time with light upright ambulatory activities to avoid 

bone disuse mode and prevent excessive bone loss, even though high intensity activities 

should be preferred when they are possible and safe to perform. However, longitudinal 

research is required to confirm our findings that light physical activity may ameliorate the 

age-related bone loss among older adults, who do not meet the physical activity 

recommendations in means of at least moderate intensity activity and strength training. In this 

population, the amount of high impact activity may be insufficient to stimulate bone 

remodelling. It would be worth testing, whether high-impact activity was effective in this 

population of at most moderately physically active, but relatively healthy community-

dwelling older adults. In addition, associations of osteogenic index and impact intensities 

should be investigated in more active older populations and in physical activity intervention 

settings among older adults. 
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Fig. 1 Log-transformed number of mean daily impacts at each intensity band. Y-axis values 

stand for the lower limit of each intensity band, the values utilized to calculate osteogenic 

index 

 

 

Fig. 2 Associations of mean daily number of impacts at each intensity band (x-axis) utilized 

to calculate osteogenic index with proximal femur bone traits, presented as partial correlation 

coefficient r (y-axis, black line) and 95 % confidence interval (CI, shaded area). a) for BMC 

(adjusted for weight, height and smoking status); b) for BMD (adjusted for weight, age, the 

SPPB score and use of hormone replacement therapy); and c) for section modulus (adjusted 

for weight, height, sex and smoking status) 
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Table 1. Descriptive statistics of study participants in the whole sample and according to sex 

(mean ± SD or n (%)). 

 All (n=284) Men (n=121) Women (n=163) 

Age, years 74.4 ± 3.8 74.3 ± 3.9 74.4 ± 3.7 

Height, cm 166 ± 9 173 ± 6 161 ± 6 

Weight, kg 76.9 ± 14.4 83.9 ± 12.4 71.7 ± 13.5 

BMI, kg/m
2 

27.9 ± 4.8 27.8 ± 3.6 27.9 ± 5.5 

SPPB, total score 
a  

10.3 ± 1.5 10.6 ± 1.5 10.0 ± 1.5 

Smoking status, n (%) 

 Never 175 (62) 55 (46) 120 (74) 

 Former 98 (35) 57 (47) 41 (25) 

 Current 11 (4) 9 (7) 2 (1) 

Medication 

 Hormone replacement therapy, n (%) 23 (8) - 23 (14) 

 Bisphosphonates, n (%) 2 (1) - 2 (1) 

 Glucocorticoid, n (%) 12 (4) 5 (4) 7 (4) 

Femoral neck T-score  

 ≤ -1.0, n (%) 138 (49) 64 (53) 74 (45) 

 ≤ -2.5, n (%) 11 (4) 7 (6) 4 (3) 

Proximal femur bone traits 

 Femoral neck BMC, g 
b 

4.442 ± 0.995 4.967 ± 0.996 4.053 ± 0.798 

 Femoral neck BMD, g/cm
2
 
c 

0.905 ± 0.132 0.932 ± 0.137 0.885 ± 0.124 

 Total femur BMC, g 
b 

34.887 ± 7.002 39.429 ± 6.588 31.408 ± 5.056 

 Total femur BMD, g/cm
2
 
c 

0.994 ± 0.150 1.037 ± 0.155 0.962 ± 0.138 

 SM, mm
3
 
d 

664.6 ±182.7 807.5 ± 162.5 558.5 ± 110.4 

 MNW, mm 
e 

32.7 ± 3.3 35.5 ± 2.7 30.7 ± 2.1 

Accelerometer-based physical activity 

 Days included 6.6 ± 0.8 6.7 ± 0.7 6.6 ± 0.8 

 Wear time, h/d 14.1 ± 1.3 14.3 ± 1.3 13.9 ± 1.2 

Physical activity in intensity categories, min/d 

 Sedentary activity 603 ± 82 627 ± 81 585 ±79   

 Light activity 210 ± 66 197 ± 61 219 ± 68 

 Moderate-to-vigorous activity 33 ± 20 33 ± 21 33 ± 20 

Impacts, No. 

 Low impacts 3937 ± 2426 4017 ± 2468  3877 ± 2400 

 Medium impacts 494 ± 463 479 ± 432 504 ± 487 

 High impacts 157 ± 154 165 ± 188 151 ± 122 

Osteogenic index, score 173 ± 47 169 ± 47 176 ± 47 
a 
Short Physical Performace Battery 

b
 bone mineral content 

c 
bone mineral density

 

d 
section modulus (Z)

 

e 
minimal neck width 
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Table 2. Pearson’s correlation coefficients (r) between physical activity variables 

 Light 

activity 

Moderate-

to-vigorous 

activity 

Low 

impacts  

Medium 

impacts 

High 

impacts 

Osteogenic 

index 

Sedentary activity -0.502*** -0.380*** -0.368*** -0.325*** -0.265*** -0.295*** 

Light activity  0.319*** 0.441*** 0.342*** 0.296*** 0.373*** 

Moderate-to-

vigorous activity 

  0.873*** 0.665*** 0.491*** 0.496*** 

Low impacts    0.724*** 0.542*** 0.547*** 

Medium impacts      0.765*** 0.598*** 

High impacts      0.842*** 

*** p< 0.001 
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Table 3. Associations of accelerometer measured physical activity with proximal femur bone traits from multiple linear regression analysis adjusted with sex, 

age, weight, height, SPPB score, smoking status and use of hormone replacement therapy, bisphosphonates and oral glucocorticoids. Values are presented as 

standardized beta coefficients. 

 Sedentary time  Light activity  Moderate-to-vigorous 

activity  

Low impacts  Medium impacts  High impacts  Osteogenic index 

beta p beta p beta p beta p beta p beta p beta p 

Femoral neck BMC a -0.076 0.122 0.158 0.002 0.055 0.297 0.078 0.155 0.048 0.352 0.030 0.542 0.046 0.351 

Femoral neck BMD b -0.062 0.279 0.165 0.005 0.025 0.676 0.080 0.206 -0.039 0.512 -0.056 0.321 -0.009 0.875 

Total femur BMC a   -0.070 0.112 0.148 0.001 0.040 0.392 0.080 0.097 0.039 0.394 0.007 0.870 0.040 0.349 

Total femur BMD b -0.083 0.137 0.182 0.001 0.026 0.663 0.102 0.094 0.020 0.736 -0.026 0.629 0.023 0.671 

SM c -0.034 0.414 0.147 <0.001 0.007 0.878 0.004 0.928 -0.033 0.441 -0.005 0.905 0.019 0.644 

MNW d 0.022 0.458 0.053 0.194 0.002 0.968 -0.062 0.148 0.008 0.847 0.024 0.526 0.008 0.844 
a bone mineral content, g 
b bone mineral density, g/cm2 

c section modulus (Z), mm3 

d minimal neck width, mm 

 

Table 4. Associations of accelerometer measured physical activity intensities (Model 1) and impact intensities (Model 2) with proximal femur bone traits 

from multiple linear regression analysis adjusted with sex, age, weight, height, SPPB score, smoking status and use of hormone replacement therapy, 

bisphosphonates and oral glucocorticoids. Values are presented as standardized beta coefficients.  

   Model 1 Model 2 

 Sedentary time  Light activity Moderate-to-vigorous 

activity 

Low impacts Medium impacts High impacts 

 beta p beta p beta p beta p beta p beta p 

Femoral neck BMC a -0.004 0.950 0.152 0.008 0.024 0.659 0.078 0.283 0.009 0.926 -0.010 0.890 

Femoral neck BMD b 0.010 0.880 0.170 0.010 -0.004 0.952 0.186 0.025 -0.102 0.326 -0.065 0.448 

Total femur BMC a    -0.005 0.928 0.144 0.004 0.011 0.814 0.093 0.145 0.020 0.799 -0.049 0.455 

Total femur BMD b    -0.010 0.877 0.180 0.005 -0.011 0.859 0.157 0.053 -0.001 0.988 -0.095 0.250 

SM c 0.034 0.477 0.165 <0.001 -0.013 0.774 0.047 0.434 -0.096 0.198 0.043 0.381 

MNW d 0.068 0.138 0.082 0.070 0.010 0.811 -0.117 0.038 0.046 0.519 0.043 0.456 
a bone mineral content, g 
b bone mineral density, g/cm2 

c section modulus (Z), mm3 

d minimal neck width, mm 
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Highlights 

 Associations of physical activity with proximal femur bone traits were investigated.  

 Three different accelerometer data processing approaches were utilized. 

 Light activity was positively associated with bone density and strength of the hip. 

 High intensity or impact-based activity were not associated with bone traits.    

 Amount of high impacts may have been insufficient to benefit bone health. 
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Figure 2


