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ABSTRACT

Purpose: The aim of this study was to investigate which parameters of physical func-

tioning are associated with bone quality and fracture risk and whether gender-specifi c 

diff erences exist within these associations. Methods: 1486 participants of the Longi-

tudinal Aging Study Amsterdam were included in this study. As measures for physi-

cal functioning, handgrip strength, physical performance and level of physical activ-

ity were assessed. To assess bone quality, broadband ultrasound attenuation (BUA) 

and speed of sound (SOS) were measured at baseline using quantitative ultrasound 

(QUS) and bone mineral density (BMD) at baseline and after 3 years by dual-energy X-

ray absorptiometry (DXA). In addition, fracture incidents over 6 years were assessed. 

Results: After adjustment for confounders (age, serum 25(OH)D, smoking and body 

weight), in men, physical performance was positively related to BUA, SOS and BMD 

cross-sectionally and to BMD longitudinally. Using Cox proportional hazards model, in 

men handgrip strength and physical performance were associated with time to fi rst 

fracture after adjustment for confounders (Hazard ratio [HR]=0.96, 95% confi dence 

interval [CI]: 0.92-0.99) and (HR=0.89, 95% CI: 0.80-0.98), respectively. In women, 

being physically active for more than 120 min/week was related to reduced fracture 

risk (HR=0.57, 95% CI: 0.33-0.99). Conclusions: In men, handgrip strength and physical 

performance are related to bone quality and fracture risk, whereas in women, level 

of physical activity is associated with fracture risk. Thus, these measurements may 

contribute to the identifi cation of individuals at high fracture risk. Both causality of 

and explanations for gender-specifi c diff erences in these relationships remain subject 

for further studies.
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INTRODUCTION

With increasing age, the prevalence of osteoporosis, which is defi ned by low bone 

mineral density (BMD), increases. Low BMD in combination with increased number 

of falls among older people results in higher fracture risk [80]. After the age of 60, 

approximately 44% of women and 25% of men will experience at least one fracture 

[132]. The high morbidity and mortality related to fractures at old age [79,98] under-

lines the necessity to search for indicators to identify individuals at high fracture risk. 

These indicators may be used to select individuals who may benefi t from additional 

interventions to prevent fractures.

Mechanical loading is an important contributor to bone quality. It seems likely that 

measures of physical functioning, such as muscle strength, physical performance and 

physical activity, may be important determinants for BMD. Low handgrip strength 

and physical performance have been shown to be associated with lower BMD and 

higher fracture risk [23,88,91,145,174,178,201]. In addition, diff erences in handgrip 

strength and walking tests were able to discriminate between fallers with fractures, 

fallers without fractures and non-fallers in older men [156]. These results suggest an 

association between parameters of physical functioning, BMD and fracture risk in 

older people. However, it remains unclear which measure of physical functioning is 

most strongly related to bone quality both cross-sectionally and longitudinally and 

whether this translates into increased fracture risk. In the present study, we aim to 

study the associations of diff erent measures of physical functioning with estimates of 

bone quality, both cross-sectionally and longitudinally, and fracture risk in a cohort of 

older Dutch men and women.

Since postmenopausal women are at highest risk for osteoporosis and fractures, 

most studies focus on women [88,91,145,157,201]. However, men and women diff er in 

body composition, hormonal status and patterns of physical activity and these diff er-

ences may aff ect relationships between measures of physical functioning and bone 

quality [114,128]. Therefore, it is of interest to study gender-specifi c diff erences in as-

sociations of measures of physical functioning with estimates of bone quality and 

fracture risk.

The aim of this study was to investigate 1) which parameters of physical function-

ing, i.e. handgrip strength, physical performance tests or physical activity, are associ-

ated with bone quality as estimated by calcaneal quantitative ultrasound and X-ray 
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absorptiometry; 2) which parameters of physical functioning are related to longitudi-

nal changes in bone mineral density and 6-year fracture risk; and 3) whether gender-

specifi c diff erences exist in aforementioned relationships.

MATERIALS AND METHODS

Study sample

For this study, data from the second (1995/96) and third (1998/99) cycle of the Lon-

gitudinal Aging Study Amsterdam (LASA) were analyzed. The LASA is an ongoing in-

terdisciplinary cohort study on predictors and consequences of changes in physical, 

cognitive, emotional and social functioning in older people. The sampling and data 

collection has been described in detail elsewhere [75]. Briefl y, a random sex and age 

stratifi ed sample of older men and women was drawn from population registers of 

11 municipalities in 3 diff erent regions of the Netherlands. The total study population 

included participants from the second LASA cycle who were included in at least one 

of the analyses (n=1486). The study was approved by the Medical Ethics Committee 

of the VU University Medical Center Amsterdam and all participants gave informed 

consent.

Measures to assess physical functioning

Handgrip strength, physical performance and physical activity were assessed at the 

participant’s home by an experienced interviewer.

Handgrip strength

Maximal handgrip strength was determined using a strain gauged dynamometer 

(Takei TKK 5001, Takei Scientifi c Instruments Co. Ltd., Tokyo, Japan) and recorded 

to the nearest kg. Participants performed two maximal trials with the right and left 

hand. The highest value of the right or left hand was used for analyses.

Physical performance tests

Physical performance was determined using three diff erent tests: the walking test as 

measured by the time taken to walk 3 m, turn around 180° and walk back 3 m as fast 

as possible; the chair-stand test as measured by the time taken to rise from a chair 

and sit down again fi ve times as fast as possible without using the hands; and the 
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balance test as measured by the time able to maintain a tandem stance (one foot 

directly in front of the other with touching the toes of the back foot with the heel of 

the front foot) with a maximum of 10 s. The time of the walking test and chair stand 

test were divided into quartiles of the population giving 1-4 points (4 for the fastest 

performance, 1 for the slowest performance, and 0 if the test could not be fi nished). 

The time of the balance test was divided into three categories: unable (0 points), able 

to hold position for 4-9 s (2 points) and able to hold position for 10 s (4 points). The 

total score for physical performance ranged from 0-12 and was calculated by the sum 

of scores of the three diff erent performance tests.

Physical activity

To assess the level of physical activity, the validated LASA Physical Activity Question-

naire (LAPAQ) was used [175]. The questionnaire addresses the following activities 

over the past two weeks: walking outdoors, bicycling, gardening, light and heavy 

household and sports activities. Taking into account the frequency and duration of 

these activities, the average time spent on physical activity per day (min/day) was 

calculated. Physical activity data showed a skewed distribution and were therefore 

divided into tertiles. As all data were stratifi ed by gender (due to interaction eff ects, 

see results section), physical activity tertiles were gender-specifi c. The cut off  points 

were for men 65 and 135 min/day and for women 118 and 193 min/day.

Bone quality measurements

Bone mineral density (BMD) was measured by dual-energy X-ray absorptiometry (DXA, 

Hologic QDR 2000, Hologic Inc., Waltham, MA, USA). Scans were analyzed using the 

software version V4.71A:1. Broad-band ultrasound attenuation (BUA in dB/MHz) and 

speed of sound (SOS in m/s) were assessed by quantitative ultrasound (QUS, CUBA 

Clinical Instrument, McCue Utrasonnics, Winchester, UK) through the calcaneus by 

placing two transducers on either side of the heel with coupling gel. Both heels were 

measured twice and mean values of BUA and SOS of all four measurements were 

used for further analyses. All participants were invited to undergo QUS in the partici-

pating hospitals or smaller health centres near the participant’s home. DXA measure-

ments were conducted at the VU University Medical Center Amsterdam.
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Assessment of fractures

Fractures occurring between 1995/96 and 1998/99 were collected prospectively with 

a fracture calendar. Participants were asked to mail the calendar with recorded frac-

tures every 3 months. If the calendar was not returned, not completed or completed 

incorrectly, participants were contacted by telephone. Proxies were contacted if par-

ticipants were not able to respond. Between 1998/99 and 2001/02, fracture incidents 

were assessed during the medical interview and telephone interview. Once a partici-

pant reported a fracture, the general practitioner (GP) or hospital was requested to 

verify the fracture and to identify the type, date and cause of the fracture. If fractures 

were not confi rmed by the GP, original X-rays were requested and assessed by an 

experienced medical doctor. If original X-rays were not available, the participant was 

re-contacted and verifi cation was aimed at.

Potential eff ect modifi ers and confounders

Gender was tested as potential eff ect modifi er. Potential confounders were age, an-

thropometrical variables (weight, BMI, waist circumference, skin folds and lean body 

mass), physical activity, number of chronic diseases, alcohol use (number of units 

per week), smoking (yes/no), medication use (yes/no), serum 25-hydroxyvitamin D 

(25(OH)D) levels and serum levels of infl ammatory markers (C-reactive protein (CRP) 

and interleukin 6 (IL-6)). Body weight, waist circumference and skin folds (measuring 

triceps, biceps, subscapular and suprailiac skin folds, using the Holtain Tanner/White-

house skinfold caliper, Holtain Ltd., Crosswell, UK) were assessed during the medical 

interview by one of the experienced interviewers. In addition, physical activity (using 

LAPAQ), number of chronic diseases, alcohol use, smoking and medication use were 

assessed during the interview based on self-report.

Prior to blood sample collection, participants were allowed to have tea and toast, 

but no dairy products. Blood was centrifuged and serum was stored at -20°C. Serum 

25(OH)D was measured by a competitive protein binding assay (Nichols Diagnostics 

Capistrano, CA, USA). CRP and IL-6 were determined using sensitive enzyme-linked 

immunosorbent assays (ELISA) at Sanquin Research, Amsterdam. Lean body mass 

was calculated from the DXA whole body scans using software version V5.70A.
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Statistical analysis

IBM SPSS Statistics 20 was used for all statistical analyses. To test for diff erences be-

tween men and women, independent-samples T-Tests were performed for normally 

distributed data, Mann-Whitney U tests for skewed data and Chi-square tests for cat-

egorical variables. Since CRP, IL-6 and alcohol use were not normally distributed, the 

data were log-transformed for further analyses. Eff ect modifi cation was defi ned by a 

statistically signifi cant interaction term (p<0.10). All confounders were tested in the 

regression models and considered relevant and kept in the model if they induced a 

change of the B-coeffi  cient of at least 10%. Multiple linear regression analyses were 

performed to study associations of physical functioning and BMD, BUA or SOS. In 

longitudinal analyses between physical functioning and BMD, baseline BMD was in-

cluded in the model. Assumptions of linear regression analysis were checked by his-

tograms and normal probability plots of the standardised residuals. Associations with 

fracture risk were studied with Cox proportional hazards regression analyses. The as-

sumption of constant hazard rate over time was checked with a log-minus-log plot. 

Signifi cance was reported as p<0.05.

RESULTS

Subject characteristics

Table 2.1 shows baseline characteristics of the study population. Men were heavier 

but leaner than women as shown by higher body weight and lean body mass as well 

as a lower BMI and skin folds. In addition, compared to women, men had a better 

physical performance, higher handgrip strength, BMD, BUA and SOS, but they were 

less active. The higher physical activity level of women was mainly explained by the 

greater time spent on light household tasks.

Associations between physical functioning and bone quality

Gender was an eff ect modifi er of the association between handgrip strength and BUA 

and SOS measures cross-sectionally (p=0.001 and p=0.034, respectively), as well as 

follow-up BMD (p=0.043). For comparability reasons, data were stratifi ed by gender 

in all further analyses. Multiple regression analyses demonstrated that age, serum 

25(OH)D, smoking and several anthropometrical variables were relevant confound-

ers. Of anthropometrical variables, body weight had the largest eff ect and was there-
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fore used as confounder in regression analyses. For relationships of physical function-

ing with fracture risk, of all potential confounders including baseline BMD, only age 

was observed to be relevant.

Table 2.1. Characteristics of the study population.

Man (48%)1 Women (52%)1 p-value

Age, years (n) 75.8±6.6 (718) 75.8±6.6 (768) 0.973

Body weight, kg (n) 78.0±11.9* (709) 71.0±13.0 (758) <0.001

Body height, cm (n) 173.0±6.8* (707) 160.0±6.4 (757) <0.001

BMI, kg/m2 (n) 26.0±3.4* (706) 27.7±4.9 (756) <0.001

Waist circumference, cm (n) 99.3±10.3* (685) 92.6±11.6 (717) <0.001

Skin folds, mm (n)  55.0±17.2* (652)  72.4±20.9 (639) <0.001

Lean body mass, kg (n) 52.1±5.7* (255) 37.9±4.6 (263) <0.001

Number of chronic diseases (n) 2 [1-2] §* (718) 2 [1-3] § (768) 0.001

Medication use, % (n/total n) 74% (532/717) 78% (596/768) 0.125

Serum 25(OH)D, nmol/L (n) 57.9±24.5* (643) 48.9±24.0 (677) <0.001

Serum IL-6, pg/ml (n) 1.9 [1.2-3.2] § (628) 2.0 [1.1-3.15] § (657) 0.416

Serum CRP, μg/ml (n) 3.3[1.6-6.7] § (629) 3.1 [1.4-6.5] § (658) 0.393

Current smoker, % (n/total n) 25% * (183/718) 13% (99/768) <0.001

Alcohol use, drinks/week (n) 6 [1-21] §* (717) 1 [0-6] § (766) <0.001

Physical activity, min/day (n) 96.4 [51.3-162.9] §* 
(689)

152.1 [98.6-218.5] § 
(736)

<0.001

Total walking time, min/day 15.0 [4.3-34.6] §* 12.9 [1.7-30.0] § 0.002

Total bicycle time, min/day 0.0 [0.0-14.3] §* 0.0 [0.0-7.1] § <0.001

Light household tasks, min/day 42.9 [12.9-75.0] §* 120.0 [60.0-180.0] § <0.001

Heavy household tasks, min/
day

2.8 [0.0-12.9] §* 4.3 [0.0-17.1] § 0.039

Sports activities, min/day 0.0 [0.0-8.6] § 0.0 [0.0-8.6] § 0.589

Physical performance, 0-12 (n) 7.8±3.0* (686) 6.6±3.4 (726) <0.001

Handgrip strength, kg (n) 36.7±8.5* (715) 21.8±5.2 (763) <0.001

Total hip BMD, g/cm2 (n) 0.916±0.15* (259) 0.784±0.13 (263) <0.001

BUA, dB/MHz (n) 81.0±18.5* (653) 61.1±17.2 (693) <0.001

SOS, m/sec (n) 1638±51* (653) 1608±46 (693) <0.001

Fractures 6-years follow-up, % 
(n/total n)

7% *(51/715) 10% (81/762) 0.019
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1 Percentage men and women was calculated from the number of people who reported an age and were 
included in at least one of the analyses performed in this study (men: n=718; women: n=768)
Values are mean±SD; § median [interquartile range]; * = signifi cantly diff erent from women (p<0.05)

Table 2.2 shows associations between measures of physical functioning and 

estimates of bone quality. After adjustment for age, serum 25(OH)D and smoking, 

handgrip strength was associated with BUA and hip BMD in both genders although 

the latter association was borderline signifi cant in women (p=0.062). These associa-

tions were largely attenuated and no longer signifi cant after adjustment for weight 

(Table 2.2; model 3). Physical performance was associated with BUA and SOS after 

adjustment for age, serum 25(OH)D and smoking in men, but not in women (Table 2.2; 

model 2). After additional adjustment for weight, in men, physical performance was 

associated with BUA, SOS and BMD, whereas in women physical performance was 

associated only with BUA (Table 2.2; model 3). In men, for a one point higher score 

on physical performance tests, total hip BMD, BUA, and SOS were 0.01 g/cm2, 0.75 

dB/MHz and 2.27 m/s higher, respectively. In women, for a one point higher score on 

physical performance tests, BUA score was 0.76 dB/MHz higher. The individual physi-

cal performance tests were not associated with BUA, SOS or BMD. In neither men nor 

women, level of physical activity was associated with BUA, SOS or BMD. 

Associations between physical functioning and total hip BMD after 3-years follow-up

In men but not women, physical performance was signifi cantly associated with follow-

up total hip BMD over 3 years time (Table 2.2). This association remained signifi cant 

after correction for all potential confounders. In men, for a one point higher score 

on the physical performance tests, follow-up total hip BMD was 0.01 g/cm2 higher. In 

neither men nor women, handgrip strength and level of physical activity were associ-

ated with follow-up total hip BMD.

Associations between physical functioning and time to fi rst fracture during 6 years of 

follow-up

In men, handgrip strength and physical performance were associated with 6-years 

fracture incidence independent of age (potential confounder). With one kg higher 

grip strength or one point higher score during the physical performance tests, the 

risk of having a fracture in 6 years was approximately 5% (hazard ratio [HR] = 0.96, 95% 
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confi dence interval [CI]: 0.92-0.99) and 10% lower (HR = 0.89, 95% CI: 0.80-0.98), re-

spectively. In women, handgrip strength and physical performance were not associ-

ated with 6-years fracture incidence (handgrip strength: HR = 0.99, 95% CI: 0.94-1.04; 

physical performance: HR = 0.95, 95% CI: 0.88-1.03). However, in women but not men 

level of physical activity was associated with 6-years fracture incidence (Table 2.3). 

Women in the lowest tertile (less than 118 min/day) had a higher fracture risk com-

pared to women in the second (p=0.045) and third (p=0.080) tertile. In women, the 

risk of having a fracture in 6 years was reduced by approximately 40% when daily 

activity was more than 118 min/day as compared with lower than 118 min/day. No dif-

ference was observed in fracture risk between the moderately (tertile 2) and highly 

(tertile 3) active women.

Table 2.3. Associations between levels of physical activity and 6-years follow-up frac-

ture risk.

Fracture risk 6-years follow-up

Number of 
fractures/N

Men
HR (95% CI)

Number of 
fractures/N

Women
HR (95% CI)

Physical activity

Tertile 1 17/209 Reference 35/202 Reference

Tertile 2 20/211 1.07 (0.56-2.05) 21/227 0.57*  (0.33-0.99)

Tertile 3 9/221 0.51 (0.22-1.14) 21/224 0.60+  (0.34-1.01)

Adjusted for age. Levels of physical activity: fi rst tertile (men: < 65 min/day; women: < 118 min/day); second 
tertile (men: between 65-135 min/day; women: between 118-193 min/day); third 3: highest tertile (men: > 135 
min/day; women: > 193 min/day). 
*p<0.05; +p=0.08; HR = hazard ratio; CI = confi dence interval

DISCUSSION

The main fi ndings of this study are 1) in men, higher physical performance score is 

associated with higher bone quality cross-sectionally as well as longitudinally; 2) in 

men, higher handgrip strength and physical performance score are associated with 

reduced 6-year fracture risk; and 3) in women, moderate to high level of physical ac-

tivity was associated with reduced 6-year fracture risk.
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In men, physical functioning is related to bone quality and reduced fracture risk

The importance of physical performance with respect to BMD and fracture risk has 

been shown in previous studies [21,91,156,174,201]. In addition, in a previous study 

within the LASA population, physical performance was shown to be associated with 

3-year fracture risk [174]. Our data suggest that in men, but not women, low physical 

performance is a risk factor for lower bone quality and increased fracture incidence 

during 6 years. In both genders, the association of handgrip strength with bone meas-

ures was largely explained by body weight. The relation between muscle strength 

and bone quality is subject to controversy within the literature. Although handgrip 

strength and leg extension strength have been reported to be associated with femo-

ral neck BMD in postmenopausal women [145], several studies in older men and wom-

en, could not shown associations between leg extensor strength and BMD or QUS 

measures after adjusting for anthropometry [133,144,170]. Body mass and composi-

tion are well-known determinants of BMD [102,114,139,177] and since bone adapts to 

mechanical loading, higher forces onto bone during activities in heavy people may at 

least in part explain their higher BMD. These fi ndings suggest that anthropometry and 

in particular weight plays an important role in associations between muscle strength 

and BMD and should be taken into account when studying these relationships.

In men, higher handgrip strength was related to reduced fracture risk despite the 

absence of a relationship with bone quality. Muscle strength may contribute to vari-

ables such as balance and fall risk that may explain these fi ndings. In older people, 

handgrip strength was shown to be positively correlated with maximal rate of force 

development of ankle plantar fl exors and knee extensors [138]. Peak ankle plantar 

fl exion moment was shown to be reduced in older fallers as compared to younger 

non-fallers [136]. This suggests that in men, handgrip strength may refl ect muscle 

characteristics that contribute to a reduced fall incidence which eventually results in 

a reduced fracture risk.

Training intervention studies in older people showed contradicting result regard-

ing the reduction of fall risk [7,18,24,41,62]. Although exercise training increased 

maximal force of the trained muscles and physical performance, fall risk was not sig-

nifi cantly reduced [41,62]. In contrast, other studies reported a reduced fall risk af-

ter training intervention which eventually may result in reduced number of fractures 

[7,24]. Therefore, it still remains to be determined what type of training is eff ective in 
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reducing fall risk and whether this also results in reduced fracture risk. Testing physi-

cal functioning may provide an indication on the training-induced improvements and 

may be associated with reduced fracture risk.

In women, low level of physical activity associated with increased fracture risk

In women, of all parameters of physical functioning, only the level of physical activity 

was related to reduced fracture incidence. Women being active for less than 120 min-

utes per day had a 40% higher fracture risk compared to more active women. Since 

level of physical activity was not associated with bone quality, it is suggested that 

other parameters may play an important role in the reduction of fracture risk in these 

women. Physical activity, mainly consisting of light household tasks in the present 

study, may improve coordination, endurance and/or balance which may not manifest 

in better physical performance score but may contribute to a reduced number of falls. 

Further intervention studies are essential to study the potential causality of this re-

lationship. Nevertheless, for women, assessing the level of physical activity may be 

useful to identify women with increased fracture risk.

Gender-specifi c diff erences in associations between physical functioning and fracture 

risk

Diff erences in hormonal status, body composition, level of physical activity, muscle 

contractile characteristics as well as prevalence of chronic diseases may contribute to 

the gender diff erences observed in our study [114,128]. Previously, gender diff erenc-

es between fatigability were reported, showing that men were more fatigable than 

women which may be explained by more faster fi bre characteristics [198]. In men, 

impaired functioning due to aging and chronic diseases may be visible in poor physi-

cal performance and handgrip strength, resulting in an increased fall and eventually 

fracture risk. Handgrip strength in men is approximately 1.7 fold higher than that in 

women. The higher mean value of handgrip strength and larger variation in men may 

discriminate better between men with good or poor neuro-muscular function com-

pared to women. Gender-specifi c diff erences in the association between physical 

activity and fracture risk were shown previously [68]. Comparable with our results, 

only in women, moderate and high levels of physical activity were associated with de-

creased fracture risk [68]. Possibly, when women in our study are unable to attain at 
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least 120 minutes of daily physical activity (mainly consisting of light household task) 

due to for instance pain, the level of physical activity may be more of a representa-

tion of the general health. This natural selection of women who are still able to attain 

a high level of physical activity may not occur in men, as they perform substantially 

less household tasks. The underlying mechanisms for gender-specifi c diff erences in 

associations between physical performance and bone quality and fracture risk remain 

unclear and of potential interest for further studies.

Strength and limitations  

The strength of the present study is the population-based nature of the study and as-

sessment of several measures of physical functioning and bone quality together with 

fracture risk within one cohort. In addition, the questionnaire on physical activity has 

properly been validated, including numerous daily activities such as light and heavy 

household tasks [175]. A limitation of this study is the relatively small number of indi-

viduals with available DXA measurements.

 

In summary, our result show that associations of physical functioning with bone qual-

ity and fracture risk diff er between men and women. In men, low handgrip strength 

and physical performance are related to bone quality and risk factors for fractures. In 

older women, low level of physical activity as assessed with a questionnaire, is an im-

portant risk factor for fractures. These fi nding may contribute to an improvement of 

the identifi cation of individuals at high fracture risk. The gender-specifi c diff erences in 

relationships of measures of physical functioning with bone quality and fracture risk 

remain subject for further studies.
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