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Abstract
The purpose of these analyses was to explore whether physical activity score, leg power or grip
strength were associated with tibia and radius estimates of bone strength, cortical density, or total
bone area. Peripheral quantitative computed tomography (pQCT) was used to compare tibial and
radial bone volumetric density (vBMD, mg/cm3), total (ToA, mm2) and cortical (CoA, mm2) bone
area, and estimates of bone compressive strength (bone strength index, BSI) and bending strength
(polar strength strain index, SSIp) in a subset (n=1171) of men (≥ 65 years) who participated in
the multi-site Osteoporotic Fractures in Men (MrOS) study. Physical activity was assessed by
questionnaire (PASE), leg power by Nottingham Power Rig, and grip strength by a hand-held
Dynamometer. Participants were categorized into quartiles of PASE, grip strength or leg power.
The model was adjusted for age, race, clinic, weight, and limb length. In the tibia, BSI (+7%) and
SSIp (+4%) were highest in the most active physically quartile compared to the least active
(p<0.05). At the 4% site of the tibia, men with the greatest leg power had both greater ToA (+5%,
p<0.001) and BSI (+5.3%, p=0.086) compared to men with the least leg power. At the 66% site of
the tibia, the men with the highest leg power, compared to the men with the lowest leg power, had
greater ToA (+3%, p=0.045) SSIp (+5%, p=0.008). Similar results were found at both the distal
and midshaft of the radius. The findings of this study suggest the importance of maintaining levels
of physical activity and muscle strength in older men to prevent bone fragility.
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Introduction
Osteoporosis and related fractures are major public health and economic burdens. While
men account for 29% of all osteoporotic fractures and 25% of osteoporosis-related costs in
the United States [1], the majority of studies identifying determinants of bone density and
strength have been conducted in female populations [2]. Therefore, it is important to identify
determinants of bone strength in older men.

According to the mechanostat hypothesis, bones adapt their strength to mechanical loads
generated from voluntary mechanical usage [3]. Animal studies of mechanical loading
support this theory of bone functional adaptation by consistently showing significant
increases in the strength of loaded bones [4,5]. How the force from physiologic mechanical
loading is generated on bone has been debated [6]. However, studies have demonstrated that
muscle force plays an important role in generating bending moments on bone [7]; and
therefore, alteration in bone strength have been shown to follow alterations in muscle
activity [8]. Given the important role of muscle force in bone functional adaptation,
variables representing muscle mass or strength should be associated with bone strength.
However, as recently summarized by Barry and Kohrt [9] exercise effects on bone mineral
density (BMD) in human studies are remarkably modest when evident at all, and some
clinical studies in cyclists suggest that extreme exercise levels may have negative effects on
BMD [9,10].

Most studies exploring the relationship between physical activity and bone health have used
DXA-based bone mineral content or areal density (aBMD) outcomes [11–13]. However,
animal studies show that bone adapts its strength to changes in mechanical loading by
preferentially increasing bone size rather than mass/aBMD [14]. Technology such as
peripheral quantitative computed tomography (pQCT) allows for assessment of volumetric
bone density, bone geometry and estimates of mechanical strength at the tibia and radius—
outcomes that may be more sensitive for assessing the bone response to mechanical loading
[15].

Therefore, the primary objective of this study was to examine the association between
measures of physical activity, muscle strength and power and estimates of bone strength in
community dwelling older men. We hypothesized that estimates of bone strength would be
higher in men with higher levels of reported physical activity, muscle strength, and muscle
power. We also hypothesized that the higher bone strength among more active men or those
with greater muscle strength and power would be due to differences in bone geometry rather
than bone volumetric density.

Methods
Participants

Men who were at least 65 years of age were recruited from six communities in the United
States (Birmingham, Alabama; Minneapolis, Minnesota; Palo Alto, California; the
Monongahela Valley near Pittsburgh, Pennsylvania; Portland, Oregon; and San Diego
California) to participate in the prospective Osteoporotic Fractures in Men (MrOS) study
[16]. From March 2000 through April 2002, 5995 men with no history of bilateral hip
replacement and who were able to walk without assistance of another person were enrolled
in the baseline examination. The study design and recruitment methods used by the study
have been published elsewhere [17]. The Institutional Review Boards at each center
approved the study protocol, and written consent was obtained from all study participants.
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Men who returned for their second exam an average of 4.7±0.3 years later were invited to
participate in an ancillary study involving pQCT at the Minneapolis and Pittsburgh clinical
centers. Of the 1550 men who attended the second exam at the Pittsburgh and Minneapolis
sites, 1171 (76%) completed the clinic visit and agreed to participate in the pQCT ancillary
study and are included in this analysis. The Institutional Review Boards at Minneapolis and
Pittsburgh sites approved this ancillary study and written informed consent was obtained
from all participants for the pQCT substudy.

Physical activity, strength and power
Physical activity was assessed with the Physical Activity Scale for the Elderly (PASE) [18]
with higher scores indicating a greater level of activity. The Nottingham Power Rig was
used to measure leg extension power (W) [19,20]. Participants were given five trials for
each leg on the rig and the maximum value from either leg, regardless of whether or not the
participant completed all 10 trials, was used in this analysis. Grip strength (kg) was
measured twice by a hand held Dynamometer (Jamar) in both the right and left arms [21].
The maximum grip strength from either arm from two trials was utilized.

Health history, lifestyle and demographic data
Height was measured using a Harpenden stadiometer (DyFed, UK) and weight was
measured in indoor clothing without shoes using a calibrated beam scale. Body mass index
(BMI=kg/m2) was calculated from participant's height and weight. Tibia and forearm length
were measured to the nearest millimeter with an anthropometric tape measure. Tibial length
was measured from the tibial plateau to the medial malleolus and forearm length was
measured from the ulnar styloid process to the olecranon process. The mean of two
measurements for each variable was used for the analysis.

Information on demographics, medical and family history and lifestyle were obtained by
questionnaire and interview by trained clinical staff at each site. Information from the
baseline exam was used to assess race/ethnicity.

Dual energy X-ray absorptiometry
Dual-energy X-ray absorptiometry (DXA) scans (QDR 4500 W, Hologic Inc., Bedford,
MA) were performed to measure areal bone mineral density of the femoral neck, total body
lean mass and total body fat mass. Standardized procedures for participant positioning and
scan analysis were used for all scans. All DXA operators were centrally certified on the
basis of an evaluation of scanning and analysis techniques. A daily phantom scan was
completed at each site to monitor machine performance [17]. To adjust for inter-clinic
differences, statistical models include indicator variables for the individual scanners. Each
clinic scanned a Hologic whole body phantom throughout the study to monitor longitudinal
changes, and correction factors were applied to participant data as appropriate [17].

Peripheral quantitative computed tomography measurements
Peripheral quantitative computed tomography (pQCT) was used to obtain slices (2.3±0.2
mm) at the 4% and 66% sites of the left tibia and at 4% and 33% of the non-dominant
forearm (radius). Slices are taken as a percentage of limb length from the distal end of the
relevant bone. The XCT 2000 device (Stratec Inc., Pforzheim, Germany) and the XCT-3000
(Stratec Inc., Pforzheim, Germany) were used to obtain the scans in Pittsburgh and
Minneapolis respectively. The only difference between the 2000 and 3000 scanners is the
gantry size. The same acquisition and analysis software (version 5.5) was used to analyze
scans at both sites. We performed a precision study using a European forearm phantom
scanned 3 times at each site at 200, 100, and 50 mg/cc respectively. Values on the two
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instruments were similar and within <0.5% for total area at all mg/cc, and from 0.5% to
1.0% for total density.

Voxel size was 0.5 mm and the scan speed was 25 mm/s. The anatomic reference line (distal
edge of the tibial plafond and proximal point of the distal radial joint surface) was
determined by acquisition of a 30-mm planar scout view of the joint line. Data were
analyzed according to the manufacturer specifications. At the trabecular 4% sites, Contour
mode 2 (169 mg/cm3) and Peel mode 1 (45% area) were used. Distal sites were assessed for
total bone cross-sectional area (ToA, mm2) and total density (ToD, mg/mm3). Bone strength
index (BSI, mg/mm4) was calculated as [ToA * ToD2]/1,000,000 as an index of bone
compressive strength. At the more cortical 33% radius and 66% tibia sites, we used Contour
mode 2 (169 mg/cm3) to determine whole bone properties and Cortmode 1 (710 mg/cm3) for
cortical bone properties. A threshold of 280 mg/cm3 was used to determine the polar
strength strain index (SSIp). At these cortical sites, we assessed total bone cross-sectional
area (ToA, mm2), cortical area (CoA, mm2), and cortical density (CoD, mg/mm3). Polar
strength strain index (SSIp, mm3) and section modulus (mm3) were calculated as estimates
of bone bending strength [22]. SSIp is a “density weighted” section modulus value while
section modulus includes only geometric properties. For the Minneapolis site, precision with
repositioning was determined in adults (women n = 11, men n = 4, age 28.5 ± 6.5 years) as a
coefficient of variation (CV, %) and varied from 0.28 (TotBMD) to 1.20 (TrabArea) at the
distal tibia and from 0.31 (CortBMD) to 0.41 (TotArea) at the shaft [23]. Similar precision
values were reported at the Pittsburgh site [24]. An anthropomorphic phantom was scanned
daily for quality assurance at both sites.

Statistical analyses
Differences in characteristics by quartiles of physical function measures were analyzed by
ANOVA for continuous variables and chi-square for categorical variables. Multiple
regression analysis was used to determine the association between quartiles of grip strength,
leg power and PASE score with measures of bone strength, geometry and volumetric
density. All analyses were adjusted for age, limb length, weight, race (non-Hispanic white/
not) and clinic site due to between group differences and established relationships between
these factors and bone outcomes. The 106 men who were physically unable or refused to
complete the leg power test were placed into a separate category. The 19 men that were
unable or refused to complete the grip strength test were not included in the analysis. Data
presented are least squares means with 95% confidence intervals. A trend test was also
completed. Statistical significance was set at p<0.05. All statistical analyses were conducted
using SAS version 9.13 (SAS Institute, Cary, NC, USA).

Results
Descriptive characteristics

A total of 1171 participants underwent pQCT scans and examinations at either Minnesota (n
= 540) or Pittsburgh (n = 631) MrOS sites. Their mean age was 77.2 ± 5.1 years old and
98% of the men were non-Hispanic white. Characteristics of men by quartile of leg power
are presented in Table 1. Men with greater leg power (Table 1) and grip strength (data not
shown) were in general, younger, taller and heavier (p<0.001). They also had a higher PASE
score, greater total body lean mass and a higher body mass index (p<0.001 for all). The most
physically active men by PASE score tended to be younger and have a greater leg power and
grip strength (p<0.001) as compared with men who were less physically active. Height and
weight did not differ significantly by quartile of PASE (data not shown).
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Bone outcomes
Tibia—Significant differences in pQCT bone parameters were observed across quartiles of
physical activity and leg power in models adjusted for age, race, tibia length and weight
(Tables 2 and 3). At the highly trabecular distal tibia (4%), lower levels of physical activity
were associated with reduced compressive bone strength and reduced total area, but were
not associated with total density. Compressive bone strength (BSI) was on average 7%
higher in the most active compared with the least active quartile (p-trend=0.025) because
total area (ToA, +3%, p-trend=0.008) was greater, despite no difference in total density
(ToD) at this site across quartiles of physical activity (p-trend=0.174).

Similarly, there was a significant association between reduced leg power and lower total
area, but leg power was not associated with BSI or total density. More specifically, men in
the highest leg power quartile tended to have a larger total bone area at the distal tibia (4%)
(ToA, +5%, p-trend < 0.001) as compared with men in the lowest quartile, while total
density (ToD) was similar across all four quartiles of leg power (p-trend=0.572). The
difference between BSI in men with the greatest leg power (quartile 4) compared to that
among men the least leg power (quartile 1) did not achieve statistical significance (BSI,
+5%, p-trend=0.059). Table 2 includes the 106 men that were unable or refused to complete
the leg power test. These results are not included in the p-trend tests.

At the cortical 66% site of the tibia, Polar strength strain index (SSIp, mm3) and section
modulus (mm3) were more robustly associated with leg power than physical activity (see
Fig. 1 and Tables 2 and 3). Estimates were higher (+4%, p-trend=0.014 for SSIp; +4%, p-
trend=0.006 for section modulus) in the most active quartile of men compared with the least
active quartile, perhaps largely due to greater cortical area (+4%, p-trend=0.006) and cortical
density (+1%, p-trend=0.004). Total bone area was not associated with physical activity at
this site. SSIp (+5%) and section modulus (+6%) tended to be higher in the men with the
greatest leg power compared with the least leg power (?p-trend=0.001 and p-trend<0.001,
respectively). Men with the highest leg power (quartile 4) also tended to have larger total
bone area (+3%, p-trend=0.070) and cortical area (+4%, p-trend=0.003) when compared
with the men with the lowest leg power (quartile 1). Cortical bone density was not different
between leg power quartiles at this site.

Radius—Parameters of bone strength at the distal trabecular site (4%) were significantly
associated with both grip strength and physical activity in models adjusted for age, clinic
site, race, radius length and weight (Tables 4 and 5). Greater BSI was found in the quartile
with the highest activity level (+7%, p-trend=0.012) and the quartile with the highest grip
strength (+6%, p-trend=0.016) when compared to the quartile with the lowest activity level
or grip strength. This difference was primarily due to a greater total area between the highest
and lowest quartiles of physical activity (+4%, p-trend=0.045) and grip strength (+11%, p-
trend<0.001). No differences in total density were found in either the grip strength or
activity quartiles.

At the 33% site of the radius, estimates of bone strength were again significantly higher for
men in the highest quartile of physical activity (SSIp, +6%, p-trend<0.001; section modulus,
+6%, p-trend<0.001) and grip strength (SSIp, +13%, p-trend<0.001; section modulus,
+12%, p-trend<0.001) compared with the lowest quartile. Fig. 1 and Tables 4 and 5 illustrate
these findings. A significantly larger total area and cortical area were found between the
most active (ToA, +4%, p-trend<0.001; CoA, +6%, p-trend<0.001) or the highest grip
strength (ToA, +8%, p-trend<0.001; CoA, 11%, p-trend<0.001) quartiles and the least active
or lowest grip strength quartiles. Cortical density was significantly different between highest
and lowest quartile of grip strength (p-trend<0.001) but not between the most and least
physically active quartiles (p-trend=0.080).

Cousins et al. Page 5

Bone. Author manuscript; available in PMC 2011 April 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DXA—DXA femoral neck aBMD results are presented in Tables 2 and 3. At the femoral
neck, aBMD was not significantly different between the quartile of men with the highest leg
power and the quartile of men with the lowest leg power. Men with the highest physical
activity had 4% greater aBMD than men with the lowest physical activity.

Discussion
Our results suggest that older men with higher levels of reported physical activity and higher
objective measures of leg power and grip strength have greater bone strength as estimated
by pQCT measurements of the tibia and radius. Specifically, we found a 5% (p<0.05)
difference in estimates of bone strength between the lowest and highest quartiles of leg
power, and a 4% (p<0.05) difference between lowest and highest quartiles of physical
activity. Furthermore, differences of 6% and 13% (p<0.001) were observed at the cortical
site of the radius between the lowest and highest quartiles of physical activity and grip
strength, respectively. Moreover, differences were found in bone cross-sectional geometry
rather than in volumetric density at cortical sites across quartiles of physical activity, leg
power and grip strength–highlighting the importance of assessing bone structure when
evaluating these associations. These data suggest the importance for older men to maintain
physical activity and muscle strength for prevention of bone fragility. We will discuss each
of these points in more in detail below.

Physical activity (by questionnaire) tibial and radial bone strength
At both the midshaft and distal sites of the tibia and radius, estimates of bone strength were
higher in the most active men as compared with that among least active men. These findings
differ from those of a previous study that reported that PASE score was not significantly
associated with areal bone mineral density (aBMD) in 1543 older adults after controlling for
isokinetic knee extensor strength, age, race, and sex [25]. Another study conducted in 690
older men found the physical activity index to be positively associated with femoral neck
areal bone mineral density values before adjustment of age, body mass index, quadriceps
strength, and dietary calcium. However, after adjustment, the association no longer remained
statistically significant [26]. For more direct comparison to these previously published
studies, we added leg power to our PASE models. Although differences between groups
decreased slightly, the highest PASE quartile still had a 2.5% greater bone strength than the
first quartile (data not shown). Thus, it is likely that differences between these previous
studies and ours is largely explained by use of different bone outcomes. Notably, an increase
in bone diameter due to mechanical loading would show up as a lower aBMD by DXA if
mineral content remains the same.

Leg power and tibial bone strength
Few studies have examined the association of leg power with bone strength in an older
population. A recent study in older women found leg power explained 6.6% of the variance
in bone strength-strain index and 8.9% of the variance in the section modulus at the tibial
mid-shaft but that muscle strength did not significantly predict bone parameters [27].
Similarly, among our cohort of older men, men in highest quartile of leg power compared to
those in the lowest quartile had a 5% greater SSIp and 6% higher section modulus at the
cortical site of the tibia. Similar muscle/bone associations were also detected at the radius.

Grip strength and radial bone strength
We also observed greater estimates of bone strength in both the midshaft and distal sites of
the radius among men in the highest quartile of grip strength compared with men in the
lowest quartile. This finding is in agreement with those reported by previous studies. One
study assessing the relationship of grip strength and bone strength at the radius found a
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significant association with SSIp in adults ranging in age from 18 to 80 years of age [28].
Another study in men found a 7% increase in calcaneus BMD per standard deviation
increase in grip strength [29]. These findings at both the tibia and radius highlight the site-
specific association between muscle strength and power and bone outcomes.

Leg power and grip strength versus PASE score
In this study, we found a more consistent increase in bone strength between quartiles of leg
power and grip strength than between quartiles of PASE score. Furthermore, PASE score
was not strongly correlated with grip strength (Pearson r=0.153) or leg power (Pearson
r=0.106). These findings suggest that evaluation of leg power and grip strength may be more
helpful for identifying older men with lower bone strength than the PASE score when other
clinical measures of bone strength have not been obtained or are not available. However,
this remains to be empirically tested. Nevertheless, the significant difference in bone
strength between the highest and lowest quartiles for physical activity, grip strength, and
muscle power supports theories of functional adaptation of bone to implied mechanical
demands [3,30] and supports other studies that suggest interventions in older male
populations should focus on maintaining muscle strength and power as well as increase
levels of physical activity [31,32]. Prospective randomized exercise intervention studies are
needed in older male populations to test these theories and explore the relationship of
exercise and fracture risk.

Bone density and geometry differences
In this study, we found that the association between bone strength and physical activity,
muscle power and strength measures were attributable primarily to greater total bone area
and not bone volumetric density at most sites. For example, we found a 3% difference in
bone area, with no significant difference in bone volumetric density. Therefore, the 5%
difference in estimated bone strength at this site is due primarily to a greater bone area,
which is indicative of a greater periosteal diameter. Small differences in aBMD were found
with DXA. These data highlight the importance of assessing true volumetric bone mineral
density as compared to the two-dimensional areal bone mineral density as measured by dual
X-ray density. Congruent with other studies assessing volumetric bone mineral density, we
saw no difference in vBMD across quartiles of physical activity, leg power, or grip strength.
Rather, by detecting differences in bone geometry, these data highlight the importance of
measuring both volumetric bone density as well as the structural underpinnings of bone
strength differences.

Strengths and limitations
The findings of this study suggest the importance of maintaining levels of physical activity
and muscle strength in older men to prevent bone fragility. There are several strengths to
this study including the unique focus on older men, large sample size, use of validated
measures such as the use of leg power as a measure of load on bone and use of pQCT to
assess volumetric BMD, bone geometry and structural strength estimates in older men.
There are also several limitations to this study worth noting. First, the majority of the men in
this sample were Caucasian and generally healthy; therefore, we are not able to generalize
the results to other populations. Another limitation is that activity was measured by self-
report at one time point rather than over a longer period of time. A further limitation is that
in addition to being mechanically linked, muscle and bone are genetically linked; therefore,
individuals with increased muscle mass genetically may have enhanced bone measures.
Finally, this analysis is limited by the cross-sectional nature of the data. Future longitudinal
analyses including repeat pQCT measurements and fracture ascertainment are needed to
confirm these associations. If these results are confirmed, findings should be used to direct
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design of intervention studies aimed at maintaining bone strength and lowering fracture risk
in older adults.

Conclusions
In conclusion, these data suggest that in older men higher grip strength, leg power and levels
of physical activity are associated with higher estimates of bone strength in the tibia and
radius. Our findings add to previous DXA studies of physical activity in older men by
showing that differences in bone strength are generally attributable to greater bone area
rather than greater bone volumetric density and may help explain discrepant findings in
studies using aBMD as outcomes. These findings are congruent with findings in older
women. They also suggest that it may be important for men to maintain muscle strength and
power as well as physical activity with advancing age.
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Fig. 1.
Estimated mean bone strength and 95% confidence intervals of the tibia 66% site by quartile
of physical activity (A) and leg power (B). Estimated mean bone strength and 95%
confidence intervals of the radius 33% site by quartile of physical activity (C) and grip
strength (D). Values are adjusted for age, clinic site, race, limb length and weight.
Significantly different from quartile four; *p<0.05, **p<0.001.
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