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AbSTrAcT 

ObjEcTIvE: The aim of this work was to examine the effects of age and menopause on muscle 
strength and on the muscle-bone interaction. DESIGN: One hundred ninety-four healthy women 
(mean age 49.8 ± 12.6 SD years) were assessed. Maximal voluntary contraction (Mvc, Newton, 
N) by Hand Grip Dynamometer, bone mineral density at one third of the radius (r-bMD) by 
dual-energy X-ray absorptiometry (DXA) and phalangeal ultrasound by the DbM Sonic 1200 
device were evaluated at the upper dominant limb. ultrasonometric parameters considered were 
Amplitude-Dependent Speed of Sound (ADSoS) and ultrasound bone Profile Index (ubPI). 
rESulTS: Mvc significantly decreased with age (r2=-0.12, p<0.005). For each level of age, 
fertile women had a greater Mvc compared to postmenopausal women (r2=0.015, p<0.005). 
In the whole sample, a statistically significant correlation between Mvc and r-bMD (r=0.354, 
p<0.001) and between Mvc and ADSoS (r=0.294) and ubPI (r=0.311)(p<0.001 for both) 
were observed. cONcluSIONS: We conclude that age and menopausal status significantly 
contributed to the reduction of muscle strength. The decline of muscular strength significantly 
correlated with quantitative and qualitative bone features.
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IntRoductIon

Muscle strength plays a widely recognized key 

role in overall functional status, particularly in the 
elderly.1,2 Skeletal muscle impairment is closely as-
sociated with a decline of daily activities, increased 
risk of institutionalization, cognitive decline and ac-
celerated mortality.1-3 Several important factors may 
affect muscle strength, including age, BMI, gonadal 
status, level of physical activity and nutritional fac-
tors.4-6 Age-related muscle loss occurs at an earlier 
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time in women compared to men because of ensuing 
changes in hormonal status in menopause.7,8 In fact, 
however, though the age-related decline of muscle 
strength has been partly associated with the decreased 
estrogen levels of postmenopausal women,8 the ef-
fect of menopause and aging have not been clearly 
described in previous studies.8,9 

To simply and accurately measure muscle strength, 
isometric strength has frequently been assessed, since 
it correlates with the force-producing capabilities of 
muscles.10 In particular, it has been demonstrated 
that handgrip strength is positively related to lower 
and upper muscular strength so that it is considered a 
surrogate measure of overall muscular strength.1,11,12 
Accordingly, an increase in handgrip strength has 
been linked to an increased lean body mass; more-
over, handgrip strength is considered a predictor of 
all-cause mortality among elderly people.1

Muscle mass and strength also exert an important 
impact on bone strength.13 The relationship between 
bone mineral density (BMD), lean mass and muscle 
strength has been widely described, and age-related 
bone loss has been associated with a decrease in muscle 
mass and function.14,15 Furthermore, several studies 
showed that muscle load exerts a positive influence 
on bone independent of body weight, which accounts 
for the well-known beneficial effect of physical activ-
ity on skeletal tissue.13-16 Some authors also suggested 
a regional effect of muscular strength on BMD. 
Blain et al. reported a site-specific effect of muscular 
strength of quadriceps on bone remodeling at the 
femoral neck in a group of healthy postmenopausal 
women,17 and Di Monaco et al. found a positive cor-
relation between distal radius BMD and handgrip 
strength among postmenopausal women.18 Moreover, 
a correlation between handgrip strength, BMD and 
fractures has frequently been reported.14,15,19 However, 
to our knowledge, there are no data focusing on the 
relationship between muscle strength and skeletal 
tissue, both evaluated at specific sites in pre- and 
postmenopausal women.

The aim of this study was to evaluate changes of 
muscle strength of the upper dominant limb with 
respect to age and gonadal status in a large sample of 
healthy women. Muscle strength assessed via BMD at 
forearm and by phalangeal quantitative ultrasound, 

was also studied in order to assess the possible influ-
ence of muscle function on quantitative and qualitative 
parameters of skeletal tissue.

subjects and methodology

One hundred ninety-four healthy volunteers from 
the female personnel of our Hospital were studied. 
None of the women took drugs which interfere with 
bone metabolism, or was on hormone replacement 
therapy, or was engaged in resistance training activi-
ties, or was a current smoker. Postmenopausal status 
was defined as the absence of menses for more than 
12 months. 

We evaluated isometric grip strength of the up-
per dominant limb using a hand held dynamometer 
in all subjects (Hand Grip Dynamometer). This in-
strument is part of the experimental Facility “Hand 
Posture Analyzer”, a payload composed by a set of 
instruments designed and developed by Kayser Italia 
s.r.l. under ASI (Italian Space Agency) contract. The 
fact that the test is easy to perform and is completed 
in about five minutes allows us to routinely use the 
instrument in clinical practice in every age group. The 
“Hand Posture Analyzer” Facility consists of Hand 
Grip Dynamometer and Pinch Force Dynamometer 
tools, which are isometric dynamometers designed 
and manufactured respectively for best handgrip and 
pinch force application. Hand Grip Dynamometer 
and Pinch Force Dynamometer force ranges are 
respectively 40 – 1000 Newton and 0 – 270 Newton 
with a measurement accuracy of 0.75% of the full 
scale. Maximal voluntary contraction (MVC, Newton, 
N) force was measured in the sitting position in each 
subject. The short-term imprecision for MVC was 
calculated on 14 normal subjects measured 5 times 
each and was <5%.

BMD was measured by dual-energy X-ray absorp-
tiometry (Hologic QDR 4500A, Hologic Inc., USA) 
at one third of the radius of the upper dominant 
limb (R). Quantitative ultrasound of the proximal 
phalanges was assessed using the DBM Sonic 1200 
device (IGEA, Carpi, Italy) at the distal metaphysis 
of the last four fingers of the dominant hand. Ul-
trasonometric parameters considered were speed 
of propagation of ultrasound dependent on the am-
plitude of the ultrasound wave crossing bone tissue 



Table 1. Mean values ± SD of demographic characteristic and of all parameters in the whole sample and in the sample subdivided according 
to gonadal status

Parameters Whole sample (n=194) Premenopausal (n=92) Postmenopausal (n=102) pa

Age (yrs)
Menopausal duration

49.8 ± 12.6 40.2 ± 9.2 58.5 ± 8.2
(10.8 ± 10.4)

<0.001

Height (cm) 159.9±6.8 161.3±5.7 158.6±7.49.9 <0.01

Weight (kg) 61.6±10 61±10.1 62.2±9.9 NS

BMIb (kg/m2) 24.1 ± 3.8 23.4 ± 3.9 24.7 ± 3.6 <0.01

MVCc (N) 205 ± 53.5 222 ± 49.3 190 ± 52.6 <0.001

R-BMDd (g/cm2) 0.663±61.9 0.690 ± 43.6 0.639 ± 65.9 <0.001

ADSoSe (m/s) 2066 ±92.1 2127 ± 60.6 2011 ± 80.2 <0.001

UBPIf 0.620±0.189 0.733 ± 0.130 0.518 ± 0.176 <0.001
aUnpaired t-test between premenopausal and postmenopausal women, bBody mass index, cMaximal voluntary contraction, dBone 
mineral density at one third of the radius, eAmplitude-dependent speed of sound, fUltrasound bone profile index.
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Out of 194 women, 92 were pre- and 102 postmeno-
pausal; mean age±SD, 49.8 ± 12.6 years, range 21-82 
yrs; BMI 24.1 ± 3.8 kg/m2. As shown, mean values of 
R-BMD, ADSoS, UBPI and MVC were significantly 
higher in premenopausal than in postmenopausal 
women (p<0.001 for all).

Figure 1A, depicts the relationship obtained by 
fitting a quadratic regression model between MVC 
and age and adjusting for the menopause variable. 
The estimated equation is: MVC = 116.69 + 4.89 × 
age – 0.05 × age2 – 26.64 × menopause. This model 
indicates that, for each level of age, fertile women had 
a greater MVC value than postmenopausal women. 
The r2 index was 0.015 and all the terms are significant 
(p<0.005 for linear term; p<0.005 for quadratic term; 
p<0.05 for menopause). This model fitted the data 
significantly better than the previous one (p<0.05).

Figure 1B depicts the relationship obtained by 
fitting a broken-line regression model between MVC 
and age. The model shows a statistically significant 
increase in MVC values up to the age of 40.08 (s.e. 
3.9 yrs), which represents the estimated split point. 
With this model MVC increased at the rate of 2.388 
N for years before the split point (p=0.1) and it de-
creased at the faster rate of 4.72 N for year after the 
split point (p<0.01). The r2 value was 0.14.

Table 2 depicts the statistically significant correla-
tions between MVC and R-BMD (r=0.354, p<0.001) 
and MVC and ultrasonometric parameters (ADSoS 
r = 0.294; UBPI r = 0.311, p<0.001 for both) in the 

(Amplitude-Dependent Speed of Sound, ADSoS) 
and a parameter calculated by computer analysis of 
dynamic parameters of ultrasound signal (Ultrasound 
Bone Profile Index, UBPI). The short-term precision 
of ultrasonometric parameters was calculated on ten 
normal subjects measured five times each. The CVs 
for the single parameters were 0.63% for ADSoS and 
2.1% for UBPI.20

Statistical analysis

Results are presented as mean values ± SD. The 
sample was subdivided according to gonadal status 
and, after normality testing, comparison between 
MVC in premenopausal and in postmenopausal 
women was performed by unpaired t-test. We used a 
linear and quadratic regression models and broken-
line regression models to determinate the relative 
effect of age and menopause on muscle strength. In 
particular, the broken-line regression models may 
explain different linear relationships between the 
response variables and the covariates before and after 
unknown change points. All statistical analyses were 
performed in statistical software R (www.r-project.
org). To investigate correlations between MVC, den-
sitometric and ultrasonometric parameters we used 
the Spearman correlation coefficient. Significance 
was set at p value <0.05. 

Results 

Table 1 depicts the mean values±SD of demo-
graphic characteristics and of the parameters studied. 



Table 2. Correlation matrix between MVC, densitometric and 
ultrasonometric parameters in the whole sample and in the sample 
subdivided according to gonadal status

Parameters

Whole  
sample 

(n=194)

Mvca (N)

Premenopausal 
(n=92)

Mvc (N)

Postmenopausal 
(n=102)

Mvc (N)

r-bMDb  
(g/cm2)

r

pc 

0.354

 0.0001

0.111

0.290

0.354

0.0001

ADSoSd  

(m/s)
r

p

0.294

 0.0001

-0.187

0.07

0.307

0.01

ubPIe r

p

0.311

 0.0001

-0.033

0.753

0.319

0.01
aMaximal voluntary contraction, bBone mineral density at one 
third of the radius, cSpearman correlation coefficient, dAmplitude-
dependent speed of sound, eUltrasound bone profile index.
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whole sample. These correlations were significant 
only in postmenopausal women group (MVC vs 
R-BMD r = 0.354 p<0.001; vs ADSoS r = 0.307; 
vs UBPI r = 0.319, p<0.01 for all). By contrast, 
handgrip strength values did not correlate with both 
densitometric and ultrasonometric parameters in the 
premenopausal group. As far as BMI is concerned, 

we found no significant correlation with MVC values, 
both in the whole sample and in the groups of pre- 
and postmenopausal women, separately considered 
(data not shown).

dIscussIon 

In this work we have investigated the relative influ-
ence of age and hormonal status on muscle strength of 
the upper dominant limb in a large sample of healthy 
women, as well as the correlation between muscle 
strength and quantitative and qualitative features of 
skeletal tissue. We have found that handgrip strength 
was strongly associated with age, with a trend that 
showed a significant increase of muscle strength up 
to the age of 40 years. Subsequently, muscle strength 
progressively and significantly decreased (Figures 
1). Our results are in line with those of Lauretani et 
al who found a significant relationship between age 
and handgrip strength and suggested that isometric 
muscle strength and muscle power considerably 
decline with age.21 Previous studies reported a peak 
of muscle mass between the second and the fourth 
decade of life, with a subsequent steady decrease with 
aging of approximately 1% per year.9,21,22 Indeed, we 

Figure 1. A: Relationship between MVC and age in the whole sample (n=194) by adding the menopause variable. The estimated 
equation is MVC = 116.69 + 4.89 x age – 0.05 x age2 – 26.64 x menopause. b: Estimated split point in the correlation between MVC 
and age in the whole sample (n=194). MVC values significantly increases up to the age of 40.08 (s.e. 3.9 yrs), which represents the 
estimated split point.

A Β
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observed a rapid decline of muscle strength after the 
age of 40 at the rate of 4.72 N per year (Figure 2). 

The decline of muscle strength with age can be 
ascribed to the well-known decrease in muscle mass 
and quality, commonly defined as age-related sar-
copenia.12 Sarcopenia is a common feature among 
elderly people, the prevalence of which ranges from 
13% to 24% in persons aged over 60 years to more 
than 50% in those 80 yrs and older.24 Sarcopenia is 
also associated with several adverse outcomes, such 
as many chronic disorders, physical disability, poor 
quality of life and increased mortality.12,25 Several 
mechanisms contribute to age-related sarcopenia, 
such as decreased physical activity and nutritional 
intake, oxidative stress, inflammatory insults and 
hormonal changes.26 Among other factors, sex steroids 
are of huge importance for skeletal muscle health. 
Several studies reported a fast rate of loss in muscle 
mass and strength during perimenopausal years,23 the 
age-related changes in gonadal status significantly 
influencing the development and progression of sar-
copenia and functional decline in the elderly.12 In this 
context, our data demonstrate that the mean level 
of MVC in premenopausal women was significantly 
higher than in postmenopausal women and that, at 
every age, postmenopausal women had a MVC value 
lower than the fertile ones (Figure 2). However, data 
on this matter are still conflicting and the effect of 
menopause on muscle strength has not been well 
established.8 Some authors reported that the relative 
contribution of menopause as compared to that of 
age on muscle loss remains undefined. In fact, many 
factors influencing muscle mass, such as low physical 
activity, inflammatory factors, leg strength and power, 
low protein and vitamin D intake and BMI could 
be negatively affected by both age and menopausal 
status.8 On the other hand, other findings suggested 
a direct effect of sex steroids on skeletal muscle, 
supporting the hypothesis of a specific correlation 
between muscle tissue characteristics and estrogen 
metabolism, as well as between muscle strength and 
circulating estrogen levels.8 Estrogen receptors (ERs) 
are actually present in muscle membranes, cytoplasm 
and nuclei and a greater number of ERs in muscle 
fibers was demonstrated in children and in adult men 
and women as compared to postmenopausal women.27 
Our results, in agreement with these latter findings, 

showed that menopause could be considered as a 
crucial factor directly influencing muscle strength, 
regardless of age. 

We have found that muscle strength was strongly 
associated with several quantitative and qualita-
tive parameters of bone condition. As shown in 
Table 2, radial BMD and all ultrasonometric indices 
were significantly associated with MVC in all sub-
jects (p<0.001) and also in postmenopausal women 
(p<0.001 and p<0.01, respectively). These findings 
are in line with previous studies reporting a positive 
correlation between BMD and muscle strength at 
both upper and lower limbs. A significant positive 
correlation between distal radius BMD and handgrip 
strength, the latter being the strongest independent 
predictor of radial BMD, was shown by Di Monaco et 
al. in postmenopausal women.18 Frank et al. reported 
that isometric, concentric and eccentric handgrip tor-
ques significantly contribute to the prediction of bone 
strength, evaluated by radial peripheral quantitative 
computed tomography, in postmenopausal women 
with forearm BMD T-score above the osteoporotic 
threshold.28 Blain et al. reported a significant influ-
ence of quadriceps strength on femoral neck BMD, 
but not on lumbar spine BMD variance, in a group 
of healthy women aged more than 60 years, sug-
gesting the hypothesis of a regional effect of muscle 
forces on BMD.17 Our results further support the 
hypothesis of a site-specific effect of muscle strength: 
forces arising from muscular loading and contrac-
tion not only influenced BMD but also bone quality 
and microarchitecture, at least in postmenopausal 
women.14,17,29-32 Quantitative ultrasound is a validated 
technique in acquiring information about qualitative 
and structural features of bone and in identifying 
individuals at risk for fractures.20 To our knowledge, 
this is the first study evaluating the relationship 
between handgrip strength and qualitative features 
of bone, both assessed at the upper dominant limb. 
In adjunct, whilst previous studies chiefly focused 
on postmenopausal women, we investigated a large 
sample of both pre- and postmenopausal women. 
This is a major strength of our research, since it al-
lowed us to effectively compare the effects of both 
age and menopausal status on muscle strength and 
the relationship between muscle strength and bone 
in women.
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Hence, the influence of muscle strength on skel-
etal health seems to depend on gonadal status, since 
handgrip strength was significantly associated with 
BMD and ultrasonometric parameters in the whole 
sample, but not in premenopausal women. Our find-
ings did not show any significant correlations between 
bone mass and quality on the one hand and muscle 
strength on the other in hormonally replete adults; 
on the contrary, the effect of muscle force on bone 
turned out to be significant only when the anabolic 
effects of estrogens on the skeleton was missing. 

Our observation could partly be explained in 
the light of the previously reported low correlation 
between muscle strength and BMD in young and 
active individuals.33 Even in athletes, once the peak 
bone mass is reached, the further increase in muscle 
strength does not result in a further rise in bone mass.33 
A possible influence of other factors, such as vitamin 
D status, can also be hypothesized. In this regard, the 
absence of data about estrogen and vitamin D serum 
levels also represents a limitation of our study. 

The results we obtained have relevant clinical 
implications, since the loss of muscle strength with 
aging is associated with an increase in body sway, a 
greater risk of falls and fractures, increased disability 
and decreased survival rates following critical illness.24 
Moreover, isometric handgrip strength has been 
correlated with bone mass and the risk of fracture, 
as well as with the functional decline, grade of dis-
ability and mortality risk in the elderly.1,12,14,15,19,21 We 
would therefore suggest that a clinical evaluation of 
muscle strength could be a useful additional tool in 
the overall evaluation of functional status and could 
valuably integrate any algorithm aimed to evaluate 
fracture risk in postmenopausal women. An important 
limitation is the fact that the cross-sectional design 
of our study does not allow us to draw firm conclu-
sions on long-term change in muscle strength and its 
correlation with changes of bone mineral density and 
quality. Nevertheless, our results also suggest that 
physical training should be strongly recommended 
to ameliorate muscle strength and balance, to reduce 
fracture risk and to improve the overall functional 
status in postmenopausal women.15,18,34,35 Though 
the optimal type and regimen of physical exercise is 
still debated, a recent meta-analysis reported that in 
postmenopausal women non weight-bearing progres-

sive resistance strength exercises for lower limbs and 
a combination of exercise programmes are the most 
effective physical interventions on BMD of femoral 
neck and lumbar spine, respectively.36 A significant 
decrease in bone loss and improvement in postural 
control was also reported in postmenopausal osteo-
penic women participating in Tai Chi training.37,38 
Moreover, gender differences in the muscle-bone 
unit and in the age-related bone loss suggest that 
different training strategies may be needed in women 
and in men.39 For instance, in men aged 50-79 years 
lumbar spine and femoral neck BMD and strength 
improved after 18 months of progressive resistance 
training exercises with alternate days of weight-bearing 
activities.40 Despite these results, there is as yet no 
definition as to which are the most efficient types of 
exercise specifically improving bone mass and strength 
in subjects of different age and sex.41

In conclusion, our results show that age and meno-
pause significantly contribute to the reduction of 
isometric contraction of skeletal muscles. The degree 
of muscle strength of the dominant arm significantly 
correlates with some quantitative and qualitative 
features of skeletal tissue at this level. This finding 
underlines the relevance of extra-skeletal factors in 
influencing bone health.

RefeRences
1. ling CH, Taekema  D, de Craen aJ, Gussekloo J, Wes-

tendorp rG, Maier aB, 2010 Handgrip strength and 
mortality in the oldest old population: the leiden 85-plus 
study. CMaJ 182: 429-435.

2. Samuel D, rowe PJ, 2009 effect of ageing on isometric 
strength through joint range at knee and hip joints in three 
age groups of older adults. Gerontology 55: 621-629.

3. Di Monaco M, Vallero F, Di Monaco r, Tappero r, 
2011 Prevalence of sarcopenia and its association with 
osteoporosis in 313 older women following a hip fracture. 
arch Gerontol. Geriatr 52: 71-74.

4. Janssen i, Heymsfield SB, ross r, 2002 low relative 
skeletal muscle mass (Sarcopenia) in older persons is 
associated with functional impairment and physical 
disability. J am Geriatr Soc 50: 889-896.

5. Janssen HC, Samson MM, Verhaar HJ, 2002 Vitamin D 
deficiency, muscle function, and falls in elderly people. 
am J Clin Nut 75: 611-615.

6. iannuzzi-Sucich M, Prestwood KM, Kenny aM, 2002 
Prevalence of sarcopenia and predictors of skeletal muscle 
mass in healthy, older men and women. J Gerontol a 
Biol Sci Med Sci 57: 772-777.



Muscle strength and bone 331

7. Visvanathan r, Chapman i, 2010 Preventing sarcopaenia 
in older people. Maturitas 66: 383-388.

8. Maltais Ml, Desroches J, Dionne iJ, 2009 Changes in 
muscle mass and strength after menopause. J Musculo-
skelet Neuronal interact. 9: 186-197.

9. Walsh MC, Hunter Gr, livingstone MBM, 2006 Sar-
copenia in premenopausal and postmenopausal women 
with osteopenia, osteoporosis and normal bone mineral 
density. Osteoporos int 17: 61-67.

10. Samuel D, rowe PJ, 2009 effect of ageing on isometric 
strength trough joint range at knee and hip joints in three 
age groups of older adults. Gerontology 55: 621-629.

11. Daly rM, ahlborg HG, ringsberg K, Gardsell P, Sernbo 
i, Karlsson MK, 2008 association between changes in 
habitual physical activity and changes in bone density, 
muscle strength, and functional performance in elderly 
men and women. J am Geriatr Soc 56: 2252-2260.

12. Cruz-Jentoft aJ, Baeyens JP, Bauer JM, et al, 2010eu-
ropean Working Group on Sarcopenia in Older People 
Sarcopenia: european consensus on definition and di-
agnosis. age ageing 39: 412-423.

13. Hamrick MW, Samaddar T, Pennington C, McCormick 
J, 2006 increased muscle mass with myostatin deficiency 
improves gains in bone strength with exercise. J Bone 
Miner res 21: 477-483.

14. Dixon WG, lunt M, Pye Sr, et al, 2005 european Pro-
spective Osteoporosis Study Group low grip strength 
is associated with bone mineral density and vertebral 
fracture in women. rheumatology (Oxford) 44: 642-646.

15. Marin rV, Pedrosa Ma, Moreira-Pfrimer lD, Matsudo 
SM, lazaretti-Castro M, 2010 association between lean 
mass and handgrip strength with bone mineral density 
in physically active postmenopausal women. J Clin 
Densitom 13: 96-101.

16. Frost HM, 1997 Perspective: On our age-related bone 
loss: insights from a new paradigm. J Bone Miner res 
12: 1539-1546.

17. Blain H, Vuillemin a, Teissier a, Hanesse B, Guillemin 
F, Jeandel C, 2001 influence of muscle strength and body 
weight and composition on regional bone mineral density 
in healthy women aged 60 years and over. Gerontology 
47: 207-212.

18. Di Monaco M, Di Monaco r, Manca M, Cavanna a, 
2000 Handgrip strength is an independent predictor of 
distal radius bone mineral density in postmenopausal 
women. Clin rheumatol 19: 473-476.

19. albrand G, Munoz F, Sornay-rendu e, DuBoeuf F, Del-
mas PD, 2003 independent predictors of all osteoporosis-
related fractures in healthy postmenopausal women: The 
OFelY Study. Bone 32: 78-85.

20. Cipriani C, romagnoli e, Scarpiello a, angelozzi M, 
Montesano T, Minisola S, 2009 Phalangeal quantitative 
ultrasound and bone mineral density in evaluating corti-
cal bone loss: a study in postmenopausal women with 
primary hyperparathyroidism and subclinical iatrogenic 
hyperthyroidism. J Clin Densitom 12: 456-460.

21. lauretani F, russo Cr, Bandinelli S, et al, 2003 age-

associated changes in skeletal muscles and their effect 
on mobility: an operational diagnosis of sarcopenia. J 
appl Physiol 95: 1851-1860.

22. Frontera Wr, Hughes Va, lutz KJ, evans WJ, 1991 a 
cross-sectional study of muscle strength and mass in 45- to 
78-yr-old men and women. J appl Physiol 71: 644-650.

23. Brown M, 2008 Skeletal muscle and bone: effect of 
sex steroids and aging. adv Physiol educ 32: 120-126.

24. lee Ce, Mcardle a, Griffiths rD, 2007 The role of 
hormones, cytokines and heat shock proteins during 
age-related muscle loss. Clin Nutr 26: 524-534.

25. evans WJ, Campbell WW, 1993 Sarcopenia and age-
related changes in body composition and functional 
capacity. J Nutr 123: Suppl 2: 465-468.

26. rolland YM, Perry HM 3rd, Patrick P, Banks Wa, Morley 
Je, 2007 loss of appendicular muscle mass and loss of 
muscle strength in young postmenopausal women. J 
Gerontol a Biol Sci Med Sci 62: 330-335.

27. Wiik a, ekman M, Johansson O, Jansson e, esbjörnsson 
M, 2009 expression of both oestrogen receptor alpha 
and beta in human skeletal muscle tissue. Cell Biol 
Histochem 131: 181-189.

28. Frank aW, lorbergs al, Chilibeck PD, Farthing JP, 
Kontulainen Sa, 2010 Muscle cross sectional area 
and grip torque contraction types are similarly related 
to pQCT derived bone strength indices in the radii of 
older healthy adults. J Musculoskelet Neuronal interact 
10: 136-141.

29. Sherk VD, Palmer iJ, Bemben MG, Bemben Da, 2009 
relationships between body composition, muscular 
strength, and bone mineral density in estrogen-deficient 
postmenopausal women. J Clin Densitom 12: 292-298.

30. Frost HM, 2001 From Wolff’s law to the Utah paradigm: 
insights about bone physiology and its clinical applica-
tions. anat rec. 262: 398-419.

31. Kaji H, Kosaka r, 2005 effects of age, grip strength and 
smoking on forearm volumetric bone mineral density 
and bone geometry by peripheral quantitative computed 
tomography: Comparisons between female and male. 
endocr J 52: 659-666.

32. Snow-Harter C, Bouxsein M, lewis B, Charette S, Wein-
stein P, Marcus r, 1990 Muscle strength as a predictor 
of bone mineral density in young women. J Bone Miner 
res 5: 589-595.

33. Burr DB, 1997 Muscle strength, bone mass, and age-
related bone loss. J Bone Miner res 12: 1547-1551.

34. Taaffe Dr, Cauley Ja, Danielson M, et al, 2001 race and 
sex effects on the association between muscle strength, 
soft tissue, and bone mineral density in healthy elders: 
the Health, aging, and Body Composition Study. J Bone 
Miner res 16: 1343-1352.

35. Marques ea, Mota J, Machado l, et al, 2010 Multicom-
ponent training program with weight-bearing exercises 
elicits favorable bone density, muscle strength, and 
balance adaptations in older women. Calcif Tissue int 
88: 117-129.

36. Howe Te, Shea B, Dawson lJ, et al, 2011 exercise for 



332 C. CiPriaNi eT al

preventing and treating osteoporosis in postmenopausal 
women. Cochrane Database Syst rev 6: CD000333.

37. Chan K, Qin l, lau M, et al 2004 a randomised pro-
spective study of the effects of Tai ChiChun exercise on 
bone mineral density in postmenopausal women. arch 
Phys Med rehabil 85: 717-722.

38. Wayne PM, Kiel DP, Buring Je, et al, 2012 impact of Tai 
Chi exercise on multiple fracture-related risk factors in 
post-menopausal osteopenic women: a pilot pragmatic, 
randomized trial. BMC Complement altern Med 12: 7.

39. lang TF, 2011 The bone-muscle relationship in men and 
women. J Osteoporos 2011: 702735.

40. Kukuljan S, Nowson Ca, Sanders KM, et al, 2011 
independent and combined effects of calcium-vitamin 
D3 and exercise on bone structure and strength in older 
men: an 18-month factorial design randomized controlled 
trial. J Clin endocrinol Metab 96: 955-963.

41. Guadalupe-Grau a, Fuentes T, Guerra B, Calbet Ja, 
2009 exercise and bone mass in adults. Sports Med 
39: 439-468.




