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Abstract

In a cross-sectional study we investigated the relationship between muscle and bone parameters in 

mid-thigh in older people using data from a single axial computed tomography (CT) section 

through the mid-thigh. Additionally we studied the association of these variables with incident low 

trauma lower limb fractures. A total of 3762 older individuals (1838 men and 1924 women) age 

66-96 years, participants in the AGES-Reykjavík Study, were studied. The total cross-sectional 

muscular area and knee extensor strength declined with age similarly in both sexes. Muscle 

parameters correlated most strongly with cortical area and total shaft area (adjusted for age, height 

and weight) but explained less than 10% of variability in those bone parameters. The increment in 

medullary area and buckling ratio with age was almost fourfold greater in women than men. The 

association between medullary area and muscle parameters was non-significant. One hundred-

thirteen women and 66 men sustained incident lower limb fractures during median follow-up of 

5.3 years. Small muscular area, low knee extensor strength, large medullary area, low cortical 

thickness and high buckling ratio were significantly associated with fractures in both sexes. Our 

results show that bone and muscle loss proceeds at different rates and with different gender 

patterns.
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Introduction

Harold Frost's mechanostat hypothesis [1] suggests that physical activity and muscle 

dominate bone remodelling and that an age related reduction in physical activity and muscle 

mass alone may be enough to cause age-related bone loss and lead to osteoporosis [1, 2]. 

Animal studies of mechanical loading support this theory [3, 4]. Muscle strength and bone 

strength are in close relationship to each other across the paediatric age range and children's 

bones become adapted to the increasing muscle forces as they grow [5]. As recently 

reviewed by Bonnet and Ferrari [6], studies have indicated that physical activity with 

sufficient loading intensity and frequency can effectively improve bone mass, structure and 

strength during adolescence, especially during the pre-pubertal years [7-9]. Whether this 

close relationship exists between bone and muscle in adults and older persons is 

controversial. Experimental data show conflicting results, but this may be due to difference 

in the age groups included in the studies as well as by differences in adjustment for body 

size.

Studies using dual energy X-ray absorptiometry (DXA) have found a correlation between 

bone parameters and muscle mass supporting the mechanostat theory [10-13]. Those studies 

were, however, based on 2D measurements with DXA which does not allow a direct 

estimate of bone size. In a population-based study of women and men (age, 21-97 years) 

using central and peripheral QCT, Melton III et al [14] did not find a close relationship 

between change in habitual load and change in bone strength or any consistent pattern. In 

older populations there is a limited evidence supporting that physical activity has postitive 

effects on bone [6]. However, a recent pQCT study in men by Cousins et al [15] found an 

association between bone strength and physical activity as well as bone strength and muscle 

power indices that were primarily related to greater total bone area but not bone volumetric 

density. Several studies have shown reduction of fracture rate in older people who exercise 

[16]. Lanyon and Skerry [17] have proposed that osteoporosis is the result of a 

maladaptation to mechanical loading in which changes of the hormonal milieu, such as 

estrogen deficiency, alter the setpoint of the mechanostat, impairing the response of bone 

remodelling to mechanical strain.

Ferretti et al [2] and Schoenau et al [5] introduced an extension of the mechanostat theory. 

They recommended that the diagnostic evaluation of skeletal disease should include an 

assessment of the musculature. They introduced an approach to measure the ratio of bone 

mass/strength to muscle mass/strength to distinguish between disuse in muscle and bone and 

primary or secondary osteoporosis.

The question whether decline in muscle mass with age may explain age-related bone loss 

and osteoporotic fractures remains a crucial one. In order to better understand possible 

interaction between those parameters as predictors of future fractures in old age we have 

used data from a CT section through mid-thigh to investigate the relationship between 

muscle and bone parameters in older people and how these parameters are associated with 

incident low trauma lower limb fractures during median 5.3 years of follow up. All forces on 

femur exerted by gravity and muscle action, may it be proximal or distal, must be projected 

through the mid thigh area. Our work is to fill in the mid femoral knowledge gap. Although 
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mid-femur is not a usual osteoporotic fracture site, this site provides an opportunity to 

evaluate bone parameters such as cortical thickness which is difficult at other sites.

Methods

Study participants

The study cohort consisted of Icelandic men and women, aged 66-96 years, who participated 

in the Age Gene/Environment Susceptibility-Reykjavik Study (AGES-REYKJAVIK), a 

single-center prospective ongoing population study. Design and recruitment have been 

described in detail [18]. All participants provided written informed consent, and the study 

was approved (VSN 00-063) by the National Bioethics Committee in Iceland as well as the 

Institutional Review Board of the Intramural Research Program of the National Institute of 

Aging.

At the baseline visit, height and weight were measured and participants were asked to bring 

all medications to the clinic that they had used in the previous 2 weeks. Height and weight 

were measured using a Seca stadiometer and a digital scale (Marel, Iceland) and body mass 

index (BMI) calculated as kg/m2. Medical records were checked biannually from all 

hospitals receiving fractures in Iceland. From these records, we identified all incident low 

trauma lower limb fractures, defined as a fracture resulting from a fall from a standing 

position or lower. The fractures were categorized as a fracture at hip (S72.0-S72.2), at 

femoral shaft (S72.3), at lower leg (S82.1-S82.4) and at ankle (S82.5-S82.9).

Of the 5248 participants who completed the thigh CT-scan, we excluded those who were on 

medications known to affect bone density, including estrogen replacement therapy, tibolone, 

antiepileptics, systemic glucocorticosteroids and agents for the treatment of osteoporosis 

(raloxifene, calcitonin or bisphosphonates) (n=754), those who were physically unable to 

complete the knee extensor test (n=392) and those who had a history of lower limb fracture 

(n=440). A total of 3762 participants (72% of the original cohort, 1838 men and 1924 

women) were available for analysis. Each participant was followed for up to 6 years until 

fracture or death or was censored at the end of follow-up. The median follow-up time was 

5.3 years. Of those who were available for analysis, 113 women and 66 men sustained 

incident low trauma lower limb fracture during follow-up.

Computed tomography (CT) scanning

Computed tomography (CT) measurements were performed in the mid-thigh using a 4-row 

detector CT system (Sensation, Siemens Medical Systems, Erlangen, Germany) as 

previously described [18]. A single axial section through the mid-thigh (120kVp, 10 mm 

slice thickness) was used to quantify the geometry of mid-thigh. The axial image of the 

thigh at mid-femur was obtained after measuring the maximum length of femur to find the 

center of the long axis of the femur. We reported values from the right thigh.

CT-derived measures

Images were processed to extract measures of bone and muscle variables in the mid-thigh. 

We estimated total shaft area (cm2), medullary area (cm2), cortical area (cm2), cortical 
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thickness (cm), buckling ratio and muscular area (cm2). A computer program was used to 

track the periosteal and medullary boundaries of the femoral shaft using a region-growing 

algorithm operated at a threshold of 176 Hounsfield Units (HU), a value which was found to 

provide accurate periosteal and endosteal cortical contours. From the mid-shaft scan we 

computed the total cross-sectional periosteal area (shaft CSA) and the medullary area (MA). 

The cortical area was defined by subtracting MA from shaft CSA. From the total shaft and 

medullary areas, a cortical thickness index (iCThi) was calculated as:

The buckling ratio (BR) was computed as the ratio of bone radius to cortical thickness:

The BR is an index of cortical instability based on the principle that thin-walled tubes 

become locally unstable in bending when the ratio of the outer diameter to wall thickness 

exceeds some maximum value [19]. It should be noted that these calculations approximate 
that the inner and outer cortical boundaries as two concentric circles, that is physically 

reasonable but which is an assumption nonetheless.

An operator used a manual contouring program to draw the contours of the hamstring, 

sartorius and quadriceps muscles of the thigh and total muscular cross-sectional area was 

calculated.

Reproducibility of the CT-measurements; twenty-six randomly selected participants of the 

study underwent a repeated CT scan after repositioning. Calculated coefficient of variation 

(CV %) was 1.1% for total shaft bone area, 2.4% for cortical area, 3.5% for medullary area, 

2.6% for cortical thickness, 2.3% for buckling ratio, and 3.5% for muscular area. There was 

no significant difference between the repeated mesurements.

Maximal isometric knee extension strength

Muscle strength was assessed as a maximal isometric strength of the right leg while the 

individual was sitting in an adjustable dynamometer chair (Good Strength, Metitur Ltd., 

Palokka, Finaland). The seat belt was fastened in the pelvis area to prevent movement of the 

body during the test and the ankle fastened by a belt to a strain-gauge transducer. The knee 

extension strength was measured at a knee angle of 60 degrees from full extension toward 

flexion. The examiner ensured that the individuals understood the instruction by a trial check 

before the measurement performed. Three maximal efforts, separated by 30-seconds rest, 

were conducted. During the measurements, the individuals were encouraged verbally to 

produce at their maximum capability and the highest value was used.
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Statistical analysis

General linear models were used to estimate the association with age and mean values of 

variables adjusted to age 75 years. Current height and weight was used to correct for body 

size. The correlation between height and weight was r=0.31 and r=0.48 in women and men 

respectively; both p<0.001. The estimates were obtained by using linear combinations of 

regression parameters with an intercept, age set at 75 years, height at 175 cm for men and 

161 cm for women, weight at 83 kg for men and 71 kg for women. To estimate percent 

variances per 10-years in age interval the outcomes were analyzed on a natural log scale. 

Then the regression parameter (slope) for age has the interpretation of percent change for 1-

year difference. This effect was then scaled to represent effect of 10 years. One-way analysis 

of variance (ANOVA) was used to compare men and women. Associations between 

variables were estimated by Pearson's correlations and partial correlations were estimated 

from linear regression. In Fig. 2 the adjusted values for cortical area and muscular area were 

estimated from a regressison model. In a regression model the cortical area and muscular 

area were the outcomes and age, height and weight were the parameters (subtracted from the 

mean in each parameter). The adjusted values were estimated as the residuals from the 

regression model and scaled with the intercept. ANOVA was used to compare fracture cases 

and controls. The Cox proportional hazards regression model was used to estimate risk of 

fracture, using time from visit to the AGES-Study as the time scale with adjustment for age, 

height and weight at entry. The analyses were performed for men and women separately.

Results

Descriptive characteristics

A total of 3762 participants (1838 men and 1924 women), from the AGES-Reykjavik study 

were included in the study. The mean age at entry for men was 76.5±5.3 years and mean age 

at entry for women was 76.4±5.6 years. The age distribution is shown in table 1 as well as 

height and weight, showing a difference in mean height of 4.9 cm (2.8%) higher among men 

and 6.1 cm (3.9%) higher among women during the 30 years span in cohort birth year. The 

cohort difference in mean weight was 13.9 kg (18%) higher among men and 10.4 kg (16%) 

higher among women. Baseline characteristics of participants are presented in table 2.

Total female fracture cases were 113, the fractures were categorized as 81 at hip (S72.0-

S72.2), 6 at femoral shaft (S72.3), 8 at lower leg (S82.1-S82.4) and 18 at ankle (S82.5-

S82.9). Total male fracture cases were 66, the fractures were categorized as 50 at hip, 2 at 

femoral shaft, 6 at lower leg and 8 at ankle.

Cross-sectional variations and gender differences in muscle and bone parameters by age

Table 3 shows the mean values at age 75 years corrected for body size and the variations 

with age in bone and muscle variables in this cross-sectional part of the study. There was no 

change in total shaft area either in men nor women based on the very low variance. On the 

other hand the medullary area increased in both sexes with age. The increment in medullary 

area was almost fourfold higher in women than in men or 15.0 % per decade (95%CI: 

12.2 %, 17.7 %). Buckling ratio, reflecting the ratio between radius of the bone and cortical 

thickness, increased significantly by age and almost fourfold more in women. The 
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quadriceps area declined by −11.5 (95%CI: −12.8 %, −10.4 %) in men and −10.5 % 
(95%CI: −11.6 %, −9.4 %) in women per decade. Both total muscular area and knee 

extensor strength did decline similarly in both sexes. The total muscular area declined by 

−10.3 % (95%CI: −11.5 %, −9.1 %) in men and −9.0 % (95%CI: −10.2 %, −7.8 %) in 

women per decade. The muscular strength declined about twofold more than the muscular 

area or −19.6 % (95%CI: −21.4 %, −17.7 %) in men and −19.4 % (95%CI: −21.4 %, 

−17.4 %) in women per decade. In Fig 1. the least square means per age group is displayed 

for cortical thickness, medullary area and knee exenstion strength, (a) men, b) women, with 

the data superimposed.

The relationship between muscle and bone parameters

Table 4 shows the simple and partial correlation between bone and muscle variables when 

corrected for age, height and weight. Using simple correlation coefficients, total shaft area, 

cortical area as well as cortical thickness correlated positively with total muscular area (r = 

0.32−0.47, p<0.0001) and knee extensor strength (r = 0.12−0.24, p<0.0001) for both men 

and women. The muscular area and knee extensor strength correlated strongest with cortical 

area and total shaft area of the bone variables after adjustment. The association between 

medullary area and muscle parameters was non-significant except the simple correlation 

among women. The association between buckling ratio and muscle parameters was 

significant but the association was minimal (table 4). The association between the muscular 

strength and the bone variables were less than between muscular area and bone variables. 

The results obtained using quadriceps area gave similar results as total muscular area.

In Fig. 2 the anthropometric relationship between cortical area and muscular area (both 

variables were adjusted for age, height and weight) is presented. The individuals within the 

lowest quartile of cortical area were classified as having low bone mass and the highest 

quartile of cortical area as having high bone mass. The individuals were further classified as 

those within the lowest quartile of muscular area into low muscle mass. Those with low bone 

and muscle mass were considered as “disuse osteopenic”, caused by a lack of mechanical 
stimulation, and those with low bone but normal muscle mass as “true osteopenic”, caused 
by primary disturbances of bone cells, as suggested by Ferretti et al [2]. The Fig. 2 shows 

diffuse scattering without any clear cut separation between cases and controls in the 

relationship between cortical and muscular area. The correlation between cortical area and 

muscular area was not significantly different between fracture cases and controls in men or 

women (p=0.16 and p=0.39, repectively).

The association of muscle and bone parameters with incident low trauma lower limb 
fractures

Table 5 shows age, height and weight adjusted hazard ratios for incident low trauma lower 

limb fracture associated with 1 standard deviation (SD) change in each bone and muscle 

parameters. In most cases the hazard ratios and significant associations were similar for both 

sexes. The bone parameters, cortical thickness, medullary area and buckling ratio as well as 

muscular area and knee extensor strength were significantly associated with incident lower 

limb fracture in both men and women. In both men and women muscular area and knee 

extensor strength were significant parameters when included in the model with either 
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medullary area or buckling ratio (table 6). The hazard ratios were similar for both sexes, 

0.5-0.7 for the muscle parameters and 1.2-1.4 for the bone variables when included in the 

same model. Medullary area and buckling ratio were highly correlated. Similar results were 

achieved when bone variables were combined with the muscular area instead of knee 

extensor strength but the results were more significant using knee extensor strength in 

women (table 6). To put in context the age variation of the measured parameters with 

possible risk of fracture we can calculate the following; Among women 1 SD in these two 
bone parameters and muscular area equals roughly half of 10 years variation in those 

parameters but 10 years variation in knee extension strength is approximately 70% of 1 SD 

in that parameter. In men, the 10 years variation in muscle parameters equals roughly to 

60-70% of 1 SD in these parameters.

Discussion

It is well known that women lose more bone than men into old age [18, 20] and 

subsequently sustain more fractures. The purpose of our cross-sectional study was to explore 

if the association between muscular and bone parameters in mid-thigh differ by age and sex 
in older people. Furthermore our aim was to study if those parameters were associated with 

incident low trauma fractures in the lower limbs. Our results showed that the size of 

medullary area and consequent thinning of cortex with higher buckling ratio was 

significantly associated with lower limb fractures in both sexes. Those bone parameters 

varied differently with age by gender, considerably more so in women than men. The bone 

parameters that strongest associated with fractures were, however, mostly independent of 

baseline muscular parameters. Variations in muscular parameters with age were parallel in 

both genders. On the other hand muscle parameters (cross-sectional area and knee extensor 

strength) were protective against incident lower limb fractures in both sexes, independent of 

the bone parameters measured in our study.

Our cross-sectional data indicate similar loss in muscle mass in both sexes with age but as 

reported by others [21] the loss of muscle strength is somewhat greater than loss of total 

muscle area and quadriceps area with aging, implying that the quality of the muscle may be 

reduced. The correlation between knee extensor strength and muscular area was moderate. 

In older persons, the muscle mass may be incomplete predictor of muscle strength because 

of deteriorated function of neuromuscular junction [13] and fatty infiltration of muscle 

increases with age and results in reduced muscle strength. In our study, the correlation 

between muscular area and knee extensor strength was greater among men than women, 

suggesting different muscle quality possibly due to less fatty infiltration. The variations with 

age in cortical thickness was threefold greater in women than men, almost fourfold greater 

for medullary area and buckling ratio with no difference with age in total shaft area. These 

variations with age reflect presumably greater endocortical resportion but minimal periosteal 

apposition. Our aim of study was to compare these variations in bone with muscle 

parameters.

There is discordance in the literature regarding the relationship between muscle and bone in 

older adults. In the present study, muscular area and knee extensor strength were postively 

associated with total shaft area and cortical area, similarly in both sexes. The correlations 
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were almost twofold higher between muscular area and bone parameters than knee extensor 

strength and bone parameters. We did adjust the analyses for age, weight and height because 

those variables have biological influence on both bone parameters and muscle strength/area 

but possibly to a different degree. However, it is a limitation in our study that we did not 

separate body weight into lean and fat mass with possibly different confounding effects [22].

Our data do confirm a strong positive relationship between bone mass and body mass 

reported by others, as well as between bone mass and body height [23, 24] that justifies our 

use of the weight and height to adjust the correlations. Numerous studies have revealed that 

body weight was the strongest predictor of variance in BMD at weight-bearing sites [25-27]. 

In our study muscular area and knee extensor strength explained less than 10% of the 

variability in total shaft and cortical area when corrected for age, height and weight. On the 

other hand the association between medullary area and buckling ratio with the muscle 

parameters was negative and minimal if it was significant. Numerous studies have reported 

weak to moderate postitive correlations between muscle strength and bone mineral density 

in adults but in most cases the relationships were not adjusted for body size [11, 28, 29]. 

Other studies have reported non-significant relationship between muscle strength and BMD 

[24, 30]. Melton III et al [14] showed that there was no close relationship between changes 

in habitual load (estimated by body mass, appendicular muscle mass, and habitual physical 

activities) and changes in bone strength at the femoral neck, lumbar spine and radius 

measured by QCT in men and women, age range 21-97 years. Grip torques were not 

significant independent contributors to radius bone strength indexes when body size and 

gender were accounted for in men and postmenopausal women over the age of 50 [31]. In 

contrast, in a study of 796 men, 50-85 years of age, the relative skeletal muscle mass index 

correlated postitively with BMC, aBMD and bone geometric measurements estimated by 

DXA [13]. The discordance can be related to different age range studied and methodological 

differences including not mathematically accounting for the influence of body weight and 

height on both the bone and muscle variables.

The muscle-bone hypothesis has been able to better account for the accrual of bone mass 

and strength during childhood and explain why certain types of exercise are able to prevent 

bone loss during immobilization [32, 33]. Bone loss is also a well-known result of skeletal 

unloading in long-duration spaceflight, with the most severe losses occurring in the load-

bearing lower skeleton [34]. Schoenau et al [35] concluded that the interaction of muscle 

and bone system in forearm during puberty in boys and girls supported the ideas proposed 

by Frost [1], finding a strong correlation between muscle area and cortical area; in pubertal 

boys and girls r=0.88 and r=0.91, respectively. They did not adjust for body size. These 

correlations were approximately twofold higher than the simple correlations for the older 

individuals in our study. However, estrogen deficiency in our elderly women might have 

caused maladaptation to mechanical loading as suggested by Lanyon and Skerry [17] and 

further supported by studies in mice [36] showing an importance of estrogen receptor (ER-

α) in this respect. As we did not measure sex steroids we can not exclude such an 

interaction. However we found closely similar relationship between bone and muscle in both 

sexes. Melton III et al [14] studying age 21-97 years did not find that sex steroids much 

influenced the strength-to-load ratio and suggested that the sex steroids are associated with 
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skeletal muscle mass which was the primary estimate of habitual skeletal loading. Price et al 

[37] very recently suggested that there does not appear to be a unique mechanically sensitive 

pathway by which bone loading regulates bone mass and architecture to ensure adequate 

strength.

In our cross-sectional study we further examined the bone area/muscle area ratio and found a 

substantial inter-individual variation in this ratio in both sexes (Fig. 2). The bone area/

muscle area ratio increased with age in both sexes and significantly more among men in 

disagreement with [2] where the ratio decreased after age of 50 in women and was rather 

stable in men. An extension to the mechanostat theory has been introduced by [2, 5] using 

the ratios of bone mass/strength to muscle mass/strength to distinguish between a primary 

and secondary bone disease. They proposed that since muscle and bone are closely 

functionally linked an assessment of both elements should be included in the pathogenetic 

evaluation of skeletal disease. Accordingly primary bone diseases are characterized by 

dysfunctional adaptation of bone to biomechanical load. Secondary bone diseases are 

characterized by decline in muscle force (sarcopenia) but with normal adaptation of bone to 

load. We tried such a separation of the individuals according to bone/muscle relationship 

into “disuse” and “true” osteopenia without any significant separation between controls and 

fracture cases. However, numerous factors other than the forces due to muscle contraction 

are known to influence bone, including hormones, genetic effect and potentially body 

composition which were not analyzed in our study.

Among the measured bone variables, our study indicates that medullary area and buckling 

ratio were associated with lower limb fractures. Buckling ratio, the ratio of bone radius to 

cortical thickness, and medullary area increase with age more in women than men. The 

importance of the buckling ratio in the femoral neck as a predictor of hip fracture has also 

been emphasized in the Rotterdam Study [38] and SOF Study [39] using DXA 

measurements, although it is important to take into account the limitations of indirectly 

determining bone geometry from projectional images. Increasing thigh muscle strength was, 

however, a significant independent protective factor against fractures in our multivariable 

hazards model. Muscle strength and area gave closely similar associative results. These 

factors were independent of the bone variables, which could suggest that muscle mass and 

strength, might act by preventing falls rather than acting directly on bones. It is however well 

documented that, whenever muscles are not properly actuated, bone is readily lost from the 

disused regions, for example for spinal cord injury [40] and stroke patients [41]. Our study 

refects bone and muscle loss with age in a relatively healthy population of older individuals 

because of exclusion criteria.

Our cross-sectional study has several important strengths. It included a large number of old 

individuals, both men and women and the CT scans were made at a single-center. All 

measurements were performed on data acquired before the occurrence of fractures, and 

cases and controls are a part of the same cohort, which ensures their comparability. Our 

detailed information on medication allows exclusion of persons on medications that may 

influence bone metabolism. This study has also some limitations. The cross-sectional nature 

of the data may underestimate the true rate of decline/increase with age as shown by some 

longitudinal studies [42, 43]. Thus, our findings could have been affected by secular changes 
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in muscle mass or bone mass that occurred over the age span of our cohort or by 

confounding effect of fat [22]. Our data show similar secular changes in height for both 

sexes, 2.8% among men 3.9% among women during the 30 years span in cohort birth year. 

The secular changes in weight were much greater but similar by gender, 18% among men 

and 16% among women. Another limitation is that there were no measurements of sex 

hormones in the participants. The cross-sectional part is reflecting associations but not 

revealing causes and effects. All of our subjects were Caucasians and our results may 

therefore not be applicable to other ethnic groups. Isometric knee extensor strength and body 

weight are only surrogate estimates of the strains applied on the mid-thigh. The forces 

generated by the muscles in the cross-section of the mid-thigh are not applying the highest 

load on the mid femoral shaft. The highest load is expected at the proximal and distal ends 

of the femur. We can therefore not preclude that a stronger association might be between 

muscular and bone area if the bone parameters would have been estimated from regions 

where forces are higher. However, a large part of the quadriceps muscles does have origins at 

the femoral shaft. In our results, the quadriceps cross-sectional area and total muscular area 

correlated similarly with the bone parameters. Further, there was a relatively small number 

of incident fractures in our study, which reduced statistical power. The mid-femoral shaft is 

not a common location for osteoporotic fractures. However, this site allows a direct 

measurement of cortical bone that is the main part of the skeleton. Finally, we did not have 

an estimate of BMD or porosity in the femoral shaft cortex; previous studies of older 

individuals have reported no effect of exercise on cortical volumetric BMD [44, 45].

In conclusion, our cross-sectional results in older people show a weaker association between 

bone and muscle parameters (as measured in mid-thigh) than has been published in younger 

people [7, 9, 35]. Our results indicate that muscular area and strength are of importance for 

protection against incident lower limb fractures in bothsexes and this seems to be mostly 

independent of bone parameters. The study supports the idea that periosteal apposition is 

insufficient to protect bone strength against the medullary expansion due to endocortical 

resorption. This is consistent with a higher rate of fracture in women, as both genders show 

no change in total shaft area, but women have larger increment in medullary area. Thus, our 

results support a notion that endocortical resorption may be a key process for the 

development of bone fragility in lower limbs in old age. Better understanding of the 

determinants of endocortical resorption might thus be of importance in the prevention of low 

trauma lower limb fractures in older people. Our data were obtained on cross-section of mid-

thigh and need to be confirmed at sites more commonly associated with osteoporotic 

fracture.
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Abbreviations

QCT quantitative computed tomography

DXA dual energy X-ray absorptiometry

shaft CSA total cross-sectional periosteal area

MA medullary area

iCThi cortical thickness index

BR buckling ratio

BMI body mass index

CI confidence interval

SD standard deviation

BMC bone mineral content

aBMD areal bone mineral density

HR hazard ratio

ER-α Estrogen receptor
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Figure 1. 
Values and regression lines with age for cortical thickness, medullary area and knee 

extension strength (least square means and 95% confidence limits) per age group (66-70; 

71-75; 76-80, 81-85, 86+) a) Men b) Women.
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Figure 2. 
Anthropometric relationship between cortical area and muscular area at mid-thigh in men (a) 

and women (b) fracture cases and controls. Both variables adjusted for age, height and 

weight. Slopes: p<0.0001, Intercepts: p<0.0001 and R2=0.04. The relationship was not 

significantly different between controls and fracture cases in men or women (p=0.16 and 

p=0.39, respectively). The individuals below the lower horizontal line are within the lowest 

quartile of cortical area. Those who are above the upper horizontal line are within the 

highest quartile of cortical area. The individuals who are left to the vertical line are within 

the lowest quartile of muscular area.
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Table 1

Anthropometric variables for the whole study group (n=3762)

Men (n=1838) Women (n=1924)

Mean (SD) Mean (SD)

Age (years) 76.5 (5.3) 76.4 (5.6)

Height (cm) 175.5 (6.1) 160.8 (5.6)

Weight (kg) 82.9 (13.2) 70.7 (12.9)

BMI (kg/cm2) 26.9 (3.7) 27.3 (4.7)

Age group/years n Height (cm) Weight (kg) n Height (cm) Weight (kg)

−69 162 177.1 (5.6) 90.0 (12.2) 208 162.9 (5.2) 73.9 (14.1)

70-74 565 177.3 (5.8) 86.6 (13.8) 594 162.7 (5.3) 73.5 (12.6)

75-79 554 175.6 (6.0) 82.7 (12.5) 538 160.9 (5.1) 70.7 (12.3)

80-84 410 173.3 (5.8) 78.9 (12.0) 420 158.8 (5.1) 67.7 (12.2)

85+ 147 172.2 (5.5) 76.1 (11.0) 164 156.8 (5.4) 63.5 (10.9)
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Table 2

Baseline characteristics of participants, fracture cases and controls.

Men Women

Mean (SD) Mean (SD)

Controls Cases Controls Cases

N 1772 66 1811 113

Age (years) 76.4 (5.3) 79.4 (6.1) 76.2 (5.6) 78.4 (5.8)

Height (cm) 175.5 (6.1) 176.0 (6.3) 160.9 (5.6) 160.3 (5.7)

Weight (kg) 83.0 (13.2) 80.9 (13.2) 70.9 (12.8) 67.3 (13.7)

BMI (kg/cm2) 26.9 (3.7) 26.1 (4.0) 27.4 (4.7) 26.1 (4.8)

Total shaft area (cm2) 7.75 (0.73) 7.89 (0.91) 6.11 (0.58) 6.14 (0.59)

Medullary area (cm2) 1.40 (0.36) 1.56 (0.37) 1.27 (0.36) 1.40 (0.40)

Cortical area (cm2) 6.35 (0.60) 6.33 (0.69) 4.84 (0.47) 4.74 (0.47)

Cortical thickness (cm) 0.91 (0.07) 0.88 (0.07) 0.76 (0.08) 0.74 (0.08)

Buckling ratio 1.74 (0.14) 1.80 (0.13) 1.84 (0.19) 1.92 (0.21)

Total muscular area (cm2) 150 (24) 139 (24) 114 (19) 106 (17)

Quadriceps area (cm2) 65.8 (10.6) 61.1 (10.2) 47.2 (7.6) 43.7 (7.2)

Knee extensor strength (N) 406 (107) 351 (90) 259 (75) 229 (71)

Bone area/muscular area ratio 0.043 (0.007) 0.047 (0.009) 0.043 (0.007) 0.045 (0.007)
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Table 5

Univariate hazard ratios for lower limb fracture per 1 SD of bone and muscle parameters at mid-thigh adjusted 

for age, height and weight.

Men Women

HR 95% CI, p HR 95% CI, p

Total shaft area (cm2) 1.2 (0.9-1.6), 0.25 1.1 (0.9-1.4), 0.21

Medullary area (cm2) 1.4 (1.1-1.8), 0.004 1.3 (1.1-1.5), 0.01

Cortical area (cm2) 0.9 (0.7-1.2), 0.53 0.9 (0.7-1.2), 0.42

Cortical thickness (cm) 0.7 (0.6-0.9), 0.01 0.8 (0.6-1.0), 0.03

Buckling ratio 1.4 (1.1-1.7), 0.006 1.3 (1.0-1.5), 0.01

Muscular area (cm2) 0.5 (0.4-0.8), 0.001 0.7 (0.6-1.0), 0.027

Knee extensor strength (N) 0.6 (0.5-0.9) ,0.002 0.7 (0.6-0.9), 0.004
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Table 6

Hazard ratios for incident lower limb fracture in multivariate models including a bone variable (medullary 

area, cortical thickness or buckling ratio) and a muscle parameter (muscular area or knee extensor strength) at 

mid-thigh adjusted for age, height, weight (standardized for 1 SD). In models 1-3, a bone variable and 

muscular area are included and in models 4-6, a bone variable and knee extensor strengh are included.

Men

Model 1 Model 2 Model 3

HR 95% CI, p HR 95% CI, p HR 95% CI, p

Medullary area (cm2) 1.4 (1.1-1.8), 0.004

Cortical thickness (cm) 0.8 (0.6-1.0), 0.04

Buckling ratio 1.4 (1.1-1.7), 0.009

Muscular area (cm2) 0.5 (0.3-0.8), 0.0008 0.5 (0.3-0.8), 0.002 0.5 (0.3-0.8), 0.001

Model 4 Model 5 Model 6

Medullary area (cm2) 1.4 (1.1-1.8), 0.006

Cortical thickness (cm) 0.8 (0.6-1.0), 0.03

Buckling ratio 1.3 (1.1-1.7), 0.01

Knee extensor strength (N) 0.7 (0.5-0.9), 0.003 0.7 (0.5-0.9), 0.005 0.7 (0.5-0.9), 0.004

Women

Model 1 Model 2 Model 3

HR 95% CI, p HR 95% CI, p HR 95% CI, p

Medullary area (cm2) 1.3 (1.1-1.6), 0.005

Cortical thickness (cm) 0.8 (0.6-0.9), 0.01

Buckling ratio 1.3 (1.1-1.6), 0.004

Muscular area (cm2) 0.7 (0.5-1.0), 0.026 0.8 (0.6-1.02),0.06 0.7 (0.6-1.0), 0.04

Model 4 Model 5 Model 6

Medullary area (cm2) 1.2 (1.0-1.5), 0.03

Cortical thickness (cm) 0.8 (0.7-1.0), 0.08

Buckling ratio 1.2 (1.0-1.4). 0.04

Knee extensor strength (N) 0.7 (0.6-0.9), 0.001 0.7 (0.6-0.9), 0.002 0.7 (0.6-0.9), 0.002
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