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Abstract Bone geometry is an important determinant of

bone strength and is influenced by muscle pull and weight-

bearing. Muscle mass and exposure to weight-bearing

decrease with age and thus the purpose of the study was to

compare bone geometry of the weight-bearing (tibia) and

non-weight-bearing (fibula) bones of the leg in different

age groups. Magnetic resonance images of the right leg

were acquired in 13 young (26 yr), 13 old (66 yr), and 13

very old men (83 yr). Cortical, medullary and total cross-

sectional areas (CSA) of the bones were measured at

approximately one-third and two-thirds the length of the

leg. Muscle CSA of the anterior, lateral and posterior

compartments was measured at the proximal site. Cortical

CSA was *14 to 22% smaller in the elderly in the tibia but

similar across age in the fibula. Medullary CSA was larger

with age (*5 to 65%) in both bones but *15 to 440%

greater in the tibia than fibula. Total CSA was similar

across age in both bones. Muscle mass was similar between

young and old but *25% less in the very old and as a

consequence, the magnitude of differences in bone geom-

etry at proximal and distal sites varied in the two elderly

groups. These findings indicate that there is a complex age-

dependent interaction between muscle pull and weight-

bearing. The greater age-related differences in bone

geometry in the tibia suggest the weight-bearing role of the

tibia makes it more susceptible than the fibula to the

reduced activity typically associated with aging.

Keywords Fibula � Lateral compartment �
Magnetic resonance imaging �Muscle cross-sectional area �
Tibia

Introduction

Aging is associated with osteopenia, osteoporosis and an

increased risk of fracture. There is an increasing level of

importance attributed to these conditions due to the global

demographic shift toward a more elderly population and

the escalating health care costs associated with treatment.

Particularly troubling from the perspectives of patient

recovery and financial cost are fractures to the hip joint or

bones of the lower limb. These fractures are associated

with long periods of hospitalization, immobilization, or

inactivity which can lead to a permanent loss of indepen-

dence and increased morbidity in the elderly [1, 2].

As many more women than men suffer the effects of

osteoporosis, the majority of research on bone health has

been done with women. Nevertheless, men can experience

C. J. McNeil � T. J. Doherty � G. D. Marsh � C. L. Rice (&)

Canadian Centre for Activity and Aging, School of Kinesiology,

Faculty of Health Sciences, The University of Western Ontario,

Arthur and Sonia Labatt Health Sciences Building, London, ON

N6A 5B9, Canada

e-mail: crice@uwo.ca

G. H. Raymer

Physical and Health Education Program, Nipissing University,

North Bay, ON, Canada

T. J. Doherty

Departments of Clinical Neurological Sciences

and Rehabilitation Medicine, The University

of Western Ontario, London, ON, Canada

G. D. Marsh

Department of Medical Biophysics, The University of Western

Ontario, London, ON, Canada

C. L. Rice

Department of Anatomy and Cell Biology, Schulich School

of Medicine and Dentistry, The University

of Western Ontario, London, ON, Canada

123

Calcif Tissue Int (2009) 85:22–30

DOI 10.1007/s00223-009-9261-7



significant bone loss and the importance of bone health in

men has begun to garner attention. Consequently, it has

been suggested that further research is needed in men [3–

5]. Regardless of sex, the majority of studies have exam-

ined age-related changes in bone mineral density using

dual energy X-ray absorptiometry (DXA), and relatively

few [6, 7] have examined age-related changes in cross-

sectional area or bone geometry using magnetic resonance

imaging (MRI). However, bone geometry is known to play

an important role in bone strength [8–10] and has been

suggested to be a better indicator of bone fragility and

fracture risk than bone mineral density [11]. The use of

MRI is advantageous for an investigation of age-related

changes in bone geometry because it does not expose

subjects to ionizing radiation, bone geometry assessment is

highly accurate and reproducible with the technique [12],

and reliable muscle mass data [13, 14] can be obtained

simultaneously thereby allowing one to explore the rela-

tionship between muscle and bone [15]. Because muscle

contraction induces the largest voluntary load on bone [8,

16], this relationship should be explored.

Weight-bearing is also known to be an important

determinant of bone strength [17–19] and thus it is of

interest to consider the combined influence of age and

weight-bearing on bone. Surprisingly, few such studies

exist, particularly in men. Although the bones were not

directly compared, a few studies have assessed age-related

changes in the non-weight-bearing humerus and the

weight-bearing femur [20, 21]. Cortical cross-sectional

area (CSA) appeared to be similarly reduced in the study

by Lindahl and Lindgren [20], but in contrast, the results of

Martin and colleagues [21] suggest a greater decrease in

cortical area and a greater increase in porosity of the

humerus compared to the femur. Similarly, McMillan and

Marsh [7] reported greater age-related differences in

humeral rather than femoral measures of bone geometry. A

model that, to our knowledge, has not yet been considered

is a comparison between the tibia and fibula. These bones

represent a unique comparison because they are in the same

segment of the lower limb and thus possess many common

muscle attachments, but they experience dramatically dif-

ferent stresses with respect to weight-bearing activity

(*94 vs. 6% of the load applied to the knee joint for the

tibia and fibula, respectively) [22].

Thus, the purpose of the current study was to examine

the geometry of the tibia and fibula across different age

groups. In an effort to provide some insight into the pos-

sible rate of change, a control group of young men was

compared to two groups of elderly men; i.e., those in their

7th decade (old) and those in their 9th or 10th decades

(very old). We hypothesized that an assumed progressive

age-related decrease in exposure to weight-bearing would

result in greater differences in the tibia than the fibula in

old men, and that these differences would be exacerbated

in the very old men.

Materials and Methods

Subjects

Thirteen young men (aged 23–31), 13 old men (aged 61–

69), and 13 very old men (aged 80–91), volunteered for this

study. Young subjects were recruited from the university

environment and considered to be recreationally active.

Subjects in the two elderly groups were healthy, active men

recruited from a local exercise program designed to

maintain cardiovascular fitness, flexibility and muscular

endurance. All elderly men were ambulatory and living

independently in the community. The mean age, height,

fibular length, and body mass of the three groups are

reported in Table 1. The study was conducted in accor-

dance with the guidelines for experimentation on human

subjects established by the local university’s ethics review

board and conformed to the Declaration of Helsinki. Sub-

jects completed an MRI screening questionnaire concern-

ing metallic objects in the body and informed, written

consent was obtained from each of the 39 participants.

Data were collected during a single visit to the imaging

unit.

Experimental Set-Up

Using a flexible tape measure, right fibula length was

determined as the distance between the head of the fibula

and the lateral malleolus. Plastic capsules filled with veg-

etable oil were taped to the right leg at one-third (proximal)

and two-thirds (distal) of this distance to serve as external

markers during positioning of the subject and image anal-

ysis. In a supine position, subjects were inserted feet-first

into the bore (64 cm) of the 3.0T superconducting magnet

(IMRIS, Winnipeg, Canada) to approximately waist level.

In order to position the right leg in the middle of the coil,

and thereby maximize the image quality, the right foot was

Table 1 Subject characteristics

Young

(n = 13)

Old

(n = 13)

Very old

(n = 13)

Age (years) 26.2 ± 2.7 65.7 ± 2.4 83.0 ± 4.1

Height (cm) 177.2 ± 6.4 173.6 ± 6.0 172.6 ± 6.7

Fibula length (cm) 37.2 ± 2.2 36.5 ± 2.0 36.1 ± 2.3

Body mass (kg) 80.7 ± 7.5 81.1 ± 11.6 76.7 ± 11.6

Values are means ± standard deviation; n number of subjects. Height,

fibula length, and body mass were unaffected by age
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crossed over top of the left foot. MR images of the tibia and

fibula were acquired via serial axial plane scans; five slices

were obtained at both the proximal and distal sites (cen-

tered about the plastic capsules). Two distinct sections

were imaged because marked heterogeneity exists within

the same bone [23, 24] and thus data from a single section

could be misleading. T1-weighted images were acquired

using the following parameters: repetition time, 850 ms;

echo time, 21 ms; matrix, 512 9 512; field of view,

250 mm; slice thickness, 7 mm; and slice separation,

3 mm. A representative scan for each age group is dis-

played in Fig. 1.

Data Reduction and Statistics

Analyze software (version 7.0, Mayo Clinic, Rochester,

USA) was used to determine cortical, medullary, and total

(cortical ? medullary) cross-sectional areas (CSAs) of the

tibia and fibula in all scans. Group coefficients of variation

(CVs) ranged between 0.09–0.22 for cortical CSA, between

0.21–0.37 for medullary CSA, and between 0.10–0.22 for

total CSA. Although there were no significant differences

among the groups for subject height, the mean of the young

was 5 cm taller than that of the very old. To eliminate any

possible influence of height, the absolute cortical, medul-

lary and total CSAs were normalized to individual subject

height. Statistical analyses were performed on the normal-

ized values but the absolute values are presented in the

results and tables. Cortical CSA was divided by total CSA

to determine the relative percentage of cortical bone in the

tibia and fibula (CV range of 0.06–0.14). In the proximal

five scans, muscle, non-contractile and total (muscle ?

non-contractile) CSA were determined for the anterior,

lateral and posterior muscle compartments as well as the leg

as a whole (anterior ? lateral ? posterior compartments).

Group CVs ranged between 0.12–0.24 for muscle CSA,

between 0.14–0.39 for non-contractile CSA, and between

0.10–0.22 for total CSA. Non-contractile CSA was divided

by total CSA to determine the relative percentage of non-

contractile tissue in each compartment (CV range of

0.16–0.33). A single investigator performed all analyses by

visual inspection. Bone and muscle analyses were per-

formed using the auto-trace and manual trace functions,

respectively.

All statistical analyses were performed with SPSS soft-

ware (version 17). To interpret the complex analyses of

variance (ANOVAs) employed, significant interactions

were decomposed and lower-order ANOVAs were per-

formed as described below. Absolute cortical and medullary

bone were compared among age groups using a four-way

repeated measures ANOVA, with location (proximal and

distal), bone (tibia and fibula) and type (cortical and med-

ullary) as within-subjects factors. Due to the presence of a

significant location * bone * type interaction, three-way

repeated measures ANOVAs were then performed sepa-

rately for the proximal and distal sections. These analyses

each contained a significant bone * type interaction and so

two-way repeated measures ANOVAs were used separately

for the tibia and fibula at proximal and distal sites. Each of

these four analyses had a significant type * group interac-

tion and so univariate ANOVAs were then performed sep-

arately for cortical and medullary bone in both bones and at

both locations. Total CSA (cortical ? medullary) and the

relative percentage of cortical bone in the tibia and fibula

were compared among age groups by separate three-way

repeated measures ANOVAs, with location and bone as

within-subjects factors. For muscle data, absolute muscle

and non-contractile tissue were compared among age

groups using a three-way repeated measures ANOVA, with

compartment (anterior, lateral, posterior and all) and type

(muscle and non-contractile) as within-subjects factors.

There was a significant compartment * type interaction and

thus two-way repeated measures ANOVAs were used sep-

arately for each compartment. Each of these four analyses

had a significant type * group interaction and so univariate

ANOVAs were performed separately for muscle and

non-contractile tissue in each of the four compartments.

Total compartment CSA (contractile ? non-contractile)

and the relative percentage of non-contractile tissue in each

compartment were compared among age groups by sepa-

rate two-way repeated measures ANOVAs. There was a

significant compartment * group interaction for relative

Fig. 1 Axial magnetic

resonance images of the right

leg from a young (31 yr), old

(61 yr), and very old (82 yr)

man. For each subject, the

image is at one-third of the

distance from the fibular head to

the lateral malleolus
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non-contractile tissue and so univariate ANOVAs were

performed separately for each compartment.

For all statistical analyses, when the lowest-order

ANOVA had a significant between-subjects (group) effect,

Tukey post hoc tests were performed to determine which

age groups differed from one another. Correlations were

determined between cortical CSA and subject age, height,

body mass and leg muscle CSA. A stepwise linear

regression was used to determine which variables of age,

height, body mass and leg muscle CSA provided the best

prediction of cortical CSA in the tibia and fibula. All data

are reported in the text as group means, and the level of

significance was P \ 0.05.

Results

Despite similar height and body mass (Table 1), there

were significant differences in bone geometry among age

groups. In the proximal section, cortical CSA of the tibia

was smaller in both the old and very old compared to

young but similar between old and very old (Table 2). In

the fibula, cortical CSA was similar among all groups

(Table 2). Medullary CSA was greater in the very old

than young in the tibia but greater in the very old com-

pared to both young and old in the fibula (Table 2). Total

CSA (cortical ? medullary) was similar across age

groups in both bones (Table 2). In both the tibia and

fibula, cortical CSA expressed as a percentage of the total

CSA was similar in the young and old and smaller in the

very old compared to either the young or old (Table 2). In

the distal section, cortical CSA of the tibia was smaller in

the old and very old compared to young, with no differ-

ence between the latter two groups (Table 2). As in the

proximal section, cortical CSA was similar among all

groups in the fibula (Table 2). Medullary CSA of the tibia

was greater in old and very old than young with no dif-

ference between the two elderly groups (Table 2). In the

fibula, medullary CSA was greater in the very old com-

pared to both young and old with no difference between

these latter two groups (Table 2). Total CSA was similar

across age groups in both bones (Table 2). Cortical CSA

expressed as a percentage of the total CSA was less in the

old and very old relative to young in the tibia, and in the

fibula was smaller in the very old compared to young and

old (Table 2).

The extent of difference in muscle composition across

age groups varied among the three compartments, with the

smallest and greatest differences recorded in the anterior

and posterior compartments, respectively. Total compart-

ment CSA (muscle ? non-contractile) was similar across

age groups however this reflected the conflicting effects of

less muscle tissue and more non-contractile tissue

(Table 3). Muscle CSA was similar between young and old

but generally significantly less in the very old compared to

both groups for each compartment individually and the leg

as a whole (Table 3). Exceptions were that muscle CSA

was similar between the very old and young for the lateral

compartment and between very old and old for the pos-

terior compartment (Table 3). Old men had significantly

greater non-contractile CSA than the young only in the

lateral compartment but there were strong trends in

the posterior compartment (P = 0.059) and the leg

(P = 0.055) (Table 3). Very old men had significantly

greater non-contractile tissue than both young and old for

all comparisons with the exception of the lateral com-

partment for which the greater value was different only

from young (Table 3). As a result of the greater levels of

non-contractile CSA but the equivalent total compart-

mental CSA, non-contractile tissue expressed as a per-

centage of the total CSA was substantially higher with age.

In the posterior compartment and the leg, the relative

percentage of non-contractile tissue was *50% greater in

old than young (Table 3). The differences were most dra-

matic in the very old as the percentage of non-contractile

tissue was 2–3 fold greater than that of young and 1.5–2

fold greater than that of old in all compartments and hence

the leg (Table 3).

Correlations for cortical CSA in the tibia and fibula are

reported in Table 4. In both bones, cortical CSA was

negatively associated with age but positively related to

body mass and leg muscle CSA. In contrast, subject height

was positively associated to cortical CSA of the tibia but

not significantly related to cortical CSA of the fibula. Using

a stepwise linear regression, the model of age and body

mass explained 64% of the variance in cortical CSA of the

tibia (R = 0.80). In the fibula, leg muscle CSA and body

mass provided the best model but explained only 36% of

the variance in cortical CSA (R = 0.60).

Discussion

In the comparison across age groups, cortical CSA was

smaller in the tibia alone, whereas medullary CSA was

larger in both the tibia and fibula of the elderly. These

findings generally support the hypothesis that age-related

differences in bone geometry are greater in the weight-

bearing tibia compared to the largely unloaded fibula.

Muscle CSA, like bone, tended to be smaller with

age; however, the two measures were correlated only

moderately.

The loss of cortical CSA in the tibia exceeded that in the

fibula at both proximal and distal sections in old and very

old men, but the pattern of decline was not uniform

between these sections in the two bones. In the tibia, there
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was a tendency toward a progressive decline in cortical

CSA with age at the proximal but not the distal section.

Cortical CSA in the distal section of the tibia was an

equivalent *16% less than the young in both the old and

the very old. Unlike the tibia, the loss of cortical CSA in

the fibula was non-significant and was relatively uniform

for both sections in the old and very old. Although these

results generally follow the hypothesized pattern, their

interpretation is complex because weight-bearing and

muscle pull appear to influence the two bones and the two

sections of each bone differently in young and middle-age

Table 3 Leg compartment composition and the mean differences between age groups with 95% confidence intervals

Young

(n = 13)

Old

(n = 13)

Very old

(n = 12)

Old vs. young

(95% CI)

Very old vs.

young (95% CI)

Very old vs.

old (95% CI)

P value

Anterior compartment

Muscle CSA

(cm2)

13.1 ± 1.7 13.6 ± 2.0 11.2 ± 1.5� 0.5 (-1.2 to 2.2) -1.9 (-3.7 to -0.2) -2.5 (-4.2 to -0.7) 0.004

Non-contractile

CSA (cm2)

1.3 ± 0.3 1.5 ± 0.3 2.6 ± 0.8� 0.2 (-0.3 to 0.8) 1.3 (0.8 to 1.9) 1.1 (0.6 to 1.7) 0.000

Total CSA (cm2) 14.4 ± 1.8 15.1 ± 2.1 13.8 ± 1.6 0.8 (-1.0 to 2.6) -0.6 (-2.4 to 1.3) -1.4 (-3.2 to 0.5) 0.139

Non-contractile

tissue (%)

8.8 ± 2.0 10.0 ± 1.6 19.0 ± 5.6� 1.2 (-2.3 to 4.7) 10.2 (6.6 to 13.7) 9.0 (5.5 to 12.6) 0.000

Lateral compartment

Muscle CSA

(cm2)

7.2 ± 1.5 7.7 ± 1.9 5.8 ± 0.8� 0.5 (-0.9 to 2.0) -1.4 (-2.9 to 0.0) -2.0 (-3.4 to -0.5) 0.007

Non-contractile

CSA (cm2)

0.6 ± 0.2 0.9 ± 0.2* 1.1 ± 0.3* 0.3 (0.1 to 0.5) 0.5 (0.2 to 0.7) 0.2 (-0.1 to 0.4) 0.000

Total CSA (cm2) 7.8 ± 1.6 8.7 ± 1.8 6.8 ± 0.7 0.9 (-0.5 to 2.3) -1.0 (-2.4 to 0.5) -1.8 (-3.3 to -0.4) 0.139

Non-contractile

tissue (%)

8.0 ± 2.2 11.2 ± 3.6 16.0 ± 5.2� 3.2 (-0.6 to 7.0) 8.1 (4.2 to 11.9) 4.9 (1.0 to 8.7) 0.000

Posterior compartment

Muscle CSA

(cm2)

51.1 ± 7.6 44.9 ± 10.9 37.0 ± 7.1* -6.2 (-14.7 to 2.2) -14.1 (-22.7 to -5.4) -7.8 (-16.5 to 0.8) 0.001

Non-contractile

CSA (cm2)

4.5 ± 0.9 6.7 ± 1.1 11.4 ± 3.8� 2.2 (-0.1 to 4.5) 6.9 (4.6 to 9.2) 4.7 (2.4 to 7.0) 0.000

Total CSA (cm2) 55.6 ± 7.9 51.6 ± 11.1 48.4 ± 7.1 -4.0 (-12.6 to 4.7) -7.1 (-16.0 to 1.7) -3.1 (-12.0 to 5.7) 0.139

Non-contractile

tissue (%)

8.2 ± 1.7 13.5 ± 3.4* 23.7 ± 7.0� 5.4 (0.9 to 9.8) 15.5 (11.0 to 20.1) 10.2 (5.6 to 14.7) 0.000

Leg (sum of all compartments)

Muscle CSA

(cm2)

71.4 ± 8.8 66.2 ± 13.5 53.9 ± 8.5� -5.0 (-15.3 to 5.3) -17.4 (-27.9 to -6.9) -12.4 (-22.9 to -1.9) 0.001

Non-contractile

CSA (cm2)

6.4 ± 1.1 9.2 ± 1.3 15.1 ± 4.7� 2.7 (-0.1 to 5.5) 8.7 (5.8 to 11.5) 5.9 (3.1 to 8.8) 0.000

Total CSA (cm2) 77.7 ± 9.0 75.4 ± 14.0 69.0 ± 8.6 -2.2 (-12.8 to 8.3) -8.7 (-19.4 to 2.1) -6.4 (-17.2 to 4.3) 0.139

Non-contractile

tissue (%)

8.3 ± 1.5 12.4 ± 2.4* 21.9 ± 6.0� 4.1 (0.4 to 7.9) 13.6 (9.8 to 17.5) 9.5 (5.7 to 13.4) 0.000

CSA cross-sectional area. Data in columns 2–4 represent group mean ± standard deviation for leg compartment variables; n number of subjects.

Total CSA = muscle ? noncontractile. Data in columns 5–7 represent mean differences between groups, with the lower and upper bounds of the

95% confidence interval in parentheses. The final column provides the p-value of the between-subjects effect obtained from the lowest-order

ANOVA performed for each variable. Differences from * young, �both young and old, or � old alone following post hoc testing are significant at

p \ 0.05

Table 4 Correlations of tibial and fibular cortical cross-sectional area

with other variables

Tibia Fibula

Age -0.717� -0.417�

Height 0.431� 0.170

Body mass 0.459� 0.456�

Leg muscle CSA 0.363* 0.508�

Leg muscle CSA refers to the summed muscle CSAs of the anterior,

lateral, and posterior compartments

Differences at * p \ 0.05 and � p \ 0.01
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adulthood versus old adulthood. Moreover, the interaction

between weight-bearing and muscle pull on bone geometry

is complicated by numerous other factors such as genetics,

physical activity, circulating hormones and nutrition [18].

It was recently reported that the osteogenic response of

cortical bone to weight-bearing exercise increases as one

moves distally along the bone [23]. In the weight-bearing

tibia, the loss of cortical CSA compared to young was

greater in the proximal (22%) than distal (16%) section in

the very old but slightly greater in the distal (17%) than

proximal (14%) section in the old. Muscle CSA (muscle

mass) was equivalent in the old and young so it is plausible

that the high loads induced by muscle pull at the proximal

section compensated for the smaller osteogenic response at

this level of the tibia. However, muscle CSA was markedly

less in the very old and therefore perhaps was less able to

compensate for the diminished osteogenic response to

weight-bearing at the proximal tibia.

In contrast to cortical CSA, the difference (i.e., increase)

in medullary CSA was exacerbated in very old age and

appeared to occur at substantially different rates for the

tibia and fibula. In the comparison between the 3rd and 7th

decades, the increase in medullary CSA was *3.5 to 4.5-

fold greater in the tibia than the fibula, whereas in the

comparison between the 7th and 9th decades, the increase

in the medullary cavity was *1.5 to 2.5-fold greater in the

fibula than the tibia. Thus, more convincingly than the

cortical CSA data, these results suggest that weight-bearing

does impact some aspects of bone geometry. The medul-

lary data also support the importance of muscle pull. In the

old, when muscle mass was similar to that of the young, the

medullary CSA was 50–80% greater in the distal than

proximal section for both bones. In the very old, when

muscle mass was 25% smaller compared to young, the

greater increase in medullary CSA at the distal than

proximal section was a more modest 30–40% for each

bone.

We are unaware of any published data that examine

CSA of the fibula across age groups so are unable to draw

any comparisons to the literature. In the tibia, the data are

generally in agreement with a recent population-based

study [9], and in partial agreement with one other popu-

lation-based study [25] and several reports from one group

who studied archaeological and modern-day cadaveric ti-

biae [10, 24, 26]. The present finding of smaller cortical

CSA but maintained total CSA in elderly males is in

accordance with the recent study by Riggs and colleagues

[9]. The magnitude of the decrease in cortical bone in the

present study exceeded that of the previous study [9], but is

in keeping with a diminishing osteogenic response as one

moves proximally along a weight-bearing bone [23]. That

is, our data were collected *12 and 24 cm proximal to the

lateral malleolus as compared to *2 and 7 cm proximal to

the tibial-fibular junction [9]. This discrepancy could also

explain why the increase of medullary CSA in the previous

study (reported only at the site *2 cm proximal to ankle)

[9] was considerably smaller than the increase noted in the

present study. Moreover, using nearly identical sites of

measurement, we note an age-related increase of medullary

CSA of a magnitude similar to those reported in previous

studies [10, 24–26]. Despite the similar degree of medul-

lary expansion, these previous studies did not find an age-

related decrease in cortical CSA. However, two of these

studies [24, 26] compared archaeological samples in which

the oldest age category was only the 6th decade, and

another [10] contained data from only nine subjects equal

in age to our very old category, and compared with only

four young adult subjects. In the remaining study [25], the

youngest age category included individuals between 20 and

49 years, a range considerably wider than in the present

study and which could contribute to the discrepancy.

Because cortical CSA was maintained in these studies [10,

24–26], the medullary expansion resulted in an increase in

total CSA that was not found in our results or in those of

Riggs and colleagues [9].

The muscle mass data are consistent with previously

published values in the anterior [27–29] and posterior

compartments [30, 31]. However, as was the case with

fibular CSA, muscle mass data of the lateral compartment

could not be compared to published data as we were unable

to locate any studies in the literature which investigated the

presence of age-related changes in this compartment. The

age-related decrease in muscle tissue and infiltration of

non-contractile tissue were greatest in the posterior com-

partment, which is in keeping with the finding that age-

related changes are greater in magnitude and more rapid in

onset for the plantar flexors than dorsiflexors [32, 33]. With

age, there is a preferential atrophy or loss of type II muscle

fibers [34] and thus the greater percentage of these fibers in

the gastrocnemius compared to the tibialis anterior (*50

vs. *25%; [35]) has been suggested as an explanation for

the discrepancy between compartments [36]. Like the

anterior compartment, muscle CSA of the lateral com-

partment was preserved in the old but was smaller in the

very old men. The magnitude of increase in non-contractile

tissue was also more similar to that noted in the anterior

than posterior compartment. These findings indicate that

the lateral compartment also undergoes lesser and slower

age-related changes than the posterior compartment.

It is possible that the assessment of muscle strength or

power rather than muscle mass would have provided better

correlations to cortical CSA. For example, it was recently

reported that tibial strength is related to maximal neuro-

muscular performance in young men and women [37].

Although there are conflicting results in the literature, there

are numerous studies that report strength per muscle CSA
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or volume is reduced with age; including examples in the

anterior [29] and posterior [30, 31] compartments. If this

were true, muscle mass data alone would overestimate the

maximum strain that could be applied to a bone via muscle

contraction. However, this error would be secondary to the

fact that the pattern of physical activity would dictate the

magnitude and frequency of the typical strains imposed and

thereby have a greater influence on bone strength [16]. It is

well established that there is a decrease in physical activity

with advancing age, even in healthy active elderly, and this

is especially pronounced for strenuous physical activity

[30]; i.e., the intensity which is most likely to involve

muscle contractions of the strength necessary to induce the

strains required to maintain bone or promote modeling

[16]. Thus, a decrease in activity would negatively impact

bone health by less frequent exposure to weight-bearing

and, perhaps more importantly, by a reduction in strain

induced by muscle pull [16, 38]. In the case of the latter,

the effect would be attributed to fewer muscle contractions

as well as a smaller strain per contraction due to muscle

atrophy. We attempted to minimize the influence of an age-

related decrease in physical activity by selecting healthy

elderly participants who continued to lead active lifestyles

even beyond 90 years of age in some instances. However,

because physical activity was not quantified in our subjects,

it is uncertain how similar the activity profiles were among

the different age groups.

Longitudinal studies in humans that span 60 years of

ageing are challenging, and although cross-sectional stud-

ies have inherent limitations, comparing more than one

group allows some extrapolation concerning rates of

change and is superior to a simple comparison of one

young to one older group. Although not performed in this

study it is clear that physical activity and nutritional factors

should be included to better understand the affect of age on

bone geometry.

In conclusion, although the distribution of weight-

bearing is dramatically skewed in the bones of the leg, the

extent to which cortical CSA was smaller in elderly men

was greater in the tibia than fibula but only modestly in the

very old compared to old men. In contrast, medullary

cavity expansion appeared to occur at a much greater rate

in the tibia between the 3rd and 7th decades of life but to a

greater extent in the fibula between the 7th and 9th dec-

ades. Muscle mass was similar between young and old but

smaller in the very old compared to both young and old.

There was a positive, moderate association between muscle

mass and cortical CSA in both bones. These data suggest

that assumed age-related decreases in exposure to weight-

bearing, in connection with observed muscle atrophy are

likely important but other factors not accounted for also

will impact various aspects of bone geometry in the leg

differently with age.
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