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We were interested to study the impact of the mechanical environment on the anatomy and structure of the tibia. Calf muscles induce variable amounts of stress at different levels of the tibia. Stress patterns vary from almost pure uniaxial compression close to the heel to a combination of compression, torsion an bending stresses, of progressively
increasing complexity toward the knee (Fig 1). The tibio-talar knee joint can be loaded in valgus stress-mode, where the load is transmitted via the medial condyle.
pQCT technology (XCT-2000, Stratec) permits the serial musculoskeletal study of the entire human leg and allows a biomechanical analysis of tibial anatomy and structure from the tibio-talar joint to the knee. We have performed such study in the legs of 10 men and 12 women aged 20-40 yr with sedentary habits, in order to describe the basic
structural patterns of bone mass, design and material “quality” variation along the whole tibia length in relation with the proposed mechanical patterns of natural stimulation. Scans were obtained at regular intervals equivalent to 5% of the right tibia's length, numbered from S5 (5% site, next to the tibio-talar joint) to S95 (95% site, next to the knee joint)
(Fig 2).
Indicators of bone mass (cortical area, CtA; total BMC, ToC; cortical BMC, CtC; trabecular vBMD, vTbD), diaphyseal design (periosteal perimeter, PeriC; endocortical perimeter, EndoC; cortical thickness, CtTh, and A-P-bending, lateral-bending and torsional or polar moments of inertia, xMI, yMI, pMI; circularity; eccentricity), and material “quality”
(vBMD, vCtD) were determined as allowed.
RESULTS
The ToC decayed about 33% from S5 to S15 (Fig 3). More proximally, ToC increased with an almost constant slope until S45, reaching again the original S5 value at S40, and keeping statistically similar values from S50 to S80. More proximally, the ToC increased abruptly up to the knee. Expression of the ToC values as percentages of the minimum
value per site for each individual revealed that the curves were virtually coincident for males and females. Minimal ToC values and dispersion were reached at S15. The circularity of the cross-section, statistically similar for males and females, varied inversely to ToC between S5 and S45. The maximum circularity value and its minimal dispersion were
both measured at S15.
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CtA and CtC, closely related to each other, increased largely from S5 to S45; remained virtually constant until S75, and fell dramatically more proximally (Fig 4). Accordingly, the vCtD values were comparable among all measurement sites within each gender; however, they were significantly higher in women than in men (females, 1134±16 mg/cm ;
3
males, 1108±20 mg/cm , p<0.01). The CtTh varied in parallel with with CtA and CtC between S5 and S45, but then it decayed substantially until S95 (p<0.001 between S45 and every other more distal site). The PeriC decreased proximally from the heel down to a minimum level between S25 to S55 and then increased consistently up to reach maximal
values close to the knee.
All the CSMI's showed minimal values between S5 and S25 (Fig 5). More proximally, considerable increases were observed, successively for pCSMI from S25, for xCSMI from S35, and for yCSMI from S45, up to the knee. Up to approximately S45, the CSMI's grew in direct relationship with CtC, CtA or CtTh in both genders. However, from S50 to
S80 they grew inversely with these indicators, and directly with the PeriC. Cortical bone contributed significantly to the CSMI's only from S25 to S55. More proximally, the CSMI's increased considerably with an almost complete independence from the cortical mass. From S55 to S70 the CSMI's increased while cortical mass remained constant, while
from S75 to S90 the CSMI's increased despite of a substantial reduction of cortical mass.
A comparison between CSMI's (y) and ToC or CtC (x) at every studied site (Fig 6) showed a common, highly-significant exponential relationship for men and women data analyzed as a whole, with female values accumulated toward the lower-left side of the graph and male data accumulated toward the upper-right region.
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INTERPRETATION
At the tibia's distal end, uniaxial compression should be the predominant challenge; accordingly, the required amount of bone to resist compression is condensed as purely compact bone as the most effective possible resource, rather than the acquisition of large CSMIs, at least until S15. This is also reflected by the trend of the cross-section to
achieve a maximal circularity at that level.
The structural arrangement of the mineralized mass from S5 to S15 changes progressively from trabecular to cortical structure, with a progressive reduction in total bone mass which totalizes some 33%. This suggests that the mechanical efficiency of the combined, trabecular/cortical structure close to the heel (S5) to resist uniaxial compression
should be about 2/3 of that of the almost pure cortical structure found at S15.
More proximally, the rapid increase in CSMI's values suggests a progressive addition of torsion and anterior-posterior bending and then lateral bending stresses. Up to the bone midshaft, the biological cost of this necessary anatomical adaptation seems to be afforded chiefly by a substantial increase in bone mass, with relatively little variation in PeriC
and a large increase in CtTh.
The ToC value at S5 for the combined cortical-trabecular structure seems to be reached again at about S40 for the pure cortical structure. Proximally to the midshaft, the large increase in CSMI's was progressively achieved through an enlargement of bone diameters at the expenses of cortical thickness, rather than by any further increase in bone
mass. This should reflect the maximal influence of torsion and bending stresses throughout the bone shaft at that bone region.
Closer to the knee, despite the persisting cortical thinning, total bone mass increases again as a result of the large enhancement of bone diameters, and also due to the progressive change from the pure cortical shell to the less efficient, combined cortical-trabecular metaphyseal structure. This should reflect
a. a further anatomical adaptation of bone design and structure to a more complex compression pattern derived from the occasional loading of the whole body weight on each of the two tibial plates, and
b. the mechanical requirement to disperse musculoskeletal forces via the joints.
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The scarce variation of vCtD (a partial indicator of bone tissue stiffness throughout the bone) simplifies the above mechanical analysis, which could be validly restricted to only the geometric changes in cross-sectional design.
The significantly larger values obtained for every allometrically-related indicator studied in men than in women could reflect a natural adaptation of female skeletons to favor the accumulation of mineral to be passed to the offspring, helped by the estrogen-induced inhibition of periosteal growth and cortical and trabecular remodeling.
Conversely, the large differences in male and female data distribution along the exponential relationship between CSMI's and CtC show that men generally tend to distribute their cortical bone tissue per unit of available tissue mass more efficiently in architectural terms than women do. This would reflect a natural adaptation of the (larger) male
skeleton to favor the development of strong bones for fighting for food and mates, helped by the androgen-induced stimulation of muscle-strength development.
However, the general behaviors and interrelationships shown by all the indicators throughout the studied bones always followed comparable patterns in both genders. This indicates that the natural determination of all the described behaviors and relationships shown by the data would be a general, characteristic feature of Homo sapiens.
Some of the findings of this study suggest that the biomechanically-determined, close relationships between the ToC measured at the 4% site (close to S5) and at the 14% or the 38% sites (close to S15 and S40) employing the standard procedure for clinical studies incorporated in the available XCT-2000 and XCT-3000 scanners offer interesting
applications for diagnosing osteopenia separately for trabecular and cortical bone, following modern biomechanical criteria.

b

c
Site

Figure 1. Sketch of the proposed way of
transmission of the forces normally exerted on the

Figure 3.
a. Means ± SE's of crude values of total
mineral content (ToC) of the whole set of tibial
scans (numbered 5 to 95 as described in the text)
of the male and female individuals studied.
Dashed lines indicate the ToC reduction of about
33% at approximately S15 with respect to S5 and
its recovery at approximately S40 as commented
in the text.

pQCT determinations

Site

Figure 2. Serial pQCT scans obtained from one
of the studied (male) legs, numbered S5 to S95
from the distal to the proximal end.

Figure 5. Comparative changes of means ± SE's of the moments
of inertia for lateral bending (yCSMI, a), A-P bending (xCSMI, b)
and torsion (pCSMI, c) of the whole set of tibial scans (numbered
5 to 95 as described in the text) of the male and female
individuals studied. Values for males were always statistically
higher than those for females at every site (p<0.001). Sketches
at the right indicate the position of the reference axes considered
for calculation of the corresponding CSMI's. Arrows indicate the
sites at which the CSMI values begin to grow significantly in the
proximal sense with respect to the virtually constant proximal
values in each graph.

Figure 4. Comparative changes of means ± SE's of cortical mineral content (a), cortical
thickness (b) and periosteal perimeter (c) of the whole set of tibial scans (numbered 5 to 95
as described in the text) of the male and female individuals studied.

Site 65 %

b. Means ± SE's of ToC values
determined as in (a), expressed as percentages of
the minimum value obtained (i.e. that
corresponding to the S15 site in (a)). In addition to
the curves for men and women values (between
which no statistical difference was found), a third
curve is shown representing the mathematical
approach to the theoretical common curve for both
genders, as per the equation y = 186.0 10.2 x +
0.42 x2 0.006 x3 + 0.00003 x4 (R2 = 0.827, p <
0.001). The maximal reduction in ToC observed at
S15 with respect to S5 and its recovery at
approximately S40 are indicated as in (a).
c. Means ± SE's of circularity values for
the cross sections calculated at each studied site.
As men and women values did not differ
statistically within sites throughout the bone, a
single adjusting curve is shown for both genders (y
= 0.8568 + 0.01179 x - 0.0005047 x2 + 7.000e006 x3 - 3.165e-008 x4; R2 = 0.786, p<0.001).

Figure 6 Correlation between the mean values of polar cross-sectional
moment of inertia (pCSMI) and total mineral content measured at the
S65 site in males and females, closely adjusted by a single exponential
equation (y = 5,405 exp 0.79 x; r = 0.838, p<0.001).

