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ABSTRACT

This study describes the structural features of fibula cortical shell as allowed by serial pQCT scans in 10/10 healthy
men and women aged 20-40 years. Indicators of cortical mass (mineral content -BMC-, cross-sectional area -CSA-
), mineralization (volumetric BMD, vBMD), design (perimeters, thickness, moments of inertia -MlIs-) and strength
(Bone Strength Indices, BSls; polar Strength-Strain Index, pSSl) were determined. All cross-sectional shapes and
geometrical or strength indicators suggested a sequence of five different regions along the bone, which would be
successively adapted to 1. transmit loads from the articular surface to the cortical shell (near the proximal tibia-
fibular joint), 2. favor lateral bending (central part of upper half), 3. resist lateral bending (mid-diaphysis), 4. favor
lateral bending again (central part of the lower half), and 5. resist bending/torsion (distal end). Cortical BMC and the
cortical/total CSA ratio were higher at the midshaft than at both bone ends (p<0.001). However, all Mis, BSIs and
pSSI values and the endocortical perimeter/cortical CSA ratio (indicator of the mechanostat’s ability to re-distribute
the available cortical mass) showed a “W-shaped” distribution along the bone, with maximums at the mid-shaft and
at both bone’s ends (site effect, p<0.001). The correlation coefficient (r) of the relationship between Mis (y) and
cortical vBMD (x) at each bone site (“distribution/quality” curve that describes the efficiency of distribution of the
cortical tissue as a function of the local tissue stiffness) was higher at proximal than distal bone regions (p<0.001).
The results from the study suggest that human fibula is primarily adapted to resist bending and torsion rather than
compression stresses, and that fibula’s bending strength is lower at the center of its proximal and distal halves and
higher at the mid-shaft and at both bone’s ends. This would favor, proximally, the elastic absorption of energy by the
attached muscles that rotate or evert the foot, and distally, the widening of the heel joint and the resistance to
excessive lateral bending. Results also suggest that biomechanical control of structural stiffness differs between
proximal and distal fibula.

Key words: Fibula; Bone structure; Bone biomechanics; Bone mechanostat; Bone adaptation; Bone
architecture.
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INTRODUCTION

The mechanical environments of the human fibula and tibia differ greatly. The tibia is a strong bone designed to
translate the compressive load of the whole body weight from two horizontal articular surfaces in the knee to a
single horizontal surface in the heel, and to support relatively large additional bending and torsion stresses toward
the midshaft [1,2]. In contrast, the fibula is a thin bone that is firmly attached, by ligaments, to the proximal tibia and
free of weight bearing articular surfaces distally. The medial-proximal diaphysis of the fibula serves as insertion
points for a number of muscles, the strongest of which participate in the lateral rotation and eversion of the foot.

Some evidence suggests that the fibula would contribute a substantial fraction to resist axial loading together with
the tibia. The total mineral mass of the adult human fibula is about 18%-20% of the whole, tibia-fibula bone mass
[6]. After fibula harvesting, the tibia cross-section adapts by enhancing its cross-sectional bone area and moment of
inertia and rotating its principal longitudinal axes [7]. However, some reports of the relative contribution of the fibula
to resist all uniaxial and torsion or lateral-bending stresses passively induced by foot flexion, rotation, inversion and
eversion [1,5,8-14] tend to contradict such simplistic interpretation.

Nevertheless, the fibula is considered one of the most important supporting structures of the leg in Eutherian
mammals as related to their particular mechanical environment (in particular, the use of the foot) rather than the
known inter-species, phylogenetic relationships [8]. In fact, foot movements involve not only the contraction of
muscles that insert predominantly on the proximal fibula, but also some passive displacements of the lateral
malleolus. Accordingly, the fibula can be proposed to have adapted differently in different species. In predators and
hominids it seems to adapt to energy storage in the proximal half, to allow for lateral bending in the upper region of
its distal half, and to prevent fracture in the lower region of its distal half, as a function of their particular mechanical
environments, rather than to support uniaxial stress. This tomographic study aims to collect some human evidence
to support this view and to propose some participation of bone mechanostat in the involved biomechanical control of
fibula’s structural properties.

Peripheral quantitative computed tomography (pQCT) provides indicators of cortical tissue mass and mineralization
and of cortical shell design and structural stiffness throughout the human fibula, as well as some significant
relationships that determine their biomechanical control at every site studied and along the whole bone.

In long bones, the feedback mechanism, bone mechanostat would adapt the spatial distribution of the mineralized
tissue to resist bending and torsion through a directional modulation of bone modeling as a function of the
magnitude and orientation of the strains induced by usage [15-18]. In adults, this adaptation would result chiefly
from changes in the activity of teams of modeling/remodeling cells. The ability of the resulting modeling process to
modify the cross-sectional design of the bone in a mechanically significant way should depend mostly on the
relationship between the amount of endocortical modeling/remodeling surface (endocortical perimeter, EcPm) and
the total available cortical bone area (CtA) to be re-distributed (EcPm/CtA ratio). The efficiency of bone
mechanostat (mass and orientation of “modeling drifts” [15]) was shown to be inversely related to tissue stiffness,
i.e. to the tissue compliance to be deformed. This relationship can be described by typical, hyperbole-shaped
curves obtained by correlating pQCT indicators of bone design related to cortical bone tissue “distribution” such as
the cross-sectional moments of inertia related to bending and torsion (MI’s, y) and of bone tissue “quality”
(volumetric cortical BMD, vBMD, x) that we coined “distribution/quality” (d/q) curves [19-22]. The d/q curves show
that “the higher the compliance of the tissue to deformation, the greater the efficiency of the system to compensate
for the natural bone strains” [23-25]. In fact, the d/q curves have described the effects of gender, genetic factors,
physical activity, bone-weakening diseases and different treatments on bone mechanostat [22,26].

These concepts can be applied to demonstrate that the mechanical adaptation of the whole human fibula to its
normal mechanical environment responds to different strength patterns in different ways along the bone, as an
evidence of a site-specific behavior of bone mechanostat. In this study, we hypothesize that “the cortical structure of
the human fibula should reflect the mechanical influences described above, which differ between the upper and
lower halves of the bone, governed through the general principles of bone mechano-adaptation” [15-18,27]. To test
this hypothesis, we took serial pQCT scans of the whole fibula of healthy men and women to describe its cortical
structure and the EcPm/CtA and d/q relationships [25-31] and compared the results obtained in different regions of
the bone.
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MATERIAL AND METHODS
The study participants

Ten men and ten pre-menopausal women of 20-40 years with a body weight of 78.3 £ 2.9 and 57.4 + 2.4 kg and a
body height of 174.7 + 3.5 and 163.3 £ 2.1 cm, respectively, were recruited as healthy volunteers. None of them
had a history of drinking or smoking habits, fractures, bone diseases or treatments with bone-altering drugs, or was
following any systematic plan of physical activity. Every participant gave his/her written informed consent before
being included. The study was approved by the Bioethics Committee, Faculty of Medicine, National University of
Rosario, Argentina.

pQCT Measurements.

An XCT-2000 scanner (Stratec, Germany), software version 5.0, was used to scan the entire right leg of each
individual. The radiation dose was about 0.9 uSV per scan (20 uSv for the whole study). The slices were 2.5-mm
thick, and the in-plane pixel size was 0.5 mm. A previously reported, computer-aided procedure to serially scan the
whole tibia [29] was used to analyze the corresponding length of the adjacent fibula. Leg scans were obtained at
every 5% of the leg length from the projection of the tibia-talar joint line and the articular line of the knee. Scans
were numbered from S5 (5% site, located 5% of the scanned length proximal to the tibia-talar joint) to S95 (95%
site, located 95% of the scanned length proximal to the tibia-talar joint). The device allows for no more than 9 slices
per session. Thus, each half of the scanned length of the leg had to be studied separately and the scan at S50
(starting point for scanning the proximal segment of the leg) could not be obtained. The distal end of the fibula
(analogously to the tibial malleolus as a distal landmark) could not be scanned below the S5 level. Therefore, a total
of 18 scans were obtained per fibula (Fig 1-a), and any reference to the studied fibula in this study applies to the
described fibula length taken proximally from S5 to S95 as above described. Threshold values for total and cortical
bone were selected at 180.0 and 710.0 mg/cms, respectively, using the parameters contmode 2, peelmode 2, and
cortmode 1. The following indicators were obtained as allowed in every site studied [19].

Bone “mass” indicators.

- Mineral content of total bone (total BMC), in g/cm of slice thickness.
- Mineral content of cortical bone (cortical BMC), in g/cm of slice thickness.
- Cortical bone area, in mm?®.

These indicators were studied as such and also normalized by body mass (kg) [30] in order to analyze or rule out
the influence of allometric factors in the determination of the observed inter-group differences.

Diaphyseal design indicators.
a. Total bone area, cortical perimeters and thickness

- Periosteal perimeter, in mm.

- Total bone area: bone area comprised inside the periosteal perimeter, in mm.

- Endocortical perimeter, in mm.

- Cortical thickness: average thickness of the bone cortex, in mm.

- Endocortical perimeter/cortical area ratio (EcPm/CtA): a derived indicator that associates the bone cell availability
close to marrow (EcPm) with the amount of available cortical tissue (CtA) to be eventually re-distributed by
directionally-oriented modeling/remodeling mechanisms (modeling drifts addressed by bone mechanostat) [15].

b. Indicators of the architectural efficiency of cortical tissue distribution within the bone section

- Cross-sectional moments of inertia (MI’s): integrated sums of products of the area of every cortical pixel by its
squared perpendicular distance to the neutral axes passing through the center of mass of the bone image, after
rotating the axis system until achieving a maximal y value, as the perpendicular axis to x passing through the
center of gravity. The reference axes were the longitudinal axis (polar or torsion Ml, pMl); the lateral-
meqlial axis (anterior-posterior (A-P) bending MI, xMl); and the A-P axis (lateral bending MI, yMI), in
mm™,

In contrast with the above procedure applied to normalize the bone “mass” indicators [30], all Ml values were
normalized by the product [body mass*tibia length] to adjust for body and bone size as proposed by Ruff [30].
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Bone material “quality” (intrinsic stiffness) indicator [31].
Volumetric cortical mineral density (cortical vBMD) = cortical BMC/cortical area, mg/cms.
Indicators of bone structural stiffness/strength.

Lateral-bending “Bone Strength Index” (yBSl), defined by the equation (derivation in [32])
yBSI = yMI X cortical vBMD
Polar (torsion) “Bone Strength-Strain Index” (pSSl), defined by the equation

pMI X cortical vBMD

SSI =
p Rmax X vBMDmax

Rmax being the distance from the farthest periosteal perimeter point to the center of mass of the bone image; and
cortical vBMDmax the theoretically maximal value for cortical vBMD = 1,200 mg/cms.

Statistical analyses.

Statistica (StatSoft Inc, USA, 2008) software was used. Means and SE’s were calculated for each indicator
separately in men and women, and plotted by site. The distribution of all the pQCT indicators throughout the fibula
was examined in order to define specific aspects of the adaptation of different regions of the bone as required to
demonstrate the proposed hypothesis. Factorial ANOVA of the site-related evolution of the studied indicators along
the bone in men and women evaluated the higher-order interactive effect of the two studied groups (“sex effect”,
related to the inter-group differences in the indicator values) and that of the multiple sites scanned (“site-effect”,
related to the significance of the slopes of the curves) within selected ranges of sites. The Ml values of each scan
(y) were also compared with the corresponding cortical vBMD values (x) to obtain the above referred d/q curves for
every bone site. The d/q curves were always analyzed after pooling men’s and women'’s data together (as done in a
previous study of the human tibia [29]) because of the small number of individuals per group. The statistical
adjustment (correlation coefficients, r) of the d/q curves obtained at a given bone site would describe the
effectiveness of bone mechanostat to control bone design as a function of bone stiffness as required by the
stresses naturally supported by bone structure at that site. The r values of the d/q curves calculated for each
studied bone scan were plotted (y) per bone site (x) and adjusted to a Lowess curve for descriptive purposes.
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RESULTS

The fibula image was inconsistently observed at S95. Accordingly, the tomographic analysis of the fibula was
restricted to S5-S90. The size and shape of fibula scans (Fig 1-a) were highly variable from site to site throughout
the bone. However, the observed cross-sectional features could be roughly classified into the following five types.

1. At S90 (fibula’s head medially attached to the tibia by its anterior and posterior ligaments), the cross-section is
rounded and almost filled with trabecular bone. 2. At S70-S85, the sections become elliptic with larger A-P than
medial-lateral diameters and progressively decreasing in size. 3. At the central diaphysis (S35-S65), the sections
increase slightly in size and adopt a triangular shape with the vertices oriented medially. 4. More distally (S20-S30),
the sections become smaller and show again an elliptic shape with larger AP than lateral diameters. 5. From S10 to
S20, the sections are again triangular but with their vertices pointing laterally, tending to recover the rounded shape
at S5.

The longest diameter of the cross-sections is always the A-P diameter. The angle between this diameter and the
sagittal plane is relatively small and varies little between sites (Fig 1-b), about 2-7 degrees of medial rotation at S5-
S80 and 6-18 degrees of lateral rotation at S85-S90.

Tomographic analysis of bone mass, design, density, and strength

The total BMC values were generally higher at the distal than at the proximal half of the fibula (Fig 2-a) and higher
in men than in women, especially toward the distal part of the bone. The distribution of total BMC values along the
fibula showed relatively higher values at both ends and mid-shaft and lower values at the central part of the distal
and proximal halves of the bone (site interaction, p<0.001), more evidently in males than in females.

Cortical BMC (Fig 2-b) and area (not shown) values were higher at the mid-diaphysis than at both ends of the bone
and in the distal (S10-S15) than in the proximal (S80-S85) fibula shaft in both sexes. Men’s values were higher than
women’s, especially in the distal part (S10-S45,about +12.5% to +33.3%, p<0.0001; S55-S80, about +5.7% to
+12.5%, p<0.01). Normalizing the total and cortical BMC data to body mass did not equalize the sex difference, but
rather reversed the sex differences such that women’s values were significantly greater than those in men (p<0.001
throughout the bone). The percent proportion of cortical area to total bone area (Fig 2-c) was almost constant
(about 61-69%) between S30 and S60 and dropped abruptly to about 45% toward the two ends of the bone, in both
groups. The percent contribution of the total fibular BMC to the total BMC of the leg [tibia+fibula] along the bone
(free from any allometric association), varied only from 11% to 25% in both sexes.

Periosteal perimeter (Fig 3-a) was significantly larger in men than women distally (p<0.001), not proximally
(p>0.05). Endocortical perimeter (Fig 3-b) was smaller in women than men throughout the bone. Both perimeters
showed a “W-shaped” distribution, more visible for the endocortical perimeter. Cortical thickness (Fig 3-c) showed
maximal values toward the mid-diaphyses in both sexes, but it was significantly greater in men than in women
distally, and significantly larger in women than men proximally. The EcPm/CtA ratio (Fig 3-d) showed particularly
high values toward both bone ends in both sexes with non-significant sex interaction (p>0.05), and slightly higher
values in men than women at its central part.

In general, Ml values (Fig 4-a,b) showed quite visibly the alluded “W-shaped” distribution. They were greatest at the
proximal (S5-S10) and distal ends (S85-S90) and at the mid-diaphysis (S35-S55) (site effects, always p<0.001),
with two visible “pits” in the distribution curves placed approximately at S25 and S70-75 (site effects, p<0.001). The
depths of the two “pits”, taken with reference to the “peak” values at S45, tended to be larger for yMI and pMI than
for xMI (graph not shown). All crude Ml values were higher for men than women all through, more evidently at the
central-distal than at the proximal half of the bone.

These inter-sex differences virtually disappeared after adjustment for bone size (for yMlI, see Fig 4-c). While the raw
MI’'s data showed significant sex and site effects, the adjusted data showed only the site-related interaction
(p<0.001).

The cortical vBMD (Fig 4-d) was higher in women than in men. Values tended to decay mildly from S20 to S75 and
decayed abruptly from S20 to S10 and from S75 to S85.

The yBSI and pSSl values (Fig 5-a,b) varied in parallel with those of the MI’s (Fig 4-a,b,c), and more clearly for the
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yBSI than for the pSSI. Also resembling the behavior of MI data, the higher yBSI and pSSI values in men were
assimilated to women’s values after adjusting for bone length (data not shown).

Determination of the “distribution /quality” (d/q) relationships.

The d/q relationships (Fig 5-c) analyzed for men’s and women'’s data together showed a quite variable degree of
statistical adjustment (the selected example shown in Fig 5-c corresponds to a highly significant relationship). From
absolute values of about 0.6-0.7 at S5-S10, r values dropped to almost zero at S25-S30 (Fig 5-d); more proximally,
they increased abruptly to more than 0.7 at S45, went again down to about 0.4 at S60-S65, and then increased
again up to more than 0.7 at S85.

Factorial ANOVA showed highly significant site-effects on changes of both r coefficients (Fig 5-d) and pQCT
indicators’ values (Figs 2-4 and 5-a,b) in men and women (p<0.001 in all instances). Importantly, the significant
site-related variations of the r coefficients of the d/q curves (Fig 5-d) were associated with the significant site-related
changes observed in most pQCT indicators in both sexes within the above site ranges, as follows.

1. The decrease of r values from S5 to S25-S30 (Fig 5-d) corresponded to increases in cortical BMC (about 30%,
Fig 2-b), periosteal perimeter (about 10%, Fig 3-a) and cortical vBMD (about 9.8% from S-10 to S-20, Fig 5-a), and
to large decreases in endocortical perimeter (65-75%, Fig 3-b), ECPm/CtA ratio (55-63%, Fig 3-d), MI's (35-65% for
yMI, p<0.001; Fig 4-a), yBSI (25-35%, Fig 5-b) and pSSI (11-12%, Fig 5-a).

2. The large improvement in r values between S25-S30 and S45 (to note, S45 was the “peak-value site” for most
allometrically-related indicators) corresponded to significant increases in cortical BMC (8-10%), all the MI's (35-50%
in yMI), yBSI (30-45%), pSSI (11-12%), and the EcPm/CtA ratio (32%, only for men in this particular case), and a 2-
3% decrease in cortical vBMD.

3. The decrease in r values from S45 to S60-S65 coincided with decreases in cortical BMC (12-14%) and
EcPm/CtA ratio (13-15%), and decreases in cortical vBMD (3-4%), MI's (30-60% in yMI), yBSI (30-67%) and pSSI
(12%, only for men in this case).

4. The increase in r values from S60-65 to S85 corresponded to further decreases in cortical BMC (40-50%), and
vBMD (11-14%) and increases in the EcPm/CTA ratio (about 110%), MI's (28-38% in yMI), yBSI (20-30%) and pSSI
(7-10% from S75-80 to S90).

Changes in cortical vBMD values were unrelated to variations in r values.
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DISCUSSION

This study shows that the fibula, despite its almost constant periosteal circumference along its axis, can be
subdivided into five anatomically different regions. The following discussion concerns the tomographic data
collected in this study. This suggests a different kind of adaptation for the proximal and distal halves of the fibula,
more evident in men than women, far beyond any adaptation to support uniaxial stress, and a relevant role of the
biological control of fibula’s structural properties to the achievement of that adaptation.

1. Adaptation to bending/torsion rather than compression stresses

The rounded shape of the cross-section and the presence of trabecular bone at S90 suggest an adaptation to
transmit the loads from the articular surface to the cortical shell. The elliptic shape and relatively smaller size of the
cross-sections at S70-S85, with A-P diameters larger than lateral diameters and closely aligned with the sagittal
plane, suggest the development of some compliance to lateral-medial bending (assuming an equivalence between
compressive and tensile strength). The triangular shape with vertices pointing medially, probably resulting from the
traction from the interosseous ligament, and the slightly enhanced size adopted toward the central diaphysis (S35-
S70) would resist lateral bending. The elliptic shape and smaller size of the cross-sections that are re-adopted more
distally (520-30) suggest a second trend of the bone to become compliant to lateral-medial bending. The triangular
shape with vertices pointing laterally along the S10-S20 region suggests again a trend to resist lateral bending, now
unrelated to the interosseous ligament. The trend to re-adopt a rounded shape with a higher BMC value at S5
suggests an additional adaptation to resist torsion stress. No information was obtained from the ultra-distal,
malleolar end of the fibula (situated below tibia-S5). The visible smoothness of the evolution of the angle between
A-P diameter and sagittal plane from S45 to S55 discards any interference of re-positioning the leg.

The contribution of the human fibula to support uniaxial loads is affected by its anatomical relationships with the
tibia [3,5,7] and the complexity of the usual loading patterns. In fact, a more solid tibia/fibula attachment could be
expected if axial load sharing were the fibula’s main function. The fibula’s contribution to total (tibia + fibula) BMC (a
correlate of compression strength if no other kinds of stresses are considered) could be 11-25% in humans, and
some authors regard it as negligible [1]. This study shows that, despite the high diversity of fibula structure along its
shaft, the cortical/total bone area ratio along most of the fibula diaphysis (S20-S70) was relatively constant
(variation within 6 percent points within each sex throughout the bone), in contrast with what was observed in the
tibia [29]. Therefore, the reported contribution of 18-20% by the fibula to uniaxial compression in the leg after
measuring only two fibula sites [6] is unlikely to completely account for the fibula’s mechanical environment [2].

The contribution of cadaveric fibulae to support uniaxial loads has been shown to vary widely with the degree of
knee flexion and the position of the foot [5,9-11,13,33] from -8% (traction from the anterior and posterior fibular
ligament) to 19% (compression of the lateral malleolus) [13]. Furthermore, increasing the load leads to
enhancement of the fibular contribution and a decrease in the traction exerted by the ligaments [34]. At any rate, the
large variability of fibula’s contribution to support uniaxial stress [13] suggests that the fibular total BMC should not
be adapted to resist compression/traction loads. Evidence from primates suggests that only a negligible amount of
load is transmitted to the ground through the fibula. Instead, the size of the tibia is related to the weight transmitted
through it [35].

In contrast with what we have observed in the tibia [29], in this study, the total fibular BMC varied little throughout
the bone. In addition, the adjustment of the linear correlation observed between fibula and tibia cortical areas within
the same bone sites of different individuals has been shown to decrease proximally from S14 (R2 =0.52) to S66 (R2
=0.21). These observations suggest, beyond any allometric influence, that the variation of fibular total BMC with
respect to the tibia is independent of any compensatory mechanism related to bone mass control. Furthermore, the
inability of the adjustment of bone mass indicators for body mass (as compression stress indicators) to compensate
for the sex-related differences in this study suggests that bone compression stress should not be a relevant
determinant to fibular mass and volume. In agreement with others [2,36-38], these observations conspire against
considering the fibula as a significant contributor to support uniaxial stresses by the leg. They rather suggest that
the changes in fibular cortical BMC and other features in this study should have been related to other kinds of bone
stresses than those supported by the tibia.

This study shows that not only total and cortical bone area, but also the shape of the fibula cross-section (variations
of all Ml values, especially yMI) varies widely throughout the bone. This suggests that the large variability of the
fibula’s cross section should reflect a site-specific adaptation to bending/torsion rather than compression/traction
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stresses, the former being a property for which bone tissue distribution rather than mass should play a significant
role. The visual analysis of cross-sections’ shapes and the generally clearer differences and associations shown by
yMI and pMI than by xMI values suggest that lateral bending and perhaps also torsion [28] should be relevant to the
determination of fibula’s diaphyseal architecture.

To note, the minimization of the sex-related variance of all the Ml values (related to bending or torsion strength)
after adjustment for bone length contrasts with the lack of compensation for those differences after adjusting the
fibular mass indicators (related to compression/traction strength) for body mass. In addition to confirm the relevance
of bone length to MI determination [35], this observation rules out any interference of sex hormones with the
determination of sex-related differences between bone mass and design indicators.

Furthermore, in long bones, bending loads are thought to cause higher stress than comparable compression loads
[39]. Foot dorsiflexion induces lateral rotation and posterior displacement of the distal fibula, and foot
rotation/inversion/eversion induce a lateral flexion of the fibula [40]. In connection with this discussion, stiffness and
strain distributions in bending/torsion in different sites of the human fibula are sensitive to the loaded side (more
compliance to lateral bending when loading laterally than medially, and more docility to lateral than medial torsion)
[14].

2. Differential adaptation of proximal and distal fibula.

Anatomical adaptations of the fibula in Euterian mammals to their mechanical environment [8,41] have followed four
different evolutionary pathways, regardless of any taxonomic consideration, allowing specialization for either fast
running (fibula reduced to a minuscule os malleolaris), burrowing or swimming (robust, inflexible proximal fibula and
distal fibula-tibia union) [8], bouncing and jumping (distal tibio-fibular fusion with a thin, flexible “proximal” fibula), or
to move on uneven surfaces (separate tibiae and fibulae articulated distally to allow for fibular rotation) [12], as
observed in humans. This suggests that 1. when the range of ankle movement is great, the distal fibula must be
adjustable, and 2. the proximal fibula existed mainly as a muscular process [42,43] that could be either strong (firm
attachment of muscles) or flexible (energy storage during muscle contraction) [8]. Paradigmatically, cheetahs’
fibulae are fused to the tibiae just at the mid-diaphysis by a narrow bone bridge, leaving most of the slender, upper
and lower parts of the bone completely free to work (and adapt) as separate, independent bones [8,44].

Accordingly, our data suggests that the structure of the upper and lower parts of the human fibula reflect distinct
biomechanical behaviors, far beyond a single adaptation of the whole bone to uniaxial loading. Adaptation to allow
for lateral bending in proximal fibula could enhance the bone’s ability to store elastic energy during the contractions
of the strong muscles that evert and rotate the foot. The same adaptation in the proximal part of the distal fibula
(virtually free of strong-muscle insertions in humans) could facilitate the expansion of the heel joint during foot
dorsiflexion, eversion and external rotation. The stiffening of the most distal part of the fibula (MI and SSI values,
S5-S10) could help resist lateral bending as well as torsion, hence reducing the risk of fracture by an excessive
bending, a feature that could be highly selective. Strikingly, the mid-diaphysis shows a high resistance to lateral
bending that could facilitate the independent adaptation of the proximal and distal halves of the bone, resembling
the cheetah’s case.

Importantly, beyond the natural differences between men and women in all mass-related indicators, the distribution
of periosteal and endocortical perimeters and cortical thickness along the bone showed striking sex-related
differences. 1. In men, the periosteal perimeter was significantly larger than in women distally but not proximally. 2.
Cortical thickness was significantly larger in men than in women distally, and significantly larger in women than men
proximally. Reasonably, larger periosteal perimeter values in men than women, as well as smaller endocortical
perimeter values in women than men could both be also expected because of known hormonal and muscular
differences [45]. Another reason for the sex difference in the proximal fibula may pertain to the Q-angle. While this
mainly refers to the angle between the patella, the hip and the line of the femur, it affects the kinetic chain of the leg
and may influence the way the force is transmitted through the tibia and how the tibia-fibula interact with one
another. However, no endocrine explanation can be derived for the distal vs proximal, sex-related differences in
periosteal perimeter and cortical thickness.

3. Biological control of the fibula’s structural properties
The Theory of Elasticity cannot deal with the variegated features observed in the cortical fibular structure [46]. Such

differences can only be explained by a non-symmetric behavior of bone modeling (oriented by bone mechanostat)
in tension compared with compression, with some sex-related differences [14,47]. Accordingly, the differences in
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the EcPm/CtA ratio and in the significance of the d/q curves throughout the fibula in this study may also reflect
distinct, site-specific behaviors of bone mechanostat [24,27,48].

The distribution of r coefficients of d/q curves showed two “pits”, in parallel with those of the EcCPm/CtA ratio, MI’s,
BSI’s and pSSI values (chiefly for lateral bending). This suggests that the achievement of a higher or lower
resistance to lateral-medial bending or torsion of different sections of the fibula is related to the mechanostat’s
ability to react to bone tissue deformability and to the relative availability of modeling cell teams (length of the
endocortical perimeter) with respect to the amount of cortical area to be modified. However, the adjustment of the
d/q curves was very poor distally (r always below the significance limit, 0.4 in S20-S40), and quite high proximally (r
always over 0.4 in S45-S85). This indicates a correspondingly lower and higher dependence of bone modeling
orientation concerning bending or torsion (as assessed by the MI’s) upon bone tissue stiffness (as assessed by the
cortical vBMD).

This finding allows speculation that the distal and proximal “pits” in the distribution of yMI values should have been
achieved in association with different degrees of efficiency of bone mechanostat. The opposing trends in periosteal
circumference and endo-cortical remodeling (indicated by cortical BMD), between proximal and distal fibula, could
represent a structural expression (perhaps with some sex-specificity) of this apparently paradoxical behavior of
bone mechanostat.

This particular behavior of fibula’s geometry along the bone and between sexes suggests that bone modeling
responses to loads at the distal half would be less-efficiently oriented by bone mechanostat than they are more
proximally. In contrast, a strikingly good correspondence between yMI or yBSI and r values of the d/q curves was
observed toward the proximal and distal ends of the bone (S5-S25 and S70-S85). Proximally, bone mass would be
adapted to resist mostly compression stress close to the upper fibula-tibia joint (which would be only spuriously
associated with the Ml and yBSI values and the fitness of the d/q curves). Conversely, at the distal end of the fibula,
the mechanostat-oriented improvement in yMI (and yBSI) could improve the resistance to excessive lateral bending
and also torsion, in correspondence with the mechanical usage of the bone.

The different adjustment of the d/q curves obtained at given bone sites (bone tissue level), and the particular
distribution of the correlation coefficients of those curves along the bone (bone organ level) suggest that, rather than
mathematical optimization rules for bone architecture, there seems to be just a biological process which adapts
bone structure to mechanical demands, adequate for evolutionary endurance [16,27]. Following this interpretation,
the goal of the bone mechanostat could be the control of the elastic energy stored locally in the bone matrix upon
external loading (strain-energy density) [15,27,49]. This can lead the system to change bone structure differently in
different bones or in different regions of the same bone, according to the local mechanical environment. Not only
the relative availability of modeling-driving osteocytes (EcPm/CtA ratio), but also their morphological adaptation to
strain sensing could be involved in the related mechanisms [50]. This further supports the idea that the mechanostat
function could also adapt to different types of strains in different skeletal or bone regions at the cellular level of
biological organization [27,51-54]. This speculation, if verified, could help understand the different adaptations of the
same mechanostat system in the human upper and lower fibula to allow for or to resist lateral bending showing
different degrees of efficiency, as described here, as a function of the mechanical usage of the bone.

CONCLUSIONS

This study provides an original description of the fibula as allowed by serial pQCT scanning. Results show different
adaptations to the mechanical environment in the proximal and distal halves of the bone, chiefly concerning lateral
bending or torsion, with only a minor influence of uniaxial stress, that were free of allometric or sex-hormone
interactions.

The proximal half of the bone could be adapted to allow lateral bending, presumably as a resource to store elastic
energy by the muscles inserted on that region that rotate or evert the foot. The distal half would be adapted,
proximally, to allow for lateral bending as needed to permit the passive deformation of the bone resulting from the
displacement of the heel joint elements during foot external rotation or eversion; and distally, to resist any excess of
that kind of deformation in order to avoid fracture. The central part of the diaphysis, being particularly stiff, should
contribute to the manifestation of independent behaviors of the upper and lower halves of the bone.

Within the paradigm of the Mechanostat Theory, the output of the system could be adapted differently throughout
the fibula to either enhance or reduce the bone structural stiffness as a function of the mechanical usage.
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Legends and captions for the figures
Figure 1
a. Caption: Typical pQCT scans of the studied sites

Legend: Scans obtained in the analyzed sites of the studied region of the leg in one of the male individuals. The
image corresponding to site S95 (situated 5% distal to the articular knee line) was not analyzed because of the
inconstancy of the fibular image at that level. The S50 site (situated at the midshaft) could not be scanned because
of technical impediments. Images are shown of scans taken from sites S90 (10% distal the the knee articular line) to
S55 (5% proximal to the midpoint of the scanned bone) in the upper row, and from sites S45 (5% distal to that
midpoint) to S5 (5% proximal to the heel joint line) in the lower row.

b. Caption: Rotation angles of the A-P axis along the fibula

Legend: Mean of all individual rotation angles of the A-P axis of the fibula images of all individuals together
throughout the analyzed region of the leg, from sites S5 (5% proximal to the heel joint line) to S90 (10% distal to the
knee joint line).

Figure 2.
Caption: Distribution of indicators of bone mass along the fibula

Legend: Distribution of total BMC (a) and cortical BMC values (b) and of the percentage of cortical area with
respect to the total bone area (c) through the fibulae of the analyzed men and women. In (a) and (b), horizontal
lines indicate the ranges of bone sites (described between brackets) within which the intergroup differences were
found significant after factorial ANOVA tests; F and p values are indicated for the corresponding intervals. In (c), the
same analysis gave no significant results within the indicated site range.

Figure 3.
Caption: Distribution of indicators of bone diameters along the fibula

Legend: Distribution of periosteal (a) and endocortical (b) perimeters, cortical thickness (c) and the endocortical
perimeter/cortical area ratio (EcPm/CtA) (d) throughout the fibulae of the studied men and women. Horizontal lines
indicate the ranges of bone sites (described between brackets) within which the intergroup differences were found
significant after factorial ANOVA tests; F and p values are indicated for the corresponding intervals. A non-
significant but relevant result to the interpretation of the study is indicated analogously at the right side of the graph

(a).
Figure 4.
Caption: Distribution of moments of inertia and cortical vBMD along the fibula

Legend: Distribution of crude yMI (a), crude pMI (b), and MI normalized by body mass and bone length (normalized
yMI) (c), and cortical vBMD values (d) throughout the fibulae of the studied men and women. In (a) and (b),
horizontal lines indicate the ranges of bone sites (described between brackets) within which the intergroup
differences were found significant after factorial ANOVA tests; F and p values are indicated for the corresponding
intervals. No significant results were obtained throughout the bone concerning (c).

Figure 5.
Caption: Distribution of strength indicators and analysis of the d/qg relationships

Legend: Distribution of yBSI (a) and pSSI (b) values throughout the fibulae of the studied men and women.
Horizontal lines indicate the ranges of bone sites (described between brackets) within which the intergroup
differences were found significant after factorial ANOVA tests; F and p values are indicated for the corresponding
intervals. c. Example of a typical “distribution (crude yMlI, y) / quality (cortical vBMD, x)” relationship (d/q curve)
calculated for the fibulae of the whole group of men and women together as determined by data taken at the S80
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(80%) site. The correlation coefficient (r) and its statistical significance are indicated. d. Lowess curve describing the
distribution of the r coefficients of the d/q relationships calculated for every site studied from S5 to S85 in the fibulae
of men and women together as represented in (c) for S80.
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