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Bone-Muscle Strength Indices for the Human Lower Leg
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This cross-sectional study is based on images from the lower
leg as assessed by peripheral quantitative computer tomog-
raphy (pQCT). Measurements were performed in 39 female

and 38 male control subjects and 15 female professional
volleyball players, all between 18 and 30 years of age. The
images were obtained at shank levels of 4%, 14%, 33%, and
66% from the distal end. Bone and muscle cross-sectional
areas, and the bones’ density-weighted area moment of re-
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Introduction

Bones adapt their strength to the mechanical forces they
undergo®1® This is accomplished by either the modeling

sistance and of inertia were assessed. From these, muscle- processi? which can add net bone, or by remodeling, which

bone strength indices (MBSIs) were developed for compres-
sion (Cl = 100- bone area/muscle area) and bending (B&
100 - bone area moment of resistance/muscle arealtibia
length). Significant correlations between muscle cross-sec-
tional area and bone were found at all section levels investi-
gated. The strongest correlation for compression was ob-
served in the sections at 14% (correlation coefficient =
0.74), where 4.1Gt 0.46 cnf bone, on average, was related to
100 cn? muscle. The compression index (Cl) at the 14% level
was independent of the tibia length. Interestingly, the 15
athletes had significantly greater Cls than the control sub-
jects. This is most probably due to the greater tension devel-
opment in the athletes. The highest correlation for bending
was for anteroposterior bending at 33% of tibia length ¢ =
0.81), where the area moment of resistanceR, was on,
average, 4.21+ 0.54 cn¥#100 cn? muscle/m tibia length.
Analysis of the bones’ area moment of inertia showed that
buckling is a possible cause of bending at the 33% and 66%
levels, but not at the 14% level. No gender differences in
MBSI were found. Likewise, age was without significant
effect. The data show that bone architecture depends criti-
cally on muscle cross section and tension development. More-
over, bone geometry (e.g., the tibia length) influences the
geometrical distribution of bone mineral, as it was found that

can remove boné® As a whole, this system works as a
“mechanostat,” keeping the strains exerted by external forces
within certain limits!* The external forces arise essentially
from muscle contractions. Consequently, exercise-typical,
site-specific relations between muscle force and bone geom-
etry have been demonstrat&ys?

With dual-energy X-ray absorptiometry (DXA), body com-
position can be assessed and broken down into: (i) bone mineral
content (BMC); (ii) fat body mass (FBM); and (iii) lean body
mass (LBM), half of which is closely correlated with muscle
masst® Strong correlations have been observed between LBM
and total body BMC?S In fact, BMC is influenced by an order of
magnitude stronger by LBM than by FBM or by height.

Considered over the whole body, BMC amounts to approxi-
mately 5% of LBM, except in premenopausal women, who store
17%—-29% more bone mineral per LBM than prepubertal chil-
dren, postpubertal men, or postmenopausal wohfért has
been hypothesized that this “surplus” of bone mineral is stored at
locations where it is not needed mechanically.

Given the strong interrelationship between muscle force and
bone strength, diagnostic indices that quantify these relations
may turn out to be valuable tools in the diagnosis of osteoporosis
and other bone disorders. This approach has been perceived and
assessed in several studie®:?7 Lately, the term “bone-muscle
strength index” (BMSI) has been coined for such quantitative

long bones adapted to the same compressive strength are measures (H. M. Frost, personal communication, 1999).

wider than short ones. We conclude that MBSIs offer a
powerful diagnostic tool for bone disorders and may contrib-
ute to improving the treatment of bone metabolic and other

Physiologically, bones are loaded by compression as well as
by bending>* In the lower leg, bending may occur by the
horizontal component of the soleus muscle fibers, by eccentric

diseases. (Bone 27:319-326; 2000) © 2000 by Elsevier Sci- muscle pull, or through buckling under mere compression. Sep-

ence Inc. All rights reserved.
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arate BMSIs should therefore be developed for the two strain
mechanisms. With adequate tools, peak muscle force can be
assessed through a limb’s torque during maximum voluntary
contraction and analysis of the muscle levers. Likewise, the
potential force development of muscles could also (and may be
more objectively) be quantified by their cross-sectional area
(CSA) 2! Respectively, the bending moment that a certain mus-
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Table 1. Anthropometric data (meartSD)

Age Weight Height Lribia
N (years) (kg) (cm) (cm)

Group 1
Women 39 24.9-35 61.3+7.1 168.6-51 37.2£27
Men 38 249+-36 73.0£88 180.7£5.7 41.3+34
Group 2
Women 15 21.3:3.8 69.7+x4.0 1829+4.9 42.0*+20

a gender difference, revealing women to have more bone
mineral per muscle tissue than men.

3. H3: A supposed greater tension production in athletes will
affect the muscle-bone relationship as assessed by imaging
techniques.

Figure 1. Overview of pQCT sections obtained. Sections were obtained
at 4%, 14%, 33%, and 66% of the tibia length (between the medial knee
joint cleft and the medial malleolus, both palpated manually). The men inMaterials and Methods
group 1 had a significantly larger bone cross-sectional area (CSA) and
muscle CSA than the women. Moreover, the women’s subcutaneous fabetup and Subjects
tissue was greater. In this respect, the female athletes (group 2) resemble
normal men. Compared with their muscle CSA, they seem to have awo different groups of subjects were investigated. Group 1 was
larger bone CSA. comprised of 78 female and male whites native to Berlin,
between 20 and 30 years of age. Group 2 consisted of 15 female
whites who were professional volleyball players in Berlin, all of
cle exerts could be identified by the product of CSA and thewhom were competing at the highest national or international
length of the lever. level. The biometric data of the three groups are givemahle
The material constants of bone are largely untouched by agel. Groups 1 and 2 underwent analysis by peripheral quantitative
gender, and speciés’? but bone as a mechanical structure is computer tomography (pQCT). The investigations were ap-
crucially dependent on its apparent density. Thus, good predicproved by the local ethics committees. All subjects gave written
tion of a bone’s ultimate strength and stiffness is possible byinformed consent before inclusion in the study.
quantitative computer tomography (QCY¥J° The appropriate All subjects were in good health. This was confirmed by: (i)
resistance measures for compression and for bending are thginical history; (ii) physical examination; and (iii) blood sample.
bone CSA and the area moment of resistance, respectively. Fgsll women had had a regular menses during the last 24 months
an illustration of the area moment of resistance, Bigerre 2. before the investigation. No female subject in group 1 had been
The present investigation develops BMSI for compressionpregnant prior to inclusion in the study, nor had any taken an oral
and bending at the human lower leg. To do so, the followingcontraceptive during the last 6 months. In group 2, three women
hypotheses are tested: were on oral contraceptives; two women had been pregnant prior
the study, in both cases2 years previously.
The length of the tibial(;,;,) was assessed as the distance
between the medial knee joint cleft and the medial malleolus
(both palpated manually). The repeatability of this measuring
procedure was tested beforehand; it yielded maximal errors of
0.3 cm (five subjects, ten repetitions each). Between these two
points, the level of 66%L+,,, from the ankle was marked

double-T
. I ‘ O manually.
pQCT Analysis

A 3,1 cm? 3,1 cm? 3,lcm? 3,1 cm? 3,1cm? pQCT images were obtained using an XCT-2000 apparatus
(Stratec Medizintechnik, Pforzheim, Germany). The tibiotalar
joint cleft was identified by scout viewing, thus giving the 4%,
L 079em’ 207 cm’ 124 cm* 197 em* 2,03 em’ 14%, and 33% levels. Image analysis was performed with inte-
grated software, version 5.4. Using this software, measures of
bone mineral density are normalized to the density of fat tissue.
L 079em' 240 cm’ 124 cm* 197em*  223cm’ Accordingly, the density of muscle tissue is about 70 md/cm
whereas completely mineralized bone has a density of about
Figure 2. lllustration of the area moment of resistanéy énd the area 1200 g/cri. Images were taken with a voxel size of 0.4 mm
moment of inertial). Given are four beams with simple geometric forms, (parameter voxel size in the integrated software) in the transverse
and the human tibia, all five with identical cross-sectional arégsThe  iraction and 2.4 mm in the longitudinal (X-ray beam width).
greater theR, the greater the beam or bone resistance to bending. The In all measurements, the angle between the foot and tibia was

greater thd, the greater the resistance to bucklihgndR vary with the . S .
direction. Given are the values for (anteroposterior) ang (lateral) ~ adjusted to 120°. The muscle CS¥ysqe Was assessed in the

flexion. It can be seen that, the further the material is from the structure’6% section, because this is the region of largest outer calf
center, the greater theand R. Thus, material eccentricity provides an diameter. Previous experiments have shown #hgl... as
idea of a structure’s relative adaptation to buckling and bending. sessed at 60%, 63%, 69%, and 72%, was 1.025-, 1.021-, 0.961-,

1. H1: There are significant muscle and bone relationships for®
indices of compression and bending at the lower leg.
2. H2: The muscle-bone relationship at the lower leg will depict

uare circle ring tibia

R, 091cm® 1,61 cm® 1,1t em® 1,48 cm® 145 cm®

R, 091 cm® 1,93 cm® 1,11 cm® 1,48 cm® 1,56 cm®
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and 0.911-fold of the 66% CSA, respectively. Around the 66%Table 2. Short-term error (EST) for peripheral quantitative computer

section level Ay, scie thus decreased by roughly 1% per percent tomography (pQCT) measurements

section height. The corresponding relation#\jp . were 1.011-,

1.015-, 0.990-, and 0.985-fold, and thus only about 0.5% per Level

percent section !evel. . . . 4% 14% 33% 66%
In the pQCT images, a region of interest (ROI) was defined

within the subcutaneous tissue, but outside the muscle. Withim,,.e — — — 1.15%

this ROI, the total area of the muscle was determined with theTAg,e 0.35% — — —

threshold set at 35 mg/ch{contour mode 1); that is, midway Asone 0.33% 0.20% 0.17% 0.28%

between the typical densities of muscle tissue (70 mgyemd  Rxsone — 1.30% 1.73% 1.24%

fat tissue (0 mg/cri). Next, the total areas of the fibula and the Rygone - 1'572“ 1'582/" 3'463/"

tibia were assessed at contour mode 1 and the threshold set at 7;2@0"‘* - 8'2%’ i'ggof’ giiof’

mg/cn?. The areas were subtracted from the total muscle area™°® o 20 =en S

and thus yieldedh,,s¢ic EST was calculated as the deviation from the common mean in two

For assessment of the bone CSA at the 4%, 14%, 33%, andssessments. Errors were greater in the higher moment paraiReteds
66% levels, the threshold for the outer edge was set at 710
mg/cn? (contour mode 1) and the bone mineral content per 1 cnKEY: A, angle;l, inertia; R, resistanceTA, total area.
slice was determined. The CSA of each bone was computéd as

[em?] = BMC [g/cm]/1200 [g/en]. For each section level, the with the muscle CSA, and hence that the bending moment

areas of tibia and fibula were addedAigne = Aripia + Asipyia xerted on the bone increases with (i) the muscle CSA and (ii)

; p ' ulx . e
AgonelS a surrogate of the “bone cross-sectional area, Wh'd\/\/ith the length. It is assumed that the anatomical proportions of

usually exceeds the area obtained by area segmentation (in ttgﬁe musculature are size-independent. Becabise... is in

InJZﬁtr:tti(\e,;Socftg;lﬁrzrggl—_tﬁ)ihzzzu\l,\t,?n;btalnaer? dvzﬁzscgl—r%?resquare centimeters, in order to understand MBM in (N/m) one

d y P one should multiply parenthetically the tension developed by the

reported here. The excess Af,.. over CRT_A amounted to : in (G

19.3%, 3.5%, and 6.2% at the 14%, 33%, and 66% section leveld"USCI€ in (N/erf). Here, we measure MBM in (cffm).
R ) ’ ’ ’ The compression indices (Cls) were computed as:

respectively. In cancellous bonkg,,. can be thought of as the

bone area, if all trabeculae are packed tightly. The purpose for Agar e
computing Aggne through BMC is fourfold: (i) the method Cl = 100- —2°n
considers cancellous bone (present at 4%, and partly at the 14% Avusadcm?]

level) and cortical bone (at 14%, 33%, and 66% levels), and . . . .
thereby (i) allows for comparison of the four section levels in Yi€lding the Cls for the different section levels,ICly4, Clas,

this study and (iii) with other DXA-based studies, and (iv) is very 21d Cke For convenience, the Cl values are given in percent;

simple. therefore, they denote: percent £tvone per cri muscle.
The density-weighted area moment of resistamr( the x Except for the 4% level, MBSIs were computed in a similar

andy directions (termed SSix and SSly in the software) wasManner, yielding the bending index (Bl):

assessed with the periosteal and endocortical thresholds set at

280 and 480 mg/cry respectively. This yielded the variablRg Bl = 100- RaondCM’]

andR,, whereRis the bone’s moment of resistanéerepresents MBM[cm?/m]

bending in the anteroposterior direction, a¥idlenotes lateral )

bending (see Figure 2). The integrated software provides dhus, the new variables, Bl, Blyys Blxss Blyzs Blxes and

density-weighted measure f& (termed SSI), which has the Blves Were obtained. Again, for convenience they are expressed

advantage that incompletely mineralized bone contributes less t# Percent per meter (%/m). . .

the value—and therefore applied in this study. Values of tibia ~ Statistical analyses were conducted with the SPSS software in

and fibula were added &, + Repua Likewise, the density-  its PC version (v8.01). Beforétest or analysis of variance

weighted area moments of inertig, andl, were assessed as a (ANOVA) was performed, variables were tested for normal

measure of the bone’s resistance to buckliRg. R, I, andl, distribution with the Kolmogorov—Smirnoff test, and for homo-

were assessed at the 14%, 33%, and 66% levels. geneity of variances with Levene’s teqt & 0.25). Whenever
Last, the total bone area, defined as the bone’s outer edgé‘i’ata depicted a normal distribution, differences between groups

was assessed at the 4% level as a measure of the joint area. Are#gre checked by thetest, or by one-way ANOVA with Bon-

of tibia and fibula were summed a0 ferroni’s correction for multiple comparisons. In all other cases,
For all the aforementioned parameters, the short-term errobVilcoxon or Friedman tests were applied. Correlation analysis

(EST) was ascertained by two repeat measurementandx,) was performed to obtain a Pearson correlation coefficient (

with a 2 week interval in between in 13 subjects. The mean of theSignificance was assumedpf< 0.05.

two measurementg, was computed, and hence:

B ~ Results
Abs(X — x;) + Abs(X — Xy)
EST=100- 2.% Group 2 was 3.5 years younger than group X(0.05). Within
group 1, men were significantly taller and heavier than women,
where Abs is the absolute value. and they had a longer tibia. The female athletes’ (group 2) height,
weight, and tibia length were indistinguishable from the men in
Data Analysis group 1 (see Table 1).

The short-term error values (ESTSs) of all variables, measured
A surrogate for the torque exerted by a muscle, “muscle bendingvith pQCT, are given imable 2. ForAg,,, EST was below 1%,
moment” (MBM), was computed as MBM Ay uccie * Libia- and forAyuscie it Was 1.15%. In the higher moment parameters,
The underlying assumptions are that the force increases linearlgrrors were between 0.67% and 5.14%.
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Table 3. Cross-sectional peripheral quantitative computer tomography (pQCT) measures

ABDFIE (Crnz)
Auvuscie (CMP) at 66% level 4% level 14% level 33% level 66% level
Group 1
Women 67.8¢ 7.6 3.50* 0.49° 2.76= 0.23" 3.55+ 0.32° 3.86= 0.3
Men 83.1+ 10.6 4.36* 0.52 3.37+0.32 4.29+ 0.42 457+ 0.42
Group 2 74.1+ 8.8 4.20+ 0.37 3.1761+ 0.25 4.06*+ 0.39 4.65*+ 0.48

Mean + SD values of CSA (in c).
*Different from group 2.
bDifferent from group 1 men.

Mean values*= SD of TAg,,. were 11.8= 1.68 cnf in
women and 13.5- 1.59 cnf in men of group 1§ > 0.05).

Compression

Muscle and bone cross-sectional areas are givemaible 3.

Bending

and age, height, body weight, dar,, for any section level,
neither in group 1 nor in group (> 0.1).

The mean values d®, andR, and their standard deviations are

Tests for differences were made within and among groups 1 andiven in Table 6. As expected, the men in group 1 had higher

2. The men in group 1 had significantly largég, e than
women in group 1, but not larger than the female athletes of
group 2. LikewiseAg, . Was significantly smaller in the women

in group 1 than in the men, and also smaller than in the female
athletes of group 2. This was true for all section levels.

In all subjectsAg,,Was lowest at the 14% level and greatest
at the 66% levelgg < 0.05; for means see Table 3). The values
for the different levels were strongly correlated with each other,
particularly the neighboring levels. Thé values ranged from
between 0.71 and 0.83 gble 4).

Significant correlations were found betweeé®, sce and
Agone at the 4%, 14%, 33%, and 66% levels. In groupwas
lowest for Aggneos(0-44) and highest foAg,,.33(0.54, see Fig.
3A).

Due to the variation imMg,,, Cls varied over the different
section levels (see Fig. 4). Values ranged from between 4.09
(Cly4 in women in group 1) and 6.33 (g in group 2). No
difference was found between the Cls of men and women within
group 1 p > 0.25), but C}, and Cl values in the athletes from
group 2 were significantly higher than in group g € 0.05). A
Because there was no gender difference in group 1, the mean
values over all subjects were computédlfle 5). No correlation
between either of the Cls was found with age, height, body
weight, orL .o (p > 0.1).

The Cl residuals (RSH) were computed according to:

Cl* Apuscie

RSD: = Agone — 100

where Clis the mean ClI for group 1 at the particular section level
(Table 5). No significant correlation was found between RSD

Aggne 33% [cm?]

Table 4. Cross-sectional measures: Correlation coefficients

Group 1
AMuscIe

one04

AMuscIe ABoneOA

0.66

ABonel4

0.74
0.85

ABone33 ABone66

0.66
0.74
0.73
0.70
0.74

0.73
0.72
0.91

0.70
0.75
0.90
0.91

0.85 B
0.72
0.75

onel4 R

0.91
0.90
0.54

one33 e
0.91
0.86

one66

one66

2,5

55

5,0

4,5

4,0

3,5

3,0

25

values than the women. The female athletes of group 2, however,

] L] [
] . .
4 []
b o — regression group1
- o® o ° 1=0.73, y=1.51+ 0.032 x
o

b O group 1 females
4 ®  group 1 males

LA R S B B B B S B B B By B S B S S B
50 60 70 80 90 100

AMuscIe [cm2]

] X
- —— regression group1
] X group 2 female athletes
] T T T T | T T T T | T T T T I T T T T I T T T T
50 60 70 80 90 100

AMuscIe [cmz]

Figure 3. Regression ofA, sqe aNd Aggne1a (@) Values obtained in
healthy control subjects, aged between 20 and 30 years (group 1). The
regression line is showrr (= 0.73). (b) Values obtained for female

Correlation coefficients for measures of compressive force in men and/olleyball players (group 2). For comparison, the regression line of group

women of group 1. All correlations were significaqt € 0.001).
KEY: A, area; subscript numbers indicate % level.

1in (a) is depicted. The data points of group 2 are significantly above this
line.
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Table 5. Compression indices Table 6. Measures for bending
Clo, (%) Cly, (%) Cls5 (%) Clgg (%) 14% 33% 66%
Group1 5.25+0.73 410046 5.25+0.59 5.66*+ 0.67 R, (cmP)
Group 2 5.74+0.84 4.34+057 5.53+0.70 6.33+0.85 Group 1 women 0.8& 0.12° 1.07+ 0.1 1.77+ 0.25°
S - Group 1 men 1.16:0.14 1.42+0.21 2.27+0.34
Mean = SD of compression indices (Cls). Values for the different  Group 2 1.09+ 0.11 1.33+ 0.24 2.42+ 0.36
section levels are given in percent bone cross-sectional area per muscleCorrelation with 0.77 0.81 0.74
cross-sectional area. MBM
Ry (cm®)

were indistinguishable from the men in group 1. Between section Group 1 women 0.8 0.12° 0.86+ 0.13° 1.27+ 0.18°
levels 14% and 66%, the bending strength increased, particularly Group 1 men 1.1& 0.14 1.18+ 0.16 1.69+ 0.27

around thex axis. Correlation analyses betweBnand MBM Group 2 ' 1.08+ 0.10 1.15+0.13 1.67+=0.20
yielded the highest correlation coefficients at the 33% level. Correlation with 0.77 0.78 0.68
Figure 5 depicts the data dR, and MBM for the 33% section. BM

The different Bls of groups 1 and 2 are depictedrigure 6. Mean= SD of the bone’s area moment of resistariRearound thex and

There was no difference in BI between women and men in groug, axes are shown. For all of group 1, correlation coefficients for the
1, nor between group 1 and the group 2 athletes, except {ggBl  muscle bending moment (MBM) are given at the 14%, 33%, and 66%
which was larger in group 2 than in the women of group 1.levels. Between 14% and 66%, bending strength increases by 98%
Because women and men in group 1 were not statisticallyaround thex axis, but only by 44% around theaxis. Correlation with
different, the pooled means were computed and are given iMBM was closest at the 33% level.
Table 7. Over all subjects of group 1, there was no significant:D',fferent from group 2.
correlation of age, height, weight, @, with any of the Bls, Pifterent from group 1 men.
except for Bl,, which was negatively correlated with,;,
(r = — 0.34,p < 0.01). The correlatiorR,,, The correlation  Discussion
Ry14 With Ayuscie (T = 0.71) was still weaker than with MBM. . . )

For group 1, the Bl residuals were calculated in the same wayl he present data confirm hypothekiz—that is, the existence of
as for the CI. Again, no significant correlation was found be-relevant relationships between muscle and bone. The simple
tween residuals and age, height, or weight{0.1). Only at the ~ Observation thafg,,. as well asRg,,. were greater at higher

14% level were the residuals significantly correlated wigh,,, ~ Section levels (i.e., with basically the same weight) again indi-
(r = —0.34 andr = —0.40 forx andy axes, respectivelyy < cates that the influence of body weight is comparatively small. In

0.01). our subjects, more than half of the variationAg,,. could be

Figure 7 depicts the material eccentricity, computed asattributed to the variation iy .. Moreover, roughly two
RusondPeone for the 33% and 66% section levels. Material thirds of the interindividual variation i35 could be explained
eccentricity at 33% and 66% was correlated with,,, (r = 0.60 by the muscle bending moment. Higher correlation coefficients
andr = 0.59, respectively), but not at 149 ¢ 0.1). Values for ~ for muscle-bone relations than in our study have been observed
the 66% section were about twice those for the 33% section. N children of different age$? We ascribe this to two circum-

Table 8 gives the mean values of andl., for groups 1 and ~ Stances: (i) investigations in children consider a greater variance
2. The values resemble thoseRf andR,, indicating that men  ©Of the independent variable (i.é\,scicis more widely spread);
had a greater moment of inertia than women of group 1, but no@nd (i) children’s muscles are still growing, which means that
greater than the female athletes from group 2. their bone is, in general, closer to the modeling than to the

remodeling threshold.

9 5 2,0 5
8 3 ]
i.° o, 1,8—_
7 Joet 2. 2o ]
Jogt o _* o3 — 1,6
Jo8 . 8 (3 [
CE S Fa— i : 5 :
R 1 —— L : < 3
o 3 3 * [2) ]
| i : ’ 3 12 3
(] 4 ] H o ]
] S ]
3 < 1,0 4
3 o group 1 females 2 E
24 o group 1 males 0,8 . ° — regression group 1
E - group 2 ] <] r=0.81; y=0.27 + 0.33x
1 = ] O group 1 females
3 0,6 - ®  group 1 males
o +rrrrr—rrr—r e e
0 10 20 30 40 50 60 70 15 20 25 30 35 40 45
Section Level [%] MBM [cm?2 m]

Figure 4. Compression indices of the lower leg. Compression indicesFigure 5. Bending moment and pQCT. pQCT data obtained from
(Cls) of the shank are depicted for the 4%, 14%, 33%, and 66% sectiomealthy control subjects (group 1). Regression analysis of muscle bend-
levels. Cl computed aBg ,dAvuscie* 100 Ayuscie IS taken at 66%. At ing moment (MBM) and bone area moment of resistance to anteropos-
the 14% section level, Cl was significantly lower than at all other levelsterior bending Ry) at the 33% section level. MBME Ay scie® Linia * Rx

(p < 0.05). is density-weighted. Correlation coefficier (= 0.81.
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significant correlation between ME and,;, was found at 33%, and
66%, but not at the 14% section level. Thus, a larger tibia is more than
proportionally wider than a shorter one, most probably in order to make
it more resistant to bending.

BMSI for the lower leg August 2000:319-326
123 Material excentricity and Ly,
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are believed to have a better recruitment of muscle force than
ordinary subjectg? In conclusion, we would expect anatomical
variation and the level of “fitness” to interfere with the peak

0 T force developed per unit of,,,..e but not gender, age, or
0 10 20 30 40 50 60 70 fiber-type composition.
Section Level [%] So far, only uniaxial compression has been considered. How-
ever, the human tibia is also adapted to bending, with the bending
B moment being caused by buckling (see Appendix) and by eccen-

Tol| i 0, -

Figure 6. Bending indices. Bending indices (BIs) of the shankRQg, . tl’;)(i lnhsertlon Otf the musclt—:s._rﬁj[ 66A3,|dthe kln‘?e e)ﬁtensorsl ptI:Ob

in (a), andRygenein (b). Bl = Ry, dMBM - 100.R, stands for resistance ably have a strong Impact. IS could expiain why correlation
to anteroposterior bending. Data include female and male young contrdtO€fficients for Cl and Bl are lower here than at the 33% section

subjects in group 1, and female athletes in group 2. WRilandR, are level. It would also explain the increased material eccentricity
almost equal at 14%, the 33% and 66% levels depict (i) increasing valuegibove the 50% section level (Figure 7); that is, the tibia beyond
and (i) an increasin@R /R, ratio. Thus, the proximal shank seems to be this level increases anteroposterior circumference by twofold, but
particularly adapted to anteroposterior bending. its CSA remains almost constant. This cannot be understood as
an adaptation to buckling, but rather to other bending moments

In this study, served as a surrogate for force produc- (6-9-» by eccentric muscle pull from the thigh). .
tion. We did notpa“fgﬁﬂauish between foot extensors and flexors,_ [N this study, the highest muscle/bone correlation as the
Furthermore, it is known that a pennate muscle, like the soleuf/MBM ratio was at 33%, where was significantly greater
muscle, can produce a greater force per functional cross sectidd@? for AsondAvuscie 1N Other words, at the 33% level, bone
than a fusiform muscle (e.g., the gastrocnemius). Different sub_arc:hlt.ec:ture seems to be particularly adapted to anteroposterior
jects may have had different proportions of their soleus and’&nding moments. .
gastrocnemius CSA. There is general agreement, on the other W& now examine the data of the professional volleyball
hand, that different muscle fiber types, slow- or fast-twitch Players t3). Their height and weight were indistinguishable
fibers, produce equal peak tensfrhat the peak tension of oM the men of group 1, but their shank muscles were signifi-
muscles in men and in women is identié2£62%and that this is cantly smaller._ Consequently, they had a S|gn|f|c§1ntly elevate_d
not influenced below the age of 60 ye8r€In contrast, athletes  C! (Se€ also Fig. 3B). We do not assume that their bones depict
an elevated susceptibility to strain. Rather, the athletes seem to
be able to recruit greater muscle tension than control subjects.

Table 7. Bending indices Regarding bending measures, only the 66% level depicted a
significantly greater Bl in the athletes, whereas, at the 33% level,
14% level 33% level 66% level  ng significant difference was foung & 0.072 andp = 0.11 for

x andy axes, respectively).

Surprisingly, no gender-related difference could be found in
the CI (hypothesi$i2). This was true for the midshaft, epiphysis,
Mean= SD of the bone’s bending indices (Bls) around sendy axes, and metaphysis. Our female and male subjects were all in good
as assessed from all data of group 1. health. All women of group 1 had had a regular menses without

Bly (%/m) 3.46+ 0.46 4.21+ 0.54 6.89+ 1.01
Bly (%/m) 3.52+ 0.47 3.46+ 0.48 5.05+ 0.84
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Table 8. Measures for buckling

14% level 33% level 66% level
Iy (cm®) Iy (cm®) Iy (cm®) Iy (cm) Iy (cmt) Iy (e
Group 1
Women 1.00+ 0.20*° 1.06+ 0.22P 1.32+ 0.3 0.95+ 0.19*° 2.86+ 0.612° 1.65+ 0.372P
Men 1.41+ 0.24 1.51+ 0.27 1.88+ 0.45 1.50+ 0.29 4.02+ 0.88 2.50+ 0.58
Group 2 1.32+ 0.23 1.43+0.16 1.68+ 0.41 1.25+ 0.35 4.44+ 0.90 2.30+ 0.41

Density-weighted area moments of inertia.
“Different from group 2.
PDifferent from group 1 men.

oral contraceptives for at least 6 months prior to the study. Theand remodelingX2328As for forces, Hettinger provided a sur-
short-term error of the method (pQCT) was 1.15% AQf..ce  VeYy of various studies, which estimate muscle peak tension at
and 0.28% folAg, . The short-term error of thier,,,, measure-  around 600 kPa (anatomical cross section). More specifically, in
ment was 3 mm. For the 66% level, we showed that a variatiorthe calf, 650 kPa has been reported (p. 24 in HettitRyer
in the actual section level affect§, ccie @NdAgone iN the same Regarding modeling and remodeling thresholds, the follow-
direction. The short-term error of gJis therefore<1%. Based ing arguments apply. The section level with the least CSA was at
on whole-body DXA measurements, Ferreti et al. showed al4%, amounting to 4.1% for group 1 (Table 5). Given a peak
>17% surplus of total body bone mass in postpubertal femalesnuscle tension of 650 kPa, and assuming that 60%,Qf..,. iS
Such large differences were not seen in our data. It is thereforeffective during peak force production, the expected bone tension
possible that gender differences of MBSI at the human lower led® = 650- 60% kPa/4.1%- 9500 kPa. Given Young’'s modulus
are smaller or even nonexistent. One might argue that womek = 18- 109 Pal’ the peak strain exerted by the Musele, ~
produce lower muscle tension than men. Such a view contradictS830 microStrain. The actual value may be slightly higher, be-
the direct measurements of Vandervoort and McCofflasid it cause, in activities like the landing phase in jumping, the foot
raises the question as to why DXA measurements show wholeflexors also contract and also because an additional force of 25%
body differences. Possibly, the so-called “metabolic bone” inis caused by the body weight. Nonetheless, the value obtained is
women is stored in regions other than the leg (e.g., axial skeletowithin the range limited by the thresholds for modeling and
or distal arm). remodeling, which are around 100& and 10QuS, respectively,
In summary, we have shown that correlatiorAgf . withthe ~ and seems to lie within the conservative range of the mechanos-
compressive force generat@éy,, .. Was fairly close at the 14% tatl4
and 33% levels. Correlation with the torque generator, MBM,
was greatest at the 33% level. The reason for this is buckling, bugyckling
probably also the insertion of the calf muscles in the proximal
half. Buckling is a deformation in which bending is caused by uniaxial
Second, there was no relation between the CI's residuals anibad. In summer, for example, heavy ears of corn can make stalks
Ltibiar SUGgesting thadg,.. Was solely dependent df,scie IN buckle. According to Euler, buckling occurs if the compressive
contrast, good correlations were found between the area momefdrce:
of resistanceR, at the 33% and 66% section levels and MBM,
the latter being a function dfy;,;,. This means that taller people E-l
have wider bones in their legs, with a thinner shell and a greater F>m- e
structural stiffness. Thus, it is evident that, besides force, length
is an important factor in hollow bones and requires due considwhereE is Young’'s modulus} is the area moment of inertia, and
eration in patient assessment. L is the length of the beam. Let us considigy,,. at 33%, which
Third, different subjects can develop different peak musclein group 1 men was 1.5 chior they axis (Table 8). The mean
tensions according to their level of fitness and other factorsl;,,, was 41.3 cm (Table 1), and thus= 0.66- 41.3 cm= 27.3
which likewise deserves consideration. cm. GivenE = 18- 109 Pa, as above, the buckling load is thus
1140 N. This load is easily reached by tAg,,... Of 83.1 cnt
(Table 3). For thex axis (anteroposterior), the buckling load
AcknowledgmentsTthe authors are particularly grateful to Birthe Feilke Would be 1430 N.
and Hendrikje Best from our center for clinical recruitment, and also to The same calculation for the 14% section level yields a
U. Brandis and J. Dames for their splendid assistance. Very specidbuckling load of 6500 N, which is probably beyond the maxi-
thanks to the Olympic Training Center in Berlin for cooperation in this mum producible force. As a result, buckling, caused by muscle

and other studies. Last, but not least, we are deeply grateful to oupy||, definitely contributes to bending moments in the midshaft
subjects. Without their selfless contribution, this study would not haveqf the human tibia.

been possible.
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