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Abstract

In his model of the biomechanics of the proximal human fe-
mur, Friedrich Pauwels assumes a resultant force acting on
the femoral head that is created by the partial body weight
and the force of the abductor muscles inserting at the great-
er trochanter. This model suggests a tensile force in the re-
gion of the greater trochanter. An exact examination of the
muscle insertions at the greater trochanter resulted in a con-
trasting hypothesis assuming a local compression stress in
the region of the greater trochanter. The aim of this study
was to examine which hypothesis is favored by the internal
architecture of the proximal femur. Based on the architec-
tural software Allplan®, we performed an extended analysis
of the trabecular structure within the proximal femur using
CT scans of 10 human cadaver femora altogether. According
to our results, both the medial and the trochanteric trabecu-
lar systems are orientated approximately perpendicular to
the arcuate trabecular system [angles between systems
ranging from 84.6 to 93.0° (mean angle 90.7°) and from 80.9
to 86.5°% (mean angle 84.9°), respectively]; furthermore, the
medial trabecular system is orientated perpendicular to the
epiphysis of the femoral head (mean of angles: 94.7°). The

biomechanical interpretation of these results strongly sup-
ports the idea of compressive stress in the region of the
greater trochanter and makes a predominant tensile force of
the abductor muscles highly unlikely.

Copyright © 2009 S. Karger AG, Basel

Introduction

In 1935, Friedrich Pauwels developed a still widely ac-
cepted model of the force pattern of the human hip joint
[Pauwels, 1935]. In this ‘classic’ model, he sets up the hy-
pothesis that the proximal femur is stressed by a resultant
force created by the partial body weight and the antago-
nistic action of the abductor muscles attached to the great-
er trochanter. This resultant force directly acts through
the center of rotation of the hip joint, which approximate-
ly corresponds to the center of the femoral head, resulting
in tensile stress of the greater trochanter and bending of
the femoral shaft [Pauwels, 1954]. Even today, a multitude
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Fig. 1. The proximal femur is stressed by two resultant forces, Ry,
and R;. The trochanteric resultant force R, is the vectorial sum of
the muscle resultant force Fy; exerted by all the abductor muscles
and the force F.. The force F is composed of the traction on
the iliotibial tract and the force exerted by the knee extensors,
which are connected by the vastus lateralis muscle to the greater
trochanter apophysis [Heimkes et al., 1993].

of biomechanical studies designed to test preclinical hip
prostheses are based on Pauwels’ assumptions [Gebauer
et al., 1989; McKellop et al., 1991; Berzins et al., 1993;
Buhler et al., 1997; Pedersen et al., 1997; Gotze et al., 2002;
Maher and Prendergast, 2002]. Although Pauwels’ predic-
tion that the femoral neck would be predominately sub-
jected to bending stress has been repeatedly challenged
[Hért, 1994; Taylor et al., 1996; Rudman et al., 2006] and
various investigators call for the additional consideration
of other muscle groups that are acting on the hip joint in
order to improve the simulation of the physiological situ-
ation when performing biomechanical analyses [Duda et
al., 1998; Szivek et al., 2000], Pauwels’ model continues to

248 Cells Tissues Organs 2009;190:247-255

be a more or less unquestioned and accepted working
scheme broadly influencing biomechanical concepts and
experimental protocols [Carter et al., 1989; Turner et al.,
1997; Bergmann et al., 2001; Cristofolini et al., 2007].
However, Heimkes et al. [1993] set up another model of
human hip joint biomechanics (fig. 1) following an exten-
sive investigation of the anatomic situation at the greater
trochanter: the consideration of the position of theapophy-
seal plate at the greater trochanter on the one hand and
the exact location of the muscle insertion of the abductors
and the femoral knee extensors (predominantly the vas-
tus lateralis muscle) on the other resulted in an amend-
ment of the classic model of Pauwels by postulating a sec-
ond resultant force that is orientated perpendicular to the
apophyseal plate [Heimkes et al., 1993]. Regarding this
concept, a local compression stress can be assumed in the
region of the trabeculae of the greater trochanter, which
are traditionally interpreted as tensile trajectories.

An exact knowledge of joint biomechanics is the basis
for an understanding of the function of healthy or patho-
logically altered joints, questions of artificial replacement
or a sensitive development of rehabilitation programs
[Brand et al., 1994]. Hence, this study was performed in
order to compare the models of Pauwels and Heimkes,
and to examine which reflects the physiological situation
most appropriately.

To arrive at an accurate decision on these biomechan-
ical concepts, the forces acting on the musculoskeletal
system have to be measured. Therefore, several approach-
es have been developed: direct measurement by instru-
mented prostheses [Bergmann et al., 2001] can be useful
to evaluate the resultant force acting on the femoral head;
however, the force pattern distal to the femoral head,
which may effect the biomechanical situation of the prox-
imal femur, is neglected. Other forces directly affecting
the proximal femur (e.g. at the greater trochanter or the
femoral shaft) cannot be considered. Furthermore, only
patients suffering from musculoskeletal pathologies are
provided with these prostheses, which could also have an
impact on the biomechanics of the joint studied [Brand
etal., 1994]. Furthermore, anatomic structures are affect-
ed during the implantation process, which could effect
the biomechanical situation. The interpretation of strain
gage data [Mikic and Carter, 1995; Aamodt et al., 1997]
underlies comparable limitations. Radiographic mea-
surements of stressed skeletal structures, e.g. human
femora in the one-legged stance [Taylor et al., 1996], fa-
cilitate indirect estimations of the acting forces, but they
are too imprecise to develop sophisticated biomechanical
concepts. Direct simulation protocols using human ca-
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daver bones, artificial devices or even computerized
models (finite element method) are of restricted explana-
tory power due to the fact that the results are highly de-
pendent on the presumed and often inaccurate external
forces acting on the finite element model. Hence, muscle
forces could be under- or overestimated, or anatomical
structures of biomechanical importance could even be
neglected. Furthermore, a detailed representation in-
cluding all characteristics of the anisotropic trabecular
architecture by finite element methods is of overwhelm-
ing complexity and could not be achieved yet.

In this study, a completely different approach to infer-
ring a force distribution pattern on the human proximal
femur has been applied: since the internal trabecular sys-
tem of bone tissue aligns with the principal stresses, a
widely accepted concept [Pauwels, 1954; Rydell, 1973; Os-
borne et al., 1980; Fyhrie and Carter, 1986; Kerr et al,,
1986; Biewener et al., 1996; Cody et al., 1996; Smit et al.,
1997; Turner etal., 1997; Uchiyama et al., 1999; Birnbaum
etal., 2001; Gomberg et al., 2003; Ruimerman et al., 2003;
Kinney et al., 2005], analysis of this internal bone struc-
ture may help to clarify the direction of forces acting on
bone tissue. In this way, bone itself can serve as a record
of its biomechanical history [Carter et al., 1989] and can
provide a basis to examine which of the two biomechan-
ical models in question reflects the physiologic situation
most appropriately.

Materials and Methods

Nomenclature

According to Martens et al. [1983] and corresponding to the
trabecular system firstly described by Meyer [1867] in the 19th
century and by Singh et al. [1970] in the 20th century, the internal
trabecular structure of the proximal femur is regarded as being
composed of three main trabecular systems: the medial system
arising from the medial cortex of the femoral shaft extending to
the cranial aspect of the femoral head, the trochanteric system
arising from the medial cortex of the shaft below the trabeculae of
the medial system arising cranially and laterally towards the great-
er trochanter and the arcuate system beginning in the inferior cor-
tex of the femoral head extending in a curved course through the
femoral neck to the lateral cortex of the shaft, therewith overlap-
ping with the trabeculae of the medial and trochanteric system.

Specimens

In this study, 10 well-conserved left human cadaver femora
from adult donors were investigated (for donor and specimen
data, see table 1). None showed any pathologic changes, e.g. frac-
tures or signs of arthritis, all were of comparable size and had a
centrum-collum-diaphysis angle, i.e. the angle between the lon-
gitudinal axis of the femur shaft and that of the femur neck, ac-
cording to age.

Structural Analysis of the Human Femur

Table 1. Demographic characteristics of the donors and centrum-
collum-diaphysis (CCD) angles of the femur specimens

Specimen Sex Age Weight Height Cause of death CCD
No. years kg cm angle
1 male 78 80 174  heart failure 130°
2 female 80 60 166  heart failure 130°
3 female 70 64 160  stroke 128°
4 male 68 81 170  unknown 124°
5 female 86 78 168  heart failure 127°
6 female 77 63 163 colon perforation 139°
7 male 71 79 172 aortic dissection  119°
8 female 74 68 164  heart failure 125°
9 female 49 71 168  heart failure 134°
10 male 65 82 175  unknown 127°

CT Scans

Using a laser level (Stabila 80 LMX-P + L), i.e. a spiritlevel with
built-in laser beam, all femora were positioned in such a way that
the plane defined by the main axes of the femoral neck and the
shaft were parallel to the horizontal plane (i.e. 0° anteversion) to
avoid projection errors in the subsequent analysis procedure. CT
scans were performed using the multislice CT scanner Somatom
Sensation 64 (Siemens, workplace UB 30B; field of view 500 mm,
resolution 0.4 X 0.4 X 0.4 mm). The axial CT slices had a scan-
to-scan distance of 0.1 mm and a scan thickness of 0.4 mm; a
coronal reconstruction was performed with a reconstructed scan-
to-scan distance of 0.1 mm and a reconstructed scan thickness of
0.4 mm. A series of five CT scans from the central portion of each
femur with well-identifiable trabecular structures was used for
the analysis. Thus, 50 CT scans have been analyzed altogether.

Approximation of the Arcuate Trabecular System

The aim of this study was to determine the exact course of the
three trabecular systems of the proximal human femur in order to
use this as a basis for subsequent biomechanical interpretation.
Due to the multitude of individual trabeculae giving rise to a high
amount of options, an extraction of the exact course of the tra-
becular system by pure visual judgment may lead to highly inac-
curate results. Hence, a more precise method was developed. All-
plan® (version 2005; Nemetschek Allplan), an object-oriented
computer-aided design software originally developed for architec-
tural purposes, enables an extended analysis of each single CT
scan. The program is easy to use and offers the opportunity to
perform any graphic construction needed for our analysis. Fur-
thermore, different construction layers could be defined, which
could be superimposed in any combination due to a common co-
ordinate system of these layers. Consequently, construction ele-
ments, which were not contributory at certain points of the analy-
sis process (e.g. construction lines), could be eradicated, thus bet-
ter visualizing the construction and avoiding analysis errors. Each
CT scan had to be converted into a JPG format for use with All-
plan. Every individual trabecula of the three trabecular systems
was then marked via the drawing function of Allplan. All marked
trabeculae of the arcuate system were afterwards interpreted as a
set of straight lines, which was examined in single sections, each
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Fig. 2. All CT scans were analyzed in sec-
tions 1 cm in width beginning at the very
medial cortex margin of the femoral head
(1-8 in the scan depicted); the cranial and
caudal outline of the arcuate system is in-
dicated by two series of straight lines; the
arcuate system itself was examined in a
cranial and a caudal half (intermediate se-
ries of straightlines divides each section in
acranial and a caudal part). Short lines in-
dicate identified trabeculae of the arcuate
trabecular system.

Fig. 3. All mediocaudally orientated an-
gles between single trabeculae and the ver-
tical were measured (three angles are de-
picted in this scheme).
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1 cm in width. Within every section, the arcuate system was ex-
amined in a cranial and a caudal half permitting the detection of
differences in the course of the trabecular system from cranial to
caudal (fig. 2). All mediocaudally orientated angles between the
marked trabeculae and the vertical were measured in every single
section thus generated (fig. 3). Thereafter, the mean of all these
angles was calculated for each section separately. Then, applying
this mean angle to the vertical, for each section a straight line was
plotted into the construction, with the line crossing the midpoint
of the corresponding lateral edge of the according section. Thus,
this straight line could be regarded as a representation of the mean
trabecular course within and of the position of each section. We
identified the intersection points of each straight line representing
the mean trabecular angle of a section with corresponding straight
lines of the adjacent sections. Finally, these intersection points
served as nodal points through which a spline could be created us-
ing the spline function of Allplan. A spline is defined as a curve-
shaped interpolation of single nodal points; within every interval,
this curve is defined by a polynomial of the order <3. As the arcu-
ate trabecular system is in fact curvilinear and a spline provides
the advantage that the resulting curve is progressing as smoothly
as possible through the nodal points (i.e. the edges at the intersec-
tion points are merely flattened), this method enabled us to obtain
a curve highly concordant with the anatomical original.

Based on all the splines constructed, a resulting spline was
calculated (likewise by calculating the mean of corresponding
angles) and subsequently plotted in a standard femur mask.

Approximation of the Medial and Trochanteric Trabecular

System

To perform a complete examination of the trabecular archi-
tecture of the proximal femur, all angles between the trabeculae
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of the medial and the arcuate, and the trochanteric and the arcu-
ate trabecular system were measured. Subsequently, the means of
these angles were calculated. This was done firstly for each 1-cm
section separately, again to be able to detect possible differences
in the structural relation of the trabecular systems from medial
to lateral; then, the mean of all identifiable angles between tra-
beculae of the medial and the arcuate, respectively the trochan-
teric and the arcuate trabecular system was calculated.

Identification of the Structural Relation of the Medial

Trabecular System and the Epiphysis of the Femoral Head

We were interested in the structural relation between the me-
dial trabecular system and the epiphysis of the femoral head. The
epiphysis of the femoral head was well preserved and detectable
as an epiphyseal line in the majority of CT scans. The epiphyseal
line was marked manually, and then all intersections between the
trabeculae of the medial trabecular system and the cranial border
of the epiphyseal line were identified. Subsequently, all mediocau-
dally orientated angles of these intersections were measured and
the mean of these angles was calculated.

Results

Arcuate Trabecular System

Concerning the arcuate trabecular system, a total of
4,839 single trabeculae could be identified in the CT
scans investigated. Figure 4 shows two typical CT scans
with identified trabeculae of the arcuate trabecular sys-
tem and two CT scans with corresponding resulting cra-
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Fig.4. Two CT scans with identified trabeculae of the arcuate tra-
becular system. a Proximal femur with valgic tendency. b Proxi-
mal femur with varic tendency. ¢, d Resulting splines representing
the course of the arcuate trabecular system.

nial and caudal splines. Due to the fact that all resulting
cranial and caudal splines clearly showed concordant
overall appearance, all angles measured between each in-
dividual trabecula and the vertical were combined and a
cumulative spline could be constructed revealing the
mean course of all arcuate trabecular systems analyzed
using all the CT scans.

Medial and Trochanteric Trabecular Systems

1,794 intersection points between trabeculae of the
medial and the arcuate trabecular system and 846 inter-
section points between trabeculae of the trochanteric and
the arcuate trabecular system could be identified. The
corresponding angles revealed the following arithmetic
means and standard deviations (SD; coefficients of varia-
tion, CV, are shown in parentheses): 92.8 = 20.1° (21.7%)

Structural Analysis of the Human Femur

in section 1, 91.9 £ 13.9° (15.1%) in section 2, 93.0 *+
13.6° (14.6%) in section 3, 87.9 * 14.8° (16.8%) in section
4 and 84.6 £ 19.2° (22.7%) in section 5 (regarding inter-
section points between the medial and arcuate trabecular
system), and 83.4 * 20.2° (24.2%) in section 5, 85.4 *
16.2° (19.0%) in section 6, 86.5 * 19.4° (22.4%) in section
7, 80.9 * 18.6° (23.0%) in section 8 and 86.1 * 14.5°
(16.8%) in section 9 (regarding intersection points be-
tween the trochanteric and arcuate trabecular system;
fig. 5). With respect to all the angles identified between
the trabeculae of the medial and the arcuate trabecular
system, a mean angle of 90.7° (SD: 14.9°% CV: 16.4%) and
regarding all the angles between the trabeculae of the tro-
chanteric and the arcuate trabecular system, a mean an-
gle of 84.9° (SD: 18.6°% CV: 21.9%) could be calculated.

Scheme of the Trabecular Architecture of the Proximal

Femur Resulting from the Angle between the Medial

Trabecular System and the Epiphyseal Plate of the

Femoral Head

Considering all 567 identified intersection points be-
tween the trabeculae of the medial trabecular system and
the epiphyseal plate of the femoral head, the mean of all
corresponding mediocaudally orientated angles is 94.7°
(S§D:16.2°% CV: 17.1%). Consequently, it is assumed that the
medial trabecular system is not only orientated perpen-
dicular to the arcuate system but also to the epiphyseal
plate. Based on our results, a scheme of the trabecular ar-
chitecture of the proximal femur could be set up (fig. 6).

Discussion

Study Method

This study was performed to reveal the actual course
of the three dominant trabecular systems of the proximal
femur by means of a method based on the analysis of CT
scans. The trabecular architecture of the proximal human
femur has been discussed extensively in the literature.
However, in the majority of cases, the morphology is only
roughly described, exact measurements of single trabecu-
lae are not performed. The trabeculae are summed up in
trabecular systems, which are equal to our assumed tra-
becular systems, albeit the trochanteric trabecular system
included in our analysis has never been further addressed
to our knowledge [Singh et al., 1970; Osborne et al., 1980;
Martens et al., 1983; Elke et al., 1995; Stiehl et al., 2007].
All femora were suitable according to the method applied:
all specimens were of comparable size exhibiting cen-
trum-collum-diaphysis angles adequate to age without
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signs of pathological changes. With respect to the identi-
fication and marking of the individual trabeculae, it could
be criticized that within one trabecula various straight
lines can be supposed and therefore, due to a certain ex-
aminer dependence, specific orientations could be fa-
vored. To eliminate this problem, the straight lines were
concurrently positioned along the central axis of the tra-
beculae, but nevertheless a certain degree of variability is
undeniable. However, the differences in these orientations
are merely marginal. One aspect regarding the marking
of trabeculae needs however improvement: in our study,
irrespective of their overall length, all identifiable trabec-
ulae were considered and contributed equally to the arith-
metic mean. An algorithm should be developed to take
these differences in length into account, and a lower lim-
it of trabecula length should be defined below which no
trabeculae are considered. The identification of the out-
lines of the arcuate trabecular system on the basis of each
CT scan also needs critical reconsideration. Although
necessary for the definition of cranial and caudal sections,
this provided a potential source of bias. Within the femo-
ral head, the arcuate system does not exceed the epiphy-
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seal plate [Elke et al., 1995]. Consequently, the cranial out-
line presented slightly distally to the epiphyseal plate of
the femoral head and simultaneously in the range of the
apophyseal plate of the greater trochanter. The caudal
outline was identified where hardly any trabeculae of the
arcuate system could be marked. With respect to the
method applied, this is the most reasonable technique.
More sophisticated analysis devices, e.g. graphical com-
puter programs calculating bone tissue density based on
pixel analysis, would not have been able to distinguish to
which of the different trabecular systems each single tra-
becula belongs, predominantly at intersecting regions.
According to the method used in this study, only compa-
rable angles (invariably the mediocaudally oriented an-
gles) between each trabecula and the vertical were used
for the calculation of the arithmetic mean. Hence, the re-
sulting spline represents the mean course of all arcuate
trabecular systems analyzed and provides an excellent
picture of the architecture of this trabecular system in the
frontal plane. The medial and trochanteric trabecular sys-
tems obtained are depicted merely by lines, since only the
orientations of this trabecular systems to the arcuate sys-
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Fig. 6. Resulting scheme of the trabecular architecture of the hu-
man proximal femur according to the results presented in this
study. Due to historic reasons, the results are represented in a fe-
mur mask representing the right human femur.

tem are of interest with respect to subsequent biomechan-
ical interpretations. The present analysis of the trabecular
system of the proximal femur was based solely on the
frontal plane, a third dimension was not considered and
even could not have been analyzed using the method ap-
plied in our study. However, since the aim of this study
was to compare the biomechanical hypothesis of Pauwels
with that of Heimkes, both of which are two-dimensional
models, our analysis seemed appropriate. Surely, exam-
iner dependence might be a limitation of the study using
the method applied, but it provides the vital advantage
that each step of the trabecular analysis can be critically
controlled. Other trabecular analysis methods described
in the literature either do not provide the possibility to
examine each single trabecula of the trabecular systems
[Elke et al., 1995; Uchiyama et al., 1999; Stiehl et al., 2007],
are predominantly developed for mechanical analyses
with limited suitability for structural examinations [Mul-
lender et al., 1998; Homminga et al., 2002; Van Rietbergen
et al., 2003], or would have ensued immense complexity
and costs [Brismar et al., 1999]. The method used in this
study is a simple, innovative technique for the investiga-

Structural Analysis of the Human Femur

Fig. 7. Heimkes assumes two compression forces acting on the
proximal femur: Ry, acting on the femoral head and R; acting on
the greater trochanter (b). As this concept resembles the force pat-
tern of a clustered pillar in gothic cathedral architecture (a), in
this study the hypothesis of Heimkes is referred to as the ‘clus-
tered-pillar concept’.

tion of the trabecular structure in the cancellous bone; the
results can serve as a basis for the reasonable and specific
application of more complex and costly procedures.

The newly measured trabecular structure is used as a
basis for biomechanical considerations. As mentioned in
the introduction, the alignment of trabeculae with main
stresses in the cancellous bone, a concept accepted by the
majority of researchers, provides the crucial theoretical
basis for this approach.

Although it is not a technique measuring force direct-
ly, analysis of the trabecular structure in the cancellous
bone in summary provides a smart way to compare exist-
ing biomechanical models with a history of stress influ-
ence on bone tissue, and the probability of suggested bio-
mechanical models can be determined physiologically.

Biomechanical Interpretation of the Apparent

Trabecular Structure within the Proximal Femur

The newly identified course of the arcuate trabecular
system within the proximal femur and its structural rela-
tion to the medial and trochanteric systems provides new
insights regarding forces acting on the proximal femur,
enabling the comparison between the biomechanical
models of Pauwels and Heimkes. Of note, both hypoth-
eses are highly similar, but a closer look at the model of
Heimkes reveals that it is merely an amendment to that
of Pauwels. Both authors use the one-legged stance as a
basis for their biomechanical approach. Indeed, this al-
lows conclusions with respect to the phase of the standing
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leg during slow walking [Bergmann et al., 2001], although
inertia forces are neglected. Both models correlate re-
garding the force acting on the femoral head. The main
difference between these two hypotheses is the analysis
of the forces affecting the greater trochanteric region.
Pauwels oversimplifies the actual situation by consider-
ing only the body weight acting on the hip and the muscle
forces of the abductors inserting at the greater trochanter
[Simoes et al., 2000; Szivek et al., 2000]. In fact, the great-
er trochanter also serves as the site of origin of the femo-
ral knee extensors (predominantly the vastus lateralis
muscle). Acting in concert with the abductors, a counter-
acting muscle loop is formed. This is most relevant for
biomechanical considerations. Pauwels also ignores the
existence of an apophyseal plate at the greater trochanter:
considering this apophysis and the fact that no case of
isolated avulsion of the greater trochanter owing to mus-
cular traction has been described so far, a mere abducting
force at the greater trochanter seems highly unlikely.

With respect to the femoral head, there is consensus
in the literature that the trabecular system, which pro-
ceeds from craniomedial to caudolateral (i.e. the medial
trabecular system), is a structural consequence of the
body weight acting on the femoral head. Hence, this
structure represents a compression load [Singh et al,
1970; Osborne et al., 1980; Martens et al., 1983; Elke et al.,
1995; Cody et al., 1996; Birnbaum et al., 2004; Stiehl et al.,
2007]. According to the results presented here, this me-
dial trabecular system is orientated approximately per-
pendicular to both the arcuate trabecular system (mean
angle 90.7°) and the epiphyseal plate of the femoral head
(mean angle 94.7°). This finding of an orthogonal orien-
tation of the medial trabecular system to the epiphyseal
plate is consistent with a study by Stiehl et al. [2007]. The
widely accepted principle that trabeculae align with main
forces acting on the cancellous bone may lead to the con-
clusion that a compression load acts roughly perpendicu-
lar to the epiphyseal plate. The analysis of the intersection
region between the medial and arcuate trabecular sys-
tem, which is located directly distal to the epiphyseal
plate, likewise revealed an orthogonal orientation of the
trabeculae of the two trabecular systems.

Compression of a sample material in one direction si-
multaneously causes expansion of the material perpen-
dicular to the direction of the compression force. This
basic principle of material mechanics is described by
Poisson’s ratio [Popov, 1978]. We assume that the com-
pression force acting on the femoral head likewise pro-
duces stress perpendicular to its direction. On a cellular-
molecular basis, this stress can act as a mechanical stim-
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ulus for osteoblastic differentiation, osteogenic gene
expression and finally osteogenesis [Koike et al., 2005;
Rath et al., 2008]. The trabeculae of the arcuate trabecu-
lar system, which are approximately perpendicular to
those of the medial trabecular system, can be regarded as
the biological equivalent of this stress perpendicular to
the main compressive force.

Analysis of the trabecular system in the lateral proxi-
mal femur (region of the greater trochanter) reveals a
structure that is also very similar to that within the fem-
oral head. The trochanteric trabecular system firstly
identified and analyzed in this study is also orientated
approximately perpendicular to the arcuate trabecular
system. The similarity of the cancellous structure to that
within the femoral head highly suggests a compression
load acting on the greater trochanter orientated in me-
diocaudal direction. Again we assume that the trabeculae
of the arcuate trabecular system, which are approximate-
ly perpendicular to those of the trochanteric trabecular
system, reflect stress orthogonal to the compressive force
acting on the greater trochanter that serves as a mechan-
ical stimulus for bone formation.

The existence of the trochanteric system merely re-
flects a loading of the greater trochanter in mediocaudal
direction, either in the form of compression or tension.
However, the similarity to the cancellous architecture of
the femoral head and the finding of a trabecular system
that is approximately perpendicular to the trochanteric
trabecular system highly suggest a compression of the
greater trochanter in mediocaudal direction, as consid-
ered in the model by Heimkes.

Due to the similarity of the force pattern assumed by
Heimkes and the forces acting on special columns in
gothic cathedral architecture, the theory of Heimkes
could be referred to as the ‘clustered-pillar concept’

(tig. 7).
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