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Abstract
Structural arrangements of the bony microstructure of a joint through adaptational processes are thought to be determined 
by the biomechanical demands and its changes. Pursuing this theory of “form follows the biomechanical function”, the load 
distribution of the glenoid cavity, as it is mirrored in its mineralization pattern, should link not only to its thickness distribu-
tion, but also will have an impact onto the trabecular network below. To prove and confirm this hypothesis, we analysed the 
mineral distribution in correlation to the subchondral bone plates thickness and the distribution of architectural parameters of 
the trabecular network below. Our findings clearly state an inhomogeneous but regular and reproducible mineral distribution 
pattern in respect to the biomechanical demands and a thickness of the subchondral bone plate which shows a significant 
correlation (78–93%). As for the trabecular network below, the distribution of the analysed parameters also revealed an 
inhomogeneous distribution with a regular pattern in correlation to the biomechanical impact. We found distinctive maxima 
of material distribution and stability (bone volume 79%, plate-like architecture 77%) situated below areas of high long-term 
load intake. With increasing depth, the trabecular network administers the expression of each structural parameter following 
the fact that the strain energy gets more and more evenly distributed and changes from a high degree of differentiation just 
beneath the SBP to a more equal distribution within the deeper areas. After all, the biomechanical situation of a joint directly 
influences the bony formation of the subchondral bone plate and the trabecular network below.

Keywords  Glenoid cavity · Subchondral bone plate · Long-term load intake · Trabecular architecture · Micro-computed 
tomography

Introduction

Since the assumption of the correctness of Wolff’s law in 
material science, researchers accept the idea that mechani-
cal loading ultimately alters and determines the macro- and 
micro-anatomy of the human skeleton [34]. Structural dif-
ferences and adaptational processes are therefore determined 
by the physical lifestyle such as daily activities as well as 
biomechanical changes due to injuries to the musculoskel-
etal system.

In detail, we know that bone growth begins in utero and 
continues until adolescence. After the growth period where 
genetic predispositions are dominating, bones respond via 
cellular and molecular mechanisms to mechanical stress via 
modelling and remodelling. If bone strain exceeds a model-
ling threshold of about 1000 micro-strains in the younger 
adult, bone formation starts, long-term strains below that 
level stop the formation process or even lead to resorption 
[6]. Combining both processes, the skeletal system shows a 
continuous process of bone renewal and an adaptation to the 
present mechanical loading situation.

As shown in recent literature, small changes in strain 
may result in large changes in principal material orienta-
tion, since the cells of bone indeed respond to biomechani-
cal forces [5]. More recently, the maintenance and adap-
tation of bone formation were studied by Huiskes et al. 
using the finite element method. The results do show that 
cell activity is governed by feedback from biomechanical 
load transfer of the subchondral bone plate (SBP) down 
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into the trabecular network (TN) [16]. The biomechanical 
characteristics of the developing system seem to have an 
optimal mechanical structure with highest stability by the 
least material used.

Altogether, the adaptation of bone within the SBP and 
TN are dependent on the long-term biomechanical loading 
defined by the static and dynamic pressure distribution.

Different studies have demonstrated that the SBP shows 
a functional adaption to its long-term biomechanical load-
ing by distributing the mineral content as to best serve the 
demands and generates distribution pattern of its mineraliza-
tion unique to each human and joint [9, 15, 19].

For the glenoid cavity (GC), the shallow, pyriform articu-
lar surface of the glenohumeral ball joint (human shoulder 
joint), a monocentric and bi-centric mineralisation pattern 
within the SBP are described. This is interpreted as a result 
of the biomechanical loading pattern which can be consid-
ered as an expression of functional shoulder activities [19, 
21].

Since the impact force experienced by the joint is trans-
mitted through the SBP into the TN, the subarticular cancel-
lous bone also exhibits structure-dependent topographical 
differences. Analysing computer-tomographic (CT) scans, 
Frich et al. described the regional variations in trabecular 
bone architecture in terms of orientation and density distri-
bution. In their study, they found the peak density and most 
perpendicular orientation to be along the anterior rim of 
the glenoid [12]. Although the results are remarkable accu-
rate, the disadvantage of this method is the interpretation 
of two-dimensional sections for extrapolation of the three-
dimensional (3D) arrangement which consistently leads to 
false assumptions [10].

Today, micro-computer tomography (micro-CT) presents 
an emerging alternative to the radiologic analysis of serial 
sections, since it was shown that deriving bone parameters 
of the TN using interpolations of two-dimensional sections 
leads to incorrect results which tend to be smaller in com-
parison to measurements obtained in 3D [1, 7].

For a better understanding of the biomechanical effects 
onto the GC, we investigated the theory of “form follows 
the biomechanical function” and link the load distribution 
of the glenoid cavity`s SBP to the architecture of the sup-
porting TN. Therefore, we used the established method of 
computed tomography osteoabsorptiometry (CT-OAM) to 
describe the long-term biomechanical intake of the SBP via 
its density distribution and correlated the results in respect 
to the trabecular architecture acquired using 3D micro-CT 
datasets based on a modified Feldkamp algorithm [11, 23].

This way, we can illustrate the architectural arrangement 
of the TN in direct relation to the biomechanical long-term 
load intake and describe the mechanical adaptations of 
bone. Next to the biomechanical interest of the results, it 
furthermore is of significance for prosthesis design. Here, 

the question of best fixation and therefore placement of the 
subcortical screws could be supported [31, 32].

Material

Twelve formalin-fixed human GC samples (5 male, 6 female; 
11 right, 1 left; age 60–74 years, mean 70.2 years; unknown 
medical history; Institute of Anatomy Basel—CH; and Lud-
wig Maximilian University of Munich—D) were analysed.

Prior to the analysis, all samples were dissected free of 
soft tissue to improve scan quality. The degeneration score 
was assessed in accordance to Kellgren and Lawrence (3 
× grade 0; 4 × grade 1; 5 × grade 2; grade 3 and 4 were 
excluded) [18].

In consideration of “The Code of Ethics of the World 
Medical Association” (Declaration of Helsinki), for experi-
ments involving humans, the samples were taken from body 
donors to the Departments, who contributed their body to 
science and research only.

Methods

Computed tomography osteoabsorptiometry

To evaluate the mineralisation pattern of the SBP by 
means of CT-OAM, we used a conventional CT scanner 
(SOMATOM Emotion 16 SL, Siemens, Erlangen, Ger-
many, 120 kV, 180 mA s). The axial section thickness of 
0.6 mm was consequently orientated according to regular 
patient position. The recorded CT datasets were evalu-
ated using the image analysing software ANALYZE® 11.0 
(Biomedical Imaging Resource, Mayo Foundation, Roch-
ester, MN, USA). The acquired reconstructions of the GC 
were arranged in frontal view to the joint surface. Using a 
“maximum intensity projection” algorithm, the highest den-
sity values of the SBP were projected onto the surface and 
assigned to a predefined colour map. The most dense voxels 
(> 1200 HU) were typified black, followed by the shading 
colours of red, yellow, green and blue (steps of 200 HU in 
descending order) (Figs. 1, 2).

For the evaluation of the final density distribution pattern 
and the correlation to localized values of trabecular archi-
tecture, we divided the joint surface into squares, seven in 
cranio-caudal orientation and five in anterior–posterior ori-
entation. Each square was defined as a region of interest 
(ROI) and consequently numbered. For each ROI, an average 
mineralization in direct proportion to its density distribution 
was assessed [14, 23–25].

The method of CT-OAM was validated using dual-energy 
quantitative CT with a discrepancy of 0.5% in comparison 
to the analysis of fresh and frozen samples [22]. Therefore, 
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the density distribution with respect to the HU directly links 
to the calcium-hydroxyapatite concentration which was cal-
culated and used for analysis here.

The trabecular structure analysed 
by micro‑computed tomography

In a first step, we compiled 3D reconstructions of the 
CG using a General Electric phoenix nanotom® m sys-
tem (Wunstorf, Germany) with an acceleration voltage of 
140 kV, beam current of 60 µA, and a 0.1 mm aluminium 
filter to reduce beam hardening.

The scans were performed in sagittal direction with an 
equal voxel size of 20 µm for all samples. 3000 pictures 
each were acquired and a 3D reconstruction according to 
the Feldkamp algorithm was conducted [5].

Second, we prepared the data with the help of the analys-
ing software VG-Studio® MAX 2.1 (Heidelberg, Germany) 
and adapted the volumes of interest (VOI) for trabecular 
analysis in agreement with the defined ROIs of the minerali-
zation analysis. By definition, we assigned three VOIs into 
the depth below every single ROI. Each VOI covered a depth 
of 1 mm. This way, the trabecular structure was analysed 
into a depth of 3 millimetres below every ROI (Fig. 3).

After defining the ROIs and VOIs, we assessed the thick-
ness of the SBP followed by the acquisition of the main 
parameters of trabecular bone architecture (for each VOI in a 
single matter) relevant to the current literature with the help 
of the analysing software CT-analyser® (Bruker-Micro-CT; 
Belgium) [13, 28].

Obtained parameters of trabecular architecture

The obtained parameters of bone histomorphometry and 
architecture were selected according to literature recom-
mendations of bone analysis [8, 13].

Parameters of primary measurements in bone 
histomorphometry:

BV/TV (%), the fraction of bone volume in regards to the 
total volume;

BS/TV (1/mm), the bone surface present within the total 
volume;

Tb.Th (mm), the mean thickness of the trabeculae; and
Tb.Sp (mm), the trabecular spacing as parameter of the 

mean distance between each single trabecular.
Derived indices:
Tb.N (1/mm), trabecular number per volume as structural 

parameter.

Fig. 1   Illustration of measurement methods. a 3D reconstruction of 
one glenoid cavity (same as Fig. 2a). b Colour-coded distribution of 
mineralization of the subchondral bone plate projected onto the 3D 

reconstruction. c Relative distribution of bone volume of the trabecu-
lar network below the subchondral bone plate

Fig. 2   Glenoid cavity (lateral view) with superimposed mineral dis-
tribution. a Monocentric distribution pattern. b Bi-centric distribution 
pattern

Fig. 3   Method of micro-CT analysis. Definition of volumes of inter-
est (VOI) below the region of interest, ROI = black. (1st VOI 0–1 
mm: red; 2nd VOI 1–2 mm: green; 3rd 428 VOI 2–3 mm: blue)
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As well as:
SMI (dimensionless), quantifies the characteristic form 

of a three-dimensionally described structure in terms of the 
amount of plate- and rod-composing parts of the structure. 
For an ideal plate and rod structure, the SMI value is 0–3, 
respectively; and

DA (dimensionless), the degree of anisotropy to directly 
quantify how highly oriented substructures are within a vol-
ume of trabecular bone.

For visualization of the results, all data was demonstrated 
in 2D distribution charts.

Statistical analysis

Distributional analysis was performed for every ROI, as for 
comparison, depth-based data analysis was performed for 
every VOI. The datasets were analysed regarding each sam-
ple individually.

Statistical analysis included the Pearson product-moment 
correlation coefficient and a two-tailed t test stating the 
significance. All analyses were performed using RStudio 
(RStudio: Integrated-development environment for R, Ver-
sion 0.99.467, Boston, MA, USA).

Results

Mineralisation and thickness distribution of the SBP 
of the GC

The results show that the density distribution and therefore 
the mineralisation is inhomogeneous. Areas with high and 
lower mineral content can be detected which are distributed 
in a reproducible and organized manner revealing two dif-
ferent main distribution pattern. 5 samples could be attrib-
uted to a monocentric distribution pattern, 7 to a bi-centric 
model.

The peak mineralisation spot within the monocentric 
categorized samples was found consistently on the middle 
posterior area of the GC. The bi-centric distributed samples 
showed an additional area of high calcium-hydroxyapatite 
concentration situated in the middle parts of the anterior 
rim (Fig. 2). The peak values of the mineralisation showed 
inter-individual differences between 900 and 1000 mg/ml 
calcium-hydroxyapatite, while the low value range was 
found to be between 350 and 450 mg/ml.

Concerning the thickness of the SBP, we found a solid 
wave-like lamella with an overall volume of 94–96% (SD 
3.4) of bone. The solid structure was only interrupted by 
identified nutrient canals running upwards into the cartilage 
of the joint surface. The thickness distribution was found to 
be correlating to the mineral distribution described above 
with a range of 78–93% (SD 4.3) and resembled statistical 

significance (p < 0.01). The maxima of SBP thickness was 
assessed to be up to 0.89 mm (SD 0.16), and the minimum 
thickness was around 0.46 mm (SD 0.14). The difference of 
maxima and minimum was statistically significant (p < 0.01).

Distribution of parameters of trabecular network 
architecture and the correlation to the mineral 
distribution of the SBP above

The trabecular architecture presented itself as inhomogene-
ous throughout the glenoid cavity with a certain regularity 
of distribution below the SBP across the articular surface as 
well as into depth.

BV/TV

The distribution of the bone volume was inhomogeneous 
within each analysed millimetre of depth. Maxima were 
found beneath areas of peak mineral concentration accord-
ing to the centric classification. Within the VOIs of the first 
analysed mm, an overall distribution was found which had 
a calculated correlation to the described mineralisation of 
the SBP of 79%. The pattern of distribution of bone volume 
within the first millimetre showed a consistency into depth 
with a gradually decreasing range of the maximum–mini-
mum values (Fig. 4). The correlation to the mineral distribu-
tion lessened to 46% within the third millimetre (Table 1).

BS/TV

As observed above, there was an inhomogeneous distri-
bution with a stable distribution pattern. Maxima were 
located below the middle posterior facet. The bi-centric 
samples with an additional one were located beneath the 
middle/superior anterior rim. The absolute values here as 
well showed a diminution with every millimetre of depth 
(Fig. 4). The correlation to the mineral content of the SBP 
also lessened with depth (Table 1).

Tb.Th and Tb.N

The maxima of trabecular thickness and number were found 
to be in correlation to the bone volume below the middle of 
the posterior facet and the superior anterior rim. The abso-
lute correlation decreased down to the third millimetre as the 
distribution got more even (Fig. 4; Table 1).

Tb.Sp

The distribution pattern of the spacing differed in regard to 
the above-described parameters. Contrary to the parameters 
describing bone being present, here we found a minimum 
below the middle of the posterior facet and anterior superior 



405Surgical and Radiologic Anatomy (2019) 41:401–408	

1 3

Fig. 4   2D distribution charts of 
trabecular architectural param-
eters for the three analysed 
VOIs from the first to the third 
millimetre (same monocentric 
sample as Figs. 1, 2a)
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rim. The highest absolute values were present below the 
inferior parts of the articulation surface. Overall, the abso-
lute numerical values showed an increasing behaviour into 
depth as the overall spacing increased (Fig. 4). Concerning 
the correlation coefficient to the mineralisation of the SBP, 
we found high negative values with the VOIs of the first mil-
limetre which increased with depth (Table 1).

SMI

Within the analysed sample population, we found plate-
like trabecular mainly below areas of peak mineral content 
within the SBP. Rod-like architectural components were 
seen below parts with less mineralization above, while a 
plate-like state was present below wares of high mineraliza-
tion and biomechanical demands. This distribution pattern 
continued down to the third millimetre, while the absolute 
values of the SMI increased, accounting for an overall more 
rod-like architecture (Fig. 4). The correlation to the mineral 
content of the SBP lessened from 77% within the first mil-
limetre to 45% of the third millimetre (Table 1).

DA

We found an area of isotropic constellation below the pos-
terior and middle parts of the GC within the first layer of 
VOIs. This behaviour changed into a more anisotropic 
state with depth accounting for an increase of interconnec-
tions. The inferior part as well as areas within the periphery 
showed higher values expressing a more anisotropic state 
from the first to the third millimetre. The distribution pat-
tern persisted down to the third layer, while the differences 
between maximum and minimum reduced gradually (Fig. 4). 
The correlation coefficient was the lowest for this parameter 
(0.5 for the first millimetre down to 0.05 for the third mil-
limetre) (Table 1).

Discussion

The cornerstone of the presented data is the concept of func-
tional adaptation of the musculoskeletal system. In detail, it 
is the fact that bone, as rigid as it is, is a dynamic compo-
nent within the human body that adapts to its biomechanical 
impact over time.

The basis and initial foundation of this concept clearly is 
the work of Julius Wolff, who, in his 1892 published main 
work, described the functional adaptation and transforma-
tion of bone in accordance to the biomechanical demands 
[34].

As the main tool for the analysis, the method of CT-OAM 
was used to provide an insight into the long-term biome-
chanical loading history of every individual sample of the 
GC. By the visualization of the density distribution, as it is 
acquired through conventional CT investigations, the min-
eralization as mirror of the long-term loading history resem-
bles the biomechanical situation within the GC and supports 
the fact that the SBP as dynamic component transmits forces 
from the joints’ surface down into the TN and optimally 
adapts to its biomechanical needs. Since in healthy GCs the 
main overall load is transmitted onto the middle anterior 
rim and the posterior parts, CT-OAM revealed the densest 
areas to be situated within these locations accounting for a 
high mineralization in a mono- and bi-centric pattern [19]. 
An exceptional position can be seen in people with regularly 
pitching activities such as baseball players. Here, the per-
centage of high-density regions within the glenoid cavity is 
significantly higher than in controls [30].

The above-described results of glenoid mineraliza-
tion within the healthy population match the findings of 
Lehtinen et al. as well as Frich et al. Both described the 
total mineralization in the glenoid as significantly greater 
superiorly than inferiorly and posteriorly than anteriorly, the 
ratio being 2:1. The same was noted for trabecular miner-
alization beneath the SBP. Although the specimen age of 
their study was quite high, they believe aging does not cause 
regional mineralization changes in normal healthy shoulders 
and therefore, the anatomic distribution and differences of 
the mineral content can be used in the younger population 
as well [12, 20]. In contrast to this data and as proof of the 
anatomical adaptation towards the long-term load intake, 
Schulz et al. investigated the mineral distribution of the gle-
noid cavity in patients with recurrent anterior glenohumeral 
dislocation of at least 1 year. In their study, they revealed a 
significant change of glenoid density maxima positions with 
an increased anterior and inferior density when compared 
with normal joints indicating an altered stress distribution 
on the glenoid toward anterior and inferior in the direction 
of humeral head translation [29].

Given the anatomical properties of the glenoid, it is 
to say that in general, it differs in height between male 

Table 1   Correlations of 
trabecular bone of: mineral 
distribution of the subchondral 
bone plate and the architectural 
parameters

BV/TV BS/TV Tb.Th. Tb.N. Tb.Sp. SMI DA

0–1 mm 0.79 0.75 0.70 0.69 − 0.75 − 0.77 − 0.71
1–2 mm 0.61 0.58 0.50 0.54 − 0.39 − 0.56 − 0.65
2–3 mm 0.46 0.50 0.42 0.32 − 0.23 − 0.45 − 0.34
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(38 ± 3 mm) and female (32 ± 1.4 mm) as well as in width 
(male 28 ± 3 mm; female 24 ± 3 mm) [27]. The articulation 
surface cannot be seen as a simple axial plane. Within itself, 
it shows a version from superior-to-inferior and therefore 
presents a spiralling twist which is shown to be age inde-
pendent [2]. The glenoid rotation nevertheless, proved to 
have no significant differences between sexes. On the micro-
anatomic level, the SBP shows a functional adaptation to 
the long-term biomechanical situation with its mechanical 
properties adapting to it. Not only is the thickness of the 
SBP the highest in areas of high mineral content as our study 
proofs, but also the cartilage thickness shows a maximum of 
distribution here [36].

The TN below the SBP also revealed structural properties 
in accordance to the biomechanical situation represented by 
CT-OAM and, interestingly, we observed the bi-centric and 
monocentric pattern as well. Although it is not as impres-
sively distinct and obvious as in the SBP, we can confirm 
that the trabecular architecture has adapted to the biome-
chanical situation in a way where anatomical-defined struc-
tural parameters which describe an accumulation of bone to 
maximize the support were found to have peak values just 
beneath areas of high mineralization as it has been shown 
in literature before on other joints. A similar adaptation 
of trabecular bone to long-term load has previously been 
described at the ankle joint, the patellofemoral joint and the 
knee, to name just a few [14, 26, 35]. The above-described 
distribution pattern of the glenoid cavity, in correlation to 
the mineralization, persistent into depth but revealed a dwin-
dling effect.

Altogether, one can say, that the TN, in its way to support 
the SBP, adapts to its needs using as much material as nec-
essary and as less as possible. Interestingly, the parameters 
also showed a more homogenous distribution within the 
depth of third millimetre than just below the SBP. Follow-
ing Wolff’s law, this can be seen as adaptation to the more 
equally distributed forces within the depth of the bone in 
comparison to just beneath the articular surface.

The results clearly support the hypothesis that the TN, in 
its function to support the SBP, adapts to its biomechanical 
needs according to the long-term load intake of the shoulder 
joint. The described results are interpreted as an architectural 
behaviour in dependence to the applied tensile forces and to 
ideally meet the biomechanical demands.

The described structural findings are in strong consent 
to the “Mechanobiology hypothesis” of Carter et al. [3, 4]. 
Here, the adaptation of bone within the living is mainly 
dependent on two major components. The biological com-
ponent describes the genetic disposition which mainly 
influences the development during the growth period and 
lessens on effect in the adultery. The mechanical compo-
nent is described to be of main influence once the growth 
period is finished and afterwards models bone in a way to 

obtain the strain levels. Single load intake moments which 
are defined as “loading history” over a certain impact of 
time are summarized as strain energy density. On a micro-
structural level, the long-term load intake triggers a fluid 
flow within the bone’s widely spaced lacunae intercon-
nected by canaliculi and produces an oscillatory fluid flow 
which stimulates a cell response. Streaming potentials, 
chemo-transport as well as wall shear stresses are seen 
as the triggers that cause cell deformation and therefore 
subsequent metabolic activity [17, 33]. This way, the sys-
tem administers the deficient expression of each structural 
parameter within the trabecular network. Following the 
fact that the strain energy density is more and more evenly 
distributed as it gets transfered through the SBP and the 
trabecular network administers the changes from a high 
degree of differentiation just beneath the SBP to a more 
equal distribution within the deeper areas. In the end, the 
bone produces a state of homeostasis between structural 
arrangement and the strain energy density which we tried 
to illustrate with this study.

After all, the biomechanical situation of a joint as it 
can be administered via CT-OAM gives direct conclusion 
about the anatomical configuration of the bone below the 
joints surface. This knowledge, acquired via conventional 
CT data, might help in the decision-making process of 
implant design and implant fixation, since the survival of 
the glenoid implant is dependent on the biomechanical 
elements like bone properties and loading location. Pre-
operative identification of shoulders with eccentric load-
ing of the glenoid and following differences in trabecular 
arrangement, could explain the postoperative glenoid loos-
ening as it is described in literature [31].

Limitations of the study

The absolute bony mineralization differed at an individ-
ual level. Possible explanations are pathologically related 
changes affecting bone metabolism such as osteoporosis, 
hormonal disturbances, immobilization, but also physi-
ological differences such as physical activity, weight, gen-
der, and age

In addition, the small quantity and the lack of detailed 
documentation regarding the former lifestyle does not 
allow definitive interpretation of the inter-individual meas-
urement results.

Future studies, as they are already planned, will have to 
address the anatomical subchondral situation in a patho-
logical setting. Also, racial differences as well as anatomic 
variants have been observed regarding the mineral distri-
bution of other joints which will have to be considered and 
tested at the shoulder.
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