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Abstract

Purpose Mineralization distribution of the subchondral
bone plate can be used as a marker for long-term stress
distribution in diarthrodial joints. Severe injuries or path-
ological changes of the glenohumeral joint often end in
osteoarthritis, where shoulder arthroplasty has become the
treatment of choice. The computed tomography osteo-
absorptiometry (CT-OAM) is a non-invasive method to
determine the distribution of the mineralization of the
subchondral bone plate in vivo, which is an important
factor concerning the implantation of orthopedic endo-
prostheses. The aim of this study was to investigate the
mineralization of both joint partners of the glenohumeral
joint and to compare them with each other.

Methods The distribution of the mineralization of the
subchondral bone plate of 57 shoulder specimens was
determined by means of CT-OAM. To evaluate a correla-
tion between age and localization of subchondral miner-
alization maxima, the Chi-square test correlation test was
applied.

Results  Forty-nine glenoid cavities (86 %) showed a bi-
centric mineralization distribution pattern with anterior and
posterior maxima, only 8 glenoid cavities (14 %) revealed
a monocentric mineralization pattern with anterior max-
ima. Forty-five humeral heads (79 %) showed a bicentric
distribution pattern with anterior and posterior maxima, 12
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humeral heads (21 %) could be classified as monocentric
with a centro-posterior pronounced maximum.
Conclusions We could demonstrate that stress distribu-
tion in both joint partners of the glenohumeral joint is
inhomogeneous and characteristically bicentric due to the
physiological incongruity. Monocentric mineralization
patterns can result as a cause of age-related loss of
incongruity.
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Introduction

The evolutionary transfer from quadrupedalism to biped-
alism initiated the development of the upper limbs to a
highly specialized gripping and sensing organ. The gle-
nohumeral joint became a very important function related
to the positioning of the hand in space. Severe injuries or
pathological changes may limit this function and often
characterize the beginning of a history of suffering that
frequently ends in osteoarthritis. In such cases, shoulder
arthroplasty has become the treatment of choice. Therefore,
preoperative information about stress distribution in the
shoulder joint is recommendable to evaluate the risk of
postoperative complications such as joint instability and
glenoid loosening [12, 23, 26]. Early identified and oper-
ative fixed cases improve postoperative outcomes [5, 28].
On this account, the conditions in the glenohumeral joint
and the resulting stress distribution in the glenoid cavity as
well as the humeral head are of great importance.
Characteristic mineralization patterns of the subchondral
bone plate typify the loading history on articular surfaces
[14]. Some authors demonstrated that changes in stress
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have a direct influence on morphological alterations [21,
29]. Relationships between long-term stress and subchon-
dral bone were affirmed by later studies [6, 14, 20, 25].
Some authors discussed the age [18], the shape of a joint
[25] and the geometry of the articular surface [2, 25] as
important factors for the mineralization of the subchondral
bone plate. The computed tomography osteoabsorptiome-
try (CT-OAM) is a non-invasive method to demonstrate the
mineralization distribution in the subchondral bone plate of
diarthrodial joints in vivo [14]. In contrast to the usual
methods of CT densitometry, which deal with the calcu-
lation of an absolute value for bone density in a larger area
including compact and cancellous bone, CT-OAM is a
procedure for demonstrating differences in relative con-
centration within a joint surface and enables conclusions
about low and highly loaded areas [19].

Mineralization patterns of the glenoid cavity and the
humeral head have never been compared with one another
before. Information about their morphological changes
would contribute to the understanding of their interaction
and the mechanical situation by the use of CT-OAM as a
non-invasive method for in vivo assessment of individual
long-term stress [14]. We hypothesized that the density
patterns of the glenoid cavity correlate to the density pat-
terns of the humeral head. The aim of this study was to
determine the mineralization patterns of the glenoid cavity
and the humeral head in macroscopically healthy shoulder
specimens and to compare them with each other.

Materials and methods
Preparation

A total of 57 glenoid cavities and humeral heads of the
Anatomical Institute of University of Basel and the Ana-
tomical Institute of Ludwig Maximilian University in
Munich were obtained. They were all fixated in formalin.
The age distribution of the glenohumeral joints in this
study was from 18 to 95 years (35 males, 22 females) with
an average age of 61 years. The subjects consisted of the
scapula, the clavicle, the proximal humerus and the sur-
rounding tissue. After the soft tissue was dissected and
removed, the joint capsule was opened and the glenohu-
meral joint disarticulated. Specimens with signs of
degeneration or traumatic findings were excluded from our
study.

Computed tomography osteoabsorptiometry
CT data sets, recorded in a GE Lightspeed 16 X-ray CT

scanner (General Electric Healthcare Corporation, Wau-
kesha, WI, USA) with a layer thickness of 0.6 mm in
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transverse slices, were used to demonstrate the minerali-
zation [14—17]. Data obtained were edited using the image
analyzing system ANALYZE 7.5.5. (Biomedical Imaging
Resource, Mayo Foundation, Rochester, MN, USA). First a
three-dimensional reconstruction was generated and then
registered in a frontal view. In a next processing step, the
subchondral bone plate was sliced and isolated and
reconstructed in 3D using a maximum intensity projection,
where the values with the highest density are projected
onto the surface. Then, the gray values of the subchondral
bone plate were converted to false colors. The density
range from <200 to >1,200 HU was divided into gray
value stages of 100 HU each. Black typified density values
over 1,200 HU, followed in descending order by red,
orange, yellow, green and blue. Overlaying the cavity and
the humeral head with the false color figure resulted in the
topographical view of mineralization patterns (Fig. 1). The
resulting images served as a basis for further evaluation.
The densitograms of glenoid cavity and the humeral
head were analyzed in a standardized procedure. To
quantify the distribution patterns, a 21 x 30 unit grid with
identical sectors (IU) was projected onto the densitogram
of each cavity. A 21 x 21 unit grid was used for the
humeral head. The grid was positioned in tangential con-
tact so that its borders matched the borders of the articular
surface. The number of units was also kept the same, in
order to standardize the coordinates for larger and smaller
endplates. The coordinates of each mineralization maxi-
mum were selected to generate a summary image. We
defined the maximum as an area of the two highest density
levels compared with the surrounding subchondral bone.

Statistical analysis

To examine differences between the mineralization pat-
terns, groups of corresponding maxima were built visually
and compared by use of mean values and standard devia-
tions. Statistical analysis of these data was performed with
the Chi-square test. The level of significance was <0.05.

Results

The subchondral mineralization distribution revealed two
dissimilar types of density patterns. In 49 glenoid cavities
(86 % of 57 specimens), we found a bicentric distribution
pattern with anterior and posterior maxima, concentrated in
squares 4 and 6 (Fig. 2a). The localization of the anterior
and posterior maximum was determined by the coordinates
x1/y; and x,/y,. The mean value for the anterior maximum
was x; 16.8 IU (SD 1.6 1U), y; 18.3 IU (SD 2.7 IU), for the
posterior maximum x, 4.9 IU (SD 2.5 1U), y, 17.3 IU (SD
3.4 TU) (Table 1). The mean age of the bicentric group was
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Fig. 1 Procedure of CT-OAM: a reconstruction of the articular
surface, b three-dimensional reconstruction of the glenoid cavity,
c isolation of the subchondral bone plate, d reconstruction of the
subchondral bone plate by means of maximum intensity projection,
e full view of the finished densitogram

61 years (SD 25 years). Only 8 glenoid cavities (14 % of
57 specimens) revealed a monocentric mineralization pat-
tern with anterior maxima (Fig. 2b). The localization of the
maximum was determined by the coordinates xs/y;. The
mean value for the anterior maximum was x3 15.5 IU (SD
2.1 IU), y;3 20.51U (SD 3.5 IU). The mean age of the
monocentric group was 66 years (SD 20 years).
Forty-five humeral heads (79 % of 57 specimens)
showed a bicentric distribution pattern with anterior and
posterior maxima, concentrated in squares 4 and 6
(Fig. 3a). The localization of the anterior and posterior
maximum was determined by the coordinates x;/y; and x,/
v,. The mean value for the anterior maximum was x;
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Fig. 2 Summary chart of all maxima in a bicentric and b monocentric
glenoid cavities (anterior is on the right, posterior is on the left)
compared with a typical example of the mineralization distribution

Table 1 Localization of the maxima within the joint surface of the
glenoid cavity and the humeral head

Glenoid cavity Humeral head

Mean (IU) SD (IU) Mean (IU) SD (IU)
X 16.8 1.6 4.9 1.5
Vi 18.3 2.7 12.7 32
X2 49 2.5 16.1 1.2
V2 17.3 34 13.7 1.8
X3 15.5 2.1 134 43
3 20.5 35 124 33

491U (SD 1.5 1U), y; 12.7 IU (SD 3.2 IU), for the pos-
terior maximum x, 16.1 IU (SD 1.2 TU), y, 13.7 IU (SD
1.8 TU) (Table 1). The mean age of the bicentric group was
60 years (SD 25 years). Twelve humeral heads (21 % of 57
specimens) could be classified as monocentric with a
centro-posterior pronounced maximum (Fig. 3b). The
localization of the maximum was determined by the
coordinates xz/y;. The mean value was x3 13.6 IU (SD
4.2 1U0), y; 124 TU (SD 3.3 IU). The mean age of the
monocentric group was 68 years (SD 21 years).

The correlation of the mineralization distribution pat-
terns of the glenoid cavity and the humeral head revealed a
high significance (P < 0.001). No statistically significant
differences in the average age between bicentric and
monocentric groups were found.
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Fig. 3 Visualization of the maxima in all a bicentric and b mono-
centric humeral heads (anterior is on the /eft, posterior is on the right)
compared with a typical example of the mineralization distribution

Discussion

In this study, we have investigated the relationship between
the mineralization patterns of the glenoid cavity and the
humeral head. The mineralization of the subchondral bone
plate represents the long-term stress in diarthrodial joints [3,
14]. Geometry of the joint, age, side and the individual
functional demands are all factors that affect the minerali-
zation pattern of the subchondral bone plate [2, 6, 18, 20,
25]. It was shown that the density values of the subchondral
mineralization are higher in younger individuals and ath-
letes compared to older specimens [18]. A high level of
muscle mass and individual exposure may be possible
reasons for this situation [14, 18]. Two density maxima
were found ventrally and dorsally in young patients whereas
older patients showed a centrally located maximum [18].
Some authors stated that the vessel density was significantly
higher in heavily loaded joints and stressed regions of the
same joint [9, 11]. There is an existing interrelation between
hand domination and the degree of absolute mineralization
[22]. Some authors showed the impact of pathological sit-
uations on the subchondral mineralization patterns. For
example, superiorly decentered mineralization patterns of
the subchondral bone plate are typical for cuff arthropathies
[24, 27]. This means that pathological conditions have an
effect on the long-term stress and therefore on the miner-
alization of the subchondral bone plate. This underlines the
importance of an early preoperative identification of such
cases, to fix subluxation tendencies intraoperatively and
improve postoperative results. The quantification of the
mineralization by CT-OAM, which is based on conven-
tional CT data set, could be a method for preoperative
identification and postoperative follow-up. The CT-OAM is
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areproducible and highly sensitive method to determine the
subchondral bone mineralization in vitro and in vivo as well
[14, 15]. In contrast to the usual methods of CT densitom-
etry, which deal with the calculation of an absolute value for
bone density, CT-OAM is a procedure for demonstrating
differences in relative concentration within a joint surface
[14].

Our intention was to investigate and compare the min-
eralization patterns of both joint partners in the glenohu-
meral joint, which has never been done so far. The
examinations of the subchondral articular surfaces of the
glenoid cavity and the humeral head showed regional dif-
ferences in distribution of density and the position of
maxima. We could find two characteristic mineralization
patterns for the glenoid cavity as well as the humeral head.
These distribution patterns in the subchondral bone plate of
the glenoid cavity and the humeral head were confirmed in
previous studies [22, 30].

Our summary chart of bicentric maxima (Fig. 4a)
demonstrated the compliance between the glenoid cavity
and the humeral head. The evaluation of the mean values
and the statistical analysis, which reveals a highly signifi-
cant correlation (P < 0.001), confirmed these findings. The
bicentric distribution patterns of the glenoid cavity and the
humeral head occur due to the physiological incongruity of
the joint partners as a principle of physiological stress
distribution to prevent osteoarthritis [1, 8, 14, 16, 22]. The
tendency to a bigger humeral head than the respective
glenoid cavity, which underlines this concept of physio-
logical mismatch, was illustrated by means of stereopho-
togrammetry [24]. Furthermore, the articular cartilage is
important for glenohumeral congruity. The swelling of the
articular cartilage after periods of high loading increases
incongruity and stimulates the cartilage to keep healthy
which leads to concentrated contact in the anterior and
posterior parts of the articular surface of both joint part-
ners. This principle of incongruity in the glenohumeral
joint causes bicentric mineralization patterns of the sub-
chondral bone plate of the glenoid cavity and the humeral
head as well and was confirmed through our testing. Age-
related changes [14, 18] may modify the subchondral bone
mineralization. We found no statistically significant dif-
ferences in the average age between bicentric and mono-
centric for the glenoid cavity as well as the humeral head.

The monocentric distribution patterns, which occur less
frequent than bicentric distribution patterns, may be caused
by loss of incongruity with increasing age [14, 18]. They
could potentially also represent the beginning of patholog-
ical changes such as cuff arthropathies [15, 22]. In these
situations, where the infraspinatus muscle and the teres
minor muscle are dominant, the humeral head is ventrally
decentered. On this account, the posterior part of the gle-
noid cavity is in no contact with the humeral head. The
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Fig. 4 Comparative summary chart of all a bicentric and b mono-
centric glenoid cavities (squares) and humeral heads (circles)

glenoid contact area is limited to the anterior part. On the
other hand, the contact area of the humeral head displaces to
the posterior part. This phenomenon explains our results in
the summary chart of the monocentric distribution patterns
(Fig. 4b).

The mineralization distribution of both joint partners of
the glenohumeral joint, which typifies the loading history,
showed characteristic and reproducible patterns. Compar-
isons between the glenoid cavity and the humeral head
revealed a good compliance. Bicentric maxima located
near the anterior and posterior rim of the glenoid cavity,
respectively, anterior and posterior region of the humeral
head, were found in most cases. Monocentric maxima
resulted only in about a fifth of all specimens.

Mineralization distribution of the subchondral bone plate,
which can be investigated by means of CT-OAM, gives
important information about the long-term stress within a
joint surface [15]. The subchondral bone plate in the gle-
nohumeral joint is also an important factor concerning the
implantation of orthopedic endoprostheses. It was found that
the mineralization of the subchondral bone correlates with
the mechanical strength [10, 13, 31]. Some authors stated the
importance of cancellous bone for screw positioning [4, 7].
Therefore, areas of high density could serve as anchoring
locations to get optimal fixation for orthopedic implants in
case of resurfacing. Furthermore, information about sub-
chondral bone density might be interesting for osteosyn-
thesis, when screws are to be anchored in case of open
reduction and internal fixation. Our intention in this study
was to investigate the mineralization patterns in healthy
shoulders to provide reproducible results but it would be of
clinical interest to explore the subchondral bone plate min-
eralization in arthritic shoulders in the future.
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