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KEYWORDS Summary Background/Objective: Spatial knowledge of the anatomy of the proximal humer-
bone mineral density; us is critical for effective treatment, particularly in patients affected by fragility fractures.
fracture; High-resolution peripheral quantitative computed tomography (HR-pQCT) imaging with medi-
high-resolution cal image processing techniques enable three dimensional (3D) analysis of volumetric bone
peripheral mineral density (vBMD) of bones of different sizes and shapes.
quantitative Methods: To elucidate the bony anatomy and to create 3D reference data, we conducted a
computed computerized HR-pQCT-based study in intact postmortem samples of the proximal humerus
tomography; to highlight the anatomy with particular emphasis on the size, shape, and bone stock distribu-
osteoporosis; tion pattern.
proximal humerus; Fifty-eight defrozen intact humerus samples from 28 female and 30 male donors, who were
three-dimensional aged 61—98 years old (mean age + standard deviation, 80.6 + 9 years), were scanned in the
statistical bone proximal third using the extended standard HR-pQCT protocol. A 3D statistical bone and aver-
model aged bone density models with low, middle, and high total vBMDs were computed. We exam-

ined the 3D patterns of size and shape variations using principal component analysis, and the
vBMD distributions and variabilities using volume-rendering and virtual bore probing.

Results: The computer models revealed a highly variable bony anatomy in which size was the
predominant variation in the first principal component (PC). In the second PC, we observed
notable variabilities in the shape of the head and shaft inclination. A distinct 3D pattern of
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bone stock distribution was detected in which the lowest vBMD values were identified in the
medullary cavity, middle values were identified in the central zone, and the highest values
were identified in the cortex and humeral head—particularly in the subarticular zones. In
the presence of bone loss, the vBMD values were ubiquitously decreased, but the pattern of
3D bone stock distribution was maintained.

Conclusion: The new anatomical 3D data that we acquired will improve the understanding of
the normal bony anatomy of the proximal humerus. The extended HR-pQCT protocol and com-
puter models may be used for other skeletal sites and used as 3D reference models that can be
applied to systematically improve implant design and anchorage.

Copyright © 2015, The Authors. Published by Elsevier (Singapore) Pte Ltd. This is an open ac-
cess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).

Introduction

The proximal humerus is an angulated, non-weight-bearing
extremity of the long bone in the upper limb and consists of
two main anatomical structures: the proximal shaft portion
and the humeral head. The humeral head with its caput
humeri is inclined toward the medial side; comprises vari-
able amounts of cortical, subarticular, and trabecular
bone; and articulates with the glenohumeral joint to reach
the scapula. The anatomical neck separates the caput hu-
meri from the greater and lesser tuberosities, which are
laterally and anteriorly located, respectively. Below the
humeral head is the surgical neck. Cortical bone also exists
in the shaft and neck portion that confines the proximal end
of the medullary cavity. Traditional methods have been
used to describe different morphologic and radiometric
features and to characterize variations in the normal
anatomy and bony content for implant design features or
classification purposes [1—4].

Proximal humerus fractures occur within this skeletal
site and represent a particular type of traumatic injury.
Fracture lines and gaps occur in all of the main anatomical
structures. Osteosynthesis is highlighted in conditions that
involve reduced bone mass and altered bone structure that
significantly compromises implant anchorage and conse-
quently the mechanical stability of the bone implant
construct. With ageing, the proximal humerus may be
notably affected by bone loss and structural decay [5].
Osteoporosis increases the fracture risk and increases the
difficulty of surgical repair in patients who have fragility
fractures. Fragility fractures of the proximal humerus are
low-energy traumas and are particularly concerning
because they represent an increasing problem for the
health system [6,7]. Such fractures follow fractures of the
femoral neck and distal radius as the third most common
type of osteoporotic fracture [8]. Disimpaction of the hu-
meral head creates a void area and may even require bone-
grafting procedures [9,10]. Hence, adequate fracture fixa-
tion is of particular concern for elderly patients and
severely injured patients who are affected by osteoporosis.
Adequate fixation can be achieved by using minimally
invasive osteosynthesis, open reduction and plate fixation,
intramedullary nailing and primary arthoplasty, or addi-
tional bone-grafting procedures [10,11]. However, opera-
tive treatment is associated with a high complication rate,

and several risk factors are associated with an increased
rate of fixation failure or impaired functional outcomes.
Low bone mineral density is one factor [12—14]. Implant
choice, indications for humeral head replacement, osteo-
synthesis techniques, and additional bone grafting in oste-
oporotic humeri may differ from the treatment of patients
with better bone stock. Several authors have outlined that
poor local bone quality must be considered in the decision-
making process [11,15,16].

The proximal humerus forms a specific treatment site that
has variable internal and external anatomies. Understanding
the implications for improving fracture management and
implant constructs, particularly among elderly patients, re-
quires a thorough anatomical and clinical evaluation. Based
on a few anatomical landmarks obtained from the proximal
and distal epiphyses, Cretan humeri have undergone sex-
related evaluations for forensic medical purposes [17].
However, additional anatomical information about the
spatial aspects is required and ought to be viewed in light of
the therapeutic implications and morphological variations
that have been observed across different individuals.

We conducted the present computational study to elab-
orate the spatial anatomy of the proximal humerus via in-
vestigations of the three-dimensional (3D) shape, size, and
bone stock distribution and variation patterns. In contrast to
previous computed tomography/quantitative computed to-
mography (CT/QCT) studies [18,19], we hypothesized that
the 3D anatomical conditions of the proximal humerus would
be captured within a single parametric high-resolution pe-
ripheral quantitative computed tomography (HR-pQCT)-
based computer model. Our objectives were specifically as
follows: (1) to analyse the variabilities in size and shape; (2)
to compute 3D-averaged bones with low, medium, and high
volumetric bone mineral density (vBMD) at high resolution;
(3) to examine the bone stock distributions to identify the
sites with invariable bone stock; and (4) to demonstrate the
differences between high and low bone stock.

Materials and methods
Bone specimens

Fifty-eight unpaired intact fresh frozen humeri were
examined. These bones were obtained from 28 female and
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30 male donors and comprised three right samples and 55
left samples from individuals aged 61—98 years old. The
overall mean age was 80.6 + 9 years (mean + standard
deviation). The mean age for the female donors was
84.5 + 7.6 years and the mean age for the male donors was
76.9 + 8.7 years. Anonymized postmortem humeri were
donated for unrelated biomechanical studies from univer-
sity hospitals in Switzerland and Germany after internal
review board approval, and were made available for scan-
ning for the purpose of this project. The specimens were
stored at —20°C. All bone specimens were maintained in a
vacuum-packed state in polyethylene during the
measurements.

Image acquisition

After thawing the bone specimens at room temperature,
they were subjected to HR-pQCT scanning. The protocol
comprised scanning a maximum length of 16 cm of the
proximal extremity using a HR-pQCT scanner (XtremeCT;
Scanco Medical, Briittisellen, Switzerland) with phantom
calibration. The machine settings were the following, as
described by Popp et al [20] at the distal tibia: the x-ray
tube was set at 60 kVp with an effective energy of 40 keV
(900 pA) and an image matrix size of 1024 x 1024 at nom-
inal 82 um isotropic resolution. The scanned volume of in-
terest was defined on the scout view. The HR-pQCT scans
were stored in Digital Imaging and Communication in Med-
icine (DICOM) format. Approximately 1950 slices were ac-
quired from each specimen.

Image processing

The DICOM image data stacks were loaded into Amira
software (Amira version 5.4.5; Visualization Science Group,
Merignac Cedex, France). Virtual radiograph visualization
(i.e., a digitally reconstructed radiograph) was computed
and checked before processing to exclude potential unre-
ported alterations such as unidentified bone disease. All
samples that were included were free from obvious pa-
thology, as determined by a trained professional. The
DICOM records were expressed in Hounsfield units and were
converted to vBMD data, based on the linear transformation
defined by the machine’s calibration. The vBMD values are
expressed as milligrams of hydroxyapatite per centimetre
cubed (mg HA/cm?). Tissues other than bone were labelled
algorithmically, and their values were set to 0. All images of
the right proximal humeri were mirrored to the left side,
and all data were cropped to the proximal 33% of the full
length of each humerus. Standard image segmentation was
performed to create 3D computer models of the surfaces of
the proximal humeri. Geomagic Studio version 12 software
(Geomagic U.S. Corp., Research Triangle Park, NC, USA)
processed the images to obtain smooth regular triangular
surface structures without holes or triangle intersections.

3D statistical bone modelling

To assess the variations in the shapes and sizes of the
proximal humeri, anatomically homologous landmarks and
segments were identified on each of the 58 surface models

(Figure 1). A representative 3D model was selected and
warped to the remaining 3D models using thin plate spline
(TPS) transformation. The TPS represents an interpolation-
based registration technique that has been adapted by
Bookstein [21] for use in morphometrics. It generated
anatomically homologous triangular meshed surfaces with
identical numbers and locations on the different models
that consisted of 10,000 surface points and 19,996 triangles
per proximal humerus [22]. All homologous surface-meshed
models were aligned using a nonscaled Procrustes fit
alignment to generate a mean model and a 3D statistical
model of the proximal humerus [23].

Resampling and grouping of the HR-pQCT scans

Using the Amira software (Visualization Science Group), all
HR-pQCT scans were resampled to achieve a 0.164-mm
isotropic voxel size. A continuous number series of average
vBMDs was calculated from all voxels of the entire prox-
imal humerus to categorize the data into three groups,
based on the average vBMD values. The first group had the
lowest average vBMDs and consisted of 20 HR-pQCT scans
with an average vBMD of 200.4 + 29.8 mg HA/cm? and a
range of 127.7—242 mg HA/cm?® The second group had
medium average vBMDs and consisted of 19 scans with an
average VBMD of 265.1 + 12.2 mg HA/cm® (range,
245-280.6 mg HA/cm?). The third group consisted of 19
HR-pQCT scans with an average vBMD of 314.2 + 21.7 mg
HA/cm? (range, 288.2—372.6 mg HA/cm®).

Generating the averaged vBMD models

A regular space grid within the mean surface model of the
proximal humerus was computed with an isotropic voxel
edge length of 0.164 mm. The reference space grid was
warped to the samples via TPS transformation, based on
anatomically homologous surface points to obtain a ho-
mologous voxel grid structure for all samples, as described
by Wagner et al [19]. The volumetric data from all HR-pQCT
scans were accordingly reprocessed to obtain identically
numbered and located anatomically homologous grid data.
All HR-pQCT scans of the group with the highest average
vBMDs were elastically transformed into the mean surface
model. This procedure resulted in a volumetric dataset with
19,382,673 averaged voxels within the mean surface model
of the proximal humerus. This algorithm was repeated for
the remaining two HR-pQCT groups. These processes
resulted in three distinct models with identical sizes,
shapes, and volumes that differed in averaged bone stock,
as described by their average vBMD values.

Analysis/visualization

The mean shape was computed by averaging the co-
ordinates of the anatomically homologous surface points,
and principal component analysis (PCA) was performed to
assess variations in the sizes and shapes in the 3D statistical
model of the proximal humerus [19,22,23]. Principal
component analysis was performed in accordance with the
method obtained from statistical shape analysis, which is
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Figure 1

Definitions of anatomically homologous regions within 58 computer models of the proximal humerus. Coloured

curvature-grade models were generated and facilitated the manual placement of the anatomically homologous landmarks (red
dots). Additional landmarks place the boundaries of anatomically homologous areas. These landmarks were replaced by computing

identically numbered equidistant landmarks (yellow dots).

the main method used to analyse geometrical properties of
a given set of shapes by statistical methods [24].

We assessed the 3D bone stock distribution using
threshold-based labelling of the vBMD values and 3D
volume-rendering visualization (i.e., different vBMD
threshold ranges were selected while gradually increasing
the upper threshold and maintaining the lower threshold at
0). For proper 3D visualization, we inverted the vBMD
values (i.e., the vBMD value of 150 was set to —150). This
procedure prevented the trabecular bone from being
masked by the dense cortical shell. To quantify the dif-
ferences between the three categories in the different
subregions of the proximal humerus, we measured the
vBMDs along a 4-mm diameter virtual bore probe at

selected sites of the main structures of the proximal hu-
merus. In addition, the probe volumes of five distinct
trabecular sites of the humeral head were analysed.

Results

Computer models

A series of HR-pQCT scans of the proximal humerus were
postprocessed using a combination of state-of-the-art 3D
medical imaging, image processing, and analysis techniques
with a 3D statistical model and averaged vBMD models
generated to assess the anatomical variability and bone
stock distribution.
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Surface variability

The PCA revealed major size and shape variations. Size was
the most variable anatomical pattern, as illustrated in the
first PC (Figure 2). The second PC revealed shape varia-
tions, which were primarily the result of the variation in the
inclination of the humeral head and the shaft portion. The
first two PCs covered 65% of the overall anatomical varia-
tion. Seventeen PCs were required to account for 95% (i.e.,
95.03%).

3D bone stock distribution (Figures 3A—E and
4A—C)

When a low vBMD threshold range of 0 to —6 was selected
(Figure 3B) within the 3D averaged vBMD model (i.e., when
3D rendering averaged voxels with only low vBMD values),
labelling occurred solely at sites with low bone stock. These
sites corresponded to the medullary cavity of the proximal
humerus. Other trabecular and cortical regions of the
proximal humerus remained unlabelled because they
exhibited higher vBMD values. When the threshold range
was extended (i.e., when displaying low values and
including higher averaged vBMD values), the labelling
spread toward the cortical bone of the shaft portion and

proximally to the central part of the humeral head
(Figure 3C). Additional widening of the threshold range led
to 3D labelling of the minor and major tuberosities
(Figure 3D and E). Trabecular sites with higher vBMD values
were in the humeral head—primarily in the subarticular
region—and the maximum values were in the subarticular
zones of the humeral head. At a high threshold range (i.e.,
when visualizing the low and high vBMD values), the prox-
imal shell of the cortical bone remained unlabelled, and
the cortical thickness gradually increased to the shaft
portion (Figures 3E and 4).

Virtual bore probing: variations in the 3D bone
stock distribution

The evaluation revealed curves, according to the grouped
HR-pQCT images. The curves demonstrate the 3D patterns
of the cortical and trabecular bone stocks along given vir-
tual bore probe pathways (Figure 5). The virtual bore
probes taken medially to laterally in the shaft portion
revealed relatively thick cortical bone and high vBMD peaks
of approximately 1000 mg HA/cm? (Figure 5, left column).
The resultant curves from bore probes that were applied in
the humeral head are illustrated in Figure 5 (middle and
right columns). When probing from the greater tuberosity
to the medial humeral head, the corresponding curves

-3SD Mean

+3SD

n

I

I

PC

1

I

I

Figure 2 The three-dimensional (3D) patterns of the variations of the surface of the proximal humerus, based on principal
component (PC) analysis of the (left) anterior view and (right) lateral view. Size variations (i.e., the first PC) dominate over shape
variations (i.e., the second PC), as demonstrated in the yellow and red computer models. The mean model is grey. SD = standard

deviation.
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Figure 3

(A—E) The three-dimensional (3D) bone stock distribution of the proximal humerus within semitransparent mean models

in the anterior view (top row) and lateral view (bottom row). The 3D bone stock distribution was visualized using the volume-
rendering and inversed vBMD values. (B and C) The medullary cavity has the lowest threshold range for vBMD for trabecular
bone, and (D) the subarticular bone has the highest threshold range for vBMD for trabecular bone. (E) The 3D aspects of the cortical

bone are visible.

increased in length and showed maximum peak vBMDs at
the entry and exit points of approximately 500 mg HA/cm?,
which corresponded to the cortical bone. The vBMD rapidly
decreased in the subcortical zone of the greater tuberosity.
This decrease was followed by a central zone that exhibited
the lowest vBMD values. A trabecular region with vBMDs
steadily increased medially toward the articular surface.
When probing the minor tuberosity in the direction toward
the posterior humeral head, there was a more equal
pattern of low vBMDs with slightly better bone stock. When
probing at different articular sites, the peak vBMDs at the
entry and exit points were approximately 300 mg HA/cm?
and revealed a more equal vBMD distribution pattern.

Probe volumes of the trabecular regions of interest

The probe volumes for the trabecular regions of the hu-
meral head (Figure 6) were calculated by averaging the
vBMD values of the contributing voxels of the respective
regions of interest (ROI). The highest average vBMD values
of 119 mg HA/cm® were identified in the caput humeri.
However, large variations were observed when comparing
samples with minimum values with samples with the high-
est values (30.3 mg HA/cm® vs. 209.4 mg HA/cmd).

Descriptive statistics of the different trabecular sites are
presented in Table 1.

Discussion

The present computational study was initiated to extend
anatomical knowledge because the utilized technique of-
fers the possibility of characterizing an entire treatment
site in 3D. Three-dimensional statistical and averaged bone
density models of the proximal humerus were established
based on HR-pQCT scans, state-of-the-art image process-
ing, and 3D statistical modelling techniques [20,24,25].
These models allowed the analyses of bones of different
sizes and shapes and thus permitted anatomically homolo-
gous regions to be compared [26]. PCA represented a state-
of-the-art concept to assess the most important anatomical
variations. The first PC was primarily associated with bone
length, whereas the second PC was associated with the
inclination of the humeral head and the shaft portion.
These areas are the most relevant PCs. However, PCA may
be too demanding to be applied in daily practice and to
draw quantitative conclusions. The interpretation of the
PCs with respect to clinical measures may be difficult
because they may not necessarily coincide with typical
morphologic features such as the bone length or thickness.
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Figure 4 The three-dimensional (3D) bone stock distribution of the humeral head in (A) the anterior view, (B) the lateral view,
and (C) the cranial view at the following three volumetric bone mineral density (vBMD) threshold ranges: 0 to —52 (upper row); 0 to
—250 (middle row), and 0 to —500 (lower row). At high vBMD threshold ranges, only the subarticular trabecular bone remain
unlabelled, which indicates better bone stock with increasing vBMD values toward the subarticular cortex. The 3D aspects of the

cortical shell are presented in the bottom row.

An extended HR-pQCT protocol was used to assess the bone
stock and its variation. A similar technique has previously
been described by Wagner et al [19], who applied it to the
sacrum, based on computed tomography images of the
pelvis. High-resolution peripheral quantitative computed
tomography delivers detailed spatial information about the
bone stock, based on the vBMD, and at a high resolution.
Standard HR-pQCT protocols include scanning and analysis
within a given ROI, however, the protocols do not typically
account for the entire skeletal region.

We observed computational and numeric difficulties
while processing such a large dataset using a standard

computer. By using Amira’s built-in resampling module, we
downsized the HR-pQCT data to a resolution of 0.164 mm,
after setting the values for tissues other than bone to 0.
The diameter of the virtual bore probe at its entry and exit
angles may be additional sources of influence on the mea-
surements. However, the characteristics between the
models were not likely altered. In this study, the 3D bone
stock distribution was visualized in a volume-rendering
mode. Areas of high density are typically less transparent
than areas of low density. This behaviour of standard vol-
ume rendering is unsuitable for visualizing bony regions
with a low bone mass because they are masked by the
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Figure 5 Virtual bore probing. The mean model of the proximal humerus (grey transparent) in the anterior view (columns 1—3)
and lateral view (column 2, lower two images) illustrates the different pathways of the virtual bore probes. The probes measure
the volumetric bone mineral density (vBMD) along pathways that were used to create the curves, according to the grouped high-
resolution peripheral quantitative computed tomography [y axis: vBMD (mg HA/cm?), x axis: length of the bore probe (cm)]. The
first group exhibits the low average vBMD values (black line), the second group exhibits the medium average vBMD values (dark grey
line), and the third group exhibits the high average vBMD value (light grey line). The first column displays the anterior view of the
mean model and virtual bore probes that were obtained medially to laterally in the shaft zone. The second column illustrates the
anterior and lateral views of the mean model and virtual bore probes from the greater and lesser tuberosities. The third column
shows the anterior view of the mean model and bore probes from different articular sites.

Figure 6 The probe volumes of the different trabecular sites of the humeral head. Five different probe volumes were manually
selected at the greater tuberosity (green), lesser tuberosity (blue), in the centre zone (red), at the articular site (purple), and for
the overall humeral head, as illustrated in (A) the frontal and (B) the axial high-resolution peripheral quantitative computed to-
mography views.
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Table 1

Descriptive statistics of the volumetric bone mineral density [VBMD; expressed as milligrams of hydroxyapatite per

centimetre cubed (mg HA/cm?®)], which is calculated from the probe volumes of the five trabecular sites of the proximal hu-

merus (as illustrated in Figure 6).

Mean (mg HA/cm?)

Std (mg HA/cm?®)

Min (mg HA/cm?3)

Max (mg HA/cm?)

Overall humeral head 82.3
Articular site (purple) 119.0
Centre (red) 411
Lesser tuberosity (blue) 55.0
Greater tuberosity (green) 56.5

20.8
23.4
19.8
19.8
18.8

26.0 152.4
30.3 209.4
17.6 93.4
4.4 128.4
15.2 141.7

The values of the five respective regions are calculated as the mean of all vBMD values of the contributing voxels of high-resolution
peripheral quantitative computed tomography. The articular site has the highest mean and maximum values, whereas the centre re-

gion has the lowest vBMD.

HA = hydroxyapatite; Max = maximum; Min = minimum; Std = standard deviation.

dense cortical shell. To visualize primarily trabecular bone,
we therefore introduced an approach that involved
inverting the vBMD values. Varying the upper thresholds
permitted the identification and visualization of sites with
different bone stock in 3D.

In this study, a mean model of the proximal humerus was
established. The 3D statistical bone model revealed largely
variable bone shapes and sizes. The averaged bone density
models exhibited a distinct 3D pattern of bone stock dis-
tribution. We identified and quantified sites of low and
relatively high bone stock, irrespective of whether bone
loss was present. As expected, the medullary cavity cor-
responded to the region with the lowest vBMD values.
Starting from this site, the trabecular bone became grad-
ually denser toward the cortical bone of the shaft and neck.
In the humeral head, the trabecular bone stock was un-
evenly distributed, as revealed by major regional differ-
ences in vBMD. The first zone in which the labelling process
was completed—but only at higher vBMD values—was in
the greater and lesser tuberosities. The second zone was at
the articular site and exhibited vBMD values that steadily
increased toward the subarticular region. Therefore, the
subarticular zone and the two tuberosities were identified
as regions with the best trabecular bone stock. These sites
could be clearly distinguished from the central zone within
the central humeral head, which exhibited markedly lower
vBMD values.

Proximal humerus fractures are low-energy traumas;
therefore the centre of the humeral head may coincide
with a region that exhibits a higher degree of comminution
and thus may be associated with more complex fracture
patterns that create a relatively large void area during
surgical reconstruction. If such regions exist, they would be
particularly affected by bone loss and significantly increase
the difficulty of surgical procedures and may even require
additional bone grafting.

Fracture fixation requires that the anatomical differ-
ences are carefully considered to ensure stable implant
fixation to avoid high complication rates. Variations in the
anatomy of the proximal humerus may be common. How-
ever, such variations may occur for several reasons such as
age, sex, individual variations in size and shape, individual
bone stock distributions, or specific pathologies. Studies of
normal and pathologic conditions may be important pre-
requisites to understanding the therapeutic implications
and selecting treatment strategies that can achieve

optimal outcomes. One option may be to assess the path-
ological status on the affected side and the given
anatomical condition on the contralateral side because
both anatomies are accessible on preoperative CT or ra-
diographs. Despite advances in preoperative assessment,
the paucity of evidence makes it difficult to judge specific
cases. The proximal humerus represents a skeletal site for
which therapeutic considerations must be made while
taking into account variations in individual anatomy,
particularly for fragility fractures of the proximal humerus.
Hence, a stable osteosynthesis construct may be difficult
to obtain because of a complex fracture pattern, low bone
quality, and large anatomical variations that may
compromise implant fit.

Osteoporosis signifies a growing problem among elderly
patients and represents a metabolic disease that leads to
altered internal structures due to bone loss and structural
decay [27]. The densitometric definition of osteoporosis of
the World Health Organization is based on areal BMD, as
measured by dual-energy x-ray absorptiometry (DXA) [5].
This procedure subsumes the altered structure as the bone
mass per projected area of the standardized skeletal sites
(e.g., the lumbar spine and the proximal femur). However,
DXA measurements are demanding to perform before
shoulder surgery and are not feasible because standardized
reference data are not available for this skeletal site. One
option may be to predict the bone quality from preopera-
tive radiographs [28] or preoperative CT [16]. In this study,
a continuous number series of vBMDs was determined to
define three categorical groups because the groups could
not be clustered by an alternative criterion such as DXA.

Osteosynthesis of the proximal humerus may depend on
the fracture pattern and the individual anatomy, which
include factors such as local bone quality. Implants (i.e.,
the design, type, and number of implant and screws) and
the surgical technique have to be adapted to the local
anatomical and pathological conditions. The sites of the
virtual bore probes were chosen to represent the grouped
vBMD values of the two main anatomical structures of the
proximal humerus. However, the information could also be
used for implant design and optimization.

Several reports that have investigated the bone stock
distribution of the proximal humerus. Tingart et al [29]
investigated 17 pQCT scans obtained from postmortem
specimens and observed significantly higher BMDs in the
proximal part of the head than in the distal part. At the
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articular surface of the proximal part of the head, Tingart
and colleagues [31] found significantly higher BMDs in the
posterior region than in the anterior region; furthermore,
they observed significantly higher BMDs in the posterior
region of the greater tuberosity than in the medial region.
In a histomorphometric study of 24 postmortem bone
specimens by Hepp et al [30], the maximal bone quality and
quantity were in the medial and dorsal aspects of the bone,
and these authors concluded that screws should be placed
in exactly these areas of maximal bone stock. Based on a
clinical CT series, Yamada et al [15] reported that the
medial side, particularly the articular side, offers more
bone tissue than other areas. These investigators also sug-
gest that the bone quality should be defined on a case-by-
case basis when treating humeral head fractures in elderly
patients, that the site and angle of insertion for fixation
should be carefully established, and that the need for
grafting to obtain optimal fixation on the lateral side should
be considered.

As demonstrated by our virtual bore probes, bone loss
was associated with a ubiquitous decrease in bone stock. An
osteoporotic humerus and normal humerus may exhibit an
identical 3D bone distribution pattern; however, an osteo-
porotic humerus may exhibit significantly lower vBMD
levels. We detected no sites with invariable bone stock.
Regions with low BMD values may be predicted as the zones
that exhibit greater levels of comminution and thus create
larger void areas after disimpaction. Because fragility
fractures of the proximal humerus are typically low-energy
traumas, the central zones of osteoporotic humeral heads
may be associated with greater degrees of comminution
that create particularly large void areas, which increase the
difficulty of surgical repair.

The cortical bone was not evenly distributed over the
proximal humerus in thickness or in the peak vBMD value.
Both of these parameters exhibited maximal values in the
distal sites and gradual decreases toward and within the
epiphysis.

We experienced generalized bone loss that occurs in
osteopenia and osteoporosis. These disorders are meta-
bolic problems that are associated with a wide range of
effects on the skeletal system. Some show deleterious ef-
fects such as increased endocortical resorption, increased
cortical porosity, and large decreases in the vBMD, which
may be the most important cause of increased skeletal
fragility in the elderly, whereas other bones show benefi-
cial effects such as periosteal apposition with outward
cortical displacement [31—34]. Our computer models
accordingly revealed that the bone stock was decreased in
all sites, whereas the pattern of bone distribution
remained virtually unchanged.

Osteosynthesis includes the placement of different
types of implants with screws that are positioned through
cortical, subcortical, trabecular, and subarticular zones.
Alloplastic implants are designed to achieve the best
implant purchase and pull-out strengths [35]. The data
revealed that the trabecular part, especially the osteopo-
rotic humeral head, is voided. Screw anchorage possibilities
are limited within the humeral head.

The following principles could be deducted from this
study: a detailed spatial, anatomical knowledge with in-
formation about overall morphological variation and local

bone quality are essential to optimize the fixation tech-
niques. The subarticular region provides increased vBMD
values for trabecular bone and therefore represents the
preferred site for screw purchase [36,37], however, this
region is potentially at increased risk of screw perforation
into the articular space. The different shape and size pat-
terns of the proximal humerus may require different
implant designs and screw positioning. Intramedullary
nails, plates with screw holes, and screws may be designed
or optimized accordingly. Additional implant fixation may
be achieved using augmentation techniques to avoid sec-
ondary implant migration.

The limitations of this study include the in vitro
approach, the age of the study samples, and the lack of
aBMD/DXA reference data for this anatomical region. The
interpretation of the PCs may be difficult with regard to
typical clinical measures. Despite the new 3D anatomical
knowledge we have created, how to predict the local bone
quality in clinical settings remains an open question.

The strengths of this study are: (1) the large number of
postmortem samples, which permitted grouping; and (2)
the computational method, which allowed comparisons of
humeri of different sizes and shapes. The extended HR-
pQCT protocol permitted the mapping of the entire skel-
etal site in vBMD in three dimensions. The anatomical
knowledge may be novel and may serve as 3D reference
data.

In conclusion, we successfully tested our hypothesis and
presented a unique computational approach for the spatial
assessment and quantification of size and shape variations
and bone stock distributions and variations in the proximal
humerus. However, no sites with invariable bone stock were
detected. Based on the acquisition of HR-pQCT images, in-
formation such as shape, size, and bone stock distribution
can be captured. These results suggest the existence of large
interindividual anatomical variations associated with
distinct bone stock distributions and maximum vBMD values
in the subarticular bone of the humeral head. In the presence
of bone loss, the bone stock was ubiquitously decreased,
whereas the 3D bone stock distribution was maintained.
Computer bone models with standardized shapes and sizes
could be designed with distinct bone distribution patterns.
Different computational techniques were required because
they were all relevant for highlighting the particular 3D
anatomy of the proximal humerus. An application may use
computer models with variable shapes, sizes, and bone stock
distributions. Such models may also be applied to other
skeletal sites and used as benchmarking models or trans-
ferred to a finite element environment to assess systemati-
cally osteosynthesis constructs.
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