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1 | INTRODUCTION

Bone mineral density (BMD) is one of the main components of bone
strength, and is classically measured in the lumbar spine and proximal
femur. Low BMD has been related to osteoporosis, fracture risk, and

osteoarthritis.»2 BMD can be measured in the glenoid and proximal
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Abstract

The objective of this study was to determine the normative bone mineral density
(BMD) of cortical and trabecular bone regions in the adult glenoid and its dependence
on the subject's age and sex. We analyzed computed tomography (CT) scans of 441
shoulders (310 males, 18-69 years) without any signs of glenohumeral joint pathology.
Glenoid BMD was automatically quantified in six volumes of interest (VOlIs): cortical
bone (CO), subchondral cortical plate (SC), subchondral trabecular bone (ST), and three
adjacent layers of trabecular bone (T1, T2, and T3). BMD was measured in Hounsfield
unit (HU). We evaluated the association between glenoid BMD and sex and age with
the Student's t test and Pearson's correlation coefficient (r), respectively. The lambda-
mu-sigma method was used to determine age- and sex-specific normative values of
glenoid BMD in cortical (CO and SC) and trabecular (ST, T1, T2, and T3) bone. Glenoid
BMD was higher in males than females, in most age groups and most VOlIs. Before
40 years old, the effect of age on BMD was very weak in both males and females.
After 40 years old, BMD declined over time in all VOIs. This BMD decline with age
was greater in females (cortical: r = —0.45, trabecular: r = -0.41) than in males (cortical:
r=-0.30; trabecular: r=-0.32). These normative glenoid BMD values could prove
clinically relevant in the diagnosis and management of patients with various shoulder
disorders, in particular glenohumeral osteoarthritis and shoulder arthroplasty or

shoulder instability, as well as in related research.
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humerus to identify bone-related disorders in the shoulder, such as
osteoporosis.® Studies have shown that implant fixation in anatomic
total shoulder arthroplasty (TSA) was more likely to fail in bones with
insufficient BMD.*°> That finding implied that a common TSA
complication, aseptic loosening of the glenoid implant, was related
to glenoid BMD.*
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Bone properties can be measured on cadaveric samples,® or
estimated in living patients with clinical imaging techniques, such as
dual-energy X-ray absorptiometry (DXA) or quantitative computed
tomography (QCT). DXA is still considered the gold standard for the
diagnosis of osteoporosis, and is the most commonly utilized technique
for BMD assessment.”® However, it is difficult to obtain structural
bone information from DXA, a two-dimensional (2D)/planar technique.
In addition, DXA is mainly performed on the lumbar spine and proximal
femur; thus, it might over- or underestimate the BMD of the upper
limb.2° In contrast, QCT is three-dimensional (3D)/volumetric and
allows geometric measurements, which provide a better representa-
tion of bone strength in vivo, based on specific assessments of cortical
and trabecular bone.*"*® Conventional CT with calibration phantoms
can provide BMD measurements by converting CT attenuation
numbers (in Hounsfield unit, HU) to volume BMD (in mg/cm?d),
typically of calcium hydroxyapatite or potassium phosphate.'*

There is a growing clinical interest in studying the impact of BMD of
the scapula and especially the glenoid regarding the risk of complications
in TSA and glenoid/scapular fracture fixation.!®> Low BMD is related to
higher rates of adverse events in joint arthroplasty including intraopera-
tive fractures and secondary implant migration.® BMD not only

affects™”

glenoid fixation of anatomic TSA implants but also screw
fixation strength in the setting of reverse TSA.2® These two parameters
are then related to implant loosening. These parameters are probably also
crucial to ensure glenoid screw fixation when dealing with a glenoid
fracture or when performing a bone block procedure (e.g., Latarjet or
Eden-Hybinette) in older (>40 years) female patients with shoulder
instability.*”?° Previous studies have measured the glenoid BMD using
different methods and in different regions of interest, but only for
pathological bone, mainly in glenohumeral osteoarthritis.>?~2% Moreover,
while most experimental studies are performed on synthetic bone to
ensure comparable bone quality, reference BMD values are awaited to
integrate BMD variation in implant evaluation and determine its
implication in micro-motion and implant loosening.* Having this informa-
tion available preoperatively would impact clinical practice by guiding
surgeons in selecting the appropriate implant (e.g., anatomic vs. reverse
TSA) or performing an additional procedure (e.g., impaction bone grafting
or using porous metal augments) to eventually improve patient
outcome.2+?

Therefore, the primary objective of our study was to determine
normative BMD values in the cortical and trabecular glenoid bone of
adult subjects with no signs of glenohumeral joint pathology at
imaging. Second, we aimed to assess whether glenoid BMD was

associated with the subject's age, sex, height, and weight.

2 | METHODS

2.1 | Subjects
From the picture archiving and communication system of our
institution, we retrospectively identified and retrieved whole-body

CT scans of trauma patients performed between 2014 and 2018 in

TABLE 1 Number of male and female subjects in each age group
Age group (years) Males Females
18-29 124 57
30-39 72 32
40-49 60 23
50-59 32 9
60-69 22 10

the emergency department. Patients were excluded when the CT
scan, all reviewed by an attending musculoskeletal radiologist,
showed any signs of shoulder pathology (i.e., fracture, dislocation,
osteoarthritis, rheumatic disease, cancer, or history of surgery).
Incomplete scapular bone coverage (at least one scapula had to be
fully included) and a CT protocol deviating from the standardized
protocol below were also exclusion criteria. In this way, we obtained
441 CT scans fully including at least one scapula from unique subjects
(310 males and 131 females), aged 18-69 years. Subjects were
divided into five age groups: 18-29, 30-39, 40-49, 50-59, and
60-69 years (Table 1). The first two groups (18-39 years) were
merged and used to calculate normative values. All age groups
included more males than females due to the clinical indication for CT
(trauma), but the male/female ratio remained almost constant (~2.3)
in all age groups, except for the 50-59-year age group, which
included fewer females (male/female ratio, 3.6; Table 1, Figure SA1).
This retrospective observational study was approved by the
institutional ethics committee (CER-VD protocol 2020-01895).

2.2 | CT protocol

Whole-body CT scans were performed on either a 64- (2014-2015)
or a 256-detector row (2016-2018) CT system (Light Speed VCT or
Revolution CT; GE Healthcare). The relevant standardized data
acquisition parameters were, as follows: tube potential, 120 kVp;
tube current, ~150-400 mA; automatic exposure control, enabled;
gantry revolution time: 0.5-0.6 s. The relevant parameters for image
reconstruction were: field of view, 32x32-40x40cm? section
thickness,1.25 mm.

2.3 | Glenoid BMD

Glenoid BMD was measured in six volumes of interest (VOlIs;
Figure 1), determined using a specific method based on scapular bone
landmarks and bone segmentation with statistical shape modeling
and local template matching.>”'?¢ From these landmarks, we defined
our regional coordinate system: x-axis as posterior-anterior, y-axis as
inferior-superior, and z-axis as the medial-lateral axis of the scapula.?”
In the present study, the VOIs were obtained in a fully automated
manner.282? The six glenoid bone VOIs were: cortical bone (CO),
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FIGURE 1 Glenoid bone mineral density (BMD)
was measured in HU within the voxels included in a
cylinder adjusted to include the entire glenoid fossa
(left). This cylinder was segmented into six adjacent
3-mm-thick volumes of interests (VOISs) (right):
cortical bone (CO), subchondral cortical plate (SC),
subchondral trabecular bone (ST), and three
successive layers of trabecular bone (T1, T2, and T3)

subchondral cortical plate (SC), subchondral trabecular bone (ST), and
three successive adjacent layers of trabecular bone (T1, T2, and T3).
All these VOIs were defined within a cylinder centered on the glenoid
vault and aligned with the medial-lateral scapular axis. The cylinder
height was 40 mm and its diameter was adjusted to include the entire
glenoid vault. We selected 40 mm to ensure that the glenoid vault
was completely included in the cylinder, based on an estimate of a
series of 20 cases from the initial study.!” The medial base of the
cylinder was positioned at the spinoglenoid notch.”> Within this
cylinder, voxels representing bone mineral tissue were segmented
using a lower threshold of 300 HU.3® We determined trabecular bone
by shrinking this initial segmented bone volume of a fixed 3-mm-thick
outer shell. Conversely, cortical bone was obtained by keeping only
the volume of the outer shell. Within cortical bone, we defined SC
within a fixed 3-mm-thick spherical shell fitted on the glenoid fossa,
and CO as all remaining cortical bone. Adjacent and medial to SC, ST
then T1-T3 were defined as successive 3-mm-thick spherical layers
within trabecular bone. BMD was measured in each shell/VOI, based
on the average CT numbers in HU. In addition, we considered the
average CT numbers in the cortical (CO and SC) and trabecular (ST,
T1, T2, and T3) bone. The BMD measurement was not considered
when a VOI volume was less than 27 (i.e., 3°) mm®, and the average
trabecular BMD was not considered when all trabecular VOI volumes
were below this threshold.

2.4 | Statistical analysis

The dependence of the glenoid BMD on the subject's sex was
assessed within each VOI for all age groups with the unpaired (two-
tailed) Student's t test. The association between glenoid BMD and
the subject's age was evaluated with the Pearson's correlation
coefficient (r).3* We reported p-values and 95% confidence intervals
(95% Cl) where appropriate. We used the lambda-mu-sigma method
to calculate age- and sex-specific normative BMD curves (z-scores) of
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FIGURE 2 Glenoid bone mineral density (BMD) in each of the six
volumes of interests (VOlIs), for all subjects (males and females) and
age groups together. CO, cortical bone; SC, subchondral cortical
plate; ST, subchondral trabecular bone

glenoid BMD in cortical (CO and SC) and trabecular (ST, T1, T2, and
T3) bone VOIs.3>? These normative glenoid BMD values were
expressed as the median, with 5th and 95th percentiles. In addition,
we assessed associations between the glenoid BMD and body height
and weight. The normal distribution of the data was verified with the
Shapiro-Wilk test. All statistical analyses were performed with R 4.0

(www.r-project.org).

3 | RESULTS

In all subjects, the glenoid BMD was approximately twice as high in
the two cortical bone VOIs compared with the four trabecular bone
VOls (p < 0.0001; Figures 2 and 3, Tables 2 and S1). Among subjects
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FIGURE 3 Glenoid bone mineral density (BMD) in each of the six
volumes of interests (VOls), for males and females, by increasing age
group. CO, cortical bone; SC, subchondral cortical plate; ST, subchondral
trabecular bone

under 40 years old, the BMD showed some sex dependence
(Figure 3, Tables 2 and S1). In the 18-29-year age group, BMD
was sex-dependent in the two cortical VOIs. In the 18-29-year and
30-39-year age groups, BMD was sex-dependent in all four
trabecular VOlIs. Accordingly, we analyzed males and females
separately. The glenoid BMD was slightly higher in males than in
females for most VOlIs and age groups (Figure 3, Tables 2 and S1).
However, the BMD was nearly independent of the subject's height
and weight in both males and females (Table 3).

In males, the mean cortical BMD was 758 HU in the 18-29-year
age group, and 754 HU in the 30-39-year age group (Figures 3 and 4,

Table 2). The mean trabecular BMD was 400 HU in the 18-29-year
age group, and 374 HU in the 30-39-year age group. In females, the
mean cortical BMD was 731 HU in the 18-29-year age group, and
745 HU in the 30-39-year age group. The mean trabecular BMD was
329 HU in the 18-29-year age group, and 330 HU in the 30-39-year
age group.

Among males, the glenoid BMD was not correlated with age
before 40 years old, in both cortical (r=0.02) and trabecular
(r=-0.17) bone. The BMD declined at a slightly faster rate after
the age of 40, in both cortical (r=-0.30) and trabecular (r=-0.32)
bone (Figures 3 and 4, Tables 2 and 3). Among females, the BMD was
not correlated with age before 40 years old, in either cortical
(r=0.04) or trabecular (r=0.05) bone. However, after 40 years old,
BMD was moderately negatively correlated with age, and the
correlations were stronger in women than in men, in both cortical
(r=-0.45) and trabecular (r = -0.41) bone (Table 4).

4 | DISCUSSION

We determined the normative BMD values of cortical and trabecular
bone regions in the adult glenoid, and evaluated their dependence on
the subject's age and sex. In all glenoid bone regions considered here,
we found that BMD depended on sex in all age groups. The age
dependence was more evident after 40 years old, particularly among
females. Glenoid BMD declined with age more rapidly among females
than among males, and this effect was more pronounced in the
trabecular than in the cortical bone.

Over the last decade, primary glenohumeral osteoarthritis, cuff
tear arthropathy, and shoulder instability have all been reported to
affect glenoid BMD distribution.?22%33-35 However, a thorough
understanding of normal glenoid BMD and its distribution (in
relation to age, sex, and anatomical location) are important because
only comparison with normative data will allow to determine how
BMD distribution increased (as suggested by Wolff's law) or
conversely decreased secondary to cavitation or unloading.®®
Current recommendations regarding implant orientation preclude
a uniform BMD distribution; corrective glenoid bone reaming,
however, expose the implant to potentially lower BMD and
therefore compromise initial fixation strength.37'38 This would
benefit both anatomic and reverse TSA as it would not only guide
reaming depth and orientation but also further improve peripheral
screw placement and/or implant design.?23”

Here, we considered CT numbers, expressed in HU, as a
surrogate for BMD, as previously described.??374° |ndeed, to
calculate bone density, the x-ray attenuation information is con-
verted into bone mineral density, based on phantom-based calibra-
tion, tissue-based calibration, or dual-energy CT. These techniques
have been used to determine BMD in the spine and the hip/
femur.**~%° Several studies have also investigated the glenoid BMD
with CT. However, most of the previously reported values were
obtained from a limited number of pathological shoulders. In contrast,
in the present study, we used a fully automatic method, based on the
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TABLE 2 Glenoid BMD in cortical and trabecular bone, for males and females, by increasing age group
Age group  Males Females Mean difference
(years) Mean * SD (HU) Median £ IQR (HU) Mean + SD (HU) Median + IQR (HU) (HU), 95% CI (HU) p-value
Cortical BMD  18-29 758 +81 760+ 106 731+57 728+ 84 27, [7-48] 0.009
30-39 754+70 76077 745 £ 69 758 £82 9, [-21 to 37] 0.585
40-49 717 +84 73497 754+70 756 £120 =37, [-73 to 0] 0.048
50-59 713+87 711+143 639 +74 626 +133 74, [11-136] 0.023
60-69 642+79 654+116 676 +117 650 + 202 -34, [-122 to 54] 0417
Trabecular 18-29 400 + 69 391+88 329 +57 321+68 71, [52-90] <0.0001
BMD 30-39 374 +80 374 +102 330+ 66 328+ 94 44, [14-74] 0.005
40-49 336 +£56 33777 341+113 319 + 109 -5, [-56 to 46] 0.844
50-59 326+72 318+ 92 291+49 291+47 35, [-9 to 77] 0.111
60-69 287 £ 62 293+79 239 £43 223+ 61 48, [9-87] 0.019

Abbreviations: BMD, bone mineral density; Cl, confidence interval; HU, Hounsfield unit; SD, standard deviation.

TABLE 3 Pearson's correlation coefficient (r) between glenoid BMD, in cortical and trabecular bone, and the subject's age, height, and
weight, for males and females and before and after 40 years old

Males Females
Age <40 years Age 240 years Age <40 years Age 240 years
Cortical BMD Age (years) 0.02 -0.30 0.04 -0.45
Height (cm) -0.08 0.08 0.06 0.06
Weight (kg) -0.11 0.19 -0.27 -0.12
Trabecular BMD Age (years) -0.17 -0.32 0.05 -0.41
Height (cm) 0.09 0.18 0.00 -0.02
Weight (kg) 0.10 0.31 0.19 -0.01

Abbreviation: BMD, bone mineral density.
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FIGURE 4 Variation of glenoid bone mineral density (BMD) as a function of age, in cortical and trabecular bone, for males and females. The
solid lines correspond to 5th, the median (50%) and the 95th percentiles for cortical BMD, and the dashed lines for trabecular BMD
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TABLE 4 Pearson's correlation coefficient (r) with [95% Cl] between glenoid BMD and the subject's age (after 40 years old), for males and
females and in each of the six VOIs
co SC ST T1 T2 T3
Males -0.29 -0.25 -0.19 -0.34 -0.28 -0.27
[-0.45 to -0.11] [-0.42 to -0.07] [-0.37 to -0.01] [-0.50 to -0.17] [-0.44 to -0.10] [-0.45 to -0.08]
Females -0.51 -0.30 -0.40 -0.41 -0.38 -0.36
[-0.71 to -0.25] [-0.55 to 0.00] [-0.63 to -0.11] [-0.64 to -0.12] [-0.62 to -0.07] [-0.64 to 0.00]

Abbreviations: BMD, bone mineral density; Cl, confidence interval; CO, cortical bone; SC, subchondral cortical plate; ST, subchondral trabecular bone;

VOls, volumes of interests.

initial semi-automated method proposed by Terrier et al. In that
study, Terrier et al. quantified glenoid BMD, in the same six VOls that
we studied, in 20 patients that had been scheduled to undergo TSA.Y”
The method was later used by Mariaux et al. on 93 patients with
glenohumeral osteoarthritis (age range, 45-88 years) that were also
scheduled to undergo TSA.> In comparing the same age group, their
mean HU values for pathological shoulders were very similar to our
normative values, in the CO, T1, T2, and T3 regions, but they found
lower values (103 HU) in the SC and higher values (149 HU) in the ST
regions. The values they found in pathological shoulders showed
greater variability (overall measurement range of ~100-840 HU for
trabecular and ~390-890 HU for cortical bone) than our measure-
ments in healthy shoulders (overall measurement range of ~200-600
HU for trabecular and ~500-950 HU for cortical bone).

Unlike the two studies mentioned above, the method we used in
the present study was fully automatic; it was based on statistical
shape modeling and local template matching.?8?° However, differ-
ences between the previous semi-automated method and the fully
automatic method used here (evaluated on 154 cases) were negligible
(root mean square error = 39 HU; average difference = 0.3 HU).

An extended comparison of our results with those previously
reported in the literature was difficult for two main reasons. First, a
comprehensive analysis of the glenoid bone in nonpathological
subjects is lacking; therefore, a direct comparison was not possible.
Second, methods and VOlIs used varied widely among the available
studies. Couteau et al. characterized bone density variation in
20 glenoid regions in patients with three different pathologies,
including rotator cuff tears (15 subjects), primary glenohumeral
osteoarthritis (13 subjects), and rheumatoid arthritis (4 subjects).*®
Compared with our findings, their results showed that HU declined as
age increased, in cases with rotator cuff pathology (age range: <20 to
>70 years), but the mean HUs in all regions were lower than the
means found in the present study. In contrast, their subjects with
primary glenohumeral osteoarthritis tended to show an increase in
HUs with increasing age, in subjects 45 to >70 years. Moreover, in
subjects under 60 years old, their reported average HU was lower
(almost 300) than the average HU found here (almost 516, averaged
over all VOlIs in the 50-59-year age group). However, in patients over
60 years old, their mean HU was almost the same as the mean HU
found here, in the same age group (nearly 460). Recently, Telfer et al.
evaluated the scapular bone density variation by region and its

association with sex and age for 93 CT of non-pathologic subjects.’®

They reported higher bone loss per year for females compared with
males which were similar to our findings. Moreover, they showed the
acromion, scapular spine, coracoid base, inferior glenoid neck, and
glenoid vault regions to be significantly age affected and the scapular
spine and body to be significantly sex affected.

Kraljevi¢ et al. evaluated differences in bone mineralization
between the glenoid fossa and the humeral head in 57 cadaveric
shoulders with the CT-osteoabsorptiometry technique.*” However,
that analysis was limited to the subchondral bone plate, and they
reported patterns, rather than absolute values. Thus, a direct
comparison with our results was not possible. In another study, the
CT-osteoabsorptiometry technique was used to evaluate subchon-
dral mineralization patterns, which were related to cartilage thickness
and the radius of the glenoid curvature.*® Those results were also
difficult to compare with our values. However, our observations were
consistent with findings in a recent study that evaluated the
dependence of BMD on sex and age in 54 donors, based on
statistical shape models and density models.*’ They reported that the
mean scapular bone density was higher among males than females,
and it was inversely correlated with age.

The strength and novelty of this study were that we provided
normative BMD values for the adult glenoid, based on a compara-
tively large data set. We evaluated adult males and females
separately and covered a wide age range. We reported the normative
BMD values in six different glenoid VOIs and assessed cortical and
trabecular bones separately. Furthermore, we tested associations
between these normative BMDs and sex, age, height, and weight.

One of the main limitations of our study was the relatively small
number of female subjects over 40 years old. Thus, for that age
group, the average BMD values might have been less accurate.
Another limitation was the fixed thickness (3 mm) used to define the
cortical and subchondral bone VOlIs. Indeed, the thicknesses of these
regions may vary locally, and among subjects. However, this constant
thickness was visually acceptable for most subjects, and it allowed
objective comparisons. We evaluated this selection of 3-mm
thickness for VOIs with the percentage of cortical bone volume
included within each VOI (i.e., percentage of voxels with CT numbers
> 600 HU, as used in previous studies®¥) (Figure SA6). In the
trabecular bone, this percentage was relatively low, as expected. In
the cortical bone, this percentage value might seem lower than
expected. However, for this study, we had to either fix the thickness
of the cortical bone layer/VOI and evaluate its content, or fix the
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threshold (in HU) of the cortical bone layer/VOI and evaluate its
thickness. For the sake of simplicity and to facilitate interindividual
comparison, we opted to fix the thickness of the cortical bone and of
all other VOIs. The value of 3mm was chosen as the best
compromise between the thin cortical layer of the glenoid fossa,
and the thicker cortical layer toward the lateral aspect (both anterior
and posterior) of the glenoid vault. To assess the effect of this choice,
we compared the results obtained with this fixed thickness of 3 mm

1,3* and 2 mm

to those obtained with 2.5 mm, as used by Knowles et a
(Figure SA6). For CO, there were no significant differences between
these three thicknesses. In ST, 2 mm might seem a better choice;
however, this resulted in higher cortical bone included in ST. In all
trabecular VOIs (ST and T1-T3), there was a lower percentage of
cortical bone included in the measurements with 3 mm.

We determined the normative BMD values of cortical and
trabecular bone regions in the adult glenoid and their dependence on
the subject's age and sex. These reference values could prove clinically
useful in the diagnosis and management of patients with various
shoulder disorders, in particular glenohumeral osteoarthritis and shoulder

arthroplasty or shoulder instability, as well as in related research.
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