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Abstract
Background

The greater tuberosity (GT) is central to rotator cuff repair and proximal humerus fracture fixation, yet
population-level data on its bone density architecture are lacking. This study characterizes the GT
density profile, functional cortical thickness (FCT), and regional concordance with the calcar across age
and sex subgroups.

Methods

In this retrospective cross-sectional study, computed tomography (CT)-derived Hounsfield unit (HU)
values were analyzed in 739 left proximal humeri from a large CT-based bone morphometry database. A
5 mm cylindrical region of interest spanning the GT from posterior to anterior cortex (specimen-specific
length, 25.5 + 3.2 mm) sampled density at 21 points (5% relative-depth increments). Functional cortical
thickness (FCT-200) was the number of consecutive increments from the posterior surface at or above
200 HU. Analyses comprised linear and logistic regression, ANCOVA and paired t-tests.

Results

The GT exhibited a U-shaped density profile: 320.9 HU at the posterior surface, a minimum of 7.1 HU at
45% relative depth, and 200.3 HU at the anterior cortex. Age explained 23.1% of variance (- 12.7 HU per
decade; p < 0.001); sex explained an additional 4.9%. The cortical shell showed the largest absolute
decline (- 22.7 HU per decade). In women older than 65 years, FCT-200 did not exceed one increment (=
1.15 mm) in 69.2%; in women, the probability of this finding exceeded 50% by age 56 (bootstrap 95%
confidence interval [CI]: 50—61). Mean GT density was lower than calcar density in all age and sex
subgroups (A = -48.5 HU; paired d = - 0.80; r=0.716), so a 100 HU threshold classified 63.1% of
specimens as low density at the GT but 40.7% at the calcar.

Conclusions

The GT has a U-shaped density architecture with a thin functional cortical shell that shows the largest
absolute age-related decline; reduced functional cortical thickness in women is already common from
the sixth decade. Because the GT is, on average, the lower-density site in all age and sex subgroups,
calcar-derived density thresholds should not be assumed to be transferable to the GT. These data
provide reference values that may inform anchor fixation and fracture management.

Background
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The greater tuberosity (GT) of the proximal humerus serves as the attachment site of the rotator cuff
tendons and is central to both degenerative and traumatic shoulder pathology. Surgical repair of rotator
cuff tears — one of the most frequently performed shoulder procedures — relies on suture anchor
fixation into the GT to reattach torn tendon to bone '3l GT bone quality is equally important in fracture
fixation of the proximal humerus, where screw purchase in the tuberosity determines construct stability,
and in reverse shoulder arthroplasty with GT osteotomy, where tuberosity reattachment depends on
adequate bone stock [,

Barber et al. reported differences in suture anchor pullout strength within the greater tuberosity 5] and
the mechanical properties of trabecular bone directly influence anchor fixation 6] 1n osteoporotic bone,
anchors may fail to achieve adequate purchase, leading to pullout and repair failure [7-8] This is
particularly relevant for all-suture anchors, which achieve fixation through subcortical deployment within
a narrow cortical shell, and for screw-type anchors, which depend on thread purchase along the full
insertion depth =19 Furthermore, Tingart et al. were able to show in a cadaveric pQCT study that the
pull-out strength of metal screw-type anchors correlated with cortical, but not trabecular, volumetric
bone mineral density of the GT [']. Current anchor selection does not routinely incorporate objective,
site-specific bone quality assessment, even though preoperative CT imaging — which could provide such
assessment — is available in many clinical workflows and biomechanical studies were able to show that
local bone properties significantly influence anchor fixation & 12,

Despite the clinical importance of GT bone quality for implant fixation, to date, population-level density
data for this region are sparse. Previous studies have characterized the proximal humerus using dual-
energy X-ray absorptiometry (DXA), peripheral quantitative computed tomography (pQCT), or micro-CT,
but these were limited by small sample sizes (typically n < 50), lack of depth-resolved spatial information,
or focus on regions other than the GT ['3-1¢] Using micro-CT, Meyer et al. were able to show that the
cancellous bone volume fraction of the GT is only about one quarter to one half of that beneath the
articular surface, and that full-thickness rotator cuff tears are associated with a marked further loss of
cancellous bone, leaving a largely hollow tuberosity enclosed by a preserved cortical shell ['7]. These
observations, however, were based on 14 cadaveric humeri from seven elderly donors. No study has
reported a depth-resolved density profile of the GT across a large, demographically diverse cohort.

The Stryker Orthopaedic Modeling and Analytics (SOMA) platform provides access to a large CT-based
bone morphometry database with three-dimensionally registered anatomical models, enabling
standardized density measurements across hundreds of specimens [18-20] Using this platform, we have
previously characterized calcar bone density in the same cohort (companion analysis; submitted for
publication).

Therefore, the aim of the present study was to (1) characterize the bone density architecture of the GT in
a large population sample, (2) quantify age- and sex-dependent density changes including functional
cortical thickness, and (3) assess the regional concordance between GT and calcar density within the
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same specimens. Our hypothesis was that the GT would exhibit a characteristic density architecture with
substantial age-related decline, that the cortical shell would be the zone most affected by age-related
bone loss, and that GT and calcar density would be correlated within specimens.

Methods
Study Design and Data Source

This retrospective cross-sectional imaging study was conducted and reported in accordance with the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines (checklist
provided as Additional file 1). The study population and imaging methodology have been described in
detail in a companion analysis of calcar bone density in the same cohort (submitted for publication); key
methodological aspects are described here.

A total of 739 left proximal humeri from skeletally mature individuals (age > 18 years) were included from
the SOMA database (Stryker Trauma GmbH, Schonkirchen, Germany). Left humeri were selected to
standardize laterality. All eligible specimens in the database were included to maximize statistical power
for subgroup analyses; no a priori sample size calculation was performed. Scans were excluded if they
showed prior fracture, implant, deformity, tumor, or relevant motion or metal artifact involving the
proximal humerus. Specimens with evidence of skeletal immaturity were excluded. Of 742 left humeri
meeting the database query criteria, density profiles were available for 739, which formed the study
population.

All imaging data were fully anonymized before access and analysis. This study was conducted in
accordance with the Declaration of Helsinki. The Ethics Committee of the Hamburg Medical Association
(Ethikkommission der Arztekammer Hamburg; reference number 2023-300394-WF) confirmed that
formal ethical approval was not required for this study, as it exclusively used fully anonymized imaging
data.

CT Acquisition and Image Processing

Computed tomography (CT) examinations were acquired between 2008 and 2020 at multiple
institutions. To reduce inter-scanner variability, each proximal humerus was registered to a standardized
three-dimensional coordinate system using the validated SOMA morphometric framework [18-20 This
registration allowed consistent anatomical placement of regions of interest across all specimens
regardless of individual bone morphology, limb orientation during imaging, or scanner characteristics.

Bone density was quantified in Hounsfield units (HU). Although HU values do not represent absolute
bone mineral density in the absence of phantom calibration, they serve as a widely accepted and
clinically practical proxy for local trabecular bone quality, with established correlations to bone mineral

density, mechanical strength, and implant fixation [2" 22,
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Region of Interest Definition

The primary region of interest (ROI) was a cylindrical volume (5 mm diameter) placed along the
anteroposterior axis of the GT footprint, spanning from the posterior to the anterior cortical surface
(Fig. 1). The cylinder was defined by two reference landmarks on the posterior and anterior GT cortex, so
that its length was specimen-specific and reflected the anteroposterior dimension of the individual GT.
This axis was chosen to capture the complete cross-sectional architecture of the GT between two
cortical boundaries. Density values were extracted at 5% increments along the cylinder axis (0—-100%),
generating a density profile with 21 equidistant measurement points. Depth is therefore expressed as
relative depth (percentage of cylinder length); the corresponding spatial increment (cylinder length/20)
was specimen-specific and is reported in the Results. As a measure of placement consistency, the
perpendicular distance from the cylinder center to the superior cortex of the GT was recorded for each
specimen.

The cylinder thus samples the full cross-sectional bone architecture of the GT, capturing both cortical
surfaces and the intervening cancellous bone. For intra-specimen comparison, a cylindrical ROl of fixed
length (30 mm, 5 mm diameter, 21 measurement points at 1.5 mm increments) was placed along the
inferomedial calcar, as described previously (companion analysis; submitted for publication). For
comparisons between sites, the mean HU across all 21 points was used for each ROI. For visualization,
an averaged bone model was generated for each age and sex subgroup, and density heatmaps were
obtained on a cutting plane through the humeral head at the level of the GT cylinder (Amira 2020.3;
Thermo Fisher Scientific).

Outcome Measures

The primary outcome measures were (1) the mean HU value across all 21 depth points for each
specimen, (2) the depth-resolved HU profile from 0% to 100%, and (3) the paired difference between GT
and calcar density within each specimen. Secondary outcomes included regression model parameters
(age, sex, interaction), threshold analysis (proportion of specimens below 100 HU and 50 HU), depth-
zone densities, and functional cortical thickness (FCT). Three depth zones were defined in relative depth:
cortical shell (0—-10%), subcortical zone (15-30%), and deep cancellous center (35-65%). FCT was
defined as the number of consecutive measurement points from the posterior cortical surface (0%) at or
above a given HU threshold. Because the sampling increment differed between specimens, FCT is
reported primarily in increments; a millimeter equivalent was calculated for each specimen by
multiplying the number of increments by that specimen’'s own increment. The category "FCT < 1
increment" denotes specimens in which only the surface measurement point (or none) reached the
threshold, i.e., the functional cortex was thinner than the resolution of the profile. FCT was calculated at
200 HU and 100 HU thresholds. The 200 HU threshold was chosen empirically to approximate the
cortical—cancellous transition observed in the depth-resolved density profiles, while the 100 HU
threshold is consistent with HU values associated with osteopenic bone mineral density in both the
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lumbar spine (mean ~ 101 HU 122l) and the proximal humerus (mean ~ 103 HU [23]). Because the cylinder
traverses the GT from posterior to anterior cortex, the FCT at 0% depth reflects the posterior cortical
shell thickness. As the sampling increment and the spatial resolution of clinical CT may exceed the true
thickness of the GT cortex, FCT is a resolution-limited functional measure of near-surface bone density
rather than a measurement of anatomical cortical thickness.

Statistical Analysis

Continuous variables were assessed for normality using the Shapiro—Wilk test and visual inspection.
Descriptive statistics are reported as mean * standard deviation (SD). Comparisons between GT and
calcar density used paired t-tests with the paired Cohen's d (mean difference divided by the SD of the
differences) as the effect size. Sex differences within age groups were analyzed using independent-
samples t-tests with Cohen's d (pooled SD). Differences among age groups were assessed using
Bonferroni-corrected pairwise comparisons.

Simple and multiple linear regression models were constructed to evaluate the relationships between
age, sex, and GT density. Residual homoscedasticity was assessed using the Breusch-Pagan and White
tests. A main-effects model included age and sex (coded as male = 1, female = 0); a full model
additionally included the age x sex interaction term. The additional variance explained by sex is reported
as the increase in R? over the age-only model. A two-way analysis of covariance (ANCOVA) with Type Il
sums of squares, based on the main-effects model, provided partial n? for age and sex. In a sensitivity
analysis, ethnicity (Asian vs. all other) was added to the main-effects model. The Pearson correlation
coefficient assessed the within-specimen association between GT and calcar density and between FCT-
200 and mean GT density.

For subgroup-specific GT-calcar comparisons where the calcar-to-GT variance ratio exceeded 2:1,
Glass's 6 (using the GT standard deviation as denominator) was reported in addition to the paired d. GT-
calcar concordance was assessed by cross-tabulating specimens above and below 100 HU at both sites,
yielding conditional probabilities of low GT density given low calcar density and vice versa. Because
conditional probabilities obtained with a single absolute threshold depend on the prevalence of low
density at each site, the cross-tabulation was repeated with a prevalence-matched GT threshold (the GT
percentile corresponding to the proportion of specimens with calcar density < 100 HU). The age
dependence of the GT-calcar difference was assessed by linear regression of the within-specimen
difference on age. The proportion of specimens in which GT density exceeded calcar density was
reported, and a partial correlation between GT and calcar density adjusted for age and sex was
calculated.

Posterior-anterior asymmetry of the GT density profile was evaluated by comparing the mean density of
the posterior half (0-45% depth) with the anterior half (55—-100% depth) using paired t-tests. Because
the profile consists of 21 points, the central point (50% depth) was assigned to neither half, so that each
half comprised ten measurement points. Depth-specific age effects were assessed by simple linear
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regression of HU on age at individual depth points and for each depth zone; relative decline was
expressed as the slope per decade divided by the zone mean in young males (18-40 years; n=121). The
proportion of specimens with negative mean HU at mid-GT depth (40-60%) was reported as an indicator
of fat- or marrow-dominated bone. Cylinder length was compared between sexes using an independent-
samples t-test and correlated with body height (Pearson).

Non-linearity of the age—density relationship was assessed in an exploratory analysis by comparing a
quadratic model and a two-segment model against the linear baseline using F-tests. In the two-segment
model, separate linear regressions (each with its own intercept) were fitted below and above a candidate
breakpoint; candidate breakpoints were tested at 5-year intervals from age 40 to 70, and the breakpoint
maximizing R? is reported. Because the breakpoint was selected from seven candidates, the
corresponding F-test p-values are not adjusted for this selection. As a sensitivity analysis, a continuous
segmented model (linear spline without discontinuity at the breakpoint) was fitted. Non-linear models
were fitted for the whole cohort and, for the two-segment model, separately for each sex. For the female
subgroup, logistic regression was used to estimate the age at which 50% of specimens crossed clinically
relevant thresholds (mean GT density < 50 HU; FCT-200 < 1 increment). Bootstrap resampling (2,000
iterations) provided 95% confidence intervals (Cls) for the crossing ages.

Statistical significance was set at a = 0.05. All analyses were performed in Python (v3.10) using SciPy
(v1.15), statsmodels (v0.14), and pandas. During the preparation of this manuscript, a generative Al tool
(Claude, Anthropic, San Francisco, CA) was used to support drafting and editing of the text and the
statistical analysis code. The authors reviewed and edited all Al-generated content and take full
responsibility for all content of the manuscript. All results are given as mean + SD unless stated
otherwise.

Results

Demographics

A total of 739 proximal humeri were analyzed, comprising 424 male (57.4%) and 315 female (42.6%)
specimens. Mean age was 59.2 + 20.7 years (range 18-101). Specimens were categorized into three age
groups: 18-40 years (n =169; 121 male, 48 female), 41-65 years (n = 243; 135 male, 108 female), and >
65 years (n = 327; 168 male, 159 female). The cohort was predominantly White (80.0%), with 16.9% Asian
and 3.1% other or unknown ethnicity (Table 1).
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Table 1

Demographic characteristics of the study population and greater tuberosity cylinder

Age 18-40 years, n (%)
Age 41-65 years, n (%)
Age > 65 years, n (%)

Ethnicity — White, n (%)
Ethnicity — Asian, n (%)

Ethnicity — Other/unknown, n (%)

GT cylinder length (mm), mean + SD

169 (22.9%)
243 (32.9%)
327 (44.2%)
591 (80.0%)
125 (16.9%)
23 (3.1%)

25.5+3.2

121 (28.5%)
135 (31.8%)
168 (39.6%)
342 (80.7%)
64 (15.1%)
18 (4.2%)
27.4+2.4

length.
n Overall Male Female
739 424 315
Age (years), mean = SD 59.2+20.7 55.8+21.0 63.7+19.3

48 (15.2%)
108 (34.3%)
159 (50.5%)
249 (79.0%)
61 (19.4%)
5 (1.6%)
23.0+2.3

Cylinder Geometry and Placement

The GT cylinder measured 25.5 + 3.2 mm (range 9.2-34.1 mm) from posterior to anterior cortex and was
longer in male than in female specimens (27.4 + 2.4 vs. 23.0 £ 2.3 mm; p < 0.001). The corresponding
sampling increment was 1.28 £ 0.16 mm (range 0.46—1.71 mm; male 1.37 mm, female 1.15 mm).
Cylinder length correlated with body height in the subsample with available height data (r = 0.595; n =
347). The perpendicular distance from the cylinder center to the superior cortex of the GT was 11.3+1.2
mm (range 5.9-16.3 mm).

Greater Tuberosity Density by Age and Sex

Shapiro—Wilk tests indicated statistically significant deviations from normality of the mean HU
distribution for the overall cohort (p < 0.001) and in four of six subgroups; given the large subgroup sizes,
parametric analyses were retained.

Overall mean GT density was 85.2 + 54.7 HU. Young males (18-40 years) had the highest mean density
(133.9 £ 49.1 HU), and older women (> 65 years) the lowest (50.1 + 40.4 HU). The sex difference was not
statistically significant in the youngest group (133.9 vs. 119.4 HU; Cohen's d = 0.29; p = 0.091), was
largest in the 41-65 age group (95.8 vs. 64.4 HU; difference 31.4 HU; d =0.71; p < 0.001), and remained
similar in the > 65 age group (78.3 vs. 50.1 HU; difference 28.2 HU; d = 0.60; p < 0.001) (Table 2). All
pairwise age-group differences in mean GT density were statistically significant after Bonferroni
correction (all p<0.001).
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Table 2
Greater tuberosity and calcar mean bone density (HU) by age and sex subgroup.

Subgroup n GT (HU) Calcar A GT-Calcar Paired Glass's p
(HU) (HU) d 6

Male 18-40 121 1339z 222.5% -88.7+£63.7 -1.39 -1.81 <
49.1 81.5 0.001

Female 18- 48 1194+ 1740t -54.6+52.2 -1.05 - <

40 52.2 65.4 0.001

Male 41-65 135 95.8+% 158.0+ -62.1+58.3 -1.07 -1.35 <
46.1 67.8 0.001

Female 41- 108 64.4% 102.2 -37.8+52.3 -0.72 -0.90 <

65 42.2 71.7 0.001

Male > 65 168 78.3% 1229+ -44.6 + 53.2 -0.84 — <
51.9 66.4 0.001

Female > 65 159 50.1% 65.8 + -15.7+55.9 -0.28 -0.39 <
40.4 64.6 0.001

Overall 739 852+ 133.6 -48.5+60.9 -0.80 — <
54.7 86.6 0.001

A, paired difference GT - calcar. Paired d = mean difference / SD of differences. Glass's 6 (GT SD as
denominator) is given for age—sex subgroups in which the calcar-to-GT variance ratio exceeded 2:1. p
values from paired t-tests.

Depth-Resolved Density Profile

The GT exhibited a characteristic U-shaped density profile along its anteroposterior axis (Fig. 2). Density
was highest at the posterior cortical surface (320.9 HU at 0% depth), declined steeply through the
subcortical layers (227.6 HU at 5%, 154.4 HU at 10%), reached a minimum of 7.1 HU at 45% relative
depth (on average 11.5 mm from the posterior surface), and then recovered toward the anterior cortex
(200.3 HU at 100% depth). This U-shape — reflecting the cortex—cancellous—cortex architecture of the
GT — was present in all subgroups but flattened progressively with age (Fig. 3): the surface density in
older women (253.5 HU) was 39% lower than in young males (414.7 HU), and the trough was deeper
(minimum - 16.4 HU at 50% depth in older women vs. 43.0 HU at 45% depth in young males). Mean HU
values at all 21 relative depths are given for each subgroup in Additional file 2.

The density profile was asymmetric: the posterior half (0-45% depth) had significantly higher mean
density than the anterior half (55-100% depth) across the entire cohort (99.7 vs. 78.2 HU; A=21.5HU; p
<0.001). This asymmetry persisted in all subgroups but narrowed in older men (A = 8.8 HU).

Age and Sex as Predictors of GT Density

Simple linear regression showed that age was the dominant predictor of GT density (HU =160.6 - 1.27 x
Age; R = 0.231; p< 0.001), corresponding to a decline of 12.7 HU per decade (95% Cl 11.1-14.4; Fig. 4).
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Residual homoscedasticity was confirmed by the Breusch-Pagan test (p = 0.787) and White's test (p =
0.832). Adding sex increased R? to 0.281, i.e., sex explained an additional 4.9% of the variance (ANCOVA
partial n? for sex = 0.064; for age = 0.205). In the main-effects model, males had 25.0 HU (95% CI 18.1-
31.9; p<0.001) higher GT density than females at a given age. The age x sex interaction was not
significant (p = 0.793) and did not increase R?, indicating parallel rates of decline in both sexes. In a
sensitivity analysis, Asian ethnicity was associated with lower GT density after adjustment for age and
sex (- 25.5HU; 95% Cl - 34.4 to - 16.6; p < 0.001; adjusted R? 0.279 — 0.308), whereas the age and sex
coefficients were essentially unchanged (- 1.09 vs. -1.16 HU/year; 24.5 vs. 25.0 HU).

The relationship between age and GT density was not strictly linear. A quadratic model (R? = 0.257; F-test
vs. linear: F =25.4, p<0.001) and a two-segment model with a breakpoint at age 60 (R2 = 0.258; F = 13.0,
p <0.001) both provided modest improvement over the linear fit. In both models, the rate of density
decline decelerated with advancing age: the two-segment model estimated a slope of - 1.97 HU/year up
to age 60 versus - 0.38 HU/year thereafter. In women, the R-maximizing breakpoint was 55 years (-
1.86 vs. -0.24 HU/year; R? = 0.270; F = 10.6), although the fit at 60 years was virtually identical; in men, it
was 40 years (- 3.25vs. -0.70 HU/year; R2 = 0.224; F =7.7), i.e., at the lower boundary of the tested
range. A continuous segmented model (no discontinuity at the breakpoint), each at its R%-maximizing
breakpoint, yielded nearly identical fit (R = 0.258 overall, 0.270 in women, 0.223 in men).

Depth-Specific Age Effects

Age-related density decline was not uniform across the GT depth profile. The cortical surface (0% depth)
exhibited the steepest absolute decline (slope - 2.64 HU/year; R? = 0.198), and the near-surface point
(5% depth) had the highest age-predictive value (slope - 2.31 HU/year; R? = 0.251). The cortical shell (0-
10% depth) declined by 22.7 HU per decade, compared with 12.3 HU per decade in the subcortical zone
(15-30%) and 10.5 HU per decade in the deep cancellous center (35-65%). Relative to the respective
mean in young males, however, the decline was largest in the deep cancellous center (- 19.0% per
decade) and smallest in the cortical shell (- 7.1% per decade). The central trough (45% depth) declined
by - 0.95 HU/year (R? = 0.160). This differential absolute decline produced a progressive flattening of the
U-curve: in young males, the surface-to-minimum gradient was 372 HU (414.7 to 43.0 HU), whereas in
older women it was 270 HU (253.5 to - 16.4 HU), a 27% compression of the density range.

Functional Cortical Thickness

At the 200 HU threshold, FCT-200 decreased from 2.9 + 1.2 increments (4.0 + 1.6 mm) in young males to
1.2+ 1.0 increments (1.4 + 1.2 mm) in older women (Table 3). The proportion of specimens with FCT-
200 = 1 increment (i.e., at most the surface measurement point at or above 200 HU) increased from 13
out of 121 young males (10.7%) to 66 out of 108 women aged 41-65 years (61.1%) and 110 out of 159
older women (69.2%) (Table 3; Fig. 5); in older women, one increment corresponded to 1.15+0.12 mm,
and 38 of these 110 specimens did not reach 200 HU even at the surface point. At the 100 HU threshold,
FCT-100 ranged from 6.5 + 4.8 increments (8.8 + 6.5 mm) in young males to 2.9 + 1.9 increments (3.4 +
2.5 mm) in older women (Table 3). FCT-200 and mean GT density were correlated (Pearson r =0.770; R?
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= 0.593), indicating that functional cortical thickness captures information not fully reflected in mean
density alone.

Table 3
Functional cortical thickness (FCT) of the greater tuberosity by age and sex subgroup.
Subgroup n FCT-200 FCT- FCT-200=1 FCT-100 FCT-
(increments) 200 increment,n (%) (increments) 100

(mm) (mm)
Male 18- 121 29+1.2 40+16 13(10.7%) 6.5+4.8 8.8+6.5
40
Female 48 26+1.2 29+1.4 6(12.5%) 6.0+4.8 6.6 +4.7
18-40
Male 41— 135 20+1.2 2.8+1.7 48 (35.6%) 41+21 5729
65
Female 108 1.3+0.9 1.5+1.1 66 (61.1%) 3.4+3.2 4.0+4.0
41-65
Male > 65 168 1.5+1.9 21+25 95(56.5%) 3.7+29 5.0+3.9
Female > 159 1.2+1.0 1.4+1.2 110(69.2%) 29+19 3425
65
Overall 739 18114 23+2.0 338(45.7%) 42+34 53145

FCT at the 200 HU and 100 HU thresholds is given in sampling increments (5% of the specimen-specific
cylinder length) and as a millimeter equivalent calculated per specimen (increments x individual
increment length).

Threshold Analysis

Among female specimens aged 41-65 years, 93 out of 108 (86.1%) had mean GT density below 100 HU.
In female specimens older than 65 years, 138 out of 159 (86.8%) were below 100 HU and 96 out of 159
(60.4%) below 50 HU. At mid-GT depth (40-60%), 74.2% of female specimens older than 65 years had
negative mean HU values, indicating fat- or marrow-dominated bone.

Age at Threshold Crossing in Women

Logistic regression was used to estimate the age at which 50% of female specimens crossed clinically
relevant thresholds. For mean GT density below 50 HU, the 50% crossing age was 69.4 years (bootstrap
95% Cl: 63.7-76.2), with the predicted probability rising from 30% at age 50 to 51% at age 70 and 66% at
age 85. For FCT-200 = 1 increment, the 50% crossing age was 56.2 years (bootstrap 95% Cl: 50.4-61.2),
with the probability increasing from 43% at age 50 to 65% at age 70 and 79% at age 85.

Cortical Shell and Cancellous Architecture
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The cortical shell of the GT (0—10% relative depth; on average 0-2.6 mm from the posterior surface) had
a mean density of 234.3 £ 95.8 HU overall, declining from 317.9 HU in young males to 180.1 HU in older
women — below the 200 HU threshold (Table 4). Beyond the cortical shell, density dropped rapidly: the
subcortical zone (15-30%; on average 3.8—7.7 mm) averaged 65.0 HU overall but only 36.3 HU in older
women, and the deep cancellous center (35-65%; on average 8.9-16.6 mm) averaged 16.2 HU overall
and - 10.4 HU in older women, indicating marrow-dominated bone at the GT center in this population.

Mean bone density (HU) by depth zojl?abellleoig the anteroposterior axis of the GT.
Subgroup n Cortical shell (0- Subcortical (15— Deep cancellous (35-
10%) 30%) 65%
Overall 739 234.3+95.8 65.0£55.9 16.2+49.4
Male 18-40 121 317.9+87.9 114.2+50.8 55.5+45.8
ZSmaIe 18- 48 303.1+95.2 97.4+54.3 48.3+48.3
Male 41-65 135 256.9+85.1 73.0+46.9 19.2+40.7
Egmale 41- 108 200.4+76.8 42.5+40.6 3.9+41.7
Male > 65 168 209.3+81.9 55.4+53.5 9.5+48.8
Female > 65 159 180.1+73.5 36.3+47.6 -10.4+40.7

Zones are defined in relative depth: cortical shell (0—10%; on average 0—2.6 mm), subcortical zone (15—
30%; on average 3.8—7.7 mm), and deep cancellous center (35-65%; on average 8.9—-16.6 mm).

GT-Calcar Comparison and Concordance

GT density was significantly lower than calcar density in all subgroups (overall paired difference - 48.5 +
60.9 HU; paired d = - 0.80; p < 0.001; Table 2). The calcar-to-GT variance ratio exceeded 2:1 in four of six
subgroups (young males, middle-aged males, middle-aged females, and older females); Glass's 6 in
these subgroups ranged from - 1.81 in young males to - 0.39 in older females. The GT-calcar difference
narrowed with age (+ 9.4 HU per decade; 95% Cl 7.4-11.5; p < 0.001), because calcar density declined
faster than GT density (- 22.2 vs. -12.7 HU per decade). Within individual specimens, GT and calcar
density were strongly correlated (Pearson r=0.716; p < 0.001; partial r adjusted for age and sex = 0.587).
At the individual level, GT density exceeded calcar density in 19.4% of specimens (range across
subgroups 6.6% in young males to 36.5% in older women).

Using a common threshold of 100 HU, 63.1% of specimens were classified as low density at the GT but
only 40.7% at the calcar. Consequently, 275 out of 301 specimens (91.4%) with calcar density below 100
HU also had GT density below 100 HU, whereas 275 out of 466 specimens (59.0%) with GT density
below 100 HU had calcar density below this threshold. The ratio of the two conditional probabilities
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(91.4/59.0 = 1.55) equals the ratio of the prevalences of low density at the two sites (63.1/40.7 = 1.55),
so the asymmetry at a common 100 HU threshold is fully explained by the lower overall density of the
GT. With a prevalence-matched GT threshold (GT < 65.2 HU, 40.7th percentile), 73.1% of specimens
classified as low density at one site were also classified as low density at the other.

Discussion

The most important finding of this study is that the greater tuberosity exhibits a characteristic U-shaped
bone density architecture with a thin functional cortical shell that shows the largest absolute age-related
decline of any GT zone; in the majority of female specimens older than 65 years, the functional cortex at
the 200 HU threshold did not extend beyond a single sampling increment (approximately 1.15 mm in this
group). Furthermore, the GT was, on average, the lower-density site compared with the calcar in all age
and sex subgroups, so that density thresholds derived from the calcar classify a substantially different
proportion of specimens as low density when applied to the GT.

Comparison with Prior Literature

Previous studies have characterized proximal humeral bone density using various imaging modalities
but without the spatial resolution or sample size of the present analysis. Tingart et al. characterized the
three-dimensional bone density distribution of the proximal humerus using pQCT, finding higher
trabecular density in the posterior than in the anterior greater tuberosity ['3] and later showed that these
regional density differences affect cancellous screw fixation strength (4], Spross et al. proposed the
deltoid tuberosity index as a radiographic proxy for bone quality ['9l. More recently, Yu et al. used dual-
energy CT to quantify regional density differences in the proximal humerus, identifying the posteromedial
zone as the area of highest calcium concentration (6] The present study extends these findings by
providing the first depth-resolved density profile of the GT across a cohort of 739 specimens, revealing a
U-shaped architecture across the full anteroposterior extent of the GT. In line with Tingart et al. [13] the
posterior half of the GT profile was denser than the anterior half, and the anterior cortex reached only
about 200 HU compared with 321 HU at the posterior surface.

A depth-resolved approach was previously used by Meyer et al., who sampled 5-mm cylinders in 1-mm
steps from the GT surface in 14 cadaveric humeri and found a steep decline in bone volume fraction
immediately beneath the cortex, with GT values of only 10-20% compared with 40% beneath the
articular surface '] The posterior limb of the U-shaped profile in the present study reproduces this
pattern in clinical CT data, and the very low or negative HU values in the GT center are consistent with
the "hollow" tuberosity described in their specimens. Whereas Meyer et al. sampled from the footprint
surface inward, the present ROl traversed the GT anteroposteriorly and thereby captured both cortical
boundaries. Regional findings differ in part: Meyer et al. found more cancellous bone in the anterior than
in the posterior GT, whereas Tingart et al. reported higher trabecular density posteriorly (11,73 and the
present data showed higher density in the posterior half of the profile; these differences may be
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explained by differences in sampling direction, depth, and imaging modality. Additionally, Meyer et al.
reported that the cortical shell was preserved in the presence of rotator cuff tears 71 The largest
absolute age-related decline of the cortical shell in the present study therefore suggests that age and
tear-related disuse may affect the GT compartments differently, although HU values at clinical CT
resolution reflect both cortical mineralization and cortical thickness.

The most directly comparable prior study is the high-resolution peripheral quantitative CT (HR-pQCT)
cadaveric analysis by Kirchhoff et al., who were able to show in 64 specimens that age and sex are
determinants of trabecular bone quality within the rotator cuff footprint 241 our findings extend their
observations to an 11.5-fold larger cohort of clinical CT scans and add depth-resolved spatial
information. The GT showed a decline of 12.7 HU per decade, which is consistent with the general
pattern of age-related trabecular bone loss in the proximal humerus ['3 24 but slower than the decline at
the calcar in the same specimens (- 22.2 HU per decade). The cross-sectional sex difference in GT
density was largest in the 41-65 age group and did not widen further thereafter; given the non-
significant age x sex interaction, this pattern should be interpreted with caution. Interestingly, the age-
density relationship was not strictly linear: both quadratic and two-segment models indicated a
deceleration of density loss in older age (breakpoint 60 years in the whole cohort and 55-60 years in
women), which may partly reflect a floor effect rather than true biological stabilization, as well as
survivor and cohort effects inherent to the cross-sectional design — at very low HU values, there is little
remaining mineral to lose. The breakpoints should be regarded as approximate, as the fit was nearly
identical across neighboring candidates.

GT and Calcar: Correlated Sites with Different Density
Levels

On average, the GT was less dense than the calcar in all subgroups (overall paired d = - 0.80), and GT
and calcar density were strongly correlated within specimens (r = 0.716; 0.587 after adjustment for age
and sex), suggesting that proximal humeral bone density is in part determined by systemic factors. At a
common threshold of 100 HU, low calcar density was almost always accompanied by low GT density
(91%), whereas only 59% of specimens with low GT density also had low calcar density. This asymmetry,
however, follows arithmetically from the different prevalence of values below 100 HU at the two sites
(63% at the GT vs. 41% at the calcar); the ratio of the two conditional probabilities equals the ratio of
these prevalences. Furthermore, the GT—-calcar difference narrowed rather than widened with age,
because the calcar lost density faster. The data therefore do not indicate a selective vulnerability of the
GT; rather, the GT is, on average, the lower-density site throughout adult life. At the individual level,
however, GT density exceeded calcar density in about one in five specimens and in more than one third
of older women, so neither site can substitute for the other in the individual patient.

The clinically relevant consequence is that absolute density thresholds are site-specific. A surgeon who
identifies poor calcar bone quality — whether on preoperative CT or intraoperatively — can reasonably
expect that the GT is also compromised in most cases. Conversely, a calcar density that appears
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adequate does not exclude low GT density, and a threshold derived from calcar data would
underestimate the proportion of patients with low GT density. Fixation strategies validated in calcar
bone, or bone density assessments based on calcar measurements, should therefore not be transferred
to the GT without site-specific assessment.

Functional Cortical Thickness as a Bone Quality Metric

The FCT metric introduced here quantifies the depth of bone at or above a given density threshold from
the cortical surface inward. Unlike mean density, which averages over the entire cross-section, FCT
captures the thickness of the functional cortical shell — the zone that is most relevant to any implant
relying on cortical or near-cortical fixation. As a CT-derived functional metric, FCT does not equate to
histomorphometric cortical thickness but rather approximates the depth of structurally meaningful bone
from the surface inward. Because the GT cylinder spanned the individual anteroposterior dimension of
the GT, the sampling increment differed between specimens and was smaller in women than in men; FCT
was therefore expressed in increments, with a specimen-specific millimeter equivalent. Expressed in
millimeters, the FCT difference between young men and young women (4.0 vs. 2.9 mm) was larger than
in increments, as the female GT was also smaller. FCT-200 and mean GT density were correlated but not
interchangeable (r = 0.770; R? = 0.593), indicating that FCT captures information not fully reflected in
mean density — possibly because mean density is also strongly influenced by the low-density cancellous
center. In 69% of women older than 65 years, FCT-200 did not exceed one increment, and the logistic
regression showed a 50% probability of this finding by age 56, indicating that reduced functional cortical
thickness is already common in women in their late fifties. Whether this metric has utility beyond the GT
as a standardized approach to quantifying regional cortical quality from CT data warrants further
investigation.

Implications for Implant Fixation

Although the measurement cylinder traverses the GT along its anteroposterior axis rather than along a
suture anchor insertion path, the density profile characterizes the cross-sectional bone architecture that
any implant placed in the GT must contend with. Two findings are particularly relevant.

First, the cortical shell of the GT — the primary fixation substrate for all-suture anchors, which achieve
fixation through subcortical deployment [7] — showed the largest absolute decline of any GT zone (- 22.7
HU per decade). Ntalos et al. reported that the pullout strength of all-suture anchors correlated strongly
with the adjacent cortical thickness (r = 0.82), with at least 0.4 mm required to withstand 200 N 7 1n
women older than 65, mean cortical shell density fell below 200 HU (180.1 HU; Table 4), and in 69% the
functional cortex at 200 HU did not extend beyond the first sampling increment (in about one third of
these, not even the surface point reached 200 HU). At the resolution of the present profile (approximately
1.15 mm in older women), it cannot be determined whether this residual cortex falls below the 0.4 mm
reported by Ntalos et al.; the findings nevertheless identify a population in which the cortical substrate is
markedly reduced. Comparable findings have been reported for screw-type anchors: Tingart et al. found
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that the pull-out strength of metal screw-type anchors correlated with cortical (r = 0.63), but not with
trabecular, volumetric bone mineral density of the GT, and that pull-out strength in the proximal GT was
lowest posteriorly despite the highest trabecular density in this region 11 1 line with these data, the
age-related decline of the cortical shell observed here suggests that near-surface bone may be relevant
for anchor fixation irrespective of anchor design, and that mean or trabecular density alone may not
adequately reflect fixation capacity. This provides a rationale for surface-oriented metrics such as FCT,
which, however, remain to be validated biomechanically. The logistic regression analysis showed that the
probability of FCT-200 =< 1 increment exceeded 50% by age 56 in women, i.e., in the age range of the
perimenopausal transition; because menopausal status was not available in this dataset, this
association remains hypothetical.

Second, beyond the cortical shell, the deep cancellous center had a mean density of only 16.2 HU overall
(- 10.4 HU in older women). This is consistent with the very low trabecular bone volume fraction
reported by Kirchhoff et al. within the rotator cuff footprint compared with the subarticular bone [24],
Meyer et al. similarly described a low cancellous bone volume fraction in the GT and recommended

placing anchors subcortically or medially beneath the articular surface, where cancellous bone stock is
higher, and avoiding a deep cancellous trough ['7]. Tingart et al. reported higher trabecular bone mineral
density and higher anchor failure loads in the proximal than in the distal GT (1], Because the ROl in the
present study was located on average 11 mm below the superior GT cortex, the density values reported
here may underestimate bone quality at more proximal or medial insertion sites. Mean GT density below
50 HU — observed in 60% of women older than 65 — indicates very poor cancellous bone stock, in which
fixation relying on cancellous purchase is likely to be compromised; this assumption has not been
validated biomechanically. These patients may benefit from alternative strategies such as transosseous
repair 25, cement augmentation [26-28] or bridging constructs that distribute load beyond the GT 29,

Clinical Implications

These population-level data suggest a potential role for preoperative bone quality assessment in
patients undergoing rotator cuff repair. While CT-based opportunistic screening for osteoporosis is
increasingly used in other contexts 222l including shoulder CT 3% the standard preoperative imaging
for rotator cuff pathology is magnetic resonance imaging (MRI), not CT. However, simple radiographic
parameters such as proximal humeral cortical bone thickness on standard anteroposterior radiographs
have recently been shown to independently predict intraoperative anchor instability — notably, without
correlation to lumbar or femoral DXA values 3 — offering a practical screening tool that does not
require additional imaging and underscoring the need for site-specific bone quality assessment. For
patients who do undergo CT — as in fracture management or arthroplasty planning — the threshold data
presented here could inform bone quality assessment: a mean GT density below 50 HU (observed in 60%
of women > 65) or an FCT-200 of at most one increment (observed in 69% of women > 65) could flag
patients at elevated risk for fixation failure. Prospective clinical validation of such thresholds would be
required before implementation.
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Furthermore, the GT density data are relevant to fracture fixation beyond rotator cuff repair. The GT is a
key component of proximal humerus fracture patterns (Neer classification), and anatomic reduction with
stable GT fixation is a critical determinant of functional outcome "l Plate and screw constructs that rely
on GT bone stock for screw purchase face the same density challenges identified here, and recent
evidence confirms that low CT-measured bone density — whether assessed in the humeral head 32 o
the glenoid vault 33 — is associated with fixation failure. CT-derived bone density of the proximal
humerus correlates strongly with systemic DXA-measured bone mineral density [34] supporting the use
of opportunistic HU assessment as a practical screening tool. In the context of reverse shoulder
arthroplasty with GT osteotomy, knowledge of regional bone quality may inform decisions regarding
tuberosity reattachment technique.

Limitations

This study has several limitations. One limitation is that HU values were used as a proxy for bone mineral
density without external phantom calibration. Although standardized 3D registration reduces inter-
scanner variability, absolute density values cannot be directly compared with DXA- or quantitative CT-
based measurements, and tube voltage differences across scanners may introduce systematic HU
variation 3%, Furthermore, rotator cuff integrity was not known for the CT scans included in the
database. Because full-thickness rotator cuff tears are associated with a marked loss of cancellous
bone in the GT and humeral head [}, and their prevalence increases with age [1-3] part of the age-related
decline observed here may reflect tear-related disuse rather than aging alone. Another limitation is the
spatial resolution of the density profile: because the GT cylinder spanned the individual anteroposterior
dimension of the GT, the sampling increment was specimen-specific (mean 1.28 mm; smaller in women
than in men), and depth is expressed in relative terms. Depth zones in millimeters are therefore
approximations based on mean cylinder length, and FCT is a functional approximation based on density
thresholds at this resolution, not a histomorphometric measurement of cortical thickness. Furthermore,
the clinical implications regarding anchor fixation are derived from density data alone, without
biomechanical pullout testing. While our findings are consistent with published biomechanical data, the
relationship between HU values and fixation failure thresholds has not been formally validated. A limiting
factor is that all specimens were left humeri from a predominantly White cohort (80%), limiting
generalizability to other populations or to potential left-right asymmetry, although Kirchhoff et al. found
no significant side difference in GT bone quality parameters [24. Asian ethnicity was associated with
lower GT density independent of age and sex, but the subgroup was too small for stratified reference
values, and confounding by institution or scanner cannot be excluded. Another limiting factor is that the
GT and calcar ROIs differed in geometry (bicortical GT cylinder of specimen-specific length vs. calcar
cylinder of fixed length), so that absolute between-site differences may partly reflect differences in the
proportion of cortical bone sampled. Unfortunately, body mass index (BMI) data were available for only
347 of 739 specimens (47%), and this subsample was considerably older than the remaining cohort
(70.2 vs. 49.4 years), precluding meaningful analysis of the BMI-density relationship. Additionally,
although Bonferroni correction was applied for pairwise age-group comparisons, the overall number of
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statistical tests across subgroups, depth points, and threshold analyses was large, which increases the
risk of type | error; the majority of reported p-values were well below 0.001, mitigating this concern, but
the exploratory subgroup analyses should be considered hypothesis-generating. The mean HU
distributions deviated significantly from normality in several subgroups; given the large subgroup sizes,
the parametric analyses are considered robust. The 21 measurement points along the cylinder axis are
spatially correlated, and the depth-specific regression analyses do not account for this correlation
structure; a mixed-effects model treating depth as a repeated measure would be a more formal
approach to testing depth-dependent effects. Finally, the breakpoints of the two-segment models were
selected as the R2-maximizing value among seven candidates, so the associated F-tests are not adjusted
for this selection, and the non-linear models provided only modest improvement over the linear fit (R?
increase of 0.026). As the data are cross-sectional, age-related differences cannot be interpreted as
individual longitudinal bone loss.

Conclusions

The GT exhibits a U-shaped bone density architecture with a thin functional cortical shell that shows the
largest absolute decline with aging. In most women older than 65 years, the functional cortex at 200 HU
did not exceed one sampling increment, and this finding was already common from the late fifties; the
cancellous center had negative mean HU values in older women. Because the GT is, on average, the
lower-density site compared with the calcar in all age and sex subgroups, calcar-derived density
thresholds should not be assumed to apply to the GT, and site-specific assessment is recommended
when GT fixation quality is critical.
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Figure 1

Placement of the greater tuberosity (GT) region of interest. Three-dimensional model of the proximal
humerus with the cylindrical region of interest (5 mm diameter) along the anteroposterior axis, spanning
from the posterior to the anterior cortex. All panels show the GT region of interest. (A) Cylinder axis
(posterior — anterior) and the two reference landmarks (red dots) defining the cylinder. (B) Oblique
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cutting plane containing the cylinder axis through the GT. (C) Cutting plane through the humeral head at

the level of the GT cylinder, used for the density heatmaps in Fig. 3.
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Figure 2

Bone density profile of the greater tuberosity by age and sex subgroup. Density (HU) along the

50

100

anteroposterior axis is plotted against relative depth (0% = posterior cortex, 100% = anterior cortex; one
5% increment corresponds to 1.28 + 0.16 mm on average). Note the characteristic U-shape reflecting the
cortex—cancellous—cortex architecture, with a minimum at 45-50% depth. Horizontal lines indicate 200

HU and 100 HU thresholds.
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Figure 3

Bone density heatmaps at the level of the greater tuberosity cylinder by age and sex. Heatmaps are
shown on the cutting plane through the humeral head (inset; see Fig. 1C). Each panel represents the
mean Hounsfield unit value of the averaged bone model for a given subgroup. The rectangle indicates
the cylindrical region of interest from which the density profile was extracted. The color scale ranges
from -100 HU (blue) to 900 HU (red). Note the expansion of the low-density central zone with increasing
age, most pronounced in women older than 65 years.
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Figure 4

Regression of mean greater tuberosity density (HU) on age. Each data point represents the mean density
across all 21 measurement points for one specimen. The regression line represents the overall linear
model (HU = 160.6 - 1.27 x Age; R? = 0.231). Horizontal reference lines indicate the 100 HU and 50 HU
thresholds.
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Figure 5

Functional cortical thickness at 200 HU (FCT-200) by age and sex subgroup. Stacked bars show the
proportion of specimens in each FCT-200 category (<1, 2, 3, and =4 sampling increments). Note the
progressive shift toward thinner functional cortex with increasing age, with 69.2% of women older than
65 years having FCT-200 <1 increment.
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