
Age-related changes in proximal humerus bone health in
healthy, white males

Sara M. Mantila Roosa1, Andrea L. Hurd1, Huiping Xu2, Robyn K. Fuchs1,3, and Stuart J.
Warden1,3

1Center for Translational Musculoskeletal Research, School of Health and Rehabilitation
Sciences, Indiana University, Indianapolis, IN
2Department of Biostatistics, Indiana University School of Medicine, Indianapolis, IN
3Department of Physical Therapy, School of Health and Rehabilitation Sciences, Indiana
University, Indianapolis, IN

Abstract
Introduction—The proximal humerus is relatively under investigated despite being the fourth
most common site for osteoporotic fracture.

Methods—A cross-sectional study was performed to assess age-related changes in dual-energy
x-ray absorptiometry (DXA) and peripheral quantitative computed tomography (pQCT) properties
of the proximal humerus in a cohort of 170 healthy, white males.

Results—Regression models estimated considerable age-related loss of DXA measured bone
quantity at the proximal humerus, with areal bone mineral density modeled to decline by 29%
(95%CI, 17.5–35.0%) in the 50 years between ages 30 and 80 years (p<0.001). pQCT measures
indicated aging was associated with progressive periosteal and endosteal expansion, with the later
occurring more rapidly as indicated by age-related declines in cortical bone mass, area and
thickness (all p<0.01). The net result of the density, mass and structural changes was a 26%
(95%CI, 13.5–38.0%) decline in pQCT estimated proximal humerus bone strength in the 50 years
between ages 30 and 80 years (p<0.001).

Conclusion—Aging is associated with considerable declines in proximal humeral bone health
which, when coupled with a traumatic event such as a fall, may contribute to osteoporotic fracture
at this site.
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INTRODUCTION
Osteoporosis remains a significant cause of morbidity and mortality, with low trauma
fractures stemming from age-related bone loss and structural decay contributing to 1.5–2
million fractures annually in the United States (1). Fractures of the proximal femur,
vertebrae and distal radius account for the majority of osteoporotic fractures; however, age-
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related reductions in bone health also contribute to low trauma fractures at other sites. The
proximal humerus is the fourth most common site for osteoporotic fracture (2–4) and
fractures at this site account for up to 8% of all osteoporotic fractures (5). Proximal humerus
fractures are a concern as they result in ongoing morbidity and because one-quarter of those
afflicted die within the first 3 years following fracture (2, 6, 7). Heightening concern is the
anticipated tripling in the number of proximal humerus fractures over the next decades
resulting from the progressive aging of the population (8).

The proximal humerus is relatively under investigated as an osteoporotic site. Falls are the
leading risk factor for fracture of the proximal humerus (9), with falls resulting in direct
impact of the shoulder/upper arm region accounting for over three quarters of fractures at
this site (10). However, falls do not always result in fracture. Consequently, other factors
such as localized bone density, mass and structure likely contribute to osteoporotic fracture
risk at the proximal humerus (11, 12). Few studies have explored age-related changes in
bone properties at the proximal humerus (13–17). Initial data suggest DXA-derived areal
bone mineral density (aBMD) at the proximal humerus declines with age (14), and that there
is cortical thinning and microarchitectural deterioration within the humeral head in aged
individuals (13, 16, 17). The aim of the current study was to explore the rate of age-related
changes in DXA- and pQCT-derived properties of the proximal humerus in healthy, white
males.

METHODS
Study design and participants

A cross-sectional study design was performed to assess bone properties of the proximal
humerus in the non-dominant upper extremity of a cohort of 170 white males. Data were
acquired as part of a broader study investigating upper extremity bone health. Arm
dominance was determined as the arm with which subjects would throw a ball. Subjects
were eligible to participate if they were aged >30 years and in good general health. Subjects
were excluded if they had a: 1) known metabolic bone disease; 2) history of taking
pharmacological agents known to influence skeletal metabolism; 3) previous fracture of the
humerus, or; 4) previous shoulder surgery resulting in implantation of metal within the
proximal humerus. The study was approved by the Institutional Review Board of Indiana
University and all subjects provided written informed consent prior to participation.

Anthropometric measures
Height (to the nearest 0.1 cm) and mass (to the nearest 0.1 kg) were measured without shoes
using a wall-mounted stadiometer and electronic balance scale, respectively. Humeral length
(to the nearest 1 mm) was measured using a sliding anthropometer as the distance between
the lateral border of the acromion and the radiohumeral joint line.

Dual-energy x-ray absorptiometry (DXA)
DXA was performed using a Hologic Discovery-W machine (Hologic, Inc., Waltham, MA,
USA) equipped with Hologic Apex v2.3 software. Whole-body and dual hip scans were
performed using the manufacturer’s standard scan and positioning protocol to acquire
whole-body and total hip aBMD (g/cm2), and whole-body lean (kg) and percent fat (%)
mass. Bone properties of the proximal humerus were obtained by performing a regional scan
using the manufacturer’s lumbar spine protocol. The subject’s shoulder was positioned
centrally on the table with care taken to position the humerus vertically within the scan field.
Bone area (cm2), BMC (g), and aBMD (g/cm2) of the proximal humerus were obtained by
placing a region of interest over the proximal 25% of the bone with a set width of 80 lines
[80.64 mm] (Figure 1). Short-term precision for the DXA scanning procedure on five
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healthy individuals scanned five times with interim repositioning showed root mean square
coefficients of variation (RMS-CVs) of 1.6%, 3.0%, and 2.8% for proximal humerus bone
area, BMC, and aBMD, respectively.

Peripheral quantitative computed tomography (pQCT)
pQCT of the proximal humerus was performed using a Stratec XCT 3000 machine (Stratec
Medizintechnik GmbH, Pforzheim, Germany) equipped with Stratec software version
6.20C. Subjects were positioned in supine with their arm in 90° shoulder abduction and
centered within the gantry of the machine. An initial scout scan was performed to visualize
the radiohumeral joint and a reference line was placed through the joint at the distal edge of
the humeral capitulum. A tomographic slice (thickness = 2.3 mm; voxel size 300 μm; scan
speed = 20 mm/s) was taken at 80% of humeral length proximal from this reference line,
which approximates the surgical neck of the proximal humerus and is also a common site for
osteoporotic fractures of the proximal humerus (18).

Tomographic slices were analyzed for bone density, mass, structure, and estimated strength.
Total area (Tt.Ar, mm2), total volumetric bone mineral density (Tt.vBMD, mg/cm3),
periosteal perimeter (Ps.Pm, mm), endosteal perimeter (Es.Pm, mm), cortical thickness
(Ct.Th, mm), and trabecular bone mineral content (Tb.BMC, mg/mm) were obtained by
analyzing the slices using contour mode 3 (threshold = 710 mg/cm3) to define the outer bone
edge and peel mode 2 (threshold = 400 mg/cm3) to separate the cortical and trabecular
compartments. Cort mode 1 (threshold = 710 mg/cm3) was used to obtain cortical
volumetric BMD (Ct.vBMD) and cortical BMC (Ct.BMC).

Estimated strength of the proximal humerus was obtained by calculating the bone strength
index for compression (BSIc, mg2/mm4) and polar strength-strain index (SSIP, mm3). BSIc
predicts failure load at skeletal sites loaded in compression (19), and was calculated as the
product of Tt.Ar and the square of Tt.vBMD (20). Tt.Ar and Tt.vBMD were obtained as
outlined above. SSIP represents the density-weighted section modulus and has been
validated as a non-invasive measure of bone strength (21). It was obtained in a separate
analysis using cort mode 2 (threshold = 400 mg/cm3), and was calculated as the section
modulus multiplied by the ratio of Ct.vBMD and normal physiologic density (1200 mg/
mm3), as previously described (22, 23).

Short-term precision for the pQCT scanning procedure on five healthy individuals scanned
five times with interim repositioning showed root mean square coefficients of variation
(RMS-CVs) of <1%, <2.5% and <4% for bone density, mass and estimated strength
measures, respectively.

Statistical analyses
Statistical analyses were performed with the Predictive Analytics SoftWare (PASW)
Statistics 18 (Statistical Package for Social Sciences [SPSS] Inc., Chicago, IL, USA). One-
way ANOVA followed by Fisher’s protected least significant difference for pairwise
comparisons was used to compare demographic and anthropometric characteristics of those
in older decades of life to those in the youngest decade recruited (30–39 years). Linear
regression models were used to examine the change in proximal humerus properties with
age. The functional forms of the relationship between age and proximal humerus properties
were explored graphically by fitting linear, quadratic, cubic, exponential, and logarithmic
curves to the data. Age-related changes in proximal humerus properties were obtained, with
body mass and height included in models of bone mass and size/estimated strength,
respectively. Body mass and height were included as Pearson’s bivariate correlations
revealed their strong association with proximal humerus bone properties (data not shown).
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Only one of body mass and height was included with age in each model as mass and height
were collinear. Absolute and percent changes (and 95% confidence intervals) in measures of
the proximal humerus per decade beyond age 30 years were based on predicted values from
regression models. All analyses were considered significant at p≤0.05.

RESULTS
Participant characteristics

Participants ranged in age from 30.2 to 87.5 years with a spread of participants across
decades of age (Table 1). There were differences in whole-body composition between age
groups, with individuals aged 80+ years having 17.7% less lean mass and 22.0% greater
percent fat than those aged 30–39 years (all p<0.05). Whole-body aBMD did not differ
between age groups (all p>0.05); however, individuals aged 80+ years had 10.3% less hip
aBMD than those aged 30–39 years (p<0.05).

Age-related changes in DXA measures of the proximal humerus
The association between DXA measures of the proximal humerus and age was best
described as a linear function (Figure 2). There was progressive enlargement of the proximal
humerus with age as indicated by a 1.9% increase in projected bone area per decade beyond
age 30–39 years (p<0.001) (Table 2). The gradual increase in bone area coupled with a 4.8%
decline in BMC per decade (p<0.001) resulted in a 5.8% decline in DXA-derived aBMD per
decade beyond age 30–39 years (p<0.001).

Age-related changes in pQCT measures of the proximal humerus
Representative pQCT images of the proximal humerus are shown in Figure 3. pQCT
measures of the proximal humerus were linearly related with age (Figure 4). There was a
small (−0.8%), yet significant decline in Ct.vBMD with advancing age which contributed to
a 2.9% loss of Ct.BMC with each decade of aging beyond age 30–39 years (all p<0.001)
(Table 3). Tb.BMC accounted for only 11.7% of total BMC in individuals aged 30–39 years
and there was no significant change in Tb.BMC with advancing age (p=0.22). There was
expansion of the proximal humerus with age as indicated by 3.0% and 1.7% increases in
Tt.Ar and Ps.Pm with each decade of aging beyond age 30–39 years, respectively (p<0.05).
The increase in bone size with age was coupled with progressive endosteal resorption, as
indicated by a 2.9% per decade increase in Es.Pm (p<0.01). The more rapid loss of bone on
the endosteal surface relative to gain on the periosteal surface resulted in 1.6% and 3.3% per
decade declines in Ct.Ar and Ct.Th beyond age 30–39 years, respectively (all p<0.01). The
net result of proximal humerus density, mass and structural changes with aging was
progressive loss of bone strength, with BSIc decreasing at a rate of 5.2% per decade beyond
age 30–39 years.

DISCUSSION
This cross-sectional study used predictions from regression models to estimate age-related
bone changes at the proximal humerus in healthy, white males. Measures of proximal
humerus bone health were obtained using a combination of DXA and pQCT techniques.
DXA provided a global picture of bone quantity within the proximal humerus, including the
humeral head, greater tubercle, and anatomical and surgical necks. Measures represented a
composite of cortical and trabecular bone changes because the planar nature of DXA limits
its ability to segregate bone tissue into compartments. Regression models estimated
considerable age-related loss of DXA measured bone quantity at the proximal humerus, with
aBMD modeled to decline by 29% (95% CI, 17.5–35.0%) in the 50 years between ages 30
and 80 years. The magnitude of decline is comparable, but higher than data reported by
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Doetsch et al. (14) who showed healthy Danish women aged 56–81 years had 17% lower
DXA measured aBMD at the proximal humerus compared to a cohort aged 30–39 years.
The reason for the higher estimated magnitude of decline in the current study may relate to
the older age of subjects in our oldest (80+ years) cohort.

Age-related changes in proximal humerus DXA measures in the current study likely resulted
from a combination of cortical and trabecular bone changes. Cortical bone changes were
confirmed by pQCT measures. pQCT has the benefit of being able to distinguish between
cortical and trabecular bone compartments, as well as providing measures of bone structure
and estimated bone strength. pQCT measures at the site assessed indicated aging was
associated with both proximal humerus intracortical bone loss (as modeled by an age-related
decline in Ct.vBMD) and bone loss from the endosteal surface (as modeled by an age-
related increase in Es.Pm). Periosteal bone apposition occurred with aging (as modeled by
age-related increases in Tt.Ar and Ps.Pm), but the rate of periosteal expansion was unable to
match the rate of endosteal expansion. The latter was indicated by the modeled age-related
decline in proximal humerus Ct.Ar and Ct.Th. The net result of the density, mass and
structural changes was a 26% (95% CI, 13.5–38.0%) decline in pQCT estimated bone
strength (BSIc) in the 50 years between ages 30 and 80 years at the proximal humerus site
assessed.

pQCT was able to estimate age-related changes in cortical bone properties at a site within
the proximal humerus, with cortical bone being an important determinant of fracture at sites
prone to osteoporotic fracture (24). However, pQCT was not useful in the current study in
modeling age-related changes in trabecular bone. We took tomographic slices at 80% of
humeral length proximal from its distal end, which approximates the surgical neck of the
proximal humerus. Forty percent of displaced fractures of the proximal humerus occur at the
surgical neck in individuals aged over 75 years (25), with this site being assessed as it was
the most accessible proximal site in all subjects. pQCT is principally designed to assess
distal peripheral sites, with the physical constraints of the pQCT machine making it difficult
to position the upper extremity of subjects any further within the instrument’s gantry so as to
assess sites more proximal than that assessed. The surgical neck of the humerus is
principally constructed of cortical bone with the preponderance of trabecular bone in the
proximal humerus being located more proximally within the humeral head (13, 26).
Reflecting the lack of trabecular bone at the assessed site, trabecular bone accounted for less
than 12% of total bone mass in individuals aged 30–39 years in the current study. The low
amount of trabecular bone in our youngest cohort, combined with any trabecularization of
cortical bone on the endosteal surface with advancing age (27), likely explains the absence
of an age-related change in Tb.BMC in the current study.

Although we were unable to reveal age-related changes in trabecular bone properties within
the proximal humerus, others have shown that such changes occur (13, 15, 17). Most
noteably, data from Krappinger et al. (15) indicated trabecular BMD within the humeral
head declined by 46% in the 50 years between ages 30 and 80 years, as assessed by
conventional CT imaging. Meanwhile, Barvencik et al. (13) demonstrated age-related
reductions in trabecular bone fraction, number and thickness within the humeral head,
anatomical neck and greater tubercle regions, as assessed by histomorphometric measures in
cadaver humerii. These microarchitectural changes likely contribute to osteoporotic fracture
risk in the proximal humerus, and are also important to consider with regard to stabilizing
proximal humerus fractures with internal fixation.

The age-related changes in proximal humerus bone health are consistent with those observed
at other osteoporotic prone sites. In particular, recent studies utilizing high-resolution pQCT
reported similar rates of age-related bone changes at the distal radius in men, with
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progressive cortical thinning combined with overall bone expansion (22, 28). The similar
rates of change observed at multiple sites raises the question of the relationship between
bone status at each site. There is a clear relationship between proximal humerus bone health
and bone health at other sites. For instance, there was a linear relationship between DXA-
measured hip and proximal humerus aBMD in the current study (r2 = 0.26, p<0.001 [data
not shown]), similar to previously reported by Doetsch et al. (14). This relationship may
explain why femoral neck aBMD is an independent risk factor for proximal humerus
fracture (11, 12, 29). It also may explain why proximal humerus fracture is predictive of
subsequent hip, forearm and spine fracture (30).

The current study extends knowledge regarding age-related changes in bone health at the
proximal humerus; however, the data are not without limitations. The most obvious
limitation is the cross-sectional nature of the study which limits the ability to determine true
age-related changes in proximal humerus bone health. In the absence of performing
longitudinal assessments, it is possible that predicted changes in proximal humerus bone
health based on our regression analyses were influenced by secular variations across ages.
We controlled for secular trends in body and bone size (31) by including body mass and
height in our models. This approach may not have been sufficient to control all secular
variations; however, previous work reported good agreement between the rate of bone loss
predicted from cross-sectional data and true rate of bone loss determined from 16 years of
longitudinal data (32).

A second limitation of the current study is its investigation of a discrete population. White
males were investigated as data were acquired as part of a broader study investigating this
population. Bone health is important to assess in males as they account for 1-in-3
osteoporotic fractures (5) and are underrepresented in osteoporosis research. However, the
data are not directly translatable to females who have differing rates of age-related bone
loss, particularly during the menopausal transition (33). Similarly, the current data are not
directly translatable to individuals of other racial or ethnic backgrounds, with previous data
suggesting rates of age-related bone loss may differ between races and ethnicities (34, 35).

A further potential limitation is the use of pQCT to assess a site with a relatively thin
cortical shell. pQCT measures of thin cortices increases the potential for partial volume
effects whereby voxels at the periosteal and endocortical borders are incompletely filled and
contain both bone and soft tissue. The result is underestimation of vBMD at sites with thin
cortices. However, we do not believe partial volume effects substantially influenced
conclusions in the current study. Previous studies demonstrated accurate CT-acquired
density and thickness measures for cortical thicknesses of ≥2 mm when using a voxel
resolution of 400 μm (36–38). The majority of our cortical thickness measures were above
this threshold and we used a higher voxel resolution (300 μm). The higher resolution further
minimized partial volume effects, with Prevrhal et al. (38) showing accurate cortical density
measures with cortical thicknesses larger than four times the resolution (≥1.2 mm in our
case).

Final limitations of the current study include the lack of regional assessment of the pQCT
scans and the DXA protocol used to assess proximal humerus bone health. It is possible age-
related changes within the proximal humerus vary in different polar regions of the bone
cross-section, as has been demonstrated in the femoral neck (39). Such regional variation
may have implications for proximal humerus fracture risk. In terms of DXA outcomes, we
used a fan-beam instrument and spine scan protocol to assess the proximal humerus. It is
possible age-related changes in DXA measures were impacted by varying body weights/
sizes between age groups as DXA measurements on fan-beam instruments are sensitive to
bone height above the table. Similarly, our DXA measures may have been influenced by the
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use of a spine scan protocol combined with an analysis approach that included regions
devoid of tissue (i.e. containing only air). The protocol and analysis approach utilized allows
for large variations in soft tissue thickness along the horizontal scan lines potentially
influencing beam hardening and subsequent aBMD measures.

The current cross-sectional study used predictions from regression models to estimate age-
related bone changes at the proximal humerus in healthy, white males. DXA measures
provided a global picture of bone quantity within the proximal humerus, including the
humeral head, greater tubercle, and anatomical and surgical necks, whereas pQCT provided
measures of cortical bone density, mass, structure and estimated bone strength at the surgical
neck. The data suggest that aging is associated with considerable loss of bone mass,
structural deterioration and reduced bone strength at the proximal humerus. The declines
modeled may contribute to osteoporotic fracture at the proximal humerus during aging,
especially when coupled with a traumatic event such as a fall.
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Summary

The proximal humerus is a common site for osteoporotic fracture. The current study
demonstrates the rate of age-related decline in proximal humerus bone health. The data
suggest aging is associated with considerable loss of bone mass, structural deterioration
and reduced bone strength at the proximal humerus.
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Figure 1.
Representative DXA image and analysis of the proximal humerus. The upper and medial
borders of the region of interest (ROI) box were positioned on the superior and medial most
portions of the humeral head, while the inferior border was positioned at 25% of humeral
length distal from the superior most portion of the humeral head. Positioning of the inferior
line was aided by knowing anthropometer assessed humeral length and the line spacing of
the spine scanning protocol (1.008 mm/line). The lateral border of the ROI was positioned
so ROI width was held constant at 80 lines (80.64 mm) across all participants.
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Figure 2.
Scatterplots illustrating the relationship between age and DXA measures of proximal
humerus: A) bone area, B) bone mineral content [BMC], and C) areal bone mineral density
[aBMD]. Curve fitting revealed age and DXA measures of proximal humerus bone health
were linearly related, as opposed to quadratic, cubic, exponential or logarithmic.
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Figure 3.
Representative pQCT images of the proximal humerus in a: A) 33-year-old and B) 81-year-
old participant. Images of these participants were chosen as their data approximated
regression lines describing the association between proximal humerus pQCT measures and
age. Note the general absence of trabecular bone at the region assessed in both images, and
the larger total cross sectional area and reduced cortical thickness in B.
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Figure 4.
Scatterplots illustrating the relationship between age and pQCT measures of proximal
humerus: A) cortical volumetric BMD [Ct.vBMD], B) cortical BMC [Ct.BMC], C)
trabecular BMC [Tb.BMC], D) total area [Tt.Ar], E) cortical area [Ct.Ar], F) periosteal
perimeter [Ps.Pm], G) endosteal perimeter [Es.Pm]; H) cortical thickness [Ct.Th], I) polar
strength-strain index [SSIP], and J) bone strength index [BSI]. Curve fitting revealed age and
pQCT measures of proximal humerus bone health were linearly related, as opposed to
quadratic, cubic, exponential or logarithmic.
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