
The association of rotator cuff muscle
morphology and glenoid morphology in
primary glenohumeral osteoarthritis

Deniz Siso1 , Hwabok Wee1, Padmavathi Ponnuru1,
Gregory S Lewis1, Jing Du2, Gary F Updegrove1,
April D Armstrong1 and Meghan E Vidt3,4

Abstract
Background: This retrospective study investigated associations of rotator cuff muscle atrophy (MA) and fatty infiltration

(FI) with glenoid morphology.

Methods: Patients with primary glenohumeral osteoarthritis who presented to Penn State Bone and Joint Institute’s
orthopaedic clinic from September 2002 to December 2019 as total shoulder arthroplasty (TSA) candidates were eval-

uated. MA was determined by the cross-sectional area of each rotator cuff muscle on pre-operative MR and CT scans.

Fat-free muscle and FI areas were quantified using Hounsfield units (HU). Glenoid morphology was assessed using glenoid

version and inclination and modified Walch classification.

Results: Sixty-one patients (61 shoulders) were evaluated. B3 glenoids had a greater percent FI of supraspinatus (40.8±
7.3) versus A2 glenoids (31.6± 12.9, p= 0.032); infraspinatus and teres minor muscles (49.7± 9.1) versus A1 (31.1±
13.1, p= 0.039), A2 (30.2± 13.3, p= 0.028), and B1 glenoids (31.6± 11.9, p= 0.038); and subscapularis (36.7± 11.1) ver-

sus A2 glenoids (25.5± 14.7, p= 0.032). B2 glenoids had a larger area ratio of infraspinatus and teres minor to subsca-

pularis (0.96± 0.16) than A1 (0.82± 0.13, p= 0.026) and A2 glenoids (0.57± 0.25, p= 0.038).

Conclusion: B3 glenoids had a greater FI of all rotator cuff muscles. B2 glenoids had a larger relative size of infraspinatus

and teres minor muscles than subscapularis.
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Introduction
Muscle atrophy (MA) and fatty infiltration (FI) are two
degenerative processes that can affect the rotator cuff
muscle morphology.1 Glenohumeral joint stability is pro-
vided by rotator cuff muscle force couples across the
joint,2,3 and any force imbalance of the joint can cause
shoulder instability.4,5 Rotator cuff MA and FI could alter
the natural magnitude and distribution of muscle force
across the joint, with adverse consequences on joint
loading and stability. Previous work suggests that MA
and FI could contribute to poor outcomes after total shoul-
der arthroplasty (TSA).6,7

Changes in glenoid morphology, such as eccentric
glenoid wear, glenoid retroversion, and glenoid inclination,
are common in primary glenohumeral osteoarthritis.8,9

These changes in glenoid morphology also correlate with
poor TSA outcomes.10,11 Given the potential prognostic

role of rotator cuff FI, MA, and glenoid morphology in clin-
ical outcomes of TSA, it is clinically relevant to study these
factors in association with each other to understand whether
these processes are associated or independent factors that
drive the TSA outcomes. Furthermore, research on
muscle morphology could help drive the development of
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interventions, such as prehabilitation, that target MA and FI
to improve TSA outcomes. Studies that have investigated
the association of MA and FI with glenoid morphology
are few and have reported conflicting results.12–16 Among
the studies that have analyzed FI, Donohue et al.12 (2018)
reported a link between high-grade rotator cuff muscle FI
and Walch type B3 glenoids. In contrast, Moverman
et al.13 (2022) recently did not demonstrate any association
between rotator cuff muscle FI and Walch glenoid types.
Aleem et al.14 (2019) quantified MA and reported larger
relative size of the posterior rotator cuff (infraspinatus and
teres minor) muscle compared to the anterior rotator cuff
muscle (subscapularis) in Walch B2 glenoids, while
Moverman et al.13 (2022) demonstrated larger absolute
infraspinatus and teres minor muscle size in Walch type
B glenoids. Thus, the role of MA and FI in the development
of glenoid wear seen in primary glenohumeral osteoarthritis
is unclear.

There are several challenges in assessing MA and FI and
their association with glenoid morphology. First, the current
standard method for measurements of FI is the semi-
quantitative Goutallier classification system, which is
limited by its high inter- and intra-observer variability.17–
19 Second, while the muscle area and volume have been
studied in its association with glenoid morphology,13–16

efforts have not been made to quantify the fat-free muscle
area, which is the amount of muscle tissue within the seg-
mented muscle boundary. We suspect that the fat-free
muscle could play a role in the development of glenoid
wear since it is the force-producing component of the
rotator cuff muscles that dictates the force distribution
and magnitude across the joint. Third, magnetic resonance
imaging (MRI) is the current ‘gold standard’ imaging
modality to assess skeletal muscle size.17,20,21 However,
compared to MRI, computed tomography (CT) scans are
less expensive, provide a better visualization of the bone
structures, and are more frequently obtained for surgical
planning prior to TSA.17 Thus, obtaining accurate MA
and FI measurements from CT scans in clinical settings
could save time and money, with recent evidence
showing nearly equivalent measures can be obtained from
MRI and CT.17

The primary purpose of the study was to determine the
associations of rotator cuff MA and FI with glenoid morph-
ology in primary glenohumeral osteoarthritis by quantify-
ing the areas of the muscle, FI, and fat-free muscle. In
addition, we assessed the use of CT for measures of
muscle size via comparison with MRI.

Materials and methods
This was a retrospective study, approved by the
Institutional Review Board at the Penn State College of
Medicine. A total of 66 patients with primary glenohumeral
osteoarthritis who presented to the orthopedic clinic from

September 2002 to December 2019 as candidates for total
shoulder arthroplasty and had pre-operative CT scans
were evaluated.

Validation of CT scans for measures of muscle size
Following the methods described by Lehtinen et al.20

(2003), the cross-sectional area of each rotator cuff
muscle was segmented, which is a reliable and reproducible
way to measure muscle size from MRI scans. Chalmers
et al.17 (2018) have recently shown that this method pro-
vides nearly equivalent measurements between either
MRI or CT scans. To characterize the accuracy of CT
scans for our measure of the muscle size, all patients who
had both pre-operative MRI and CT scans were identified.
Supraspinatus, infraspinatus and teres minor combined,
and subscapularis muscles were segmented on each of the
MRI and CT scans using Avizo software (Thermo Fisher
Scientific, Inc., Waltham, WA) using the methods of
Chalmers et al.17 (2018) and manual segmentation techni-
ques used in previous work.22–24 Briefly, the scapula from
MRI and CT was segmented on 2-dimensional (2D) slices
to obtain three-dimensional (3D) images of the scapula,
as shown in Figure 1(a) and (b). The 3D image of the
scapula obtained from the CT segmentation was then
re-oriented to superimpose it with the 3D image obtained
from the MRI segmentation, as shown in Figure 1(c).
Once aligned, CT scans were re-sliced according to the
same orientation as the MRI scan. The muscle belly in
the sagittal-oblique plane was identified as the most
lateral slice where the scapular spine comes into contact
with the scapular body (Y-view, shown in Figure 2). The
cross-sectional area of each rotator cuff muscle at the
Y-view was then measured on both MRI and CT scans.

Muscle morphology assessment
After validating the accuracy of CT scans for measures of
muscle size using the data from ten patients, MA and FI
for all patients were assessed using the original CT scans.
Thresholding was applied as needed to enhance the
clarity of the muscles on CT scans.

Muscle atrophy
The total muscle size was determined by measuring the total
cross-sectional area of each rotator cuff muscle at the
Y-view using manual segmentation techniques, as previ-
ously described.17,22–24 During segmentation, the assessor
(author DS) was blinded to the participant’s glenoid charac-
teristics and grouping. Fat-free muscle area within the seg-
mented muscle boundary was also segmented and
measured. Fat-free muscle was identified using its specific
Hounsfield unit (HU) ranges of −29 HU to +150 HU.25

The ratio of the combined infraspinatus and teres minor
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areas to subscapularis area was calculated for both the total
muscle area and fat-free muscle area due to its implications
for force balance across the glenohumeral joint in the axial
plane.13,14

Fatty infiltration
As previously described by Lapner et al.6 (2015), fat-free
muscle and FI areas within each segmented muscle bound-
ary at a single image slice (the Y-view) were quantified
using defined Hounsfield units (HU) for the CT scans
(Figure 2). FI and fat-free muscle were distinguished from
each other using the HU ranges of −190 HU to −30 HU
and −29 HU to +150 HU, respectively.25 Percent FI for
each rotator cuff muscle was calculated by dividing the FI
area by the sum of FI and fat-free muscle areas.

Glenoid morphology assessment
Glenoid inclination and version were measured with pre-
operative radiographs and CT scans. Glenoid inclination
angle (β angle) was measured according to Maurer et al.26

(2012), and the glenoid version (α or Friedman angle)
was measured according to Friedman et al.27 (1992).
Inclination and version were measured on the pre-operative
Grashey and axial radiographs, respectively. Similar
methods were followed to measure the α and β angles on
CT images at approximately the mid-glenoid level.
Glenoid morphology was assessed on both radiographs
and representative CT images and classified as per Walch
et al.28,29 (1998 and 1999) and Bercik et al.30 (2016) into
A1, A2, B1, B2, B3, and D types. All classifications were

made by two shoulder and elbow fellowship trained ortho-
pedic surgeons (authors GU and AA). Any discrepancies
were discussed between the two surgeons to reach
consensus.

Statistical analysis
For each rotator cuff muscle, a paired t-test was performed to
compare the cross-sectional areameasurements betweenMRI
and CT scans to characterize the accuracy of CT scans for
measures of muscle size. Pearson correlation coefficients
were calculated to evaluate the agreement of the measure-
ments from MRI and CT scans. Any value greater than 0.90
was considered a very high correlation.31 Separate regression
analyses were performed to characterize the association of
glenoid version and inclination with rotator cuff muscle
MA (i.e., total cross-sectional area, fat-free muscle area, and
the ratio of infraspinatus and teres minor muscle areas to sub-
scapularis muscle area) and FI. Additional two-sample t-tests
were performed to determine the differences in MA and FI
across: 1) A glenoids versus B glenoids; and 2) A glenoids
versus non-A glenoids. Data for individual Walch glenoid
types (A1, A2, B1, B2, and B3) was assessed for normality
using the Shapiro–Wilk test. As the majority of the data
was non-parametric, differences in MA and FI across indi-
vidual Walch glenoid types (A1, A2, B1, B2, and B3)
were separately evaluated using a Kruskal–Wallis test for
each MA and FI variable. Multiple pairwise comparisons
were performed using Dunn’s procedure. Groups were
also evaluated for differences in sex, age, and body mass
index (BMI) to determine if further analyses were needed
to account for these differences. Specifically, chi-squared

Figure 1. (a) The scapula from MRI and CTwas segmented on 2-dimensional (2D) slices. (b) Three-dimensional (3D) images of the

scapula were obtained from the 2D segmentations. (c) The 3D image of the scapula obtained from the CT segmentation was then

re-oriented to superimpose it with the 3D image obtained from the MRI segmentation.
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tests were performed to detect any differences in sex
distribution among glenoid groups (A versus B, A versus
non-A, and individual Walch glenoid types). Two-sample
t-tests were performed to detect any differences in age and
BMI between: 1)A glenoids versus B glenoids, and 2)A gle-
noids versus non-A glenoids. ANOVA was used to detect
differences in age and BMI among individual Walch
glenoid types. Analyses were performed using XLSTAT
in Microsoft Excel (Microsoft Corp., Redman, WA), with
significance set at p< 0.05.

Results

Patient population
A total of 66 patients were evaluated. One patient was
excluded from the study because their CT scan was of insuf-
ficient quality from which to obtain quantitative measure-
ments. An additional four patients were excluded from
any analysis because three did not include the entire cross-
section of the infraspinatus and teres minor muscles, and
one patient had a lipoma that compressed these muscles.
One more patient was excluded from any analysis as their
CT scan did not include the entire cross-section of the
muscle. After these exclusions, 61 patients (61 shoulders)
were evaluated. There was only one D glenoid, so it was
not included in the Kruskal–Wallis analysis.

Among the 61 patients, 37 of them were female (60%).
The cohort age was 64.2± 10.3 years, and BMI was 32.4±
5.9 kg/m2. There were no differences in sex, age, and BMI
across Walch glenoid types (Table 1).

Validation of CT scans for measures of muscle size
There were ten patients within the cohort with both pre-
operative CT and MRI scans. No differences were detected
in mean cross-sectional area measurements between CT and

MRI scans, with very high correlations observed between
the measurements from the two scans (p= 0.797, R=
0.998 for supraspinatus; p= 0.386, R= 0.944 for infraspi-
natus and teres minor; and p= 0.639, R= 0.993 for subsca-
pularis; Table 2). The mean total muscle area, fat-free
muscle area, and percent FI for each rotator cuff muscle,
as well as the mean inclination and version measures
from the entire study cohort are listed in Table 3.

Muscle atrophy
The total muscle area and fat-free muscle area were not
associated with glenoid inclination or version (Table 4).
The ratio of infraspinatus and teres minor muscles to sub-
scapularis muscle was not associated with glenoid inclin-
ation or version, for both the total muscle area and
fat-free muscle area (Table 4). Compared to Walch type
A glenoids, Walch type B glenoids (p= 0.030) and non-A
glenoids (p= 0.041) had larger infraspinatus and teres
minor total muscle area (Table 5). Individual Walch
glenoid type analyses demonstrated that Walch type B2 gle-
noids had larger infraspinatus and teres minor total muscle
area relative to A2 glenoids (p= 0.012, Figure 3(b)). There
were no differences in fat-free muscle area of individual
rotator cuff muscles between Walch type A versus B gle-
noids, or between Walch type A versus non-A glenoids
(Table 5). Similarly, no differences in fat-free muscle
areas were observed across individual Walch glenoid
types (Figure 3(d) to (f)). No differences in the ratio of
infraspinatus and teres minor to subscapularis were
observed between Walch type A versus B glenoids or
between Walch type A versus non-A glenoids, for both
the total muscle area and fat-free muscle area (Table 5).
However, individual Walch glenoid type analyses demon-
strated that Walch type B2 glenoids had larger ratios of
infraspinatus and teres minor total muscle area to subscapu-
laris total muscle area relative to A1 glenoids (p= 0.026)

Figure 2. Rotator cuff muscles were segmented, and the FI and fat-free muscle within the segmented muscle boundary were identified

according to their Hounsfield unit ranges.
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and A2 glenoids (p= 0.038, Figure 3(g)). There were no
differences in the ratio of infraspinatus and teres minor
fat-free muscle area to subscapularis fat-free muscle area
among Walch glenoid types (Table 5; Figure 3(h)).

Fatty infiltration
FI was not associated with glenoid inclination or version
(Table 4). No differences in supraspinatus FI were observed

between Walch type A and non-A glenoids or between
Walch type A and B glenoids (Table 5). Based on the mul-
tiple pairwise comparisons, Walch type B3 glenoids had
greater supraspinatus FI relative to A2 glenoids (p=
0.032, Figure 4(a)). There were no differences in infraspina-
tus and teres minor FI between Walch type A versus B gle-
noids or between Walch type A versus non-A glenoids
(Table 5). Walch type B3 glenoids had greater infraspinatus
and teres minor FI compared to A1 glenoids (p= 0.039),

Table 1. Differences in sex, age, and BMI across Walch glenoid types based on chi-squared tests (for sex), two-sample t-tests (for age

and BMI; between A versus B and A versus non-A), and ANOVA (for age and BMI; across individual Walch glenoid types).

Glenoid types (n= 61)

Sex, n (percent)

Age, mean (SD), years BMI, mean (SD), kg/m2Female Male

A (n= 20) 13 (65.0) 7 (35.0) 63.4 (9.2) 32.6 (5.4)

B (n= 40) 23 (57.5) 17 (42.5) 64.3 (10.9) 32.0 (6.0)

non-A (B+D, n= 41) 24 (58.5) 17 (41.5) 64.6 (10.9) 32.2 (6.1)

p-value (A vs B) 0.58 0.72 0.69

p-value (A vs non-A) 0.63 0.64 0.80

Glenoid subtypes

A1 (n= 11) 7 (63.6) 4 (36.4) 63.3 (10.1) 33.3 (6.4)

A2 (n= 9) 6 (66.7) 3 (33.3) 63.4 (8.6) 31.8 (4.1)

B1 (n= 10) 6 (60.0) 4 (40.0) 66.7 (12.6) 31.4 (6.9)

B2 (n= 17) 9 (52.9) 8 (47.1) 62.8 (7.1) 32.5 (4.9)

B3 (n= 13) 8 (61.5) 5 (38.5) 64.4 (13.9) 31.8 (7.0)

p-value 0.96 0.91 0.9

D (n= 1) 1 0 77 41.4

SD, standard deviation.

*Statistically significant at p<0.05.

Table 2. Comparison of muscle area measurements from MRI and CT scans.

Total muscle area, mean (SD),

cm2

MRI CT t-test, p-value Pearson correlation coefficient, R

Supraspinatus (n= 10) 4.71 (1.26) 4.70 (1.26) 0.797 0.998**

Infraspinatus and teres minor (n= 10) 11.92 (2.68) 11.65 (2.83) 0.386 0.944**

Subscapularis (n= 10) 12.54 (3.44) 12.47 (3.55) 0.639 0.993**

SD: standard deviation.

*Statistically significant at p<0.05.
**Very high correlation.
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A2 glenoids (p= 0.028), and B1 glenoids (p= 0.038,
Figure 4(b)). No differences in subscapularis FI were
detected between Walch type A versus B glenoids, or
between Walch type A versus non-A glenoids (Table 5).
Walch type B3 glenoids had larger subscapularis FI relative
to A2 glenoids (p= 0.032, Figure 4(c)).

Discussion
The role of rotator cuff muscle atrophy and fatty infiltration
as it relates to glenoid morphology in primary glenohumeral
osteoarthritis is not fully understood. Thus, the main
purpose of this study was to explore the associations of
rotator cuff muscle FI and MA and the classification of
glenoid morphology. Our study revealed that B3 glenoids
had greater FI of all rotator cuff muscles, and B2 glenoids
had larger relative size of infraspinatus and teres minor

muscles compared to the subscapularis. Although this
study cannot comment on the causal role of FI and MA
in glenoid wear, our findings support an association
between FI, MA, and glenoid morphology. In addition,
this study showed that muscle size measurements from
CT have very high correlation with MRI.

Contrary to Arenas-Miquelez16 (2021) and Moverman
et al.13 (2022), but in agreement with Donohue et al.12

(2018), we found that Walch type B3 glenoids had higher
percent FI across all rotator cuff muscles. This finding
could suggest that the weakening of the rotator cuff
muscles could change the force distribution across the gle-
nohumeral joint, leading to the eccentric glenoid wear seen
in Walch type B3 glenoids. However, it is also possible that
eccentric glenoid wearing and development of FI are two
parallel, but separate, processes that occur as glenohumeral
osteoarthritis progresses.

These results have potential clinical implications for a
surgeon when making surgical treatment decisions for
patients with B3 glenoids. There are typically two treatment

Table 3. Mean total muscle area, fat-free muscle area, and

percent fatty infiltration for each rotator cuff muscle, and mean

glenoid inclination and version.

Measures of muscle morphology Mean (SD)

Supraspinatus (n= 61)

Total muscle area (cm2) 5.35 (1.30)

Fat-free muscle area (cm2) 2.46 (1.06)

Fatty infiltration (percent) 35.9 (11.5)

Infraspinatus and teres minor (n= 61)

Total muscle area (cm2) 15.60 (4.12)

Fat-free muscle area (cm2) 7.38 (3.44)

Fatty infiltration (percent) 33.7 (12.2)

Subscapularis (n= 61)

Total muscle area (cm2) 17.68 (4.59)

Fat-free muscle area (cm2) 8.77 (4.28)

Fatty infiltration (percent) 31.7 (13.1)

Infraspinatus and teres minor to subscapularis

ratio (n= 61)

Total muscle area ratio 0.90 (0.16)

Fat-free muscle area ratio 0.87 (0.18)

Measures of glenoid morphology Mean (SD)

Inclination (degrees, n= 61) 79.9 (15.8)

Version (degrees, n= 61) 11.5 (9.2)

SD: standard deviation.

All measurements were performed from CT scans.

Table 4. Correlations between rotator cuff muscle atrophy, fatty

infiltration, and glenoid inclination and version.

Inclination Version

Supraspinatus (n= 61) R p-value R p-value

Total muscle area (cm2) 0.179 0.168 0.229 0.075

Fat-free muscle area (cm2) 0.205 0.114 0.053 0.687

Fatty infiltration (percent) 0.113 0.385 0.121 0.352

Infraspinatus and teres

minor (n= 61)

Total muscle area (cm2) 0.054 0.682 0.079 0.543

Fat-free muscle area (cm2) 0.095 0.466 0.036 0.784

Fatty infiltration (percent) 0.072 0.582 0.102 0.433

Subscapularis (n= 61)

Total muscle area (cm2) 0.029 0.0825 0.039 0.768

Fat-free muscle area (cm2) 0.159 0.222 0.013 0.919

Fatty infiltration (percent) 0.157 0.228 0.047 0.718

Infraspinatus and teres

minor to subscapularis

ratio (n= 61)

Total muscle area ratio 0.148 0.254 0.164 0.206

Fat-free muscle area ratio 0.046 0.724 0.027 0.837

R: Pearson correlation coefficient.

*Statistically significant at p<0.05.
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options for patients with B3 gleniods; (1) Anatomic total
shoulder arthroplasty with or without an augmented
glenoid to accommodate the bone deformity or (2)

Reverse total shoulder arthroplasty. Based on these
results, further consideration for a reverse total shoulder
arthroplasty may be considered in the setting of a B3

Figure 3. Multiple pairwise comparisons for the differences in rotator cuff muscle atrophy across Walch glenoid subtypes. Only

statistically significant p-values are included.

Figure 4. Multiple pairwise comparisons for the differences in rotator cuff FI across Walch glenoid subtypes. Only statistically

significant p-values are included. FI: fatty infiltration.
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glenoid since this implant does not rely as heavily on the
integrity of the rotator cuff. The weaker rotator cuff
muscles due to increased FI in B3 glenoids could poten-
tially lead to poorer long-term results using an anatomic
reconstruction. However, the authors advise caution, as
further investigation is warranted to determine the differ-
ences in outcomes of these treatment options for patients
with B3 glenoids, if any exists.

Consistent with previous work,12,13 our study did not
find any associations between rotator cuff muscle FI and
glenoid inclination. Donohue et al.12 (2018) and
Moverman et al.13 (2022) both reported a link between
higher-grade infraspinatus and teres minor muscle FI and
greater glenoid version. We did not find a correlation
between glenoid version and percent FI for any of the
rotator cuff muscles. It is possible that the small sample
size (n= 61 in our study versus n= 190 and n= 127 in
prior studies12,13) prevented detection of a significant cor-
relation, which was seen in prior studies. Furthermore,
Donohue et al.12 (2018) and Moverman et al.13 (2022)
assessed FI using the semi-quantitative Goutallier classifi-
cation system, which is prone to high inter- and
intra-observer variability.17–19 Thus, in the current study,
we quantitatively determined FI based on the characteristic
HU ranges for fat and muscle.

To our knowledge, this is the first study to quantify
fat-free muscle to investigate its association with glenoid
morphology, which provides a more direct assessment of
the contribution of muscle fibers. While prior studies
focused on the total muscle area,13–15 less attention has
been given to fat-free muscle area, which is the force-
generating component of the total area and impacts the
force balance at the joint. Contrary to our hypothesis, we
did not find an association between the fat-free muscle
area and glenoid deformity. It appears that the total
muscle size and FI are the potentially contributing factors
in the development of glenoid deformity rather than the
fat-free muscle area.

Walch type B glenoids had larger total infraspinatus and
teres minor muscle area relative to type A glenoids.
However, we did not find any differences in the relative
size of infraspinatus and teres minor compared to subscapu-
laris between Walch type A glenoids versus B glenoids.
Our findings are in agreement with the study by
Moverman et al.13 (2022), which reported larger infraspina-
tus and teres minor muscle size in Walch type B glenoids
relative to type A glenoids, with no differences in the rela-
tive size of infraspinatus and teres minor muscles compared
to the subscapularis between these two groups. In contrast,
Chalmers et al.15 (2020) reported increased infraspinatus
and teres minor muscle volume compared to the subscapu-
laris muscle volume in Walch type B glenoids. They
hypothesized that the asymmetric atrophy of subscapularis
relative to infraspinatus and teres minor results in a net force
directed posteriorly across the joint, contributing to the

development of the eccentric glenoid wear seen in Walch
type B glenoids. Recently, O’Neill et al.32 (2021) demon-
strated that Walch type B glenoids with greater retroversion
had larger posterior deltoid area, suggesting a similar force
imbalance. Considering our results in the setting of the find-
ings of O’Neill et al.32 (2021), it is likely that there are other
factors in addition to the infraspinatus and teres minor and
subscapularis muscles, such as the deltoid muscle, that
could contribute to any force imbalance across the gleno-
humeral joint and development of eccentric glenoid wear.
The contributions from other muscles may explain why
we did not find any differences in the ratio of infraspinatus
and teres minor to subscapularis muscle size between
Walch type A and type B glenoids in the current study,
without discounting the hypothesis that the force imbalance
plays a role in the development of eccentric glenoid wear.
Further studies are needed to identify which muscles and
other soft tissues may contribute to this force imbalance.
Although we did not find any differences in the relative
size of infraspinatus and teres minor compared to subscapu-
laris between Walch type A and type B glenoids, when
comparing each subtype against each other, type B2 gle-
noids had larger relative infraspinatus and teres minor
areas compared to the subscapularis area than types A1
and A2 glenoids. This is consistent with the findings of
Aleem et al.14 and supports the potential role of the force
imbalance between posterior and anterior rotator cuff
muscles in the development of glenoid deformity.

The strengths of our study included the quantification of
fat-free muscle to further understand the association of MA
and consequent force imbalance with eccentric glenoid
wear. We also quantified FI using predefined HU of fat
instead of the semi-quantitative Goutallier classification
used in previous studies, which is a method known to be
limited by its high inter- and intra-observer variability.17–
19 However, there were several limitations to our study.
First, due to cost and availability, CT scans were only
acquired for patients with complex glenoid morphology,
limiting our sample size to 66 shoulders. Furthermore,
our sample did not include enough Walch type C (n= 0)
and D (n= 1) glenoids to be able to include these presenta-
tions in our statistical analyses. Future work should
examine how the associations observed here extend to
Walch type C and D glenoids. Only ten patients had both
pre-operative CT and MRI scans; thus, we had a small
sample size to characterize the correlation for muscle size
between CT and MRI scans. Moreover, we measured MA
and FI at a single slice from CT scans, and although this
method is consistent with previous literature, 3D volume
analyses may be needed to further confirm our results.
This study was limited to TSA candidates with primary gle-
nohumeral osteoarthritis. Further studies are needed in
healthy patients and patients with less advanced arthritic
joints for comparison to a control group. Also, this was a
retrospective study with measurements taken at a single,
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pre-operative time point; thus, it was not possible to estab-
lish a causal role of rotator cuff MA and FI in the progres-
sion of glenoid wear. However, we uncovered associations
between the muscle and glenoid morphology. Future
studies should perform a temporal analysis of shoulder
images to determine any causal relationships. More work
is also needed to study whether muscle strengthening
rehabilitation exercises can prevent the progression of arth-
ritic glenoid wear or improve TSA outcomes by offsetting
the imbalance of forces at the glenohumeral joint.

Conclusions
In this study, Walch type B3 glenoids had greater fatty infil-
tration of all rotator cuff muscles, and Walch type B2 gle-
noids had larger relative size of infraspinatus and teres
minor muscles compared to the subscapularis. More work
is needed to identify other muscles and soft tissues that
could contribute to the imbalance of forces at the gleno-
humeral joint that drive eccentric glenoid wear.
Additional studies are needed to determine if there is a
causal role of rotator cuff muscle atrophy and fatty infiltra-
tion in the progression of glenoid wear.
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