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Background: The etiology of the Walch type B shoulder remains unclear. We hypothesized that a scapulohumeral muscle imbalance,
due to a disturbed transverse force couple (TFC) between the anterior and posterior rotator cuff muscles, may have a role in the path-
ogenesis of the type B morphology. The purpose of this study was to determine whether there is a TFC imbalance in the Walch type B
shoulder using an imaging-based 3-dimensional (3D) volumetric and fatty infiltration assessment of segmented rotator cuff muscles.
Methods: Computed tomography images of 33 Walch type A and 60 Walch type B shoulders with the complete scapula and humerus
including the distal humeral epicondyles were evaluated. The 3D volumes of the entire subscapularis, supraspinatus, and
infraspinatus–teres minor (Infra-Tm) were manually segmented and analyzed. Additionally, anthropometric parameters including gle-
noid version, glenoid inclination, posterior humeral head subluxation, and humeral torsion were measured. The 3D muscle analysis was
then compared with the anthropometric parameters using the Wilcoxon rank sum and Kruskal-Wallis tests.
Results: There were no significant differences (P > .200) in muscle volume ratios between the Infra-Tm and the subscapularis in Walch
type A (0.93) and type B (0.96) shoulders. The fatty infiltration percentage ratio, however, was significantly greater in type B shoulders
(0.94 vs. 0.75, P < .001). The Infra-Tm to subscapularis fatty infiltration percentage ratio was significantly larger in patients with >75%
humeral head subluxation than in those with 60%-75% head subluxation (0.97 vs. 0.74, P < .001) and significantly larger in patients with
>25� of retroversion than in those with <15� of retroversion (1.10 vs. 0.75, P¼ .004). The supraspinatus fatty infiltration percentage was
significantly lower in Walch type B shoulders than type A shoulders (P¼ .004). Walch type A shoulders had mean humeral retrotorsion of
22� � 10� whereas Walch type B shoulders had humeral retrotorsion of only 14� � 9� relative to the epicondylar axis (P < .001).
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Conclusion: The TFC is in balance in the Walch type B shoulder in terms of 3D volumetric rotator cuff muscle analysis; however, the
posterior rotator cuff does demonstrate increased fatty infiltration. Posterior humeral head subluxation and glenoid retroversion, which
are pathognomonic of the Walch type B shoulder, may lead to a disturbance in the length-tension relationship of the posterior rotator
cuff, causing fatty infiltration.
Level of evidence: Anatomy Study; Imaging
� 2021 Journal of Shoulder and Elbow Surgery Board of Trustees. All rights reserved.
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In his 1974 and 1988 seminal publications, Professor
Neer stated that there is frequent posterior erosion of the
glenoid and posterior subluxation of the humeral head in
primary glenohumeral joint osteoarthritis.23,24 Friedman
et al,10 then Mullaji et al,22 reported excessive retroversion
of the glenoid in these patients. In their landmark publi-
cation, Walch et al29 defined the type B glenoid. The Walch
classification was further modified using 3-dimensional
(3D) imaging in 2016.2 The Walch type B shoulder has
glenoid retroversion, posterior humeral head subluxation,
and posteroinferior glenoid erosion.2,6,7,29 A recent study
has shown that the Walch type B humerus has significantly
less retrotorsion than non-osteoarthritic shoulders.27

Although our understanding of the bone deformity and its
evolution in type B shoulders has improved, its etiology
remains unclear.6,7

In 2014, Piepers et al26 found no significant differences
in the muscle volumes between the anterior (sub-
scapularis) and posterior (infraspinatus and teres minor)
rotator cuff muscles in nonpathologic shoulders. This
finding suggests that the muscle volumes are in balance,
and as a consequence, owing to the correlation between
muscle strength and muscle volume, the transverse force
couple (TFC) of nonpathologic shoulders is in balance.
There are 2 recent studies investigating the state of the
TFC in primary glenohumeral osteoarthritis that have used
2-dimensional (2D) cross-sectional representative
computed tomography (CT) slices.1,9 To date, there is
limited literature on the complete volumetric assessment
of the TFC in osteoarthritic shoulders. As such, the pri-
mary aim of this investigation was to determine whether
there is a TFC imbalance in the Walch type B shoulder
using an imaging-based, manually segmented, 3D volu-
metric assessment and fatty infiltration assessment of the
rotator cuff muscles. The secondary aim was to study the
relationship between the anthropometric glenohumeral
parameters and 3D volumetric and fatty infiltration
assessment of the rotator cuff muscles. We hypothesized
that a scapulohumeral muscle imbalance, owing to a
disturbed TFC between the anterior and posterior rotator
cuff muscles, may have an association with the Walch type
B morphology.
Materials and methods

Study groups

Digital Imaging and Communications in Medicine (DICOM) data
were extracted from CT scans of Walch type A shoulders (n ¼ 33;
19 left and 14 right shoulders) and Walch type B shoulders (n ¼
60; 31 left and 29 right shoulders). In the Walch type A group,
there were 20 women and 13 men with an average age of 70 years
(range, 50-87 years). In the Walch type B group, there were 24
women and 36 men with an average age of 71 years (range, 39-95
years). In all patients, glenohumeral joint osteoarthritis was clin-
ically and radiographically diagnosed and CT scanning was per-
formed for preoperative planning. Patients with rotator cuff tears,
previous fractures, hardware, or tumors were excluded.

Glenoid parameters and Walch classification

Glenoid parameters including glenoid version, glenoid inclination,
and posterior humeral head subluxation were analyzed using
Blueprint 3D Preoperative Planning Software (Wright Medical,
Memphis, TN, USA). Additionally, the 2D critical shoulder angle
was measured from the preoperative radiographs of each type A
and B shoulder as described by Moor et al.21 Three experienced
shoulder surgeons (G.S.A., D.J.B., and S.R.) classified each
shoulder as type A or B and further into subtype groups (A1, A2,
B1, B2, and B3) according to the Walch classification.2

Bone and muscle segmentation

By use of Mimics medical imaging software (version 22.0;
Materialise, Leuven, Belgium), the whole scapula and humerus
including the distal humeral epicondyles of all osteoarthritic
shoulders in both groups were segmented from the Digital Im-
aging and Communications in Medicine (DICOM) data using a
predefined bone thresholding mode (range, 226-2165 Hounsfield
units).3,4

The 3D volumes of the entire subscapularis, supraspinatus, and
infraspinatus–teres minor (Infra-Tm) were then manually
segmented per Piepers et al26 with the following modifications:
The muscle volume masks were calculated from contours of not
only the transverse but also the sagittal and coronal slices of the
CT scan data to build a complete 3D volumetric mask of each of
the rotator cuff musculotendinous units.5 The first volume mask



Figure 1 Reconstructions of manually segmented 3-dimensional volumetric assessment of supraspinatus (blue), infraspinatus (red), and
subscapularis (green) musculotendinous units.
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contained the subscapularis major and minor,8 the second con-
tained the Infra-Tm, and the third contained the supraspinatus
(Fig. 1). The volumes of these masks, and therefore the defined
muscle groups, were calculated using Mimics functions. The
Infra-Tm to subscapularis volume ratio was also calculated.

To analyze fatty infiltration, a new mask was created by means
of a predefined fat thresholding mode (�200 to �30 Hounsfield
units) to calculate the fat volume within each of the rotator cuff
muscle groups. The Infra-Tm to subscapularis fat volume ratio
was also calculated. The 3D manual segmentation of the rotator
cuff muscles was completed under the supervision of 2 fellowship-
trained shoulder surgeons (A.A.-M. and S.R.) and a musculo-
skeletal radiologist.

Measurement of humeral head torsion with
anatomic coordinate system

A previously published technique was used to calculate humeral
head torsion.25,27,31 An anatomic coordinate system was created to
reference the intramedullary canal and the medial and lateral
epicondyles for every humeral model. An anatomic humeral
head–neck osteotomy plane was simulated, and its normal vector
was projected down the long axis onto a plane containing the
epicondylar axis (Fig. 2).16,31 Humeral torsion was calculated as
the angle (Ɵ) between the epicondylar axis and the normal
osteotomy vector, using a custom MATLAB algorithm (The
MathWorks, Natick, MA, USA). Measurements were repeated by
2 fellowship-trained shoulder surgeons (A.A.-M. and S.R.) to
determine inter-rater reliability.

Statistical analysis

Two-way random-effects intraclass correlation coefficients were
used to assess the inter-rater reliability (agreement) of muscle
volume and humeral torsion calculation. Wilcoxon rank sum
(WRS) tests were used to compare glenoid parameters and 3D
volumetric measures between Walch type A and B shoulders.
Kruskal-Wallis (KW) 1-way analysis of variance (ANOVA) was
used to test for a difference in at least 1 pair of 3D volumetric
measures between any of the glenoid subtypes. KW 1-way
ANOVA was also used to determine whether there was a differ-
ence in 3D volumetric measures between categorical versions of
the glenoid parameters: humeral torsion, head subluxation, and
glenoid version. Head subluxation was split into 3 groups: 40% to
<60%, 60%-75%, and >75% to 100%. Humeral torsion and
retroversion were also split into 3 groups: <15�, 15�-25�, and
>25�. This was done to better identify nonlinear relationships. If
the KW P value was significant (P < .05), post hoc pair-wise WRS



Figure 2 An anatomic coordinate system referencing the medial
and lateral epicondyles was created for both the type A and type B
groups. (A) Two sets of reference points were selected within the
intramedullary canal at 20% and 40% of the humeral length, and
their centers defined the long axis. A simulated humeral head
osteotomy plane at the anatomic head-neck junction was created,
and its normal vector was projected down the long axis onto a
plane containing the epicondylar axis. Humeral torsion was
defined as the angle (Ɵ) between the epicondylar axis and the
normal osteotomy vector. (B) Axial view of normal vector of
humeral head osteotomy plane and epicondylar axis, defined by
medial and lateral epicondyles.

Table I ICCs for agreement and 95% CIs

ICC (95% CI)

Anthropometric glenohumeral parameters
Humeral torsion 0.93 (0.92-0.97)

Segmented 3D muscle volumes
Supraspinatus 0.96 (0.90-0.98)
Subscapularis 0.94 (0.86-0.98)
Infraspinatus–teres minor 0.98 (0.95-0.99)

ICC, intraclass correlation coefficient; CI, confidence interval; 3D, 3-

dimensional.
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tests with P values adjusted for multiple comparisons using the
Holm method were used to find which pairs of tests differed
significantly.

Nonparametric methods were used because of the high likeli-
hood that glenoid parameters and volumetric measures would not
have been normally distributed. A significance level of 5% was
used throughout. R statistical software (version 3.6.2; R Founda-
tion for Statistical Computing, Vienna, Austria) was used for all
analyses.
Results

Inter-rater reliability

For all parameters examined, excellent agreement was
observed between the 2 fellowship-trained shoulder sur-
geons (Table I).

Anthropometric parameters

Walch type B shoulders had greater glenoid retroversion
than Walch type A shoulders (22.0� � 7.5� vs. 10.7� �
4.8�, P < .001) and a greater humeral head subluxation
percentage (80% � 9% vs. 65% � 12%, P < .001).
Furthermore, Walch type B shoulders had significantly less
humeral retrotorsion (14.5� � 9.1�) than Walch type A
shoulders (22.0� � 9.5�) relative to the epicondylar axis
(P < .001) (Fig. 3). There was no evidence of a difference
in humeral torsion between male and female patients for
either Walch type A (P ¼ .518) or Walch type B (P ¼ .395)
shoulders or among female patients between Walch type A
and B shoulders (P ¼ .100). Among male patients, Walch
type B shoulders had significantly less humeral retrotorsion
(13.7� � 9.0�) than Walch type A shoulders (23.4� � 8.7�,
P ¼ .005).

Three-dimensional volumetric assessment of rota-
tor cuff muscles

The results of the 3D volumetric assessment of the
manually segmented rotator cuff muscles and associated
fatty infiltration percentages are shown in Tables II and
III, respectively. The median segmented 3D volume of the
entire Infra-Tm was significantly larger in Walch type B
shoulders than in type A shoulders (P ¼ .026, Table II).
There were no statistically significant differences in sub-
scapularis median segmented 3D volumes or fatty infil-
tration percentage between Walch type A and type B
shoulders (P > .08, Table II) or among the various glenoid
subtypes (P > .16, Table III). The mean Infra-Tm
segmented 3D volume as a ratio of the subscapularis
segmented 3D volume was 0.93 in type A and 0.96 in type
B shoulders; this ratio was not significantly different be-
tween types (P ¼ .200, Table II) or glenoid subtypes
(P ¼ .202, Table III). However, the Infra-Tm to sub-
scapularis ratio for the fatty infiltration percentage was
significantly larger in type B shoulders than type A
shoulders (0.94 vs. 0.75, P ¼ .001) and, similarly, for
glenoid subtypes (0.82 for A1, 0.76 for A2, 1.31 for B2,
and 0.97 for B3; P ¼ .005, KW), with B2 and B3
significantly larger than A1 (P ¼ .012 and P ¼ .021,
respectively, from WRS tests).

There were no statistically significant differences in
median segmented 3D supraspinatus volumes between
Walch type A and type B shoulders (P ¼ .192) or among
the various glenoid subtypes (P ¼ .239). However, the



Figure 3 Mean humeral torsion for Walch type A and B shoulders across all patients and by sex with error bars representing �1 standard
deviation. Walch type A shoulders had significantly greater retrotorsion than type B shoulders across all patients ()P ¼ .001) and for male
patients ())P ¼ .005).

Table II Median rotator cuff muscle volume and fatty infiltration percentage

Rotator cuff muscle Median volume (IQR), cm3 Median fatty infiltration % (IQR)

Walch type A Walch type B P value Walch type A Walch type B P value

Supraspinatus 34.9 (23.2) 39.0 (24.5) .192 8.1 (5.9) 4.5 (5.4) .004*

SSC 126.4 (72.5) 145.3 (67.9) .089 8.5 (4.9) 7.4 (4.2) .273
Infra-Tm 110.0 (59.4) 134.7 (71.9) .026* 6.6 (4.2) 6.6 (3.5) .923
Infra-Tm/SSC ratio 0.93 (0.14) 0.96 (0.20) .200 0.75 (0.23) 0.94 (0.40) .001*

IQR, interquartile range; SSC, subscapularis; Infra-Tm, infraspinatus–teres minor.

P values were calculated with the Wilcoxon rank sum test.
* Statistically significant (P < .05).

Table III Difference between glenoid subtypes in median rotator cuff muscle volume and fatty infiltration percentage with IQR

Rotator cuff
muscle

Median volume (IQR), cm3 Median fatty infiltration % (IQR)

Glenoid
subtype A1
(n ¼ 26)

Glenoid
subtype A2
(n ¼ 7)

Glenoid
subtype B2
(n ¼ 42)

Glenoid
subtype B3
(n ¼ 18)

P
value

Glenoid
subtype A1
(n ¼ 26)

Glenoid
subtype A2
(n ¼ 7)

Glenoid
subtype B2
(n ¼ 42)

Glenoid
subtype B3
(n ¼ 18)

P
value

Supraspinatus 36.5 (20.9) 24.5 (6.5) 41.5 (25.8) 37.7 (17.5) .239 6.4 (5.3) 13.1 (5.7) 4.3 (2.9) 6.8 (7.5) .001*

SSC 134.2 (73.2) 85.8 (13.6) 149.3 (83.3) 144.3 (48.8) .162 8.1 (5.4) 10.1 (4.2) 7.4 (4.1) 7.4 (4.2) .223
Infra-Tm 118.0 (56.0) 80.8 (28.0) 138.3 (81.0) 124.7 (45.2) .105 6.1 (3.7) 7.8 (3.9) 6.1 (3.2) 7.3 (2.7) .120
Infra-Tm/SSC

ratio
0.93 (0.12) 0.99 (0.14) 0.98 (0.20) 0.93 (0.17) .202 0.82 (0.57) 0.76 (0.29) 1.31 (1.14) 0.97 (0.39) .005*

IQR, interquartile range; Infra-Tm, infraspinatus–teres minor; SSC, subscapularis.

P values were calculated by Kruskal-Wallis 1-way analysis of variance.
* Statistically significant (P < .05).
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Table IV Median (IQR) rotator cuff muscle volume and fatty infiltration percentage

Rotator cuff muscle Median volume (IQR), cm3 P value for median
volume

Fatty infiltration % (IQR) P value for fatty infiltration
%

Head subluxation
Supraspinatus 40% to <60%: 31.0 (18.3)

60%-75%: 42.7 (15.3)
>75% to 100%: 36.1 (23.2)

.140 40% to <60%: 8.4 (6.2)
60%-75%: 4.1 (3.9)
>75% to 100%: 5.5 (7.0)

.007*

Subscapularis 40% to <60%: 101.9 (43.4)
60%-75%: 153.9 (40.0)
>75% to 100%: 121.6
(83.7)

.060 40% to <60%: 10.1 (3.9)
60%-75%: 7.3 (3.9)
>75% to 100%: 7.6 (3.9)

.214

Infra-Tm 40% to <60%: 92.7 (28.7)
60%-75%: 144.4 (52.1)
>75% to 100%: 118.2
(71.8)

.011* 40% to <60%: 6.9 (3.4)
60%-75%: 5.7 (3.0)
>75% to 100%: 6.9 (3.0)

.072

Infra-Tm/SSC
ratio

40% to <60%: 0.91 (0.13)
60%-75%: 0.95 (0.12)
>75% to 100%: 0.98 (0.20)

.151 40% to <60%: 0.79 (0.39)
60%-75%: 0.74 (0.14)
>75% to 100%: 0.97
(0.42)

<.001*

Humeral torsion
Supraspinatus <15�: 38.8 (23.9)

15�-25�: 41.07 (28.3)
>25�: 29.1 (23.2)

.063 <15�: 4.4 (3.4)
15�-25�: 6.0 (7.8)
>25�: 6.3 (8.2)

.186

Subscapularis <15�: 143.3 (69.5)
15�-25�: 136 (72.5)
>25�: 116.3 (78.6)

.414 <15�: 6.6 (4.0)
15�-25�: 7.2 (5.7)
>25�: 8.5 (4.6)

.258

Infra-Tm <15�: 123.6 (61.7)
15�-25�: 133.2 (83.4)
>25�: 100.8 (61.0)

.199 <15�: 6.4 (3.4)
15�-25�: 6.8 (4.2)
>25�: 6.5 (3.0)

.861

Infra-Tm/SSC
ratio

<15�: 0.93 (0.22)
15�-25�: 0.96 (0.15)
>25�: 0.91 (0.13)

.512 <15�: 0.94 (0.40)
15�-25�: 0.82 (0.34)
>25�: 0.86 (0.24)

.172

Glenoid retroversion
Supraspinatus <15�: 36.5 (20.8)

15�-25�: 41.2 (24.5)
>25�: 33.5 (21.9)

.168 <15�: 6.5 (6.6)
15�-25�: 3.9 (3.4)
>25�: 5.5 (6.4)

.009*

Subscapularis <15�: 122.9 (67.1)
15�-25�: 153.8 (66.8)
>25�: 128.6 (65.2)

.140 <15�: 8.1 (4.6)
15�-25�: 6.6 (4.1)
>25�: 8.1 (3.5)

.405

Infra-Tm <15�: 114.6 (65.1)
15�-25�: 140.1 (71.4)
>25�: 117.6 (55.9)

.163 <15�: 6.4 (3.9)
15�-25�: 5.8 (3.2)
>25�: 7.7 (2.4)

.323

Infra-Tm/SSC
ratio

<15�: 0.95 (0.13)
15�-25�: 0.94 (0.23)
>25�: 0.95 (0.21)

.986 <15�: 0.75 (0.24)
15�-25�: 0.90 (0.50)
>25�: 1.1 (0.37)

.004*

Infra-Tm, infraspinatus–teres minor; SSC, subscapularis.

P values were calculated by Kruskal-Wallis 1-way analysis of variance.
* Statistically significant (P < .05).

6 A. Arenas-Miquelez et al.
supraspinatus fatty infiltration percentage was significantly
lower in Walch type B shoulders than in type A shoulders
(P ¼ .004). On comparison of glenoid subtypes (Table III),
KW 1-way ANOVA indicated that the supraspinatus fatty
infiltration percentage differed significantly between at
least 1 pair of glenoid subtypes (P ¼ .001). Pair-wise WRS
tests showed that subtype A2 had significantly greater
supraspinatus fatty infiltration than subtype B2 (13% vs.
4%, P ¼ .003). Furthermore, the A2 subtype had greater
supraspinatus fatty infiltration than subtype A1 glenoids,
but it did not quite reach statistical significance (13.1% vs.
6.4%, P ¼ .052).
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Correlation between 3D volumetric assessment of
rotator cuff muscles and anthropometric
parameters

The degree of humeral head subluxation, humeral head
torsion, and glenoid retroversion had no effect on muscle
volumes with one exception (Table IV): The Infra-Tm
volume differed between at least 1 pair of humeral head
subluxation groups (P ¼ .011, KW). Specifically, patients
with subluxations of 60%-75% had 51.7 cm3 more Infra-
Tm volume than patients in the lower subluxation range
of 40% to <60% (144.4 cm3 vs. 92.7 cm3; P ¼ .007, WRS).
The remaining pairs of subluxation groups were not
significantly different (P ¼ .136, WRS).

Fatty infiltration of the supraspinatus differed between at
least 1 pair of humeral head subluxation degree groups
(P ¼ .007, KW) and glenoid retroversion groups (P ¼ .009,
KW) (Figs. 4 and 5, Table IV). Patients with 40% to <60%
subluxation and those with �75% subluxation had signifi-
cantly more supraspinatus fatty infiltration than those with
head subluxation between 60% and 75% (8.4% vs. 4.1%
[P ¼ .009, WRS] and 5.5% vs. 4.1% [P ¼ .025, WRS],
respectively). Similarly, patients with <15� of glenoid
retroversion had significantly greater supraspinatus fatty
infiltration than those with glenoid retroversion between
15� and 25� (6.5% vs. 3.9%; P ¼ .010, WRS). Furthermore,
the Infra-Tm to subscapularis fatty infiltration percentage
ratio differed significantly between head subluxation
groups (P < .001, KW) and glenoid retroversion groups
(P ¼ .004, KW). The Infra-Tm to subscapularis fatty
infiltration percentage ratio was significantly larger in pa-
tients with >75% to 100% head subluxation than in those
with 60%-75% head subluxation (0.97 vs. 0.74; P < .001,
WRS) (Fig. 4). Similarly, patients with >25� of glenoid
retroversion had a significantly greater Infra-Tm to sub-
scapularis fatty infiltration percentage ratio than those with
<15� of retroversion (1.10 vs. 0.75; P ¼ .004, WRS)
(Fig. 5, Table IV).
Discussion

We hypothesized that an imbalanced TFC between the
anterior and posterior rotator cuff muscle groups had an
association in the pathogenesis of Walch type B
morphology. The results of this clinical imaging–based
investigation indicate that there was no statistically sig-
nificant difference between Walch type A and type B
shoulders in their ratio of posterior (Infra-Tm) to anterior
(subscapularis) rotator cuff muscle volumes. As such, our
primary hypothesis was rejected. However, the results did
demonstrate a statistically significant difference in the
Infra-Tm to subscapularis fatty infiltration ratio in Walch
type B shoulders. Furthermore, the Infra-Tm to sub-
scapularis fatty infiltration ratio correlated with the
percentage of humeral head subluxation and the degree of
glenoid retroversion. Although this fatty infiltration ratio
within the Infra-Tm and subscapularis of type B shoulders
did not correlate with humeral head retrotorsion, we found
a statistically significant difference in humeral retro-
torsion between the Walch type A and Walch type B
humeri.

Walch et al28 were the first investigators to publish the
findings of static posterior subluxation of the humeral head
before the development of posterior bony erosion or oste-
oarthritis. They described it as pre-osteoarthritic posterior
subluxation of the humeral head, with humeral head sub-
luxation preceding erosion. The etiology of this posterior
humeral subluxation and the subsequent posteroinferior
glenoid wear and its evolution remains unclear. Our un-
derstanding of the pathoanatomy of bone loss and its evo-
lution in Walch type B glenoids has improved.28 Knowles
et al17 demonstrated that patients with type B2 osteoar-
thritic glenoids have significantly greater premorbid pale-
oglenoid retroversion than patients with nonarthritic normal
glenoids, suggesting that this premorbid morphologic
variation may be one contributing factor to posterior gle-
noid erosion. Recently, Raniga et al27 found that the Walch
type B humerus has significantly less retrotorsion than non-
osteoarthritic shoulders. They postulated that this may be
an etiologic factor in posteroinferior glenoid wear and
evolution or may simply be a compensatory manifestation
of the arthritic process in the setting of a posteriorly sub-
luxated humeral head. It has been theorized that the Walch
type B3 glenoid may be a progression of the type B2
biconcave deformity.30 Chan et al6,7 compared glenoid
parameters between type B2 and B3 shoulders with the
hypothesis that the type B3 glenoid would have signifi-
cantly worse retroversion, inclination, medialization, and
posterior humeral head subluxation. Their results demon-
strated no significant differences in the glenoid parameters
between type B2 and B3 shoulders.6,7 Raniga et al also
found that there was no statistically significant difference in
the humeral torsion or glenoid parameters between the type
B2 and B3 shoulders.

Although we did not find any correlation between hu-
meral torsion and any of the 3D volumetric rotator cuff
parameters, including fatty infiltration, we did find a sig-
nificant difference in humeral torsion between Walch type
A and type B humeri. The Walch type A humeri had mean
retrotorsion of 22�, whereas the Walch type B shoulders
had humeral retrotorsion of 14�. Previous studies have
found that non-osteoarthritic shoulders had approximately
36� of retrotorsion.27,31 It is interesting to note that the
Walch type A humerus does not have the same retrotorsion
as the nonarthritic humerus but has greater retrotorsion than
the type B humerus. Thus, there seems to be an association
between altered humeral torsion and glenohumeral joint
osteoarthritis, but it is not clear whether this difference in
humeral torsion is a cause or an effect of the osteoarthritic
process.



Figure 4 Box plot demonstrating infraspinatus–teres minor (Infra-Tm) to subscapularis (SSC) fatty infiltration percentage ratio in relation
to defined groups of humeral head subluxation.

Figure 5 Box plot demonstrating infraspinatus–teres minor (Infra-Tm) to subscapularis (SSC) fatty infiltration percentage ratio in relation
to defined groups of glenoid retroversion.
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Overall, we believe the etiology of the Walch type B
shoulder is multifactorial and it is likely related to a com-
bination of bone and soft-tissue factors. Piepers et al26 used
an innovative CT-based technique to study the TFC in
nonpathologic shoulders. They found no significant
differences in the 3D manually segmented muscle volumes
between the anterior and posterior rotator cuff, suggesting
that the TFC of nonpathologic shoulders is in balance.
Recently, Aleem et al1 retrospectively measured rotator cuff
muscle cross-sectional area on representative sagittal CT



Figure 6 We hypothesize that posterior humeral head sublux-
ation, with associated eccentric posterior wear and joint medial-
ization, causes the length of the posterior rotator cuff to decrease.
This results in an increased cross-sectional area in a 2-dimensional
analysis of the muscle belly, with constant volume, per the Poisson
effect. Hence, our 3-dimensional analysis of the entire volume
demonstrated no difference.
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slices of osteoarthritic shoulders. Using this 2D method to
calculate the cross-sectional area, they found that there was
a TFC imbalance in Walch type B shoulders with an
increased posterior rotator cuff muscle area compared with
the anterior rotator cuff muscle. The increased ratio of
posterior-to-anterior rotator cuff 2D cross-sectional area
was also associated with greater glenoid retroversion and
humeral head subluxation. The authors postulated that there
is a TFC muscle imbalance and the larger posterior rotator
cuff musculature could promote a greater amount of pos-
terior subluxation driving the type B evolution. We hy-
pothesize that posterior humeral head subluxation, with
associated eccentric posterior wear and joint medialization,
causes the length of the posterior rotator cuff to decrease.
This results in an increased cross-sectional area in a 2D
analysis of the muscle belly, with a constant volume per the
Poisson effect. Hence, our 3D analysis of the entire volume
demonstrated no difference (Fig. 6).

Our study investigated the TFC in Walch type A and B
shoulders using the same manually segmented 3D volu-
metric assessment as Piepers et al,26 with the addition of
supraspinatus muscle volume analysis. Although the use of
cross-sectional areas on magnetic resonance imaging has
been validated recently,15 we believe that our methodology
of quantifying the entire muscle volume allows for a more
precise and reliable assessment of the rotator cuff.
Furthermore, it allowed us to evaluate fatty infiltration as a
percentage of the entire muscle volume. We correlated
these 3D muscle volumes to the standard glenohumeral
parameters (Walch glenoid subtype, glenoid version,
inclination, and humeral head subluxation). However, we
also studied the relationship of 3D muscle volumes to hu-
meral head torsion. Contrary to Aleem et al,1 we did not
find a TFC imbalance with respect to the entire anterior and
posterior muscle volumes, as discussed earlier. However,
the Infra-Tm to subscapularis fatty infiltration ratio was
increased, and this correlated with increasing glenoid
retroversion and posterior humeral head subluxation. A
high Infra-Tm to subscapularis fatty infiltration ratio means
that the Infra-Tm has a greater percentage of fatty infil-
tration relative to the subscapularis. In contrast, a low ratio
means that the Infra-Tm has a lower percentage of fatty
infiltration relative to the subscapularis.

Fatty infiltration of the posterior rotator cuff musculature
in glenohumeral osteoarthritis has been shown previously.
Donohue et al9 assessed rotator cuff muscle fatty infiltration
by assigning the Goutallier score on the sagittal CT slice
just medial to the spinoglenoid notch for each muscle in
various osteoarthritic glenoid morphologies. They
concluded that Walch type B deformity, with increased
glenoid retroversion and increased joint-line medialization,
was associated with predominantly posterior rotator cuff
fatty infiltration. Furthermore, Walker et al30 showed that
patients with initial posterior humeral head subluxation and
subsequent development of progression of posterior glenoid
bone loss had a higher percentage of posterior cuff fatty
infiltration as a percentage of cross-sectional muscle area.

In our study, the Infra-Tm to subscapularis fatty infil-
tration ratio was most significantly influenced by increasing
humeral head subluxation and glenoid retroversion. Both of
these anthropometric features are pathognomonic of the
Walch type B shoulder. It is not clear whether the posterior
rotator cuff fatty infiltration is a cause or a consequence of
the Walch type B evolution. It has been shown that loss of
tension in the rotator cuff musculotendinous unit leads to an
increase in the pennation angle and reduction of sarcomeres
in series with subsequent fatty infiltration between the fi-
brils.11-14,18,20 The posterior humeral head subluxation,
glenoid retroversion, joint medialization, and humeral head
antetorsion in type B shoulders may lead to a disturbance in
the length-tension relationship of the posterior rotator cuff,
causing fatty infiltration. Therefore, we believe that fatty
infiltration may be a consequence of the resulting distur-
bance. Although the TFC is in balance in the Walch type B
shoulder with 3D volumetric analysis, the fatty infiltration
of the posterior rotator cuff may cause a functional
imbalance.

Furthermore, we found that there was an increased fatty
infiltration percentage of the supraspinatus in Walch type A
shoulders compared with type B shoulders. An interesting
finding was that glenoid subtype analysis showed that the
type A2 shoulders had the highest percentage of fatty
infiltration of all the glenoid subtypes, twice as much as the
type A1 shoulders. We believe that this is because of
medialization that occurs in the A2 subtype, leading to loss
of tension in the supraspinatus musculotendinous unit as
described earlier.

This study has several limitations. We did not have a
control group of non-osteoarthritic shoulders. The repre-
sentative groups in the study were not equal in number.
There were more male patients in the type B group as
opposed to the type A group, which may have had an effect
on the median segmented 3D volume. However, this would
not affect any of the anterior to posterior rotator cuff ratio



10 A. Arenas-Miquelez et al.
calculations for volume or fatty infiltration percentage.
Furthermore, we did not determine joint-line medialization
in our analysis, which has been shown to be related to
muscle fatty infiltration in previous studies.9,30 Addition-
ally, we used muscle volume as a surrogate for muscle
force, which may not completely represent the muscle
dynamics, including the line of pull and net load vector.
Further investigations to understand the influence of the
muscle line of pull and load vectors are necessary to fully
comprehend the role of the rotator cuff in the evolution of
the Walch type B shoulder.

There are several strengths in our study compared with
prior investigations. First, we calculated 3D volumes of the
entire musculotendinous unit instead of using the cross-
sectional area on a single CT scan slice. Second, we
quantified fatty infiltration in each musculotendinous unit
instead of using the Goutallier classification on a repre-
sentative sagittal slice.19 Third, we included all the relevant
anthropometric parameters, including humeral torsion, in
our analysis.
Conclusion
The Walch type B shoulder is characterized by retro-
version, bone loss, and humeral head subluxation. A
TFC imbalance has been postulated to be an etiologic
factor in posterior humeral head subluxation. Our re-
sults, assessing the 3D volumes of the anterior and
posterior rotator cuff, demonstrated no significant dif-
ferences in muscle volumes. However, the posterior ro-
tator cuff was found to have increased fatty infiltration.
On the basis of this study, posterior humeral head sub-
luxation and glenoid retroversion, which are pathogno-
monic of the Walch type B shoulder, may lead to a
disturbance in the length-tension relationship of the
posterior rotator cuff, thus causing geographic fatty
infiltration.
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