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Abstract. Pathology of the supraspinatus muscle can involve tearing,
which often leads to atrophy and/or retraction of the muscle. Retraction
can be corrected through a pull forward operation in surgery, whereas at-
rophy is generally not correctable. It is therefore important to distinguish
between retraction and atrophy. However, since both of these conditions
are characterized by a reduction in size, we put forth a pilot study exam-
ining changes in 3D shape as they relate to pathological conditions. After
segmenting the supraspinatus muscle surface from MRIs representing 57
patients, we compute several different 3D shape measures of the surfaces,
and conclude that there are statistically significant differences in shape
and size between pathology groups.

1 Introduction

The supraspinatus muscle is one of several muscles making up the rotator cuff
in the shoulder (figure 1). Disorders of the supraspinatus muscle may involve
tearing, which can lead to muscle retraction, atrophy, or both [1]. It is important
to be able to distinguish between retraction and atrophy because retraction is
a condition that is repairable by pulling the muscle forward in surgery, whereas
atrophy is not a condition correctable by surgery. Since both of these conditions
result in a reduction of the apparent size of the muscle, 3D shape analysis of the
muscle is useful in order to discover shape characterizations that may assist the
physician in distinguishing between these groups. Although shoulder arthroscopy
is considered the gold standard for the evaluation of the rotator cuff, MR has an
exceptionally high accuracy which has been accepted as a standard of reference
for several prior papers (e.g. [2-5]).

In this study, we extract the 3D surfaces of the supraspinatus muscle from
MRIs of a set of patients. Each patient’s data set is labeled according to pathol-
ogy, forming several groups of patients. For each group, we compute a set of
measurements of the 3D surfaces and report the differences observed between
the groups.

The remainder of this paper is organized as follows. In sections 2 and 3 we
discuss the specifics of the data sets used, and describe our methods for extract-
ing the 3D surface of the muscle and the computation of the shape characteristics
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Fig. 1. Diagram of shoulder anatomy indicating location of the supraspinatus. Adapted
from Grey’s Anatomy [6].

of the surfaces. In section 4 we give our results, and in section 5 we make some
concluding remarks and give some possible future avenues of research based on
this work.

2 Material

We acquired MR images of the shoulder from 57 patients at 1.5T. Patients were
consistently imaged in supine position, relaxed, and in minimal external rotation
in order to normalize for effects of pose and gravity on the shape of the muscle.
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The in-plane (sagittal) resolution of the data was 0.3-0.6 mm and the out-of-
plane resolution was 3-5 mm. The patients were selected according to diagnoses
made by examining the MRIs of the shoulder. The group of patients with torn
supraspinati is composed of patients suffering different severities of disease, un-
der the assumption that some of these patients would have visible muscle shape
changes and some would not. The retraction group comprises patients with ob-
served relevant mechanical changes to the muscle, and the atrophy group had
relevant physiological changes. The control group was composed of patients with
unstable shoulders, because they represent a more relevant cross section of the
population than would normal subjects.

3 Methods
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Fig. 2. Overall process used in this study. Beginning with a set of 1.5T MRIs of the
shoulder, we segment the supraspinatus from each 3D image in a slice-by-slice manner.
This yields a set of points that are dense in the imaging plane, but sparse out of the
imaging plane due to large intra-slice spacing (figure 3(a)). We then interpolate these
points to form a dense set of points forming a 3D surface of the supraspinatus using
the Interpolation Module of the segmentation editor in the Amira software (Mercury
Computer Systems, Inc) (figure 3(b)). Next, we divide the cases into groups according
to expert diagnosis of pathology. We then compute an aggregate (mean) of several 3D
shape measures for each group. Finally, we compute and report on differences between
the groups.
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The overall processing performed on these images is given in figure 2. Expert
manual segmentation of the supraspinatus muscle was performed on the sagittal
MR images in a slice-by-slice manner. The segmentation tool employed allowed
the expert to select control points lying on the surface of the supraspinatus on
each slice, and fit a parametric cubic spline curve to these points to guarantee
smoothness. The tool performed the spline fitting interactively so that the ex-
pert could manipulate the control points until the curve accurately followed the
contour of the muscle. It has been shown that intra- and inter-observer variation
in supraspinatus contouring is less than 5% [7].

Due to the 3-5 mm inter-slice spacing in the data, the result of this slice-by-
slice segmentation is a set of points which are dense within the imaging planes but
sparse in the out-of-plane direction (figure 3(a)). 3D interpolation was therefore
performed in order to obtain a set of points lying on the object surface that is
dense along all axes using the Interpolation Module of the segmentation editor
in the Amira software (Mercury Computer Systems, Inc), based on implicit,
level-set based shape representation, similar to work by Turk and O’Brien [8]
(figure 3(b)).

(a)

Fig. 3. Supraspinatus muscle surface extraction. (a) Contours resulting from expert
segmentation of the supraspinatus, rendered using physical space coordinates. Large
spaces between contours are due to the low out-of-plane resolution of the data. (Con-
tours appear non-parallel because of perspective projection.) (b) Result of 3D interpo-
lation of the contours in (a), yielding a dense set of points lying on the surface of the
supraspinatus, rendered as a surface.

Next, the condition of the supraspinatus of each patient was assessed by
an expert, and assigned to one of the following four groups: normal (N), full
thickness tear (T), tear and atrophy (TA), tear and atrophy and retraction
(TAR). These four groups represent those for which we wish to compute the
shape differences.

We computed 11 different 3D shape measures for each data set:
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— Ratios of eigenvalues (3 measures): We performed principal components
analysis (PCA) [9] against the points lying on the surface of each shape,
yielding three eigenvectors and corresponding eigenvalues. The eigenvalues
A1, A2, A3 represent the variance of the supraspinatus surface points in the
direction of the eigenvectors (which describe the main directions of variation)
for each supraspinatus. They give an approximation to each supraspinatus
by an ellipsoid, where Aq, A2, A3 represent the lengths of the major axes of
such an ellipsoid. Computing the three values of the ratios i‘\—;, %, and i—i
yields measures of elongation of the object. For a spherical object we expect
that A\ = Ay = A3. For a cylindrical object we expect that \;y >> Ay = Ag,
and for a disk-like object we expect that A\; &~ Ao >> A3.

— Mean and standard deviation of distances to centroid (2 measures):
Here, we compute the centroid of all of the supraspinatus surface points,
and compute the mean Euclidean distance from each surface point to this
centroid, as a measure of size. We also compute the standard deviation of
these distances as a measure of surface roughness/non-sphericity.

— 3D moment invariants (3 measures): We compute three 3D moments
that have been shown to be invariant to translation and rotation [10]. They
are computed as follows:

J1 = p200 + fo20 + foo2
Ja = 20044020 + H200/002 + 02044002 — M%lo - #%01 - N(2J11

J3 = 2000204002 + 241104101 011 — Mooz/ﬁm - Mozo/ﬁm - /L200/~L%11

where mpq, is the 3D moment and fipg, is the 3D central moment as follows:

Mpgr = 3 > > aPy?2"p(z,y, 2)
fpgr = 3 DY (=2 (y — )"z — 2)p(z,y, 2)

T = mago/Mooo

1if (x,y, ) is a surface point.
0 otherwise.

p(x,y, 2) = {
— Surface area, volume, and their ratio (3 measures): We compute the

surface area and volume of each supraspinatus in physical units, and take
the ratio of surface area to volume.
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4 Results

Table 1 gives the mean values of the measurements taken for each group. To gain
some insight into how these values differ, we computed ratios of measurements of
abnormals to normals (table 2). For example, in the first row, we take the mean
of the measurements of all abnormal groups to get a single aggregate measure for
the abnormals, and take the ratio to the normals. We can see, for example, in the
first row of table 2 that the ratio of 0.4 for measurement J3 indicates that the
mean of the normals was 250% larger than the normals. In subsequent rows of
table 2 we give comparisons between specific pathology groups and the normals.
For each measurement type, we performed a one-way ANOVA to test the null
hypothesis that the means of the normal and pathological groups were the same.
The p-values resulting from these tests are given in table 4. Measurements with
p-values rejecting the null hypothesis (p < 0.05) are %, mean of distances to
centroid, the 3D moment invariants, surface area, volume, and the ratio of surface
area to volume. From this it appears that characteristics distinguishing normal
cases from pathological cases are elongation, size, volume.

5 Conclusion

In this work, we presented a pilot study involving 57 cases of varying supraspina-
tus pathology: normal, tearing, retraction, atrophy, and allowable combinations
of these diagnoses. We computed 11 shape characteristics based on 3D points
from extracted surface muscles from MRI, and performed a statistical analysis
to determine whether or not the measurements of the groups were significantly
statistically different. The results indicate that there are significant differences
between the groups, and the measures giving the best performance suggest that
elongation, surface area and volume are good characterizations of shape for this
anatomy.

Future work in this area includes the use of these shape characterizations to
train and measure the performance of a classifier attempting to aid in diagnosis
of pathology based on the 3D shape of the supraspinatus. Such a classifier would
be of great use to a physician attempting to determine whether or not surgery
is required to pull the muscle forward (supraspinatus retraction) or if surgery
would be ineffective (supraspinatus atrophy). Another interesting area for future
study would be to assess the impact on shape analysis of positional difference
during imaging (e.g. the influence of internal and external rotation).
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1] 2[3[4[5 6 7 8 9 [10](11
N [2.4] 5.7]2.5]2.0[0.7]1.2 x 10°5.3 x 10°]7.6 x 10™3|77.0[24.8[0.3
T (2.6] 6.7 2.6/1.8]0.6/8.7 x 10*]2.7 x 10°[2.6 x 10'3|62.1|16.3]0.2
TA |4.0[10.4]2.7(1.8/0.7]6.5 x 10*|1.5 x 10°(1.3 x 10*3|58.2]13.7/0.2
TAR|3.0| 7.4 [3.0/11.6]0.6/3.7 x 10*|4.6 x 108|1.7 x 10'2|42.7| 7.9 |0.2

Table 1. Mean values of each of the measurements for each of the groups. Refer to
table 3 for meanings of the numbered column headings.

1/2(3(4|5|/6| 7|8 |9]|10|11
mean(Abnormal)/N|1.2{1.3|1.1]0.9]0.9/0.7| 0.5 | 0.4 |0.8]0.6/0.8

T/N 1.1{1.2|1.1{0.9{0.9/0.7| 0.5 | 0.3 |0.8]0.7|0.8
TA/N 1.6(1.8|1.1|0.9(1.0|0.6| 0.3 | 0.2 |0.8]0.6/0.7
TAR/N 1.2(1.3|1.2(0.8/0.8/0.3|0.09]0.02|0.6|0.3|0.6

Table 2. Comparison of the mean values of the measurements for each group. The
values in the first row are computed by first taking the mean of the measurements
across all abnormal groups. We then take the ratio of the mean measurement for the
abnormals to the mean of the normals. The remaining rows show the ratios for all of
the individual abnormal groups. Refer to table 3 for meanings of the numbered column
headings.

Measurement number Description
DY
A/ As
X2 /A3
Mean of distances to centroid (cm)
Standard deviation of distances to centroid (cm)
J1
J2
J3
Surface area (cm?)
Volume (cm®)
Surface area / Volume (1 / cm)

© 00~ O T Wi

— =
= o

Table 3. Meanings of the column headings given in tables 1 and 2. This legend is given
in a separate table here due to space considerations.

1 2 3 4 5 6 7 8 9 10 11
p-value|0.0733(0.0071]0.5849(0.0198|0.3304(0.0093|0.0118|0.0129|0.0010{0.0007{0.00001

Table 4. p-values resulting from one-way ANOVA test for each measurement, testing
the null hypothesis that the means of all of the groups are the same. Refer to table 3
for meanings of the numbered column headings.
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