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ABSTRACT

Rotator cuff tears are a common cause of persistent shoulder pain and the supraspinatus tendon (SST) is the
common culprit. The zonal demarcation of the tendon with advances in MR imaging has identified the SST
footprint to be the common location of tear within the SST. Identification and characterization of such tears are
important as such tears are a treatable cause of shoulder pain, thereby preventing long-term shoulder instability.
This article intends to present a plane-based approach for the characterization of footprint tears of SST on MRI
which will help in reporting by the practicing radiologists and radiology residents.
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INTRODUCTION
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Accepted: 15 February 2022 Among the four tendons which constitute the rotator cuft (RC), the supraspinatus tendon (SST)
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Published: 23 June 2022 is the most frequently injured. This is on account of the synergistic effects of extrinsic acromial
impingement and intrinsic tendon degeneration. Previously, the critical zone was considered the
DOI common site of SST tears. However, it has now been demonstrated that tear at the footprint is
10.25259/[JMSR_54_2021 the common location of SST tears.!! Various classifications of SST tear at footprint have been
[2-5] i i -
Quick Response Code: proposed over the years.!**! The purpose of the article is to present a novel plane-based approach

for describing SST tears at the footprint.

ANATOMY

The RC of the shoulder comprises four muscles and their tendons: Subscapularis (SSC), SST,
infraspinatus (IST), and teres minor (TM). The RC unit acts as a dynamic stabilizer of the
glenohumeral joint.!! The previous viewpoint was that the four tendons of the RC had separate
insertions onto the humeral tubercles, leading to discrete individual tendon footprints. SSC,
which inserts onto the lesser tubercle, was thought to have an auricular footprint. SST, IST, and
TM insert onto the superior, middle, and inferior aspect of the greater tubercle, respectively;
with corresponding separate triangular or trapezoidal impressions on the greater tubercle
“[Figure 1]7% However, studies have shown the RC tendon fibers interdigitate with one another,
and their deepest layer also fuses with the joint capsule before their common insertion onto the
humeral footprints. An interdigitation between SSC and SST is present at the bicipital groove,
creating a pulley over the long head of the biceps tendon. Another site of interdigitation is
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present between SST and IST around 15 mm proximal to
their common insertion onto the greater tubercle.*'"

Anatomically, the SST has been divided into anterior,
middle, and posterior thirds. The anterior third of the SST
attaches to the anterior half of the superior facet of the
greater tuberosity, the middle third of the SST attaches
to the posterior half of the superior facet of the greater
tuberosity, and the posterior third of the SST interlinked
with IST tendon attaches to the superior half of the middle
facet of the greater tuberosity “[Figure 2]”5! An important
point to note is that the attachment of the SST extends
from the articular margin medially to the superior facet
of the greater tuberosity laterally “[Figure 3] Hence,
even deepening of the sulcus evidenced by extension of
joint fluid or intra-articular gadolinium-based contrast
agent into the space between the humeral articular margin
and greater tuberosity is an indicator of partial-thickness
articular-sided tears of the SST.

The SST is formed by five layers. From bursal to articular
surfaces, the layer 1: Fibers of coracohumeral ligament,
layer 2: Densely packed fibers in parallel orientation, layer 3:
Randomly oriented smaller fibers, layer 4: Loose connective
tissue, and layer 5: Articular capsule [Figure 4], with an
average thickness of the tendon ranging between 9 and
12 mm.!"

Histologically, like most other tendons, tenocytes are the
most populous cell type within the SST as well, which are
responsible for the production of extracellular matrix.
Less abundant cell types are myocytes, synoviocytes, and
endothelial cells; later in blood vessels.'” Based on the
extracellular matrix composition, the insertion of the SST

Figure 1: Volume rendering technique image of upper humerus
demonstrates footprints of rotator cuff tendons. The areas marked
in green, red, blue, and yellow represent the footprint of the
subscapularis, supraspinatus, infraspinatus, and teres minor tendons,
respectively. The bicipital groove is demonstrated by a red asterisk.

is divided into four zones from medial to lateral. There
is a gradual transition rather than a sharp demarcation
between these zones. The first zone is tendinous,
predominantly comprising type I collagen with small
amounts of proteoglycan decorin. The second zone is
fibrocartilaginous and mostly has collagen types II and
I11, with small amounts of proteoglycans. The penultimate
zone is mineralized fibrocartilage made of collagen types II
and X, as well as the proteoglycan aggrecan. The last zone
is osseous, composed of type I collagen with high mineral
content. With tendon degeneration, the tenocytes tend to
become rounder in shape with increased apoptosis; and
the extracellular matrix becomes less organized with fatty
degeneration.!"

a b

Figure 2: Oblique sagittal (a) and axial (b) proton-density fat
saturation MR images of the shoulder joint. “(a)” Attachment of
supraspinatus tendon (area represented by a white line) to the
superior facet (red line) of the greater tuberosity. The posterior fibers
of the supraspinatus tendon are interlinked with the infraspinatus
tendon (area represented by a black line) and are attached to the
superior half of the middle facet (blue line) of the greater tuberosity.
“(b)” Overlapping of posterior fibers of supraspinatus (yellow
asterisk) with infraspinatus tendon (red arrow) at the middle facet
of the greater tuberosity.

Figure 3: Oblique coronal proton-density fat saturation MR image
of shoulder joint demonstrates footprint of the supraspinatus tendon
(yellow line) that extends from the articular margin medially to the
superior facet of the greater tuberosity laterally.
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SUPRASPINATUS TEAR

Tendon injuries/tendinopathy of the RC is among the most
common problems of the shoulder, affecting not only sports
persons but also those performing repetitive activities
related to work or daily living as well."*'*) Moreover, RC
tendinopathies increase with age; affecting more than 80%
of people over 80 years of age.'*'”! These tears can cause
pain and varying degrees of movement restriction and
can disrupt daily living. SST is inherently prone to tear
and subacromial impingement has the synergistic effect
in this regard. Hence, the SST has the maximum tendency
to tendinopathy/tears and is the most commonly affected
of the RC tendons.'® Apart from tears due to tendon
degeneration and repetitive microtrauma, SST tears may
also occur as a result of an acute traumatic event such as a
fall on the outstretched hand. In these circumstances, the
tears occur because the stresses within the RC exceed the
tensile strength of the tendon.?"

Tears of the RC tendons can be classified as partial-thickness
or full-thickness tears. Further, partial-thickness tears can
be subclassified based on location as either bursal sided or
articular sided. Lesions involving the mid-substance of the
tendon are called interstitial tears.?>*!

Most SST tears, especially degenerative ones, occur in a
relatively hypovascular region approximately 1 cm medial
to the tendon insertion. This is called “critical zone”
“[Figure 5]7% However, as far back in 1934, Codman
had described a situation in which SST fibers were
“torn-out” of the bony insertion at the greater tubercle,
which he named as “rim-rent tears”*! Subsequently,
Vinson et al. concluded that rim-rent tears involving the
insertional fibers of the RC were the most common type
of partial-thickness RC tear. Moreover, on imaging, many

Figure 4: A schematic diagram of the supraspinatus tendon
demonstrates layers of tendon composition (layers 1-5).

full-thickness RC tears appeared as if they originated
as rim-rent tears and progressed afterward to involve
the full thickness of the tendon.!! Understanding the
biomechanical importance of the RC footprint is one of
the anatomical basis for the surgical repair of RC tears.
Active and earlier intervention enables the patient to
return to a pre-injury level, hence, timely and accurate
assessment of the RC footprint tear on magnetic resonance
(MR) imaging is required.**”)

Ellman proposed the following arthroscopic classification for
partial-thickness RC tears at the footprint, which was later
extrapolated to imaging as well [Figure 6].1

Grade I: Partial-thickness tear involving 1-2 mm of the
tendon insertion at the greater tuberosity.

Grade II: Partial-thickness tendon tear with a vertical defect
involving <50% thickness (3-6 mm) of the footprint.

Grade III: Partial-thickness tendon tear and an extension
>50% thickness (>6 mm) of the tendon insertion at the
greater tuberosity.

However, this classification only takes into account the
vertical extension of the tear. The horizontal component
(delamination) and longitudinal components of tear have not
been taken into consideration.

Schaeffeler et al. classified the RC footprint tears into four

types [Figure 7].5

1. Partial-thickness articular surface supraspinatus tendon
avulsion (PASTA) lesions: If there is a discontinuity and
retraction of articular tendon er fibers.

2. Concealed interstitial delamination (CID): If there is an
interstitial tear in the tendon, not extend to the articular/
bursal surface.

Figure 5: Oblique coronal proton-density fat saturation MR image
of shoulder joint demonstrates partial thickness tear in the “Critical
Zone” of the supraspinatus tendon (red arrow).
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Figure 6: Schematic diagrams of the supraspinatus tendon (a-c) and representative oblique coronal proton-density fat saturation MR
images (d-f) of the shoulder joint. The red areas in schematic diagrams and red arrows in representative MR images demonstrate Ellman’s
classification of partial-thickness tear at the footprint of supraspinatus tendon: Grade I in “(a and d);” Grade Il in “(b and e);” and Grade III

in “(cand f)”

3. Bursal-sided tendon avulsion (reverse PASTA) lesions: If
there is a discontinuity and retraction of bursal tendon
fibers.

4.  Full thickness tear: If there is a full-thickness tendon tear
from bursal to the articular surface along with retraction.

This classification also has certain drawbacks. It has not taken
into consideration the geometry of the tear (U- or L-shaped
longitudinal split tear). Furthermore, it has not detailed the
delamination tears other than the CID. Both of these are
important determinants of the type of arthroscopic repair
procedure to be undertaken.

Delamination refers to intratendinous horizontal splitting
between the articular and bursal layers of the SST with or
without different degrees of refraction between the two
layers.>*! Dissimilar stress between two layers of the RC
has been postulated as cause of delaminated tears. The

delamination tear has been classified into six types [Figure 8]."!

i.  Type la: Articular-delaminated full-thickness tear defined
as a full-thickness tear in which the articular layer is more
medially retracted than the bursal layer, with or without
an intratendinous horizontal splitting tear.

ii. Type 1b: Bursal-delaminated full-thickness tear defined
as a full-thickness tear in which the bursal layer is more
medially retracted than the articular layer, with or
without an intratendinous horizontal splitting tear.

iii. Type lc: Intratendinous-delaminated full-thickness tear
defined as a full-thickness tear in which the articular
layer is equally retracted to the bursal layer, combined
with an intratendinous horizontal splitting tear.

iv. Type 2a: Articular delaminated partial-thickness tear
defined as an articular surface partial-thickness tear with
an intratendinous horizontal splitting tear.

v. Type 2b: Bursal-delaminated partial-thickness tear
defined as a bursal surface partial-thickness tear with an
intratendinous horizontal splitting tear

vi. Type 2c: Intratendinous-delaminated partial-thickness
tear defined as an isolated intratendinous horizontal
splitting tear (CID).

Various surgical procedures are performed for the repair of

supraspinatus footprint tears. Delamination tears are managed

by procedures such as interlaminar curettage, layer-to-layer
suturing, flap resection, and additional suture fixation across
the delaminated area. On the other hand, longitudinal tears
are typically mobile in an anteroposterior direction and can
usually be repaired by a side-to-side/margin convergence
technique.”®*  The management of rim-rent tears is
controversial. Some surgeons operate only on full thickness tears.

Other surgeons have a different school of thought that laterally

located rim-rent tears can also cause pain so they perform

arthroscopic debridement of such partial tears as well.*
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Figure 7: Schematic diagrams of the supraspinatus tendon (a-d) and representative oblique coronal proton-density fat saturation MR images
(e-h) of shoulder joint demonstrate a defect in supraspinatus tendon articular surface in “(a)” and representative partial articular-sided
supraspinatus tendon avulsion (PASTA) from footprint (red asterisk: Retracted articular fibers and yellow arrow: Attached bursal fibers)
in “(e)” Interstitial defect in supraspinatus tendon is demonstrated in “(b)” and representative interstitial delamination tear (red asterisk)
splitting between articular fibers (blue arrow) and bursal fibers (yellow arrow) is demonstrated in “(f).” Defect in the bursal surface of the
supraspinatus tendon is demonstrated in “(c)” and representative partial bursal-sided supraspinatus tendon avulsion (reverse PASTA) from
the footprint (red asterisk: Retracted bursal fibers and blue arrow: Attached articular fibers) in “(g)” Full-thickness defect in supraspinatus
tendon is demonstrated in “(d)” and representative full-thickness tear with retraction (red asterisk) is demonstrated in “(h)”” In full-thickness
tear, the joint cavity communicates with subacromial-subdeltoid bursa (red arrow).

MR ACQUISITION FOR THE SHOULDER JOINT

MR imaging of the shoulder joint is performed using a
surface coil (dedicated shoulder coil) with the patient in
a supine position with the arm at the side in a neutral
position or slight external rotation. A small field of
view (12-14 cm) and 3-4 mm thick slices are obtained
in three orthogonal planes: Coronal oblique plane
(parallel to SST/in a plane perpendicular to the articular
surface of glenoid), sagittal oblique plane (parallel to the
articular surface of glenoid), and axial plane (from top
of the acromion to bottom of glenohumeral joint). MR
sequences for the evaluation of RC injury include proton-
density fat-suppressed sequences (coronal oblique, sagittal
oblique, and axial) as well as T2-weighted coronal oblique,
gradient echo coronal oblique, and T1-weighted sagittal
oblique sequences.’!

Shoulder MR arthrography is required in the evaluation
of shoulder instability and is routinely done in suspected

RC tears. The MR arthrography is extremely useful for
delineation of partial-thickness articular surface SST tear.
The cocktail used for shoulder arthrogram consists of 0.1 ml
of gadolinium mixed with 20 ml of normal saline, 3 ml of
iodinated contrast. About 12-13 ml of the mixture is injected
into the shoulder joint under fluoroscopic guidance before
MR acquisition. For ultrasound-guided injection, iodinated
contrast is not required in the cocktail. The MR sequences
for shoulder arthrogram include T1 fat saturation in three
orthogonal planes and one in abduction and external rotation
position.B*3¢]

DISCUSSION
Planar approach

From prior studies, it can be concluded that tears can occur
in any of the three planes (sagittal, coronal, and horizontal
planes) of the SST.?>*! Most of the tears at footprint occur
in the sagittal plane of tendon involving varying depths of
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Figure 8: Schematic diagrams of the supraspinatus tendon (a-f) and representative oblique coronal proton-density fat saturation MR images
(g-1) of the shoulder joint. The schematic diagrams demonstrate six types of delamination tears of the supraspinatus tendon. Representative
MR images demonstrate tear at the footprint with extension into tendon substance in axial plane splitting articular and bursal fibers of the
supraspinatus tendon (delamination tear). (a-c and g-i) Full-thickness tear at footprint with varying degrees of retraction of both articular
and bursal fibers of the supraspinatus tendon. The retraction of articular fibers more than bursal fibers (a and g), Retraction of bursal fibers
more than articular fibers (b and h), and equal degree of retraction of both articular and bursal fibers (c and i). (d, e and j, k) Partial-thickness
tear at footprint with retraction of either articular (d and j) or bursal fibers (e and k) of the supraspinatus tendon. (f and 1) Interstitial tear
of the tendon without any extension to articular or bursal surface. (Red asterisk: Bursal fibers, yellow asterisk: Articular fibers, red arrow:
Footprint, blue arrow: Interstitial tear, and blue asterisk: Subchondral cyst).

tendon thickness and are called partial thickness or full
thickness. However, these footprint tears can extend further
in the horizontal or longitudinal plane of the tendon. As the
management depends on the type of supraspinatus footprint
tears, the understanding of the planar orientation of SST tear
at the footprint and its extension into tendon will help in
management centric reporting by the practicing radiologists
and radiology residents. Thus, a simplified 5-step algorithmic
approach to describe SST tears at footprint is proposed:

Step 1 - Identification of a SST footprint tear: The presence
of fluid signal within the SST footprint in the sagittal plane of
the tendon is the hallmark of all SST footprint tears.

Step 2 — Determination of the thickness of the tear: Footprint
tears can be classified as full-thickness or partial-thickness
tears; the latter can be further graded using the Ellman
classification and into the articular surface or bursal surface
“[Figure 6]
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Step 3 - Identification of whether the tear is confined to
the footprint: Such tears are called rim-rent tears. These
appear on coronal oblique fluid sensitive sequences of
MR images as a thin linear area of high signal adjacent to
the horizontal superior portion of the greater tuberosity,
interrupting the normal attachment of the articular surface
cuff fibers.!!! Their anteroposterior dimension determined
on sagittal oblique images is typically greater than their
mediolateral width measured on coronal oblique images
“[Figure 9]”. Certain pitfalls must be avoided in the diagnosis
of rim-rent tears. Intrasubstance high signal often seen in
SSTs of older individuals, and the converging tendon of IST
at the footprint should not be misinterpreted as rim-rent
tears “[Figure 10]”

Step 4 - Identification of extension of footprint tear into
the substance of tendon in the axial/horizontal plane of
tendon: Such tears which extend into tendon substance in
horizontal plane splitting between the articular and bursal
layers of the SST are known as delamination tears. They
are best appreciated on MRI in coronal oblique imaging.

Figure 9: Schematic diagrams of the supraspinatus tendon (a and b)
and representative oblique coronal (c) and oblique sagittal (d) proton-
density fat saturation MR images of the shoulder joint. Schematic
diagrams demonstrate a defect in the supraspinatus tendon at the
footprint. Representative MR images demonstrate partial-thickness
tear at the footprint of the supraspinatus tendon (yellow arrow), not
extending into tendon substance. Note that the anteroposterior length
of the tear is more than the mediolateral length.

Figure 10: Oblique coronal proton-density fat saturation MR
images of the shoulder joint demonstrate hyperintensities at
footprint due to convergence of infraspinatus tendon fibers with
posterior supraspinatus fibers (yellow arrow). Care is taken not to
misinterpret it as rim-rent tear.

Figure 11: Schematic diagrams of the supraspinatus tendon
(a and b) and representative axial proton-density fat saturation
MR images (c and d) of the shoulder joint demonstrate footprint
tear extending into tendon substance in coronal plane splitting
into anterior and posterior fibers of the supraspinatus tendon
(longitudinal tear). The geometry of longitudinal tear can be “U”
shaped (a and c) or “L” shaped (b and d). (Yellow arrow: Footprint
tear, red asterisk: Anterior fibers, and yellow asterisk: Posterior
fibers).
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These tears can have varying degrees of retraction of the
articular surface and bursal surface fibers. The subtypes of
delamination tear are determined based on the pattern of
tear at the footprint in the sagittal plane (partial thickness/
full thickness) and the pattern/degree of retraction of fibers.

According to Choo et al.,””! there is a full-thickness tear
of supraspinatus at footprint (sagittal plane) in type la-c
delamination tears, partial-thickness tear of supraspinatus

Figure 12: Oblique coronal proton-density fat saturation MR
images of the shoulder joint demonstrate normal curvilinear
smooth hyperintensity (blue arrow) at the interface of the long
head of biceps tendon (red asterisk) and anterior- most fibers of
the supraspinatus tendon (yellow asterisk). Care is taken not to
misinterpret it as a longitudinal tear.

at footprint (sagittal plane) in type 2a, b, and interstitial
tear at the footprint in Type 2c. Among the full thickness
tears, type la has greater retraction of articular fibers than
bursal fibers; type 1b has greater retraction of bursal fibers
than articular fibers, while type 1c has equal retraction of
articular and bursal fibers. Among partial-thickness tears,
type 2a has retraction of articular fibers only, type 2b has
retraction of bursal fibers only, while type 2c is an interstitial
tear (no extension to articular/bursal surface, no retraction)
“[Figure 8]

Step 5 — Identification of extension of footprint tear into the
substance of tendon in the coronal/longitudinal plane of
tendon: Such tears that extend into the tendon substance in
the coronal/longitudinal plane splitting between the anterior
and posterior erfibers of the SST are known as longitudinal
tears. Similar to delamination tears, they can be subclassified
based on the pattern of tear at the footprint in the sagittal
plane as partial thickness or full thickness.

In contrast to rim-rent tears, longitudinal tears are relatively
long and narrow. A U-shaped longitudinal tear has a smaller
anteroposterior extent compared to the mediolateral extent;
whereas an L-shaped longitudinal tear has nearly equal
anteroposterior and mediolateral extents “[Figure 11]71
Care must be taken not to misinterpret the interface of the
long head of biceps tendon and anteriormost fibers of SST as
longitudinal tear “[Figure 12]”

The plane-based approach for defining SST tear at footprint
summarized in “[Figure 13]”

| Supraspinatus tendon footprint tear in sagittal plane (Partial-thickness, or full-thickness)l

confined to foot print only

pul

Partial thickness tear Footprint tear with extension into tendon substance I
|Extension in axial plane | IExtension in coronal plane |

-

Longitudinal tear
L L ) 2
Full-thickness tear Partial-thickness tear Interstitial tear "U" shaped
with retraction of both with retraction of either without any retraction.
articular and bursal fibres. articular, or bursal fibres. (Type VI) "L" shaped
(Types I-1II) (Types IV-V)
]
Retraction of articular Retraction of articular fibres| [Concealed Interstitial
fibres more than bursal : Type IV. Delaminatiion (CID)

fibres: Type L.

Retraction of bursal
fibres more than articular

: Type V.

Retraction of bursal fibres

fibres: Type II.

Equal retraction of both
articular and bursal fibres

: TypeIll.

Figure 13: Flowchart demonstrating a step-by-step plane-based approach to characterize supraspinatus tendon tear at the footprint.
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CONCLUSION

Partial- or full-thickness supraspinatus tears in the sagittal
plane at footprint with or without extension into the
substance of the tendon in the horizontal or longitudinal
planes form the basis of our approach for describing
these tears. This simplified planar approach will help the
residents and musculoskeletal radiology practitioners to
understand the architecture of the supraspinatus tear on
MRI and clearly communicate the relevant findings to the
arthroscopic surgeon. Simultaneously, it will also help the
arthroscopic surgeons to more easily comprehend the type of
tear and plan the appropriate repair procedure for a better
surgical outcome. In the future, this model could also have
applications in computer-aided detection and classification
of footprint tears.

Learning points

e A planar-based approach to define the SST tear at the
footprint and its extension into tendon on MRI will help
in reporting by the practicing radiologists and radiology
residents.

®  Most of the SST tear at footprint occurs in the sagittal
plane; partial thickness, fullthickness, or interstitial.

e Rim-rent tears are the footprint tear without any
extension into the tendon.

e Delamination tears are the footprint tear that extends
into the tendon in a horizontal plane splitting between
the articular and bursal layers of the SST.

e Longitudinal tears are the footprint tears that extend
into the tendon substance in the coronal plane splitting
between the anterior and posterior fibers of the SST.
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