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Magnetic resonance imaging (MRI) of the shoulder is oneof the
most commonly performed examinations in musculoskeletal
radiology practice because it provides a comprehensive evalu-
ation of commonly injured structures such as the rotator cuff,
glenoid labrum, long head biceps tendon, and glenohumeral
and acromioclavicular articulations.1 Most institutions use
two-dimensional (2D) fast spin-echo (FSE) or turbo spin-
echo acquisitions in all three imaging planes to accurately
evaluate commonly injured structures.2,3 Three-dimensional
(3D) acquisitions provide several potential advantages over 2D
acquisitions including the ability to create multiplanar recon-
structions for evaluating structures best assessed on nonor-
thogonal imaging planes and the ability to create 3Dmodels for
preoperative planning.4,5 This technique also has the potential
to reduce imaging times significantly without sacrificing diag-
nostic accuracy in the evaluation of several intra-articular and
periarticular structures.6,7

This article describes the current use of 3D imaging in the
evaluation of the shoulder. We briefly discuss imaging tech-
niques and focus on current clinical applications such as the
measurement of glenoid bone loss in cases of anterior
glenohumeral instability and the 3D modeling of rotator
cuff tears in preoperative planning. Although not currently

performed at many institutions, we also briefly review the
literature on 3D imaging in the evaluation of commonly
injured structures about the shoulder.

Imaging Techniques

Many institutionsuse3Dacquisitionsasanaddition to standard
protocols rather than as a replacement for 2D acquisitions.8,9

The most commonly added 3D acquisition is an axial 3D T1
gradient-echo fast low angle shot (FLASH) sequence with two-
point Dixon water-fat separation or an axial 3D T1 gradient-
echovolume interpolatedbreath-holdexamination (VIBE)with
a water excitation sequence, both of which can be used for
creating 3D reconstructions of osseous structures.10–12 VIBE
and FLASH are both spoiled gradient-echo (GRE) sequences
with similar acquisition times. ►Table 1 lists the scan param-
eters for the VIBE sequence commonly used at our institution.
Both sequences use the Dixon technique that allows for image
postprocessing to accentuate signal from the fat-containing
structures and minimize signal from the soft tissue structures.
This is performed by using the water-only images and
calculating the lowest mean signal intensity from multiple
regions of interest placed on the soft tissues surrounding the
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Abstract Magnetic resonance imaging provides a comprehensive evaluation of the shoulder
including the rotator cuff muscles and tendons, glenoid labrum, long head biceps
tendon, and glenohumeral and acromioclavicular joint articulations. Most institutions
use two-dimensional sequences acquired in all three imaging planes to accurately
evaluate the many important structures of the shoulder. Recently, the addition of
three-dimensional (3D) acquisitions with 3D reconstructions has become clinically
feasible and helped improve our understanding of several important pathologic
conditions, allowing us to provide added value for referring clinicians. This article
briefly describes techniques used in 3D imaging of the shoulder and discusses
applications of these techniques including measuring glenoid bone loss in anterior
glenohumeral instability. We also review the literature on routine 3D imaging for the
evaluation of common shoulder abnormalities as 3D imaging will likely become more
common as imaging software continues to improve.
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osseous structures. The pixel values are then subtracted from
this value, and negative values are set to zero, accentuating
the signal arising from fat-containing structures such as the
bone marrow. Manual segmentation can then be performed to
create 3D reconstructions of the osseous anatomy. The total
postprocessing time often takes 6 to 7minutes, allowing for
integration into clinical practice.9 Although VIBE and FLASH
were both shown to create accurate reformats, one study
comparing the two sequences showed fewer truncation and
pulsation artifacts with VIBE.13

In addition to being used to create 3D reconstructions of
osseous structures, 3D GRE sequences with two-point Dixon
water-fat separation, including VIBE, have been used to
calculate rotator cuffmuscle fat fraction.14–17 The fat fraction
can be calculated by dividing the muscle signal intensity on
the fat-only image by the signal intensity on the in-phase
image (water only plus fat only). Previous studies acquired
these sequences in the sagittal plane for assessment of
fat fraction with a scan time as low as 2minutes and
30 seconds.18 Unfortunately, the time-consuming nature of
muscle segmentation has limited the clinical applicability of
this technique. The 3D GRE sequences were also used with
chemical fat suppression to evaluate the rotator cuff and
labrum after MR arthrography.6,19,20

The 3D reconstruction of soft tissue structures around the
shoulder, such as the rotator cuff tendons, is difficult to
perform. However, images from routine 2D MR acquisitions
can bemanually segmented to create 3D reconstructions and
better delineate soft tissue anatomy, as has been performed
to assess the shape of a rotator cuff tear.21 This process
involves manually outlining different points of the rotator
cuff tendons from the insertional fibers to themyotendinous
junction and connecting the outlines through automatic
interpolation. The authors in one study where this was
performed noted a postprocessing time between 2 and
3minutes for each reconstruction.21

Recent technological advances, such as parallel imaging
and compressed sensing, have allowed for the acquisition of
3D FSE sequences in clinically acceptable scan times.22–24

Currently, all major vendors offer 3D FSE sequences that can
be performedwith any desired image-weighting andwith or

without arthrography.24–27 Although these sequences have
shown promising results in evaluating the shoulder, adap-
tion into routine clinical practice has been slow. This is likely
due to the relatively long acquisition time, often between 7
and 8minutes at 1.5 T for the shoulder, which makes these
sequences susceptible to patient motion and difficult to
repeat, if necessary, while remaining within a scheduled
time slot.27,28 Imaging at 3 T has the potential to shorten
sequence acquisition times, although published acquisition
times are still between 6 and 8minutes.22,25,26 Another
commonly cited concernwith using 3D acquisitions is image
blurring, causing structural edges to become indistinct.29

Newer imaging techniques, such as controlled aliasing in
parallel imaging results in higher acceleration (CAIPIRINHA),
may help overcome some of these difficulties, but data are
limited on its use in the shoulder.30

Clinical Applications

Anterior Glenohumeral Instability
Anterior dislocation of the glenohumeral joint is a common
injury,with dislocations occurringmost often inmenbetween
15 and 29 years of agewhile participating in sports.31Anterior
dislocation is a significant injury with the potential to disrupt
several structures including the glenoid labrum, articular
cartilage, joint capsule, anterior glenoid periosteum, biceps
tendon, and rotator cuff tendons. Anterior glenohumeral
dislocation also causes impaction of the posterior humeral
head (Hill-Sachs lesion) in most patients and a glenoid rim
fracture (osseous Bankart lesion) in just over 20% of patients
after first-time traumatic dislocation.32 Glenoid bone loss,
which canbeduetoeither anosseousBankart lesionorchronic
impaction and attritional change, is thought to occur in>90%
of patients with recurrent anterior glenohumeral instability
and is a predictor of future instability events after soft tissue
Bankart repair.33 Biomechanical cadaveric studies show that
the extent of both Hill-Sachs lesions and glenoid bone loss
contribute to glenohumeral instability.34

The treatment of anterior glenohumeral instability is com-
plex and depends on both patient factors and the extent of
injury.35Specifically, inyoung, activepatients, theextentof the
Hill-Sachs lesion and the degree of glenoid bone loss dictate
whether the patient will need an additional procedure to be
performed along with a soft tissue Bankart repair.36 Bio-
mechanical studies demonstrate decreased joint stability in
shoulders with glenoid bone loss � 19% after soft tissue
Bankart repair, so many surgeons use 20% as a cut-off for
the requirement of a glenoid augmentation procedure, such as
an iliac crest bone graft or Latarjet procedure.35–37 But data
indicate that outcomes are worse in active, younger patients
with as little as 12 to 15% glenoid bone loss, and the presence
and size of a concomitant Hill-Sachs lesion is thought to be a
key factor in patient outcomes.36,38,39 Therefore, accurate
preoperative delineation of the osseous anatomy is vital for
surgical planning and setting patient expectations.

MRI is the most accurate test for evaluating the extent of
soft tissue injury after glenohumeral dislocation. Previous
research showed 3D computed tomography (CT) to be the

Table 1 Scan parameters for axial three-dimensional T1
gradient-echo VIBE sequence with water excitation

Parameter Value

TR, ms 10

TE, ms 2.46–3.69

Flip angle, degrees 9

FOV, mm 190� 192� 120

Matrix 192� 192

Voxel size, mm 1.0� 1.0� 1.0

Acceleration factor 2

Acquisition time 1min, 10 s

Abbreviations: FOV, field of view; TE, time to echo; TR, repetition time;
VIBE, volumetric interpolated breath-hold examination.
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most accurate method for measuring glenoid bone loss, so
traditional practice guidelines recommend 3D CT in
patients with osseous injury identified at MRI or on initial
radiographs.40 Although CT has superior bony detail when
comparedwithMRI, the examination comeswith added cost,
exposes patients to radiation, and often requires an addi-
tional appointment at the imaging facility, which can be
inconvenient. The recent ability to perform 3D GRE sequen-
ces in an acceptable time frame and use image postprocess-
ing to create 3D reformats of osseous structures has obviated
the need to obtain CTs routinely at many institutions.9,10,12

The use of 3D GRE sequences to create 3D reformats of the
glenoid was first demonstrated in 2013 in a pilot study that
compared 3D MRI with 3D CT and digital photographs of
seven cadaveric specimens.10 That study showed 3D MRI to
be accurate when compared with 3D CT for numerous
anatomical measurements and accurate when compared
with 3D CT and digital photographs in quantifying glenoid

bone loss. A follow-up 2014 article by the same group
demonstrated 3D MRI to be accurate in quantifying glenoid
bone loss in 15 patients when compared with arthroscopic
assessment using the bare spot method.9 Importantly, this
article showed the true mean absolute error of 3D MRI to
be<2.2%when comparedwith arthroscopic assessment and
showed 3D MRI to be accurate in postoperative patients and
in arthrographic and non-arthrographicMRI studies. Studies
by other groups with similar imaging techniques yielded
comparable results, suggesting this is a generalizable
technique.11,12,41,42

The 3D reformats of the glenoid with the humerus sub-
tracted allow for an accurate en face assessment of the glenoid
articular surface to calculate glenoid bone loss. The best fit
circle methods were shown to be accurate and reproducible
and are commonly performed at our institution (►Fig. 1).43

First, a line is drawn from the supraglenoid tubercle through
the inferior glenoid rimalong thelongaxisof theglenoid.Next,

Fig. 1 A 19-year-old man with multiple prior anterior glenohumeral dislocations. (a) Axial water-only MR image and (b) corresponding
subtraction image demonstrate flattening of the anterior glenoid due to chronic attrition from multiple prior dislocations (white arrow). The
subtraction image accentuates signal in the osseous structures. (c) Three-dimensional (3D) reconstruction of the humerus and scapula
demonstrate flattening of the anterior glenoid (white arrows) (d) 3D reconstruction of the scapula with the humerus subtracted allows for an en
face view of the glenoid to calculate glenoid bone loss. First, a line is drawn through the long axis of the glenoid (black line) passing through the
supraglenoid tubercle. Next, a best fit circle is drawn and lined up with the intact posterior inferior glenoid (white circle). A line through the short
axis of the glenoid is then drawn (dashed white line), ensuring it crosses through the center of the best fit circle. This allows for measurement of
the residual glenoid width (gray line) and size of the anterior glenoid osseous defect (solid white line). The percentage of glenoid bone loss can be
calculated as the size of the anterior glenoid osseous defect divided by the estimated intact glenoid diameter (anterior glenoid osseous defect
plus residual glenoid width).
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a best fit circle is placed about the intact portions of the
posterior and inferior glenoid and increased in size to approx-
imate the glenoid articular surface. A transverse line is drawn
through the center of the circle, perpendicular to the vertical
line representing the long axis of the glenoid, to estimate the
anterior to posterior diameter of the intact glenoid and the
width of the area of glenoid bone loss. The percentage of
glenoid bone loss can then be calculated as the estimated
width of defect divided by the estimated diameter of intact
glenoid.

The Hill-Sachs interval can be measured on axial sequen-
ces as the width of the Hill-Sachs lesion in millimeters plus
thewidth of the osseous bridgebetween the lateralmargin of
the Hill-Sachs lesion and themedial aspect of the rotator cuff
attachment (►Fig. 2). The interaction between glenoid bone
loss and the Hill-Sachs interval can be demonstrated in the
concept of the glenoid track that describes the zone of
contact between the humeral head and the glenoid.44 The
glenoid track is � 83% of the estimated intact glenoid width
minus the amount of anterior glenoid bone loss (►Fig. 3). In
caseswhere theHill-Sachs interval exceeds the glenoid track,
the lesion is thought to be “off track” and at risk for engage-
ment after a soft tissue Bankart repair.36,45 If the Hill-Sachs
interval is less than the glenoid track, the lesion is thought to
be “on track” and not at risk for engagement after a soft tissue
Bankart repair. A 2015 studywith 76 patients showedMRI to
be 84.5% accurate in evaluating on-track versus off-track
status with a sensitivity of 72.2% and specificity of 87.9% in
identifying off-track lesions.46

Shoulder Arthroplasty
Glenohumeral osteoarthritis is common and often treated
with either reverse or anatomical total shoulder arthroplasty.
In the preoperative evaluation of arthroplasty candidates, an
accurate assessment of glenoid morphology is essential to
increase the chances of a successful long-term outcome and
minimize the riskof complications such as glenoid component
loosening.47 Features traditionally assessed using 3D CT

include glenoid version, glenoid bone loss, andWalch glenoid
classification.48

The key to making these measurements accurately is
using axial images in the plane of the scapula that is often
oblique to the axial, sagittal, and coronal imaging planes and
easier to obtain with a 3D data set. These measurements can
also be obtained accurately using 3DMRI reformats, andMRI
provides the added benefit of simultaneous accurate evalua-
tion of the rotator cuff musculature and tendon quality.48

Status of the rotator cuff is a key deciding factor in whether
patients will undergo reverse or anatomical total shoulder
arthroplasty.49 Further research is necessary to demonstrate
the ability of 3D MRI to evaluate glenoid morphology
accurately as this could save patients from having an addi-
tional CT if they are already undergoing an MRI to evaluate
the rotator cuff.

Rotator Cuff Tears
Rotator cuff tears are a common cause of pain and disability,
and a suspected rotator cuff tear is a frequent indication for
MRI of the shoulder.MRI is a very accurate test for identifying
rotator cuff tears. Tear size, tendon retraction, and tendon
degeneration were shown to correlate with worse clinical
outcomes after rotator cuff repair.2,50 Accurate preoperative
imaging characterization of a rotator cuff tear provides
valuable prognostic information for the treating surgeon.
3D FSE sequences have demonstrated similar performance to
2D sequences in identifying rotator cuff tears in non-arthro-
graphic MRIs.26,51

As mentioned previously, 3D sequences have the added
benefit of the ability to be reformatted in nonstandard imaging
planes, including into an angled oblique sagittal plane oriented
perpendicular to the distal supraspinatus tendon. This plane
was shown to be helpful in identifying distal partial-thickness
rotator cuff tears and is commonly performed at some insti-
tutions.52,53 A 2018 study comparing 3D FSE and 2D FSE
sequences in 74 patientswith arthroscopic correlation showed
3D sequences to be 95% sensitive, 100% specific, and 95%

Fig. 2 A 24-year-oldmanwith anterior glenohumeral instability. (a) Axial proton-density fat-suppressedMR image demonstrates an acute Hill-Sachs lesion
(outlinedwhite rectangle).Measurementof theHill-Sachs interval includes theHill-Sachs lesionaswell as thebonybridge (solidwhite rectangle) between the
lateral aspect of the lesion and the rotator cuff insertion (white arrow). (b) Three-dimensional reformat of the humerus demonstrates the Hill-Sachs lesion
(white arrows).
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accurate in identifying supraspinatus-infraspinatus tendon
tears compared with 99%, 93%, and 98% on 2D sequences.26

However, that same study showed 3D FSE to be slightly less
reliable and less specific in identifying subscapularis tears,
which was thought to be due to blurring and motion. Correla-
tion of imaging and arthroscopic evaluation of the subscapu-
laris tendon is difficult because the middle to distal tendon
footprints are challenging to evaluate arthroscopicallywithout
a dedicated evaluation and a high suspicion for pathology.54

Multiple studies have compared 3DMR arthrogramswith
2DMR arthrograms in evaluation of the rotator cuff. A meta-
analysis in 2018 showed 3D MR arthrography to have a
sensitivity of 91% and a specificity of 90% in identifying
rotator cuff tears compared with 92% and 90%, respectively,
for conventional 2DMR arthrography. It also showed 3D-FSE
sequences to have a higher sensitivity comparedwith 3DGRE
sequences.55 However, 3D GRE sequences such as VIBE can
be obtained very quickly and demonstrate good concordance
with 2D sequences and arthroscopic evaluation.19

The size and shape of rotator cuff tears play an important
role in surgical management. A 2016 study showed manually
segmented 3D MRI reconstructions to be more accurate than
2D MR sequences in characterizing the shape of rotator cuff
tears.21 These tears are commonly described as crescent
shaped, with greater width (anteroposterior dimension)
than length (mediolateral dimension), or longitudinal, with
greater length thanwidth. Longitudinal tears are often divided
into U-shaped tears, with intact anterior supraspinatus and
posterior infraspinatus tendon tissue, and L-shaped tears that
involve the anterior supraspinatus tendon fibers and extend
into the rotator interval. The3DMRI reconstructionswere 82%
accurate when characterizing tears as U shaped, L shaped, or
crescent shaped, versus 64.7% when using only 2D sequences
(►Fig. 4). Longitudinal tears differ from crescent-shaped tears
because they may require side-to-side closure before direct
attachment to the greater tuberosity to ensure a stable
repair.56 The 3D reconstructions allow for improved visualiza-
tion and conceptualization of this complex anatomy. Thus 3D

Fig. 3 A 17-year-old young man with repeated anterior glenohumeral dislocations after a skateboarding injury 1 year earlier. (a) Axial proton-
density fat-suppressed MR image demonstrates a Hill-Sachs lesion with a Hill-Sachs interval of 18mm. (b) Three-dimensional (3D) reconstruction
of the humerus demonstrates the extent of the Hill-Sachs lesion (white arrows). (c) A more inferior axial proton-density fat-suppressed MR image
demonstrates anterior glenoid bone loss (white arrow). (d) 3D reconstruction of the scapula with en face view of the glenoid demonstrates 7.4-
mm of anterior glenoid bone loss (white line) with residual glenoid width of 22.6mm (gray line). Glenoid bone loss was calculated as 25%:
7.4mm/(22.6mmþ 7.4mm). Also, the Hill-Sachs interval (18mm) was greater than the glenoid track (0.83� 30.0mm – 7.4mm¼ 17.5mm),
consistent with an off-track lesion. The patient was treated with the Latarjet procedure. Black line in (d) indicates long axis of the glenoid; dashed
white line in (d) indicates the short axis of the glenoid.
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sequence acquisitions will ideally allow for improved 3D
reformats of soft tissue structures to improve characterization
of rotator cuff tear shape, although to our knowledge, this has
not been studied.

Along with identifying and characterizing rotator cuff
tendon pathology, MRI has the added benefit of allowing
for accurate evaluation of the muscle including muscle bulk
and fatty infiltration.57 Fatty infiltration of the rotator cuff
muscles is a known negative prognostic factor in patients
who undergo rotator cuff repair.2 As such, accurate assess-
ment of rotator cuff fatty infiltration helps surgeons establish
a treatment strategy and discuss the prognosiswith patients.

Rotator cuff muscle bulk and fatty infiltration are tradition-
ally evaluated with the Thomazeau and Goutallier classifica-
tions, respectively.58,59The Thomazeau classification evaluates
the portion of the supraspinatus fossa occupied by the muscle
belly, termed the occupation ratio. It is calculated by dividing
the surface areaof the supraspinatusmusclebelly by that of the
entire supraspinatus fossa on the sagittal oblique image at the
medial border of the scapular spine above the spinoglenoid
notch. A ratio of 0.6 to 1.0 indicates normal bulk or slight
atrophy, 0.4 to 0.6 indicates moderate atrophy, and<0.4
represents severe atrophy.58 The Goutallier classification is
from 0 to 4 with grade 0 representing normal muscle; grade
1, fatty streaks within the muscle belly; grade 2,<50% fatty
infiltration; grade 3, 50% fatty infiltration; and grade 4,>50%
fatty infiltration. The Goutallier classification is subject to a
high degree of intraobserver and interobserver variability.60

Due to the subjectivity and variability with the Goutallier
classification, there is interest in quantitative methods for
evaluating rotator cuff muscle fatty infiltration.

Multiple studies have used 3D GRE acquisitions with
Dixon fat and water separation to calculate rotator cuff
muscle fat fraction, and have shown muscle fat fraction to

be more reliable than the Goutallier classification.18 Fat
fraction correlated with shoulder pain and decreased range
of motion as well as tendon tear severity and muscle atro-
phy.14,16,17 Fat fraction also correlatedwith an increased risk
of tendon re-tear in patients with full-thickness supraspi-
natus tears who undergo repair.61 Although traditionally
calculated in the sagittal plane, 3D acquisition allows for
assessment of the rotator cuff muscle in any plane, which
may be helpful in the setting of a retracted rotator cuff tear.62

Labral Tears and Cartilage
Along with rotator cuff tears, labral tears are also a common
cause of pain and a reason for referral for MRI of the shoulder.
Multiple studies showed 3DMR arthrography using both GRE
and FSE sequences to have similar sensitivity and specificity
in identifying labral tears when compared with 2D MR
arthrography.6,25,55 The 3D imaging allows for a single
acquisition and can obviate the need to perform three planes
of traditional T1 fat-suppressed sequences, thus shortening
examination time. In a recentmeta-analysis from2018,which
included five studies that used FSE sequences and six studies
that used GRE sequences, 3D MR arthrography had a pooled
sensitivity of 89% and pooled specificity of 95% in identifying
labral lesions, which was not significantly different from the
findings of 2DMR arthrography.55 The 3D FSE sequences are a
better option in postoperative patients because they demon-
strate less artifact around surgical materials.

Unlike in the knee, there is very little research on accuracy
of 3D MRI in evaluating cartilage of the glenohumeral
joint.29,63 A 2012 study showed 3D FSE sequences to have
decreased sensitivity for partial-thickness articular cartilage
lesions of the glenoid when compared with 2D acquisitions,
which the authors attributed to increased blurring.27 Further
research isnecessary to evaluatenewer3D imaging techniques

Fig. 4 Three-dimensional (3D) reconstruction to demonstrate rotator cuff tear shape. (a) Superior view of the 3D reconstruction of the rotator
cuff demonstrates a crescent-shaped tear (white arrows) with the width (white line) greater than the length (gray line). (b) The 3D reconstruction
superimposed on a sagittal MR image demonstrates tear morphology in relation to the humeral head.
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that now are shown to have similar accuracy to that of 2D
acquisitions in evaluating cartilage of the knee joint.63

Conclusion

MRI of the shoulder is commonly performed to evaluate
shoulder pain. The recent improvements in 3D acquisitions
have allowed these sequences to be obtained in clinically
feasible scan times. They allow 3D reconstructions to high-
light certain pathologic conditions, such as glenoid bone loss
in anterior glenohumeral instability, and to calculate rotator
cuff muscle fat fraction, which has prognostic significance in
the setting of a rotator cuff tear. As imaging software con-
tinues to improve, 3D imaging will likely replace 2D imaging
for several MRI indications, allowing for customized imaging
planes and decreased examination times.
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