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Abstract

Objective To create 3DMR osseous models of the shoul-
der similar to 3DCT models using a gradient-echo-based
two-point/Dixon sequence.

Materials and methods CT and 3TMR examinations of 7
cadaveric shoulders were obtained. Glenoid defects were
created in 4 of the cadaveric shoulders. Each MR study
included an axial Dixon 3D-dual-echo-time T1W-FLASH
(acquisition time of 3 min/30 s). The water-only image data
from the Dixon sequence and CT data were post-processed
using 3D software. The following measurements were
obtained on the shoulders: surface area (SA), height/width
of the glenoid and humeral head, and width of the biceps
groove. The glenoid defects were measured on imaging and
compared with measurements made on en face digital pho-
tographs of the glenoid fossae (reference standard). Paired ¢
tests/ ANOVA were used to assess the differences between
the imaging modalities.

Results The differences between the glenoid and humeral
measurements were not statistically significant (cm): glenoid
SA 0.12+0.04 (p=0.45) and glenoid width 0.13+0.06 (p=
0.06) with no difference in glenoid height measurement; hu-
meral head SA 0.07+£0.12 (p=0.42), humeral head height
0.03+0.06 (p=0.42), humeral head width 0.07+0.06(p=
0.18), and biceps groove width 0.02+0.01 (p=0.07). The
mean/standard deviation difference between the reference
standard and 3DMR measurements was 0.25+0.96 %/0.30=+
0.14 mm; 3DCT 0.25+0.96 /0.754+0.39 mm. There was no
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statistical difference between the measurements obtained on
3DMR and 3DCT (percentage, p=0.45; mm, p=0.20).

Conclusion Accurate 3D osseous models of the shoulder
can be produced using a 3D two-point/Dixon sequence
and can be added to MR examinations with a minor increase
in imaging time, used to quantify glenoid loss, and may
eliminate the need for pre-surgical CT examinations.

Keywords Shoulder dislocation - 3DMR - Glenoid
bone loss

Introduction

High-resolution CT imaging with 3D reconstructions is a
helpful tool in the evaluation of multiple musculoskeletal
conditions including recurrent shoulder dislocation and fem-
oroacetabular impingement [1-7]. The 3D reconstructions
are favored by some surgeons because they allow for im-
proved conceptualization of the osseous anatomy in these
conditions compared with 2D imaging modalities. In
patients with a history of recurrent shoulder dislocation
and/or evidence of bone loss on radiographs in the setting
of shoulder dislocation, 3DCT images are obtained to eval-
uate and quantify the amount of bone loss along the glenoid
or humeral head to guide treatment selection [8—10]. MRI is
usually also ordered in the setting of recurrent dislocation as
it remains the imaging gold standard for the evaluation of
the soft tissue injuries found in this condition.

The ability to create accurate 3D osseous reconstructions
from MR data would be advantageous for the surgeon and
patient as well as help to limit costs. There would be one less
study to order by the physician, one less study to undergo by
the patient, and the patient would be spared the radiation dose
that comes with undergoing a CT examination. The purpose of
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this study is to see if it is possible to create 3D MR osseous
models of the shoulder that are similar in shape and accuracy to
3D CT models using a unique MR method, and to see if these
models can be used to accurately quantify glenoid bone loss.

Materials and methods
3DMR/3DCT comparison

Three shoulders from fresh-frozen cadavers (3 females; mean
age=>52 years) were used for the study, and labeled #1-3.
Cadaver #3 had a prior anterior labral repair. Each specimen
underwent CT (SOMATOM Sensation 40; Siemens, Munich,
Germany) and MRI (MAGNETOM SKYRA 3T; Siemens,
Munich, Germany) examinations. The CT protocol consisted
of volumetric 3-mm acquisitions through the shoulder using
the following parameters: 120 kV, 280 mAs, pitch 0.9, 0.6-
mm collimation, and a smooth algorithm. The MR protocol
consisted of an axial 3D dual echo-time T1-weighted FLASH
acquisition with Dixon-based water—fat separation through
the shoulder using a four-channel transmit-receive phased
array shoulder coil and the following parameters: TR 10, TE
2.45/3.7, field of view of 200 mm, acquired voxel size 1.0x
1.0 1.4 mm, reconstructed voxel size 1.0x1.0% 1.0 mm, flip
angle 9°, matrix 192x192, bandwidth 400 Hz/pixel, acquisi-
tion time of 3 min and 28 s, number of partitions=120 and a
slice thickness of 1 mm.

The MR data from each shoulder was then post-processed
using standard subtraction software on a syngo MM WP work-
station (VB 30E, Siemens). The source images were the
water-only images obtained from the Dixon sequence. The
lowest mean signal intensity (water min) from multiple ROI
[5-10] of the soft tissues surrounding the osseous structures
was used as a constant to calculate a subtraction image where
the pixel values are subtracted from this constant (water_min
— SI(i), with negative values being set to zero). This resulted in
inverted images with signal-void soft tissue structures and
signal-avid osseous structures (Fig. 1). One MR technologist
with 12 years of experience completed the subtraction portion
of the post-processing. The subtracted Dixon images were
then manually segmented and 3D models were generated
(Tera Recon software [4.4.5.36.2068]). In addition, 3DCT
osseous models were also generated using the same manual
segmentation and 3D software tools. The 3D post-processing
was done by one of two CT technologists (with 10 years and
3 years of 3D post-processing experience respectively).

One board certified musculoskeletal radiologist with
3 years of experience completed all the CT and MR measure-
ments. The following measurements were obtained on each
MR and CT 3D shoulder reconstruction and then compared:
height, width and surface area of the glenoid and humerus and
width of the biceps groove. The glenoid measurements were
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Fig. 1 Subtracted Dixon image of a cadaveric left shoulder. A post-
processed, subtracted Dixon image from intact cadaver no. 1 demon-
strates the contrast between the signal-avid osseous structures and
signal-void surrounding soft tissue structures

obtained along the articular surface of the glenoid in the lateral
view (Fig. 2). The humeral head measurements were obtained
along its anterior surface. Using a best-fit circle around the
margins of the humeral head, the surface area of that portion of
the humeral head was automatically calculated using Philips
Isite software (Fig. 3). The biceps groove measurement was
obtained at the midpoint of the groove. The CT measurements
were done first, in random order. The MR measurements were
done 4 weeks after the CT measurements, also in random
order. Paired sample ¢ tests were used to compare the measure-
ments obtained on the 3DMR models with those obtained on
the 3DCT models.

Glenoid bone loss quantification

Four shoulders from fresh-frozen cadavers (1 male and 3
females; mean age=76 years) were used for this portion of
the study. The specimens were frozen at —9 °C and thawed
overnight at room temperature for the experiment. The sur-
rounding capsuloligamentous structures were maintained
while the remainder of the soft tissues and humerus were
removed and discarded. Each specimen was prepared in the
same manner and numbered 1-4. None of the specimen
demonstrated pre-existing anterior bone loss and therefore
all the glenoids were included in our study. A custom clamp
was assembled to secure each individual scapula. A bone saw
was used to create a straight vertical cut along the anterior
margin of the glenoid at the 3 o’clock position at a predeter-
mined distance from the glenoid bare spot. Images of the en-
face/lateral view of the glenoids were then obtained with an
adjacent measuring ruler using a digital camera (Canon rebel
XSi; Canon, Japan). The osteotomies were done by one sports
medicine orthopedic surgeon with 16 years of experience.
Each specimen underwent CT (SOMATOM Sensation
40; Siemens, Munich, Germany) and MRI (MAGNETOM
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Fig. 2 3DMR and 3DCT
glenoid reconstructions. Lateral
views of a 3DMR and b
3DCT reconstructions of the
scapula of intact cadaver no. 1
demonstrate a 0.1-cm>
difference between the glenoid
articular surface area
measurements. No statistically
significant difference was found
when comparing the MR and
CT glenoid surface area
measurements of all three
cadavers

SKYRA 3T; Siemens, Munich, Germany) examinations
with the same protocols as stated before. 3DMR and
3DCT models were then produced using the same technique
as above. Using a revised circle method technique and
Philips Isite software, one reader analyzed the data (Fig. 4)
[5]. The reader measured the size of the glenoid defect using
a lateral view of the glenoid on the 3D reconstructions. A
line was drawn along the long axis of the glenoid from the
supraglenoid tubercle through the inferior aspect of the
inferior glenoid rim perpendicular to the transverse plane
of the glenoid, marking the center of the glenoid. A best-fit
circle was then placed along the inferior portion of the
glenoid using the intact posterior and inferior margins as a
guide and making sure that the center of the circle overlay
the vertical line. A line was drawn through the center of the
circle between the anterior and posterior margins represent-
ing an estimate of the intact glenoid’s AP diameter. The

Fig. 3 3DMR and 3DCT humerus reconstructions. Frontal views of a
3DMR and b 3DCT reconstructions of the proximal humerus of
cadaver no. 1 demonstrate a 0.25-cm? difference between the humeral
head surface area measurements and a 0.4-mm difference in the

glenoid defects were measured in terms of width (mm) and
percentage bone loss in the AP dimension (1-((width of
glenoid—width of defect)/estimated width of glenoid)).
The MR measurements were done first, in random order.
The CT measurements were done next, also in random
order, 2 weeks after the MR measurements.

Using the en face digital photographs of the glenoid
fossae, the glenoid bone loss was measured using a revised
glenoid bare spot method by the musculoskeletal radiologist
(Fig. 4) [9, 11]. The bare area was identified on the image. The
distances from the bare area to the posterior and anterior
glenoid margins were measured. The difference between these
two measurements constituted the amount of glenoid bone
loss in millimeters. The percentage of glenoid bone loss was
calculated using the following equation: [(posterior distance —
anterior distance)/(2 X posterior distance)]* 100 %. The meas-
urements on the digital photographs were carried out in a

humeral head width measurements. No statistically significant differ-
ence was found when comparing the MR and CT humeral head surface
area measurements and humeral head width of all three cadavers
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Fig. 4 Glenoid bone quantification. Lateral a 3DMR and b 3DCT
images of the same glenoid demonstrate the steps used to estimate
glenoid loss on imaging. A line was drawn (blue) along the long axis of
the glenoid from the supraglenoid tubercle, marking the center of the
glenoid. A best-fit circle (orange) was then placed along the inferior
portion of the glenoid using the intact posterior and inferior margins as
a guide and making sure that the center of the circle overlays the
vertical line. A line (green) was drawn through the center of the circle
between the anterior and posterior margins representing an estimate of
the intact glenoid’s width. The glenoid defects (red line) were mea-
sured in terms of width (mm) and percentage bone loss in the AP
dimension (1-((width of glenoid — width of defect)/estimated width of

random order, 2 weeks after the CT measurements were
completed. These measurements were used as the reference
standard. Two-way analysis of variance (ANOVA) was used
to assess the differences among modalities.

Results
3DMR/3DCT comparison

The average surface area (SA) of the glenoid on the 3DMR
model was 4.65+0.35 cm?, average height 3.47+0.15 cm, and
average width 2.37+0.06 cm. The surface area on the 3DCT
model was 4.72+0.32 cm?, the average height 3.47+0.15 cm,
and average width 2.5+0.1 cm. The differences between these
two groups of measurements were not statistically significant:
glenoid SA 0.12+0.04 cm? (P=0.45) and glenoid width 0.13
+0.06 cm (P=0.06). There was no difference between the
measurements of the glenoid height (P=1; Table 1).

-

RhEL

glenoid)). The defect measured 4.4 mm on 3DMR, which equaled
18 % loss of the glenoid width, while measuring 5.3 mm and equaling
18 % loss of width as well on 3DCT. ¢ Digital image of the same
glenoid from Fig. 3 demonstrates the steps used for the revised bare
spot method. The distances from the bare area to the posterior (blue
line) and anterior glenoid (red line) margins were measured. The
difference between these two measurements constituted the amount
of glenoid bone loss in millimeters. The percentage glenoid bone loss
was calculated using the following equation: [(posterior distance-
anterior distance)/(2 X posterior distance)]*x 100 %. The defect mea-
sured 4 mm, resulting in a 17 % loss of the glenoid width

The average surface area (SA) of the humeral head
on the 3DMR model was 15.33+1.57 cm?, humeral
height 4.17+0.21 cm, humeral width 4.40+0.17 cm,
and biceps groove width 0.49+0.09 cm. The average
surface area (SA) of the humeral head on the 3DCT
model was 15.27+1.61 cm?, humeral height 4.13+
0.25 cm, humeral width 4.47+£0.21 cm, and biceps
groove width 0.50£0.08 cm. The differences between
these two groups of measurements were not statistically
significant: humeral head SA 0.07+0.12 cm® (p=0.42),
humeral head height 0.03+£0.06 cm (p=0.42), humeral
head width 0.07+£0.06 cm (p=0.18), and biceps groove
width 0.02+£0.01 cm (p=0.07; Table 1).

Glenoid bone loss quantification
The percentages and widths of glenoid defects measured on

the digital images of the glenoids ranged between 9 and
23 % and between 2 and 5 mm with an average of 16 % and

Table 1 Paired sample ¢ tests

were used to compare the Measurement 3DMRI 3DCT Difference p value

average measurements (cm)

obtained on the 3DMR models Glenoid surface area 4.65+£0.35 4.72+0.32 0.12+0.04 0.45

with those obtained on the Glenoid height 3.47+0.15 3.47+0.15 0 1

3DCT models Glenoid width 2.37+0.06 2.5+0.1 0.130.06 0.06
Humeral surface area 15.33+£1.57 15.27+1.61 0.07+0.12 0.42
Humeral height 4.17+0.21 4.13+0.25 0.03+0.06 0.42
Humeral width 4.40+0.17 4.47+0.21 0.07+0.06 0.18
Biceps width 0.49+0.09 0.50+0.08 0.02+0.01 0.07
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3.5 mm. The error/observed differences for the 3DMR
measurements compared with the reference standard meas-
urements were 0.25+0.96 % and 0.30+0.14 mm, while for
the 3DCT measurements they were 0.25+0.96 % and 0.75+
0.39 mm. There was no significant difference between the
3DMR and 3DCT measurements (percentage, p=0.45; mm,
p=0.20).

Discussion

3DCT reconstructions play an important role in the evalua-
tion of multiple musculoskeletal abnormalities, including
patients with recurrent shoulder dislocation and femoroace-
tabular impingement. They have been found to be useful in
pre-surgical planning, providing an accurate representation
of the location and morphology of the osseous anatomy, as
well as the opportunity to quantify the pathology in these
clinical scenarios [2, 4-6].

The applied Dixon variant is based on a dual-echo 3D-
FLASH technique that exploits the chemical shift difference
between water and fat. In-phase and opposed-phase images
are acquired and then combined in post-processing to pro-
duce water-only and fat-only images. In musculoskeletal
imaging, the Dixon-based imaging has primarily functioned
as a tool for fat suppression and to evaluate bone marrow
[12—17]. Its use in the production of 3D reconstructions of
joints is novel, to the best of the authors’ knowledge.

There are several advantages to using the 3D FLASH-
based Dixon technique as the source images for constructing
3D osseous models. First, the 3D data acquisition allows for
isotropic or near-isotropic resolution, which allows rotation
of the 3D models. Second, the sequence allows for im-
proved segmentation of the osseous structures from the
surrounding soft tissues compared with conventional MR
sequences. Subtracting the signal of every pixel in the
images from the lowest mean signal intensity of the sur-
rounding non-fat soft tissue, i.e., the constant, results in
intensity values that are equal to zero or below in the soft
tissues (capsule and musculature) surrounding the bones of
interest. Negative intensity values cannot be displayed; thus,
they are set to zero. On the other hand, the signal in the
osseous structures is on average lower than the lowest mean
signal intensity (water min) of the soft tissues. This leads to
persistent signal in the bones, highest and most uniformly
present in the cortices, on the subtracted images and, over-
all, increased contrast between osseous structures and sur-
rounding soft tissue (Fig. 1). This results in improved
segmentation of the images.

The duration of acquisition for the Dixon sequence is
approximately 3 min and 30 s, resulting in a minor increase
in imaging time. The length of post-processing time aver-
aged approximately 25 min. The subtraction component is

carried out by one of the MR technologists shortly after the
study is completed at the MR scanner and typically takes
around 1-3 min, based on the technologist’s experience.
These images then undergo manual segmentation using
our 3D software by one of our 3D lab technologists. The
post-processing time is greater than the time for 3DCT
(which takes 10 min on average). We foresee the difference
between these two techniques decreasing over time as the
technologists become more familiar with the Dixon se-
quence and segmentation of the MR data. We are currently
working towards a method that will allow for more auto-
mated segmentation of the bones, and thus, decreased post-
processing time with the goal of equaling or improving on
the 3DCT time.

When comparing the 3DCT models with the 3DMR
models, there was no statistical difference between the
measurements of the intact glenoid with 0.12 cm? difference
in glenoid surface area, 0.13 cm difference in glenoid width,
and no difference in measurements of the glenoid height.
The differences between the 3DCT and 3DMR humeral
measurements were not statistically significant either, with
a difference of 0.07 cm” in surface area and 0.03 cm differ-
ence in height, 0.07 cm in width, and 0.02 cm in the width
of the biceps grove. The glenoid bone loss estimates on the
3DMR models were nearly identical to those obtained on
the 3DCT, the imaging gold standard. There were minimal
differences compared with the measurements obtained on
the reference standard digital images using the bare area
method, the clinical gold standard: 0.25 %/0.30-mm average
difference for 3DMR and 0.25 %/0.75 mm average differ-
ence for 3DCT. If larger studies confirm the accuracy of
3DMR osseous models, there will no longer be a need for
most if not all CTs obtained to evaluate bony morphology
for pre-surgical planning. This would result in one less study
to undergo by the patient, as well as eliminating the associ-
ated CT radiation dose. In addition, the elimination of CT
would lead to decreased cost, an important outcome in
today’s environment.

The accuracy of 3DMR models was also shown by
Rathnayaka et al. [18]. Using a multi-threshold segmenta-
tion technique, CT and MRI data were converted into 3D
models and then validated against reference models of
bones digitized using a mechanical contact scanner. The
authors found comparable geometric accuracy between
3DMR and 3DCT models. Abebe et al. used 3DMR models
to evaluate ACL tunnel placement using different surgical
techniques [19]. Other studies have used MR data in com-
bination with CT data to study knee kinematics and models
of bone, muscles, ligaments, and cartilage [20, 21].

There are several limitations to this study. First, this was a
pilot study with only 7 cadaveric samples. However, we
believe that the data demonstrate that the technique is fea-
sible as there were no significant differences in the
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measurements between the two modalities. Second, the
shoulder data were performed only on cadavers and not live
patients. However, cadaveric specimens are routinely uti-
lized as a surrogate for in vivo studies in radiology research.
A larger study performed on patients is necessary to confirm
and validate our findings and is currently being performed at
our institution.

In conclusion, in this pilot study we have shown that
accurate 3D osseous models of the shoulder can be pro-
duced using a 3D two-point Dixon sequence and may be
used to quantify glenoid bone loss. This sequence can be
added to conventional MR examinations, with a minor
increase in imaging time, and may eventually eliminate the
need for pre-surgical CT examinations.
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