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Objective: The maximum bone length available for coracoid process transfer varies among individuals, while no preoper-
ative guideline has been developed for predicting the safety margin (SM) in Latarjet shoulder reconstruction. The aim of
the study was to evaluate the 3D MRI proton density (PD)-weighted sampling perfection with application-optimized con-
trasts using different flip-angle evolution (SPACE) sequence in preoperatively predicting SM for coracoid transfer.

Methods: The post-multiplanar reconstructed images were obtained from 24 volunteers (17 males, seven females) to
determine the clarity and sensitivity of the PD-SPACE-COR and PD-SPACE-FS-COR protocols. Furthermore, the distance
from the coracoid tip to the lateral edge of the attachment of trapezoid ligament (TL) was measured. To evaluate the
accuracy of 3D MRI prediction, a cadaveric cohort has been launched in 32 shoulders (nine males, seven females). The
distance between the tip of coracoid process and the outmost edge of TL footprint, namely, the SM, was measured.

Results: A better sensitivity was found in PD-SPACE-COR in detecting coracoclavicular ligaments (CCLs), including TL
and conoid ligament (CL), compared to PD-SPACE-FS-COR by ranking, McNemar test (P = 0.001), and kappa coeffi-
cients (κ = 0.51, P = 0.43). The SM determined by the PD-SPACE-COR protocol was 24.28 � 2.17 mm while that by
cadaveric morphometry was 25.53 � 2.84 mm. No difference was found between measurements (P = 0.78).

Conclusion: This research provides new insights for preoperatively geometrical planning coracoid transfer by 3D MRI
PD-SPACE-COR, which motivates personalized medicine in orthopedics.
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Introduction

Latarjet coracoid process transfer is broadly performed in
treating anterior shoulder instability based on the glenoid

bone loss and coracoid process dimensions.1 The safety mar-
gin (SM) for coracoid process transfer, that is, the maximum
coracoid bone length from coracoid tip for osteotomy, matters
in optimizing surgical options for glenoid reconstruction.
Moreover, the bone distance around the screw has been asso-
ciated with tolerance of screw-positioning error in Latarjet.2

Attributing to the minimum coracoid bone graft length for
safe screw insertion and the maximum osteotomy length that

varies among individuals, preoperatively predicting SM is
advocated for an efficient shoulder surgical intervention.

Attempts have been made to determine the bony land-
mark for osteotomy in Latarjet coracoid transfer using CT,3

which overlooks the coracoclavicular ligaments (CCLs) and
may cause coracoclavicular injury during osteotomy and
comorbid diseases.4,5 MRI combines an excellent soft-tissue
contrast and a comprehensive evaluation of the osseous
structures, which makes it indispensable in orthopedics.6

2D MRI has been frequently performed in musculoskeletal
imaging.7 The most complete and clearest layer of the CCLs
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of the T2-weighted MR images was selected to shape the
CCLs and its bone attachment.8 However, similar outcomes
were found between patients with or without preoperative 2D
MRI evaluation 2 years after the Latarjet surgery.9 The 3D
arthrography with great spatial resolution and multiplanar
reconstruction (MPR) technique helps surgeon decisions in
tendon disruptions and ligament lesions.6 Hence, the tech-
nique of 3D MRI has been reported in assessing the bone
loss in the glenoid or humeral head.10–12 Moreover, 3D pro-
ton density (PD)-weighted turbo spin-echo (TSE) sampling
perfection with application-optimized contrasts using dif-
ferent flip-angle evolution (SPACE) has been applied in
intraarticular pathology detection of shoulder joints.13

The aims of this study were to: (i) assess the feasibility of
3D MRI PD-weighted SPACE sequences in imaging the CCL
attachments, including the PD-SPACE-COR and PD-SPACE-
FS-COR (fat-suppressed) protocols; and (ii) determine the SM
of the cadaveric cohort, and evaluate the reliability of PD-
SPACE-COR in preoperatively predicting SM by comparing
the 3D MRI measurement with the cadaveric morphometric
data. With the potential to motivate personalized medicine, the
outcomes of this study provide new insights for preoperatively
geometrical planning in Latarjet shoulder reconstruction.

Materials and Methods

3D MRI PD-SPACE Measurement

Participants and Parameters
The 3D MRI was performed on 24 volunteers (10 left shoul-
ders, 14 right shoulders; 17 males, seven females; aged
30.7 � 8.99, range 25–57; height 176.21 � 5.64 cm) free
from shoulder trauma history or participation in heavy
manual labor of upper limbs. Both PD-SPACE-COR and
PD-SPACE-FS-COR protocols (Table 1) under 3D MRI
PD-SPACE sequence have been launched on a 3.0-T MRI
scanner (MAGNETOM Skyra, Siemens Healthcare, Erlangen,
Germany). All volunteers were asked to maintain a supine

position with their arms neutrally on the body side. Images
were acquired in coronal oblique plane (parallel to the sup-
raspinatus tendon) and reformatted in transversal and sagittal
oblique planes. Informed consents have been obtained from
all volunteers in the 3D MRI cohort and families in the cadav-
eric cohort. The protocol of this study has been approved by
the institutional review board of The Affiliated Hospital of
Qingdao University (No. QYFYWZLL26070).

Structural Outcome Measures
The clarity of the attachments of the CCLs on the coracoid
process in the MRI, including trapezoid ligament (TL) and
conoid ligament (CL), were taken as the criterion in evaluat-
ing the sensitivity of PD-SPACE-COR and PD-SPACE-FS-
COR protocols in CCL imaging. One radiologist (J.M.) and
two orthopedic surgeons (Z.R. and H.P.) independently
ranked the clarity of images from two protocols. The sensi-
tivity was represented by percentage (%).

With the post-MPR images obtained from the 3D MRI
PD-SPACE-COR protocol, the distance between the coracoid
tip and lateral edge of the attachment of TL was identified as
the predicted SM (Fig. 1) and independently measured post
MPR in the workstation (Syngo. via, Siemens, Erlangen,
Germany; measurement accuracy: � 0.1 mm) by three
researchers (Z.R., H.P., and J.M.). The data was expressed as
mean � standard deviation (range).

Cadaveric Morphometric Analysis

Specimen Preparation
Tactile measurement was performed on 32 human cadaveric
shoulders (16 left, 16 right; nine males, seven females) with
no prior injury, surgical history, and anatomical abnormalities.
The specimens were fixed with 37% formaldehyde solution,
and all soft tissues (skin, subcutaneous tissues, deltoid, and
pectoralis major muscle) were removed to expose the coracoid
process, conjoint tendon (CT), coracoacromial ligament
(CAL), pectoralis minor (PM), and CCLs. The root of the cor-
acoid process was sawn off, ligaments and tendons were
removed from the coracoid process (Fig. S1). Subsequently,
the footprints of tendons and ligaments were pigmented for
observation and morphometry (Fig. 2(A),(B)).

Data Acquisition
The SM in the specimens was identified as the distance
between the tip of coracoid process and the outmost edge of
TL footprint (Fig. 2(C)). The SM was measured with an elec-
tronic digital vernier caliper (111-101, Sanliang, Dongguan,
China; measurement accuracy: � 0.01 mm) for three times,
and the distance was audio-recorded for subsequent analysis.
The data was expressed as mean � standard deviation (range).

Statistical Analysis
SPSS 25.0 (IBM, Armonk, NY) was employed. The
McNemar and Cohen’s kappa tests were recruited to deter-
mine the consistency between the sensitivities of two

TABLE 1 The parameters of PD-SPACE-COR and PD-SPACE-
FS-COR

Parameter PD-SPACE-COR PD-SPACE-FS-COR

TR/TE (ms) 1100/37 1100/37
FOV (mm) 180 180
Matrix 320 � 320 320 � 320
Slice thickness (mm) 0.9 0.9
Slice gap (mm) 0 0
Acquisition frequency 1.4 1.4
Acquisition time (s) 7:05 7:25

Abbreviations: COR: coronal; FOV: Field-of-view; FS: fat-suppressed; PD:
proton density weighted; SPACE: 3D sampling perfection with application-
optimized contrasts using different flip-angle evolution; TE: echo time; TR:
repetition time.
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protocols. After the homogeneity of variance was determined
with Levene’s test, the outcomes measured by the PD-
SPACE-COR protocol and cadaveric morphometry were
compared using chi-squared test. Moreover, the gender dif-
ference was determined using chi-squared test. The P-values
were not adjusted for multiple testing, and their interpreta-
tion was explorative. A value of P < 0.05 was considered sta-
tistically significant.

Results

PD-SPACE-COR Precedes PD-SPACE-FS-COR in
Detecting Safety Margin of Coracoid Process
The clarity of the attachments of TL and CL is good in
PD-SPACE-COR imaging, while that of TL is not vague and
CL is absent in PD-SPACE-FS-COR imaging (Fig. 3). Also,
the sensitivity of CCLs was 95.8% for PD-SPACE-COR and
37.5% for PD-SPACE-FS-COR. The inconsistency between

PD-SPACE-COR and PD-SPCAE-FS-COR was determined by
the McNemar test (P < 0.001) and Cohen’s kappa test
(κ = 0.51, P = 0.43).

The Safety Margin Is Determined Based on the Ligament
Footprints on the Coracoid Process
As it has been shown in Fig. 2(C), the footprints of the CAL
and TL were conjunct and located on the lateral side of the
coracoid process with CAL closed to the tip and TL closed to
the base of the coracoid process. Moreover, the PM and CL
were located on the medial aspect of the coracoid process.

The PD-SPACE-COR Assessment Is Consistent with the
Cadaveric Morphometric Outcome
As it has been shown in Table 2, the maximum bone length
available for osteotomy in coracoid process transfer was
24.28 � 2.17 mm predicted by 3D MRI PD-SPACE-COR,
and the average maximum bone length obtained from the

A B   C

D E F

Fig. 1 Data acquisition from 3D MRI PD-SPACE-COR imaging. The coracoid tip is identified as the point most distant from the base on the coracoid on

the horizontal plane. The tip of the coracoid process has been localized with an asterisk in the horizontal (A), Sagittal (B), Coronal (C) planes. Meanwhile,

the lateral edge of the attachment of trapezoid ligament (TL) has been localized with an asterisk in the horizontal plane (D) and sagittal plane (E). and,

the predicted SM, namely, the distance between two asterisks (represent the coracoid tip and lateral edge of TL attachment) was measured (F).
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cadaveric cohort was 25.53 � 2.84 mm. No difference was
detected between 3D MRI PD-SPACE-COR imaging and
cadaveric measurement (poverall = 0.78), regardless of gen-
ders (pMale = 0.63, pFemale = 0.87). Moreover, gender differ-
ence has been found (p3D MRI PD-SPACE-COR = 0.003,
pCadaveric morphometry = 0.01).

Discussion

In this study, the 3D MRI PD-SPACE-COR protocol was
of a high sensitivity in CCL attachment imaging and had

good accuracy in preoperatively evaluating the SM for cora-
coid process transfer. The inconsistent SMs between the Chi-
nese cadaveric cohort and previous reports as well as gender

A B

  C

Fig. 2 The ligament footprints on the surface

of coracoid process. (A). indicates the top view

of the left coracoid process, and (B). indicates

the top view of the right coracoid process. The

locations of the ligament footprints on the

coracoid process, including the conjoint

tendon (CT, yellow), coracoacromial ligament

(CAL, light blue), pectoralis minor (PM, blue),

trapezoid ligament (TL, red), and conoid

ligament (CL, red), have been indicated in (C).

The SM was identified as the tip of the

coracoid process to the outmost edge of TL

footprint on the specimen.

A B

Fig. 3 The representative images from (A) PD-

SPACE-COR and (B) PD-SPACE-FS-COR post-

MPR. The clarity of the attachments of

trapezoid ligament (TL, left arrow in A) and

conoid ligament (CL, right arrow in A) is good

in PD-SPACE-COR imaging while that of TL

(arrow in B) is not distinct and CL attachment

is absent by PD-SPACE-FS-COR imaging.
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difference, in turn, indicate that necessity of preoperatively
geometrical planning in Latarjet shoulder reconstruction
using the 3D MRI PD-SPACE-COR protocol.

The Superiority of PD-SPACE-COR in Predicting Safety
Margin
The PD-SPACE-COR was better than PD-SPACE-FS-COR
in the clarity and sensitivity of CCLs indicated by a higher
ranking, significant statistic by McNemar test, and moderate
disagreement by Cohen’s kappa analysis.14 The inconsistency
between PD-SPACE-COR and PD-SPACE-FS-COR may be
caused by the fat suppression technology. Because the adi-
pose tissue has been commonly found where tendon or lig-
ament inserts bone.15 The fat-suppressed protocol may
have screened the adipose signal,16 which decreases the
clarity of the CCLs in PD-SPACE-FS-COR imaging. Addi-
tionally, the motion artifacts were supposed to be the cause
of the only PD-SPACE-COR negative case (95.8% sensitiv-
ity in 24 cases).

The Feasibility of PD-SPACE-COR in Predicting Safety
Margin
Iteratively denoised 3D SPACE allows retrospective MPRs of
the osseous structures, for example, female pelvis.17 More-
over, the 3D SPACE T2-weighted sequence has a good diag-
nostic quality in evaluating cervical and lumbar spine MRI
anatomy.18,19 In terms of ligament imaging, 3D SPACE pre-
cedes 2D PD-weighted sequences in visualizing wrist liga-
ments.20 The controlled aliasing in parallel imaging results in
higher acceleration (CAIPIRINHA) accelerated SPACE
enables fast isotropic 3D TSE MRI of the ankle, optimizing
visualization of the curved and oblique ligaments and ten-
dons.21 But, the specificity of 3D CAIPIRINHA SPACE TSE
was 80% in a previous report in assessing acromioclavicular
joint abnormalities, whose manifestations include the peri-
articular ligament abnormal thickening and high signal
intensity of these ligaments.22 The MRI contrast is deter-
mined by the magnetic properties and number of hydrogen
nuclei in the studied region. The results of imaging can be
optimized by selecting sequences with different weightings.
PD-weighted imaging does not display the magnetic charac-
teristics of the hydrogen nuclei but the number of nuclei in
the targeted area. Hence, it has been proven in this study
that the 3D PD-weighted SPACE imaging has a sensitivity as
high as 95.8% in shaping the osteoligamentous structures

that is, the coracoid process and the attachments of the
CCLs in a narrow space, and determining SM. Ultimately,
PD-SPACE-COR may be applied to assess the attachment of
periarticular tissues of similar properties to CCLs in other
orthopedic surgeries.

The Reliability of PD-SPACE-COR in Predicting Safety
Margin
Similar to our finding, the reliability of the 3D MRI in imag-
ing other bony and ligamentous structures has been
revealed.23–25 The 3D MRI predicted glenoid bone defect
and showed no difference with anatomically determined
values (for 10% defect, P = 0.27; for 25% defect, P = 0.73).24

A difference of less than 6% has been reported between the
cadaveric data and 3D MR imaging with a strongly correla-
tion (r2 = 0.92) in determining glenoid bone loss.23 More-
over, in terms of imaging tiny structures, for example, the
CCL attachments, 3D MRI is of high priority. In as narrow a
space as intercarpal joints, anatomy on the radial side of the
scaphoid inter-ligamentous connections confirmed the same
ligament configuration as 3D MRI scanning.25 Hence, in this
study, the reliability of the 3D MRI PD-weighted SPACE
sequence in imaging the CCL attachments has been verified
using with tactile measurement. However, a rigorous way to
determine the reliability of 3D MRI PD-weighted SPACE
sequence in predicting SM, for example, a cohort study
focusing the postoperative outcomes of Lartajet shoulder
reconstruction with preoperatively PD-SPACE-COR evalua-
tion, is advocated for further investigation.

Preoperative Safety Margin Evaluation Serves
Personalized Medicine
Personalized management and precision medicine in bone and
mineral disorders and bone tissue engineering have been pro-
posed in disease state and traumatic condition.26,27 Population
differences have been revealed: the SM (25.53 � 2.84 mm)
detected in the Chinese group in this study was similar to that
in the Japanese group (24.8 � 3.4 mm), higher than the data
from the Mongolian population (23.93 � 2.32 mm), while
lower than the American (28.5 � 5.1 mm) and Brazilian
(2.79 � 0.33 cm).5,28–30 Moreover, the gender difference was
detected in this study which is similar to the findings in previ-
ous reports.31 In an American anatomical research with no
explicit mentioning of the cadaver population,31 a similar aver-
age SM (25.1 mm, range 22.1–28.1) is reported while the SM in

TABLE 2 The distance between safety margin and coracoid tip measured by 3D MRI PD-SPCAE-COR and cadaveric mophometry

Group 3D MRI PD-SPACE-COR (n = 24) Cadaveric morphometry (n = 32) p-value

Overall (mm) 24.28 � 2.17 (20.10–29.10) 25.53 � 2.84 (20.70–32.02) 0.78
Male (mm) 25.06 � 1.92 (21.50–29.10) 26.63 � 2.80 (22.33–32.02) 0.63
Female (mm) 22.38 � 1.51 (20.10–24.10) 24.11 � 2.29 (20.70–27.11) 0.87

Note: The data were expressed as mean � standard division (range).
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males (28.1 mm, range 25.1–31.2) is higher and that in females
(22.0 mm, range 18.2–25.9) is lower compared to the Chinese
population. In terms of the screw used to secure the coracoid
graft to the anterior glenoid, two screws of ΦO 3.5–4.5 mm
corresponds to a coracoid graft length of 20–25 mm,32–34 which
has been widely recognized in Lartarjet surgery. However, one
screw has been applied in patients with insufficient SM and
poor drill hole positioning,35,36 or to prevent insufficient exter-
nal bone bridge in the condition of SM being too short.30

Totally, a series of variates, including: (i) The glenoid defect
size; (ii) population difference; (iii) gender difference; and
(iv) The minimum length required for screw insertion, for
example, the screw size and the screw number,30,32–34 take part
in determining the surgical outcomes of Latarjet shoulder
reconstruction, which emphasize the essential of preoperatively
predicting SM in coracoid process transfer in the climate of
personalized medicine.

Strengths and Limitations
In this study, 3D MRI PD-SPACE-COR was qualified in
predicting the SM of the coracoid process for osteotomy in
Latarjet shoulder reconstruction due to its high accuracy,
compared with conventional MRI and 3D CT. In a previous
report, conventional MRI is limited by high slice thicknesses
and large inter-slice interval,37 which results in the absent
CCL attachments in conventional MR images (Fig. S2).
Moreover, 3D CT has been employed in the general mor-
phometric analysis of coracoid process rather than determin-
ing the bony landmark for osteotomy.38,39 Though CT is of a
relative low clarity and resolution compared to MRI, it takes
a longer acquisition time for the 3D sequence (VIBE
sequence acquisition time on average was 4: 16).10 Therefore,
CT is of high priority in clinics, which leads to the limita-
tions of this study: (i) the 3D MRI data corresponding speci-
mens is not assessable from the medical records, which
causes a risk of bias in drawing conclusions; and (ii) indeed,
the time cost and expenditure of 3D MRI restrict the size of
the imaging cohort.

Conclusions
This study suggests that 3D MRI PD-SPACE-COR is quali-
fied for preoperatively predicting SM in coracoid process
transfer, which optimizes the surgical decision and may

motivate the development of personalized medicine in the
Latarjet shoulder reconstruction surgery.
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Fig. S1. Specimen preparation in cadaveric morphometric
analysis. (A). Soft tissues, including skin, subcutaneous tis-
sues, deltoid, and pectoralis major muscle, are removed to
expose the coracoid process, conjoint tendon (CT), pectoralis
minor (PM), coracoacromial ligament (CAL), and cor-
acoclavicular ligament [CCL, including trapezoid ligament
(TL) and conoid ligament (CL)]. (B). The root of the cora-
coid process is sawed off, ligaments and tendons were
removed from the coracoid process.

Fig. S2. The images by conventional MRI (FSE-T2WI). The
attachments of the coracoclavicular ligament (CCL) was not
observed in the coronal (A, B, C), sagittal (D, E, F), horizon-
tal (G, H, I) planes with 3.0 mm slice thickness, 0.3 mm slice
gap, 256 � 256 matrix and 20 field-of-view.
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