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Impact of scapular notching on glenoid fixation
in reverse total shoulder arthroplasty: an in vitro
and finite element study
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Background: The high incidence of scapular notching in reverse total shoulder arthroplasty (RTSA) has
spurred several methods to minimize bone loss. However, up to 93% of RTSAs accompanying scapular
notching have been reported to maintain good implant stability for over 10 years. This study was
conducted to investigate the relationship between scapular notching and glenoid fixation in RTSA.
Methods: Cadaveric testing was performed to measure the notch-induced variations in strain on the
scapular surface and micromotion at the bone-prosthesis interface during arm abductions of 30�, 60�,
and 90�. Finite element analysis was used to further study the bone and screw stresses as well as the
bone-prosthesis micromotion in cases with a grade 4 notch during complicated arm motions.
Results: The notch resulted in an apparent increase in inferior screw stress in the root of the screw cap
and at the notch-screw conjunction. However, the maximum stress (172 MPa) along the screw after
notching is still much less than the fatigue strength of the titanium screw (600 MPa) under cyclic
loading. The bone-prosthesis micromotion results did not present significant notch-induced variations.
Conclusions: Scapular notching will lead to few impacts on the stability of an RTSA on the glenoid
side. This finding may explain the long-term longevity of RTSA in cases of severe scapular notching.
The relationship between scapular notching and weak regions along the inferior screw may explain
why fractures of the inferior screw are sometimes reported in patients with RTSA clinically.
Level of evidence: Basic Science Study; Biomechanics and Computer Modeling
� 2020 Journal of Shoulder and Elbow Surgery Board of Trustees. All rights reserved.

Keywords: Scapular notching; reverse total shoulder arthroplasty; in vitro testing; finite element analysis;

fixation; micromotion
view Board approval was received from the Imperial

h Ethics Committee.

uests: Min Zhang, PhD, Beihang University, No. 37

Haidian District, Beijing, China 100083.

ss: zhangminsky123@msn.com (M. Zhang).

ee front matter � 2020 Journal of Shoulder and Elbow Surgery

.1016/j.jse.2020.01.087
Scapular notching is a result of mechanical impinge-
ment between the humeral cup and the scapular neck,
which often leads to implant wearing and the generation
of polyethylene debris. The polyethylene particles can
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trigger osteolytic reactions and further enlarge the bone
notch. Scapular notching is a frequently reported
complication of Grammont reverse total shoulder arthro-
plasty (RTSA), occurring in 44%-93% of patients.6,8,10,12

Notching can appear within the first few postoperative
months of a patient undergoing RTSA and may continue
to progress over time.6,12,16 This condition is also some-
times accompanied by screw fracture and implant loos-
ening.7,26 Thus, the presence of scapular notching has
long been a clinical concern,2,7,26 and numerous publica-
tions have reported on efforts to minimize bone-prosthesis
impingement and scapular notching.5,19,24 However, a
recent review of RTSA longevity studies reported that the
postoperative survivorship of RTSA is 70% at 15 years;
when prosthesis failure alone is viewed as the reason for
revision, the survivorship rate reaches 85% at 15 years.6

Moreover, at a follow-up of 10 or more years, 93% of
patients with RTSA had scapular notching, 48% of whom
had grade 3 or 4.6 It is not yet clear whether scapular
notching is associated with implant survivorship, partic-
ularly whether severe notching promotes aseptic glenoid
loosening, which has been reported in 12% of Grammont
RTSAs.2

Previous studies on the fixation strength of the glenoid
baseplate in RTSA included in vitro testing and finite
element analysis (FEA). In vitro testing can closely repli-
cate the conditions in the body, but the range of arm mo-
tions is restricted and this method can provide only limited
information on what is happening within the joint. Roche
et al24 used an in vitro setup to evaluate initial implant
fixation through bone-prosthesis micromotion after scap-
ular notching. However, only arm abduction was simulated.
FEA can simulate any joint movement through a range of
complicated activities and is beneficial for assessing
stresses and forces that cannot be easily measured using
other means.

This study aimed to use an in vitro setup and FEA to
quantitatively assess the correlation between scapular
notching and glenoid fixation in RTSA. The fixation was
assessed according to initial implant stability and screw
stability. Cadaveric testing was performed to investigate the
notch-induced variations in the strain on the scapular sur-
face and bone-prosthesis micromotion under 30�, 60�, and
90� of humeral abduction, respectively. For more complex
shoulder movements (lifting an object to head height and
standing up from an armchair), FEA was used to further
study the effect of scapular notching on the stability of the
glenoid component in RTSA regarding screw safety, screw
stability, and initial implant stability with the parameters of
screw stress, bone stress on the surface of the screw hole,
and bone-prosthesis micromotion. Given the high incidence
of scapular notching but low revision rates for RTSA, it was
hypothesized that a grade 4 scapular notch would have little
effect on the stability of RTSA during the simulated daily
activities.
Materials and methods

This study aimed to assess the effect of scapular notching on
glenoid fixation by using in vitro testing and FEA. The detailed
study process is presented.

In vitro testing

Three cadaveric scapulae (International Institute for the
Advancement of Medicine, Edison, NJ, USA) without any history
of shoulder disease or surgery were used for the in vitro evaluation
(Table I). The method for preparing the cadaveric scapulae for
testing was described in a previous publication by Zhang.30 The
cadaveric shoulders, which were stored in a –20�C freezer, were
thawed at room temperature the night before in vitro testing
began. Then, the scapula was separated from each shoulder, and
all the soft tissues on the surface of each scapula were cleared out.
Bone strains on the scapular surface and bone-prosthesis micro-
motions in both the un-notched and notched conditions were
measured with the aim of evaluating the effect of scapular
notching on implant stability. Methods for preparing to measure
these 2 parameters on in vitro testing are described in the
following subsections.

Preparation for measuring bone strains on scapular
surface
On each scapula, 8 uniaxial strain gauges (FLA-2-11; Tokyo
Sokki Kenkyujo, Tokyo, Japan) were attached at approximately
10 mm and 25 mm beneath the glenoid articular surface and
around the glenoid at each level (Fig. 1). These 2 levels were
chosen with the purpose of investigating strain close to, and at a
small distance from, the glenoid. The strain gauges on the
anterior, posterior, and superior surfaces of the scapula were
roughly perpendicular to the glenoid articular surface. The strain
gauges located on the inferior surface were orientated parallel to
the lateral border. The procedure of fixing a strain gauge on the
bone surface conformed to the method introduced by Dabes-
tani.18 The location where a strain gauge would be attached was
first specified and marked with a black permanent marker. Then,
the bone surface at the target location was cleared of periosteum
and abraded with 400-grit silicon-carbide paper. Finally, as
suggested by Wright and Hayes,29 1 strain gauge was attached to
the bone surface with M-Bond 200 adhesive (Vishay Measure-
ments Group, Basingstoke, UK). All the strain gauges on the
surface of each scapula were connected to a calibrated model P3
strain recorder (accuracy, 1 mε; Vishay Measurements Group) for
strain measurements.

Setup of bone-prosthesis interface micromotion test
As shown in Figure 2, A, one-third of each scapula on the medial
side was secured in a container filled with polymethyl methac-
rylate bone cement (Simplex; Stryker, Kalamazoo, MI, USA).
The coordinate system (Fig. 2, A) was defined in accordance
with the system proposed by Terrier et al,27 with the middle
point of the glenoid fossa being the origin (O) of the coordinate
system. The x-axis was orientated from posterior to anterior, the
y-axis was orientated from inferior to superior, and the z-axis
was defined as being perpendicular to the glenoid articular sur-
face. An experienced orthopedic shoulder surgeon implanted



Table I Characteristics of cadaveric scapulae

Subject No. Sex Age, yr Side No. of voxels Voxel size, mm

1 Female 70 Right 512 � 512 � 507 0.56 � 0.56 � 0.33
2 Male 66 Right 512 � 512 � 788 0.85 � 0.85 � 0.33
3 Female 71 Left 512 � 512 � 533 0.48 � 0.48 � 0.33

Figure 1 Positions of strain gauges on cadaveric scapula surface.

Figure 2 Experimental setup. (A) Inferior view of scapula settled in bone container. (B) Setup of in vitro testing. LVDT, linear variable
differential transformer.
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each shoulder joint with a Delta CTA RTSA (DePuy Synthes,
Warsaw, IN, USA) using the procedure detailed in the 2005
version of the Delta implant surgical guide (DePuy Synthes).
The relative movement (micromotion) at the bone-prosthesis
interface was measured using a linear variable differential
transformer (LVDT) (DP/2/S; Solartron Metrology, Bognor
Regis, UK) (resolution, 0.01 mm) (Fig. 2, B). Four calibrated
LVDTs were fixed to the superior, inferior, anterior, and poste-
rior of the metal glenoid implant.
Measurement in un-notched bone condition
All the scapulae with the strain gauges and RTSA were first used
for measurements in the un-notched bone condition. The test setup
is shown in Figure 2, B. The bone container holding the un-
notched scapula was secured on the platform of a tensile testing
machine (Instron, Norwood, MA, USA). The superoinferior di-
rection of the scapula was aligned with the matching humeral cup
(DePuy Synthes) and the pneumatic cylinder. The humeral cup
was fixed to the actuator in the Instron machine and supplied the



Figure 3 Implanted scapulae with and without grade 4 notch. (A) Implanted cadaveric scapula without notch from anterior view. (B)
Implanted cadaveric scapula with inferior notch. (C) Finite element model of implanted scapula without notch. (D) Finite element model of
implanted scapula with inferior notch. L, lateral; I, inferior; S, superior; M, medial.
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vertical force. The pneumatic cylinder was fixed with the platform
of the Instron machine and applied the horizontal force. The
maximum glenohumeral force values in the arm motions of 30�,
60�, and 90� of abduction were obtained from the study of Terrier
et al27 (Supplementary Appendix S1). The strain value measured
by each strain gauge around the glenoid under each abduction
angle was recorded. The output from each LVDT was also
recorded. To reduce the effect of the viscoelastic properties of
bone on the results, a 5-minute restoration period was allowed for
each scapula before the start of the next loading case.4 Because of
possible impingement between the rod for securing the inferior
LVDT on the implant and the humeral cup at 30� and 60� of
abduction, inferior micromotions under these 2 conditions were
not recorded. The test was repeated 3 times for each abduction
angle, and the average value was used to represent the strain and
micromotion for that angle.

Measurement in notched bone condition
After all testing of un-notched samples was complete, a Nerot-
Sirveaux grade 4 inferior artificial notch (Fig. 3, A) was handmade
in each scapula by use of a saw, with the most medial border of the
notch being roughly 10 mm below the inferior rim of the glenoid
component.25 The positioning of the notch was consistent with
that reported in the clinical literature.21,26 The strain gauges used
for testing on the un-notched scapulae remained in place during
the notching procedure. Gauges that were broken or damaged
were replaced with new gauges at the same positions. The oper-
ation methods for positioning the bone container on the Instron
machine platform and force loading on the glenoid in the notched
condition were the same as those in the previous testing. Strains
and micromotions around the glenoid were recorded and
compared with the pre-notched results. A paired t test was used to
investigate the effect of severe notching on bone strain and
micromotion. P < .05 was considered statistically significant.

Analysis of effect of scapular notching on implant
stability in daily activities with finite element
modeling

Before further analysis of the effect of scapular notching on
implant stability in complex daily activities with finite element
(FE) modeling, the notch-induced changes in bone strain and
bone-prosthesis micromotion with 30�, 60�, and 90� of arm
abduction predicted from the finite element model (FEM) were
validated with the results of the previous experiments. The
believable FEM, which had been validated with the in vitro testing
results, would be used for further study of daily activities.

Validation of FEM
The method of building the FEM of a scapula accompanied by a
glenoid component in RTSAwas described in our previous work31

and consists of the following steps: Computed tomography images
of all 3 scapulae (Table I) were used to reconstruct the geometry
of the bone via Avizo software (version 5; Mercury Systems,
Andover, MA, USA). Each reconstructed scapula model was
implanted with a Delta CTA RTSA with guidance from an expe-
rienced orthopedic shoulder surgeon and following the surgical
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technique for this type of prosthesis (2005 revision; DePuy Syn-
thes). The glenoid component and screw positions of each scapula
in the FEM were consistent with those of the same bone in the
previous cadaveric testing. Each FEM of an implanted scapula
was used to create 2 models: with and without a scapular notch
(Fig. 3, B). For each notched model, a Nerot-Sirveaux grade 4
notch26 was simulated to be consistent with the notch created in
the same cadaveric scapula. All the notched and un-notched FEMs
were imported into MSC Marc software (MSC Software, Santa
Ana, CA, USA) for FE pre-processing and modeling. Methods
of FE modeling in MSC Marc for notched and un-notched bone
were the same. Each model of bone with a Delta CTA RTSAwas
composed of isotropic and linear elastic tetrahedral elements.
The material properties of each element in the FEM of the
scapula were determined by the computed tomography values
and the density-modulus relationship proposed by Carter and
Hayes.3 The FEMs of the 3 cadaveric scapulae in the intact
condition were validated against results from in vitro cadaveric
testing in our previous work.30 The Young modulus of the
cobalt-chrome baseplate and the glenohumeral sphere was set as
210 GPa, and that of the titanium screws for securing the gle-
noid component was set as 110 GPa.14 The Poisson ratio for all
the elements was 0.3. The bone-prosthesis interface was
unbonded with a friction coefficient of 0.4,14 which has been
shown to be consistent with in vitro conditions.13 The screws
were assumed to provide firm fixation and thus to be rigidly
bonded with the bone. The FEMs used the same coordinate
system, arm abduction angles, and boundary conditions as in
vitro testing. Similarly, the strain in the FEMs was recorded at
the same points where the strain gauges were in the in vitro test
and in the same direction as the gauge orientation. The relative
movement between the glenoid baseplate and the position of the
LVDT probe on the bone was also calculated. Convergence
testing for each analyzed scapula showed that a mesh size of 1.5
mm in the region of the glenoid and 3.0 mm in the remaining
bone was able to produce reliable strains and micromotions.30

The FE notch-induced strain change in the position of each
strain gauge from the 3 scapula models was averaged. In
addition, the bone-prosthesis micromotion in each direction of
the glenoid from the 3 subjects was averaged. Because of un-
avoidable differences between in vitro testing and the FEM in
accordance with notch shape, implant position, and screw
location, a comparison was made between in vitro testing and
the FEM to assess the effect of scapular notching on strain and
bone-prosthesis micromotion. This comparison was used to
assess the accuracy of the FEM.
Effect of scapular notching on implant stability in daily
activities
After validation of the FEMs as described earlier, the models
were used to simulate 2 complicated shoulder movements:
lifting a block (5 kg) to head height and standing up from an
armchair. These 2 activities have been reported to produce the
greatest glenohumeral contact forces and anteroposterior shear
forces among 13 daily shoulder activities in patients with
RTSA.15 The force values for these 2 activities presented by
Kontaxis15 were used (Supplementary Appendix S1). Maximum
principal stresses along the screws and on the surface of the
screw holes, as well as bone-prosthesis micromotions, were
evaluated. A paired t test was used to assess the effect of
scapular notching on the stability of the glenoid implant. P < .05
was considered statistically significant.
Results

In vitro testing

The strains recorded from each strain gauge from the 3
cadaveric scapulae were averaged and are presented in
Figure 4, A and B. The presence of a notch did not lead to
significant effects on the bone strains around the scapula
during arm elevation (P ¼ .863), whereas the magnitude of
the strain changes varied depending on gauge location and
activity being performed. The loading-dependent charac-
teristic of notch-induced bone strain presents a necessity for
more realistic and complicated loading simulations.

Mean bone-prosthesis interface micromotions in each
LVDT position in the 3 subjects are presented in Figure 4,
C. The notch did not significantly impact the bone-
prosthesis relative movements around the glenoid compo-
nent during arm elevation (P ¼ .843).

Validation of FEM with experimental measurements

Notch-induced strain variations from the FEMs of the 3
subjects were averaged in each strain gauge position and
are illustrated with the in vitro results in Figure 5. The FE
results in the notch-induced strain variations around the
glenoid displayed a trend consistent with those from the
cadaveric scapula testing. Both the FE and experimental
data presented an apparent decrease in notch-induced strain
changes from the position close to the glenoid to that far
away around the glenoid. The maximum difference be-
tween the FE notch-induced strain variation around the
glenoid and that obtained from the experimental results was
14 mε and occurred on the lateral-posterior glenoid surface.

The comparison between the FE and experimental
micromotion variations indicated that the FEM of scapulae
can predict the same levels of micromotion as in vitro
testing (P ¼ .647). The maximum FE-experimental differ-
ence in the notch-induced micromotion variations around
the glenoid was 0.50 mm.

Effect of scapular notching on implant stability in
daily activities

Distributions of the maximum principal stress along the
inferior screw for the 3 subjects before and after notching
were predicted with FEA. The result showed the same trend
of stress distribution along the inferior screw for the 3
subjects. One subject’s stress distributions when rising from
an armchair are exhibited in Figure 6, A. The results indi-
cated that high stresses appeared in the root of the screw
cap. The scapular notch resulted in an increase in the



Figure 4 In vitro testing results. (A) Strains on glenoid surface at level approximately 10 mm medial to glenoid articular surface during various
arm abductions before and after notching. (B) Strains on glenoid surface at level approximately 25 mm medial to glenoid articular surface during
various arm abductions before and after notching. (C) Micromotion at bone-prosthesis interface around glenoid before and after notching.
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maximum principal stress for all 3 subjects. The
average maximum principal stresses of the 3 subjects in the
case of a Nerot-Sirveaux grade 4 inferior notch reached
72.5 MPa (standard deviation [SD], 4.8 MPa) while lifting a
block to head height and 172.0 MPa (SD, 6.2 MPa) while
standing up from an armchair. When the notch-induced
stress changes on each cross section along the screw at 2-
mm intervals were averaged, all 3 subjects’ results pre-
sented consistent trends in the 2 shoulder activities. One
subject’s results are illustrated in Figure 6, B. Both simu-
lated arm activities led to an apparent notch-induced in-
crease in stress in the root of the screw cap and at the
conjunction between the notch and the inferior screw.
Moreover, large glenohumeral contact force resulting from
the activity of standing up from an armchair led to the most
apparent increase in stress after scapular notching.

The distribution of the maximum principal stress on the
surface of the inferior screw hole before and after notching
was used to assess the possibility of notch-induced bone
fracture. The results of all 3 subjects showed the same
stress distribution. High stresses appeared close to the
screw tip, as shown in Figure 7, which presents 1 subject’s
stress distributions before and after scapular notching when
standing up from an armchair. In addition, the bone stress
on the surface of the screw hole was increased after scap-
ular notching, with the mean maximum principal stress of
the 3 subjects during the 2 simulated shoulder joint activ-
ities being 3.3 MPa (SD, 0.9 MPa).

Micromotion distributions at the bone-prosthesis inter-
face in the 3 subjects before and after scapular notching
were calculated. Figure 8 presents distributions of 1 sub-
ject’s bone-prosthesis micromotion when rising from an
armchair. The results showed no significant variations in
bone-prosthesis micromotion (P ¼ .868). The mean peak
notch-induced increase in bone-prosthesis micromotion in
the 3 subjects was 2.68 mm (SD, 0.57 mm) and occurred
when standing up from an armchair.
Discussion

Both in vitro testing and FE analysis methods were used to
investigate the effect of inferior scapular notching on gle-
noid fixation in RTSA. The most important findings are as



Figure 5 Finite element (FE)–experimental comparison. (A) Comparison between experimental and FE notch-induced strain variations
around scapula. (B) Comparison between experimental and FE notch-induced micromotion variations around scapula during various arm
abductions. Ant, anterior; Inf, inferior; Post, posterior; Sup, superior.
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follows: (1) Notch-induced stress variation was loading and
location dependent. (2) An inferior scapular notch led to an
apparent increase in stress in the root of the screw cap, as
well as at the screw-notch interface. (3) The bone stress on
the surface of the screw hole increased in the presence of a
scapular notch. (4) A severe inferior scapular notch resulted
in few variations in micromotion at the bone-prosthesis
interface during daily arm activities.

Strains on the surface of 3 cadaveric scapulae before and
after scapular notching under 30�, 60�, and 90� of arm
abduction were measured using in vitro testing. The results
showed that notch-induced strain variation was loading and
location dependent. The region close to the notch was
generally impacted by the notch more than the region far
from the notch. This possibly occurs because no bone
supports the inferior screw in the region of bone loss and,
thus, bone close to the notch incurred more stresses.

The FEM for predicting the strains and micromotions in
the bone condition of an inferior scapular notch were
validated with the completed in vitro testing. The maximum
deviation between the FE notch-induced strain variations
and those from experiments was 14 mε. The maximum
difference in the FE bone-prosthesis micromotion changes
from the in vitro testing results was 0.50 mm. The FE-
experimental variation could have been caused by the un-
avoidable inconsistent notch geometries, implant positions
in the FEM and the experiments, and unavoidable differ-
ences induced by replacing the strain gauge broken by
making a notch. The slight changes in the location of the
glenoid component in RTSA and the notch surface created
by hand may have led to variations in the force transmitted
from the glenoid prosthesis to the bone. The unpredicted
contact condition at the interface between the nonlocked
screws (anterior and posterior screws in the Delta CTA
RTSA) and the bone on in vitro testing is possibly another
explanation for the FE-experimental variations. In the
FEM, the nonlocked screws were assumed firmly secured.
The real condition may not have been the same as the
assumption in the FEM and may have led to different
experimental results. However, the FEM of the 3 scapulae



Figure 6 Maximum principal stresses on surface of inferior screw. (A) Distributions of maximum principal stresses on surface of inferior
screw before (a) and after (b) scapular notching. (B) Variations in maximum principal stresses after notching along inferior screw from back
of baseplate to screw tip.
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when in the intact condition had been validated against the
results of in vitro cadaveric testing in our previous work.30

Moreover, the notch-induced strain variations predicted
from the FEM displayed a trend consistent with those
measured from in vitro testing under the same loading and
fixation conditions. Thus, the FEM was able to predict
believable strain variations induced by the inferior scapular
notch. The maximum difference between the FE notch-
induced micromotion changes and those from in vitro
testing (0.50 mm) was much lower than the threshold for
bone integration (50 mm)22; thus, the FE-experimental
difference will lead to few impacts on the prediction of
bone ingrowth after RTSA implantation.

With the validated FEM of implanted scapulae, 2
complicated daily physical activities of the shoulder were
simulated. The predicted notch-induced stress changes
along the inferior screw depicted that a notch led to an
apparent increase in screw stress in the root of the screw
cap and at the screw-notch interface. The 2 regions of large
notch-induced stress variation predicted from the FEM are
in line with the positions of screw fractures reported in
clinical practice.11,26 The agreement between the FE results
and the clinical observation indicated that the FEM of an
implanted scapula with a scapular notch could predict
believable results when the effects of severe notching on
the inferior screw were analyzed. In this study, the pre-
dicted maximum principal stress of the inferior screw in the
bone condition of a Nerot-Sirveaux grade 4 notch was 172
MPa and occurred when standing up from an armchair,
which resulted in the largest glenohumeral joint contact
force in the 13 daily arm activities reported by Kontaxis.15

This value was much smaller than the fatigue strength of
the inferior titanium screw (600 MPa) in daily life.28 It
documented that the inferior screw in a scapula implanted
with an RTSA was comparatively safe in the case of
scapular notching. The incidence of breakage of the inferior
screw accompanied by scapular notching in clinical prac-
tice was reported as 2% by Sirveaux et al26 and as 1% by



Figure 7 Distribution of maximum principal stresses on surface of inferior screw hole before and after scapular notching. (A) Intact
inferior screw hole before scapular notching from posterior view. (B) Remaining inferior screw hole after scapular notching from posterior
view. (C) Intact inferior screw hole before scapular notching from anterior view. (D) Remaining inferior screw hole after scapular notching
from anterior view. The green line is the contour of the inferior screw hole. The dashed yellow line marked on each intact scapular neck
image is the position of the notch surface that will be created later. The solid yellow line is the notch surface. L, lateral; I, inferior; S,
superior; M, medial.

Figure 8 Distribution of bone-prosthesis micromotion before and after scapular notching. The dotted yellow line marked on the intact
bone-prosthesis contact surface is the position of the notch surface that will be created later.
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Grassi et al.11 Screw fracture was possibly caused by the
movement of the humeral component into the notch and the
impact to the inferior screw.23 It also may be induced by the
stress concentration in the inferior screw thread, reducing
the screw fatigue life. Generally, the inferior screw is
comparatively safe even in the case of scapular notching.
However, if the inferior screw breaks, the root of the screw
cap and the bone-notch interface are the regions at poten-
tially high risk.

The maximum principal stresses on the surface of the
inferior screw hole after scapular notching were analyzed.
The peak stress in the cancellous bone reached 3.3 MPa
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(SD, 0.9 MPa). This value was lower than the regional
ultimate strength (13-110 MPa)1,9,20 and failure strength
(9-15 MPa)1 of cancellous bone but was on the same level
as the fatigue failure strength (3.6 MPa) of epiphyseal
cancellous bone with a Young modulus of 400 MPa after 1
million cycles.17 This finding suggests that scapular
notching may increase the risk of bone fracture close to the
inferior screw hole and may explain the possible screw
loosening in the presence of scapular notching, which were
reported to cover 40% of glenoid loosening.26

Micromotions at the bone-prosthesis interface were
analyzed to assess the effects of a severe inferior scapular
notch on the initial stability of the glenoid component in
RTSA. The results showed that few variations (2.68 mm
[SD, 0.57 mm]) in notch-induced bone-prosthesis micro-
motions were observed after scapular notching. The
maximum predicted bone-prosthesis micromotion of the
implanted scapula accompanied by a severe scapular notch
was 59.80 mm, which is on the same level as the threshold
for bone ingrowth (50 mm)22 and predicted a generally
effective bone-prosthesis environment for bone osseointe-
gration. This finding was in line with the report of Nyffeler
et al,21 in which a Delta III RTSA in the scapula retrieved at
8 months’ follow-up, accompanied by a grade 3 inferior
notch, was generally well supported by the bone biological
attachments.

There are several limitations to our study. First, the
unavoidable inconsistencies in the notch geometries and the
positions of the glenoid prosthesis and screw fixations, as
well between the experiment and the FEM, limit the pre-
cision of statistical comparison. The FEMs of 3 cadaveric
scapulae in the intact condition were validated against re-
sults from in vitro cadaveric testing in our previous work.30

Moreover, the differences between the FE predicted notch-
induced variations in inferior screw stress and those from
experiments were much smaller than the fatigue strength of
the titanium screw material. The FE-experimental varia-
tions in bone-prosthesis micromotions were also much
lower than the threshold for bone ingrowth. Therefore, the
FEM of a scapula accompanied by an inferior notch can
produce a result consistent with the reality. Second, only a
severe inferior notch (Nerot-Sirveaux grade 4) was used in
this study, although scapular notches are also observed in
the anterior and posterior scapulae.25 Because an inferior
notch is one of the most significant regarding bone loss and
because screw fractures were reported to be associated with
the inferior scapular notch in the clinic,11,26 a severe infe-
rior scapular notch is appropriate in assessing implant fix-
ation. Third, the assessment of bone fracture was limited by
the use of the fatigue failure value from bovine cancellous
bone with a Young’s modulus of 400 MPa.17 A proper fa-
tigue failure limitation from scapular trabecular bone in
daily life would improve the accuracy of our assessment.
Finally, the use of LVDTs precluded the ability to measure
the relative bone-prosthesis movement in the inferior gle-
noid. Future iterations of this test paradigm may use
slightly different motion capture techniques (eg, laser
extensometer) to capture the displacements in all the re-
gions around the glenoid.
Conclusion
This study was conducted to investigate the relationship
between scapular notching and glenoid fixation in
Grammont RTSA. Both the in vitro testing and FEM
results presented few notch-induced variations in bone-
prosthesis micromotions. The stress values along the
inferior titanium screw in the implanted scapula
accompanied by an inferior notch were lower than the
screw fatigue strength and documented that the inferior
screw was comparatively safe even in the presence of a
severe inferior notch on the scapular neck. These find-
ings may explain the long-term longevity of RTSA in the
case of severe scapular notching. The relationship be-
tween the inferior scapular notch and the weak regions
along the inferior screw (the root of the screw cap and
the screw-notch conjunction) may explain why fractures
of the inferior screw are sometimes reported in patients
with RTSA clinically.
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