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Abstract

Purpose Glenoid loosening after total shoulder arthroplasty (TSA) is influenced by the position of the glenoid component. 3D
planning software and patient-specific guides seem to improve positioning accuracy, but their respective individual application
and role are yet to be defined. The aim of this study was to evaluate the accuracy of frechand implantation after 3D pre-operative
planning and to compare its accuracy to that of a targeting guide.

Method Seventeen patients scheduled for TSA for primary glenohumeral arthritis were enrolled in this prospective study. Every
patient had pre-operative planning, based on a CT scan. Glenoid component implantation was performed freehand, guided by 3D
views displayed in the operating room. The position of the glenoid component was determined by manual segmentation of post-
operative CT scans and compared to the planned position. The results were compared to those obtained in a previous work with
the use of a patient-specific guide.

Results The mean error for the central point was 2.89 mm (SD + 1.36) with the freechand method versus 2.1 mm (SD £ 0.86) with
use of a targeting guide (p = 0.05). The observed difference was more significant (p = 0.03) for more severely retroverted glenoids
(>10°). The mean errors for version and inclination were respectively 4.82° (SD +3.12) and 4.2° (SD +2.14) with frechand
method, compared to 4.87° (SD+3.61) and 4.39° (SD + 3.36) with a targeting guide (p =0.97 and 0.85, respectively).
Conclusion 3D pre-operative planning allowed accurate glenoid component positioning with a freehand method. Compared to
the freechand method, patient-specific guides slightly improved the position of the central point, especially for severely retroverted
glenoids, but not the orientation of the component.

Keywords Patient-specific guides - 3D planning - Total shoulder arthroplasty - Positioning - Accuracy - Glenoid component

Introduction long-term functional results [1, 2]. Despite these reliable out-
comes, glenoid loosening has been reported to be a serious
concern. Though exceptional prior five years post-operative,

radiographic loosening approximates 50% at ten years follow-

Total shoulder arthroplasty is the preferred treatment for
glenohumeral primary osteoarthritis, with good short- and
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up [2, 3]. Improving glenoid implant survivorship over time is
one of the more crucial elements of research relating to shoul-
der arthroplasty [4]. Over the past ten years, much attention
has been paid to improve the accuracy of glenoid implant
positioning. The shoulder is a highly mobile joint, and stabil-
ity of this joint is a delicate combination of multiple factors,
including bone orientation, ligamentous restrains, and peri-
articular muscle balance. With respect to shoulder
arthroplasty, malpositioning of the implant, defined by exces-
sive retroversion or inclination (over 10°), may be responsible
for increased shear forces and higher loosening rate after years
[4-9]. Moreover, reported surgeon’s accuracy for glenoid im-
plant positioning is relatively poor, mostly because of lack of
pre-operative planning and difficulty with intra-operative
landmarks [10-15].

Ideal component positioning requires determining precise-
ly the optimal position of the implant for each patient. This
equates to minimal retroversion and inclination, as well as
minimal bone reaming in order to preserve subchondral bone
and provide sufficient implant-on-bone seating [4-9].
Glenosys planning software (Imascap, Plouzané, France) al-
lows fast automatic 3D modeling of the scapula, reliable 3D
measurements of scapular parameters, and virtual implanta-
tion of the glenoid component prior to surgery, compatible
with the surgeon’s routine practice [16, 17]. Recently,
patient-specific guides (PSG) have been proposed to aim
and recreate the planned position intra-operatively. Several
of these systems, based on 3D imaging and 3D printing, are
currently utilized with promising results, but what is not clear
are the respective benefits of each component of this process,
that is, the pre-operative planning and then the utility of the
specific targeting guides [10, 11, 13, 15-19].

Our hypothesis was that pre-operative planning, even with-
out PSG, could optimize glenoid component positioning. The
aim of this study was to evaluate the accuracy of glenoid
implant position after isolated 3D pre-operative planning with
Glenosys Software (Imascap, Plouzané, France) using a free-
hand implantation method. Secondarily, we compared our re-
sults to those obtained in another published series, using the
same software, but with the use of a PSG for glenoid implan-
tation and thus evaluated the proper role of this device in
improving the surgeon’s accuracy.

Patient and method

Population

Seventeen patients, scheduled for a total shoulder arthroplasty
(TSA) for primary glenohumeral osteoarthritis, were enrolled
in this prospective, single centre study between April 2014

and October 2015. All the patients had a pre-operative CT
scan of the entire shoulder (including medial border and
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inferior angle of the scapula), performed in the supine posi-
tion, with the arm at side and with the shoulder in neutral
rotation, with specific acquisition parameters (Fig. 1). The
native DICOM axial views were used for pre-operative plan-
ning with Glenosys Software (Imascap, Plouzané, France).
There were 14 women and three men, with mean age of 68
+ 12 years (range 48—87). All the subjects were provided clear
information and gave written consent for a post-operative CT
scan, before inclusion. This study received an Institutional
Review Board agreement (Centre Orthopédique Santy, IRB
20.1611).

Pre-operative planning

Using specific validated algorithms, Glenosys Software per-
forms automatic 3D reconstruction of the scapula and precise-
ly determines glenoid version, inclination, and humeral head
subluxation, with respect to the scapular plane [20, 21]. This
software was used by the surgeons to analyze glenoid defor-
mity and to virtually implant the glenoid component for each
patient before surgery. All the pre-operative shoulder param-
eters (version, inclination, humeral head subluxation, and
glenoid type according to Walch classification [22]) were re-
corded for analysis (Table 1). The surgeon had to choose com-
ponent size and radius of curvature, as well as the optimal
position with respect to orientation (< 10° superior inclination,
< 15° retroversion), implant-on-bone seating (min. 80%),
subchondral bone preservation, and avoiding glenoid vault
perforation, based on previously published data [4-9]. The
virtual component parameters (type, position, orientation)
were created by 3D models saved in a Standard Tessellation
Language (.STL) file format, as well as the 3D pre-operative
scapula. These two .STL files (“pre-op scapula” and “pre-op
implant™) were subsequently used for comparison with post-
operative real position of the implant.

Surgical technique

All the procedures were performed in one centre, by two sur-
geons with significant experience level in shoulder
arthroplasty (AJ, DM). Planning parameters and 3D views
of the scapula, the implant, and the virtual guidewire were
printed and displayed in the operating room (Fig. 2). For all
the patients, the humeral implant was an ASCEND FLEX
short uncemented stem (Tornier SAS, Montbonnot Saint
Martin, France) and glenoid component was a PerFORM
polyethylene keeled cemented component (Tornier SAS,
Montbonnot Saint Martin, France). After residual cartilage
removal, guidewire positioning and reaming were performed
frechand, based on planning parameters and displayed 3D
views, without any specific guide. Then, glenoid preparation
was performed using a standard compacted autograft tech-
nique [23] and low viscosity cement.
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Recommended parameters
Parameter Recommended Min Max
Modality CT
Kernel / Algorithm Bone or Bone+
kVp 120 Kvp 120 Kvp 140 Kvp
Manual 240 mA Manual 200 mA Manual 300 mA
mA Do NOT use auto-mA setting
Not doing so will produce images that are incompatible with Glenosys
Slice Increment 1.2 mm 0.312 mm 1.2mm
- Detector Coverage should be maximum
A eTickness - Helical Thickness 0.625 mm or 1.25 mm
9 - Pitch 0.9 or less
- Rotation time 1 sec or less
Exposure time 1000 ms 1000 ms 1500 ms
Display Field of View (DFOV)
Parameter Recommended
20 to 30 cm to cover
DFOV (Axial plane) full scapula and the 15¢cm No more than 32 cm
elbow level
DFOV (Frontal plane) >10 cm 8cm 45cm
Matrix size 512x512 512 x 512 1024 x 1024
S
s
3
A
&
B
o
8
FOV along Scapula 200-300mm S
E}
Fig. 1 CT scan parameters for Glenosys Software
Table 1 Native glenoid
characteristics in the two Freehand series PSG series (Gauci et al. [17]) )4
compared series
Version —14.5°+7.8 (—2;—32) —11.4+£5.7° (0; —25) 0.21
Inclination 5.6+54°(—4;15) 2.4+6.1°(—4;20) 0.13
Glenoid type (Walch classification)
Type A 7 (4% Al 3xA2) 6 (5xAl, 1xA2) 0.72
Type B 10 3 xB1, 7xB2) 11 (only B2)
Type C 0 0

Version: negative values are for retroversion. Inclination: negative values are for inferior inclination
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Fig. 2 Planning data and 3D views displayed in the operating room (OR). a Overview of the OR before surgery. b 3D views showing the planned
position of the entry point, the inclination, and the version of the guidewire. ¢ Pre-operative planning data (software view)

3D segmentation

A CT scan was performed within two months after surgery,
with a specific metallic artifact reduction protocol (Fig. 3).
Because of metallic components, automatic segmentation
was not possible at this step. Axial views were used for man-
ual 3D segmentation of the scapula (Fig. 3) using Amira
Software (Visage Imaging, Inc), according to a previously
validated technique (Thesis, Jean Chaoui PhD, unpublished
work). The two metallic markers inside the glenoid compo-
nent were also segmented in a different file (Fig. 3). Thus, 2
.STL files (“post-op scapula” and “metallic markers”) were
obtained for each patient, recreating the post-operative scapula
and the position of the implanted glenoid component.

Matching and comparison

As the “pre-op scapula” and the “post-op scapula” were not in
the same position within the 3D space, manual 3D matching
between them had to be performed (Fig. 4). The matching
procedure was done with Amira software, by moving “post-
op scapula” 3D model onto the “pre-op scapula.” The preci-
sion of this overlapping was evaluated by the mean distance
between each corresponding points of the two scapulae, which
was on average 0.4+0.1 mm (range 0.3-0.6) for the entire
series. The same translation matrix was then applied to the
“metallic markers” 3D model. Then, a standard 3D model of
Perform glenoid component (“post-op implant™) was matched
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on these metallic markers. The two 3D components (“pre-op
implant” and “post-op implant”) were then in the same 3D
referential and could be compared, regarding position and
orientation.

For each patient, implanted component (“post-op
implant”) was compared to planned component (“pre-op
implant”) using specific software (Imascap, Plouzang,
France), delivering absolute errors for 3D position of the cen-
tral point of the implant (“3D offset”, expressed in millime-
ters), version (degrees), inclination (degrees), and rotation/
rolling (degrees). Offsets represented the distance
(millimeters) between the theoretical planned position and
the real position of the implanted component. The “3D offset”
was derived from anteroposterior offset and superoinferior
offset in the sagittal plane, and mediolateral offset in the axial
plane, which were analyzed separately. Malposition criteria,
according to Throckmorton et al. [15], corresponded to a 3D
offset >4 mm or a > 10° error for version or inclination.

Comparison with a published series using PSG

Finally, all the values of the freehand study were compared to
those obtained in a previous published series of 17 patients,
using the same protocol but with the use of a polyamide 3D-
printed patient-specific guide, for glenoid component implan-
tation [17]. The two series were comparable for the demo-
graphic data (age and sex) and for the characteristics of the
pre-operative glenoids (Table 1).
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Fig.3 Manual 3D segmentation steps. a Standard post-operative CT scan
with metallic artifact reduction protocol. b Manual contouring of the
scapular body on every slice. ¢ 3D segmentation. d Segmentation of the

Statistical analysis

Statistical analysis was performed with MedCalc
Statistical Software (MedCalc Software bvba, Ostend,
Belgium). A Student’s ¢ test was used to compare the
quantitative data (3D offset, version, inclination) between
our “freehand” series and the series of Gauci et al. with
PSG [17]. A chi-square test was used for qualitative
values or a Fisher exact test utilized when the population
of the subgroups was <5. A p value <0.05 was consid-
ered significant.

metallic markers/superposition of a 3D implant model/control of the po-
sition of the markers on 2D CT scan slices

Results

All the pre-operative measurements are shown in Table 1. In
our series, there were seven type A and ten type B glenoids
(Walch classification).

In our series (Table 2), the mean error for 3D position of the
central point of the glenoid component was 2.9+ 1.4 mm
(1.2-4.8). The mean errors for version and inclination were
respectively 4.8°+3.1° (0.4-13.3) and 4.2°£2.1° (0.7-7.8).
Rolling mean error was 8.8°+5.8 (1.7-20.1). Seven cases
(41%) in our series met the criteria for malposition, according

@ Springer
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Fig. 4 Matching protocol. a
“Pre-op scapula” (blue) and
“post-op scapula”/“markers” (red
and yellow) were not natively in
the same 3D referential. b
Superimposition of “post-op
scapula” (red) onto “pre-op
scapula” (blue). ¢ The same
translation matrix was applied to
the metallic markers (yellow). d
Superimposition of the 3D
implant model onto the metallic
markers in the new referential. e
Final view of “post-op implant”
(green) in the new referential,
which can be compared to the
planned “pre-op implant”

to Throckmorton et al. [15] (>4 mm or > 10° error), largely
because of a 3D offset >4 mm (six cases).

In the PSG series [17] (Table 2), the accuracy was signifi-
cantly higher for the 3D position of the central point (2.1 +
0.9 mm, p =0.05) but not for version or inclination. Rolling
was not reported. Only two cases (12%) were malpositioned
(p=0.11), but no case had a 3D offset greater than 4 mm (p <
0.01). Sagittal and frontal 2D offset for the two series are
represented in Fig. 5.

We focused on the influence of pre-operative glenoid de-
formity on the final position of the glenoid component.

Results of this comparative analysis are shown in Table 3. In
our series with the frechand technique, the position of the
central point was significantly less accurate when pre-
operative glenoid version was > 10° (p = 0.04), whereas there
was no influence of glenoid deformity in the PSG series. Thus,
3D offset was significantly higher for high deformities (> 10°)
with freehand technique than with PSG (p =0.02), whereas
there were no differences between the two techniques when
pre-operative version was < 10°. Pre-operative glenoid defor-
mity did not influence the mean error of version or inclination
in the two series.

Table 2 Glenoid component positioning errors with freehand method and PSG method (Gauci et al. [17])

3D offset Anteroposterior offset Superoinferior offset Mediolateral offset Version Inclination Rolling

FH PSG FH PSG FH PSG FH PSG FH PSG FH PSG FH PSG
Mean 29 21 1.3 1.2 1.7 1.21 1.2 0.8 4.8 49 42 44 8.8 -
SD 14 09 1 0.8 1.4 0.88 1.2 0.6 3.1 3.6 21 34 5.8 -
Minimum 1.2 0.5 0 0.2 0.1 0.1 0 0 0.4 0.5 07 02 1.7 -
Maximum 4.8 4 3.8 32 4.1 3.6 42 1.7 133 141 78 11.8 201 -
P 0.05 0.73 0.27 0.23 0.97 0.85 -

Offsets are expressed in millimeters (mm). Version, inclination, and rolling are expressed in degrees (°)

FH freehand series (current paper), PSG patient-specific guide series (Gauci et al. [17])
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Fig. 5 2D offsets (position of the L

central point) with the two
compared methods. a 2D offsets
with the freehand method (our
series) in the sagittal plane and in
the frontal plane. b 2D offsets

with the PSG method (Gauci et al. T
[17]) in the sagittal plane and in N b
the frontal plane e

Discussion

Pre-operative 3D planning allowed determination of the ideal
glenoid component position for each patient and provided 3D
landmarks to the surgeon for accurate freehand implant posi-
tioning, close to that obtained with patient-specific guides,
underlining the importance of 3D planning before any shoul-
der replacement. The benefit of PSG was clear for complex
and severely retroverted glenoids but not for simpler cases
(type A, < 10° retroversion).

In our series, the freehand accuracy of the surgeon was +
2.9 mm for the position of the central point of the implant and
between 4° and 5° for version and inclination. Previous pub-
lished in vitro and in vivo series reported similar results after

3D planning and freehand technique [11, 13, 18]. Similarly to
us, in an in vivo study, lannotti et al. reported a mean deviation
of 1.5 to 1.7 mm for 2D offsets (3D offset not reported), 4.1°
for inclination, and 4.3° for version [18], using 3D planning
and freehand implantation. Some authors evaluated the mean
errors committed by surgeons with a standard technique with-
out planning [10, 11, 13—15, 18] and reported mean deviations
were 3 mm for the central point and 7-11° for version and
inclination. But in these studies, the mean errors have been
calculated by reference to a constant and theoretical objective
of 0° version and 0° inclination, which is not necessarily the
ideal position for each patient. To correctly assess the ability of
a surgeon to precisely reach freehand the ideal position without
3D planning, a study should include shoulders with TSA

Table 3 Accuracy of glenoid
component positioning according
to glenoid pre-operative
deformity

3D offset (mm) Version (°) Inclination (°)

FH PSG »p FH PSG »p FH PSG »p
Pre-operative glenoid version <10° 1.9 2.1 074 3.7 3.6 095 56 55 0.94
Pre-operative glenoid version >10° 3.3 2.1 002 53 5.6 086 3.6 38 0.86

0.04 094 033 025 0.1 04

p

FH freehand series (current paper), PSG patient-specific guide series (Gauci et al. [17])

@ Springer
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implanted freehand without any planning and compare the
position of the implanted component to the virtual position
obtained in a 3D planning performed after the surgery. But
there is no such study published in the literature, and benefit
of 3D planning cannot be proven. Our results being close to
those obtained with a PSG and visually better than those pub-
lished without 3D planning (at least for orientation), we may
hypothesize that 3D planning is useful for glenoid implanta-
tion, especially since the software could be used by the sur-
geon himself in routine practice, thanks to a validated automat-
ic algorithm for 3D segmentation and measurements [20, 21].

With a mean error of 2.1 mm for the central point, 4.9° for
version, and 4.4° for inclination, the use of a PSG showed a
significant (but slight) improvement only for the position of
the central point, compared to our freehand method.
Moreover, this difference was only significant for severely
retroverted glenoids (> 10°) but not for simpler cases (<
10°). To our knowledge, only three studies [11, 13, 18] report-
ed comparative accuracy between PSG method and planning/
freehand method. Lewis et al. [13], in a study based on poly-
mer models, found a significant improvement with a PSG,
with a mean error of 3° for version and 3° for inclination
(compared to 8° and 9°, respectively, with a planning/
freehand method). Tannotti et al. [11], in a sawbone study,
reported similar results with 3.1° mean error for version,
2.8¢ for inclination, and 1.2 mm for central point (compared
to 6.7°, 9.3°, and 2.4 mm, respectively, with a planning/
freehand method) and a strongly minimized risk of having a
> 5° or >3 mm error. These studies were not in vivo studies.
Iannotti et al. [18] published recently a similar study, involv-
ing patients, and their conclusions were different. In their
study, PSG did not significantly improve accuracy for version,
inclination, or central point, compared to a planning/frechand
method (3.1° vs 4.1° mean error for inclination, 4° vs 4.3° for
version, 0.9 to 1.1 vs 1.5 to 1.7 mm for 2D offsets). In fact, in
vivo conditions imply soft tissue contractures and difficulty of
exposure and guide positioning, secondary to humeral head
obstruction and glenoid retroversion, that do not exist in saw-
bone studies and that probably explain the observed differ-
ences between these studies.

One possible explanation for the errors could be related to
imprecise and/or unstable positioning of the guide on the
glenoid. One hypothesis could be that polyamide guides are
too smooth and not stable enough on the glenoid rim. A deci-
sion has been already undertaken to move towards use of
metallic guides, with the expectation of being more stable.
Another possible explanation is that PSG only control the
position of the guidewire, and slight errors could also be re-
lated to the next steps, such as reaming, determining rotation,
or cementing the implant, as reported by Nguyen et al. [14].
Walch et al. reported much better accuracy with the same
planning software and a PSG, in a sawbone study considering
only the position of the guidewire, not the implant, and thus
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negating all the subsequent steps of implantation and the po-
tential related errors [16]. In order to demonstrate a real supe-
riority of the PSG method over planning/frechand method,
optimization of these PSG should be made to improve stabil-
ity on the glenoid and include control of reaming (orientation
and depth) and rotation.

Nevertheless, PSG method was much more reliable than
the freehand method, with only 12% glenoid component con-
sidered malpositioned (compared to 44% with freehand meth-
od). This point is important and can be considered a real po-
tential benefit of the PSG in routine daily practice, as surgeons
may not always be as focused on positioning accuracy as we
were in the context of a scientific study. Moreover, it has been
reported that more than 70% of shoulder prostheses in the
USA are performed by low-volume surgeons (<10
arthroplasty per year) [24], and it is known that the lack of
experience strongly influences the quality of implantation and
the outcomes of shoulder arthroplasty [11, 24, 25]. In our
series, prostheses were only implanted by high-volume sur-
geons (> 50 arthroplasties per year). This could explain the
lack of strong differences between our series and the PSG
series. Patient-specific guides may be of real interest for
low-volume surgeons, who are not familiar with glenoid im-
plant positioning, but this would also imply a learning curve
for 3D pre-operative planning, as well as for the use of the
PSG intra-operatively. Finally, the benefit of using a PSG may
be clearer for complex and severely retroverted glenoids, re-
gardless of the surgeon’s experience.

Our work has some limitations. The first is the small num-
ber of patients that could affect the statistical comparison.
Moreover, our series involved consecutive cases of shoulder
arthroplasty, and there were 41% of type A non-retroverted
glenoids, for which the use of a PSG was not clearly benefi-
cial. Accuracy of our freehand method could have been lower
in a series with a higher number of retroverted glenoids.

Determination of the mean errors of positioning was based
on a manual process, with successive steps such as scapula
segmentation, metallic markers segmentation, and scapula
matching, as previously described. Although all these steps
have been previously validated, and the precision controlled
at each step of the process, slight errors could have affected the
final measurements.

Finally, we had no control group with a standard method
without pre-operative planning, to prove the superiority of 3D
pre-operative planning over a standard method. Another study
with standard implantation without 3D planning, followed by a
“post-operative” planning as a reference, could be of interest.

Conclusion

3D pre-operative planning seemed to be useful before total
shoulder replacement, to determine the optimal position of
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glenoid component and give 3D views and landmarks to the
surgeon to correctly perform the surgery, with a good expected
accuracy. The use of a PSG made the positioning a little more
precise, and more reliable, especially for complex and severe-
ly retroverted glenoids. Our results could limit the actual en-
thusiasm towards PSG under this current preliminary form,
and should lead to optimizations, so that their benefits become
clearer. Additionally, long-term studies would be needed to
show if a gain of a very few millimeters or degrees is relevant
and could seriously affect long-term outcomes of total shoul-
der arthroplasty.
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