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Abstract

Background: Patient-specific instrumentation (PSI) improves accuracy of surgical
operations. PSI needs software for preoperative planning and instrument design. In
this study, we explain the methodology of developing a software tool for PSI guide
design and preoperative planning in reverse shoulder arthroplasty (RSA).
Methods: Approaches used to prepare input data, transform them into meaningful
features and use of those features to create special guide geometries are explained
by describing different algorithms and libraries.

Results: The developed software is tested on three different patients' data. Pre-
operative planning is performed and guides designed by software and the patients'
bones are manufactured and tested for RSA. The method of building a software is
presented to do the preoperative planning and designing specific guides for each
patient are shown to be properly functional.

Conclusions: This study proves processes in the development of the PSI software
and the design of a specific guide for RSA.
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1 | INTRODUCTION

Instability in reverse shoulder arthroplasty (RSA) is one of the most
common complications.r™ Malpositioning of the prosthesis compo-
nents is an important factor that can cause instability.®=® Patient-
specific instrumentation (PSI) is a modern orthopaedics technique
which is shown to be effective for improving the positioning in

10-13 1t uses computed to-

implantation of the surgical prosthesis.
mography (CT) or magnetic resonance imaging (MRI) of a specific
patient to create customized guides preoperatively. The PSI guide
generation process is performed through preoperative planning on
the three-dimensional (3D) models of the patient's bones. It takes
into account the surgical procedures, and the implant size, position
and orientation, in order to fit the guide to the anatomy of the
specific patient. PSI guide generation requires computer software

tools. Such software tools use medical image processing algorithms

arthroplasty, software design

to build 3D virtual computer environments in which the surgeons
can observe the anatomy of a patient and make necessary decisions
based on the specific conditions of the case. Designed PSI guides are
then manufactured by rapid prototyping to be used during the
surgery.

There are several commercial PSI systems available that can be
used in an operation, but the computer techniques and tools used to
develop such software packages are not fully presented in academic
literature because of trade secrecy.

Walch et al.*® describe very briefly the 3D model reconstruction
and the definition and semi-manual measurements of some glenoid
properties, as the initial steps for developing Glenosys PSI software,
without explaining the programming methods used. In another study
on the same software, Moineau et al.'* mention a method for
manually selecting some points on the glenoid contour and then they

define parameters for 3D measurement of glenoid morphology.
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FIGURE 1 The overall steps of the software performed to create a PSI guide for RSA. PSI, patient-specific instrumentation; RSA, reverse

shoulder arthroplasty

PSI software Signature glenoid guide system is discussed in two

different studies®>1¢

, where the research focuses on the usage and
outcome of the software without describing any of the underlying
programming tools. Similar studies are performed to measure the
application and accuracy of Surgicase Connect software.>”18 In these
works as well, the software generation processes are not described.
By the use of Orthovis preoperative planning software for a reusable
PS| guide, the implant positioning improvement is studied.'® This
study describes the planning procedure but the development of the
software is not explained. Cabarcas et al. use a combination of
commercial software tools and a C++ custom program to create a
PSI for glenoid pin placement.?® The information about software
development is not given.

In this study, we try to explain the steps and processes of
developing a PSI preoperative planning and guide design software
tool for RSA. By describing the software packages and platforms
used and the logic behind the design of the guide system, the authors
believe this study can help to facilitate future works to create PSI
studies. The main point of this study is to explain the materials and
methods used in developing a software tool, using the open-source
libraries and software tools available for the researchers in this field
so that they are able to create such PSI and preoperative planning
software packages. To the best of the authors' knowledge, there is
no such study explaining the total processes of PSI preoperative
planning and guide design program development for RSA at this

time.

The overall processing steps of the software and the order in
which the PSI guide is created from the initial raw information is
displayed in (Figure 1). The first step is reading and importing input
images, followed by pre-processing of the imported data. Detection
of the bones among other tissues and then separating the scapula
from the other bones are the next two steps. After having the
scapula separated, the glenoid surface and specific landmarks are
detected. At this stage, enough information about the scapula
anatomy is acquired and the implant baseplate model placement
into the 3D virtual space and the preoperative planning is sup-
ported by the software. Next, the PSI guide design is created using
all the information from previous steps. The guide model is
exported and ready for manufacturing, so it can be used in the
surgery. In the following sections of the study, the steps are dis-
cussed in detail.

2 | MATERIALS AND METHODS

2.1 | Reading and importing data

Importing the data is the first step in the process. The data are
captured using CT scan. Digital Imaging and Communication in
Medicine (DICOM) standard protocol is used to handle data
communication between different commercial equipment regardless

of their type and manufacturer. A specific image acquisition protocol
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is also created and used for capturing the CT data so that automatic
data processing algorithms of the software can work flawlessly. The
CT scan acquisition protocol parameters were as follows: 120 kV,
0.75 mm thick axial slices, pixel spacing of 0.53 and image matrix of
512 x 512.

Grassroots DICOM (GDCM),%! an open-source library to facili-
tate reading and writing of DICOM images, is used for importing and
sorting source data files. Browsing the collection of DICOM files, the
GDCM Scanner class is used for detecting the number of 3D volumes
plus slice thickness and pixel spacing of images in each volume.

GDCM Sorter class that implements a sorter using image posi-
tion along the image orientation direction, is used for sorting the
imported data based on defined tags. Two tags used as a base for
sorting are ‘study instance unique identifier (UID) and ‘Series
instance UID’, which separate series in each study.

GDCM IPPSorter class is used for extracting the ZSpacing of 2D
images from the patient position. It uses the sorted results from the
previous step as the input and computes the spacing in between the
layers of 2D images.

The Visualization Toolkit (VTK)?? is an open-source software
system for 3D computer graphics used wildly for medical image
processing applications. The output of the IPPSorter class is used by
the vtkimageReader class, a source object that reads DICOM files, in
sorted order. The ZSpacing calculated before is still not applied at
this step.

vtklmageChangelnformation class is used to modify the spacing
as part of the information accompanying the image data object
created in the previous step without changing the data itself. Using
the modified information, vtkimageReslice resamples the image vol-
ume along the Z axes. In this step, the image object ZSpacing is
correctly applied.

vtkXMLImageDataWriter class
vtkXMLWriter saves the image data to a file to be used in the other

which is a subclass of
steps of the program. Figure 2 shows the relationships between the
classes and implemented functions.

2.2 | Pre-processing of the medical data

Medical images acquired through a CT scan can suffer from noise
corruption and can be captured in a narrow range of greyscale
values.?32% Contrast stretching is used to bring the information in the
images to a broader greyscale range. The noise reduction method
used must preserve the features of the images so that the
geometrical accuracy of the 3D model extracted from them has high
accuracy. A bilateral noise removal filter preserves the edges in the
images which will keep the bone shape accurate and is used in this

work.2®

It uses two different criteria while averaging the
neighbourhood of a pixel. The first criterion is the spatial distance
weighting kernel with a Gaussian distribution, and the second
criterion uses intensity values of pixels as a weighting parameter
(Figure 3). Gradient anisotropic diffusion filter is another method for

edge-preserving noise removal.?® Different implantations of these
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algorithms are available open source for C++. Insight Segmentation
and Registration Toolkit (ITK)?” is an open-source, cross-platform
library that provides developers software tools for image analysis of
scientific images. ITK BilaterallmageFilter and ITK GradientAniso-
tropicDiffusionlmageFilter are the implementations of these methods
used in this work for their efficiency and good documentations.

2.3 | Bone detection

As marching cube algorithm is the most successful isosurface
extraction algorithm which is simple to implement,?® to detect and
separate bones from other tissues in the data, a marching cube al-
gorithm is used in this work. Marching cube uses a threshold value to
extract an isosurface from a 3D scalar value dataset. To automate the
application of the marching cube on 3D image data, the threshold
value must be chosen by the program. Incorrect threshold value
either leads to including other non-bone tissues in the model or
excluding important regions of the bones (Figure 4). This value is
found using the fact that the Hounsfield unit in CT is proportional to
the degree of x-ray attenuation in different tissues.?”3° As a result,
information existing in the DICOM header section including CT scan
protocol, and patient's data (age and sex), enables the algorithm to

extract a suitable threshold value.

2.3.1 | Scapula bone detection

The scapula needs to be separated from other bones so that other
feature detections can be applied to it. The criteria applicable for this
operation use the geometrical properties of the scapula as having the
largest surface area among all other bones. vtkPolyDataConnectivi-
tyFilter is used to calculate the largest region and separate it (Figure 4).

2.4 | Scapula and glenoid features detection

After separating the scapula in a new object, certain features of it
must be determined. Some of these features are necessary for the
automatic operation of the algorithm on patient-specific guide
design. Some other features are required to provide the user with
proper information so that they can make a better decision on the
final pose of the implant.

To understand the position and orientation of the scapula in the
3D space of the model, the scapula plane, glenoid plane and medial
axis are to be found. To find these features, special scapula geometric
properties are used. These geometrical properties demand the two
most distanced points on the scapula to be located; one close to the
inferior point of the scapula and one on the outer side of the acro-
mion. These points are found by calculating the distances between all
pairs of points on the scapula isosurface model and selecting the
points that create the maximum distance value. To find out which of

these points is the inferior point, the curvature values of two points
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FIGURE 2 Classes and functions used for reading and importing DICOM data. DICOM, Digital Imaging and Communication in Medicine

FIGURE 4 Detection of the bones from other tissues of the body with different threshold values, and segmentation of the scapula from
other bones

are compared. The inferior point has much higher curvature value.
The curvature of all points on the scapula surface is calculated using
vtkCurvatures class with the maximum method of computation op-
tion (Figure 5A).

A line that passes through the two points found in the previous
step of the algorithm, intersects with the glenoid surface. This
intersection point is found and used as the seed point to find the
glenoid surface. Because the shape of the glenoid surface has a
central curved surface that is limited to the sharper edges on the
outer perimeter, a curvedness-based region growing algorithm is

used to detect it.3?

This algorithm iterates on the neighbours of each point currently
belonging to the surface and adds them to the surface if they are
within a certain threshold of curvature value. In this way, the surface
region of the glenoid grows on each iteration until it has reached the
edges of the glenoid where the curvature value of voxels increases
(Figure 5B).

The glenoid centre point is found by averaging the coordinate
positions of all points of the surface and finding the closest point
to it that is located on the glenoid surface (Figure 5C). For
damaged scapula bones with a fractured glenoid surface, where

the line connecting the two most distanced points does not
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FIGURE 5 Features and landmarks of the scapula and glenoid detected, (A) most distanced points on the scapula and the glenoid
intersection point, (B) curvature values of the glenoid surface, (C) glenoid surface detected and the centre point of glenoid found,

(D) orthogonal planes of scapula, its medial axis and medial point detected, (E) sphere fit to the glenoid surface and the inclination angle of
glenoid, (F) sphere fit to the glenoid surface and the version angle of glenoid

intersect with the glenoid surface, the software asks the
user to select a seed point on the intact section of the glenoid
surface.

To find the scapula plane, three points are needed. The inferior
point of scapula, the glenoid centre and the centre of weight of all
points on the scapula surface, comprise these three points. To find
the medial point of the scapula, first, the intersection of the scapula
plane and the scapula surface are found. This intersection is in the
form of a contour line, which passes through the glenoid centre and
the inferior point of the scapula. On this contour line, the point which
has the furthest distance from the line connecting the glenoid centre
and the inferior point of the scapula is the medial point of the
scapula.®? The medial axis is found by connecting the glenoid centre
and the medial point. The glenoid plane is found as a plane that
passes through the glenoid centre and has the scapula medial axis as
its normal (Figure 5D).

The glenoid normal is defined as the line connecting the glenoid
centre to the centre point of the best fit sphere to the glenoid sur-
face.r* The sphere fitting algorithm works by minimizing the least

square error in the sphere centre distance to all the glenoid surface

points. The inclination is the angle between the glenoid normal pro-
jected on the glenoid plane and the scapula medial axis (Figure 5E).
The version is the angle between the glenoid normal and the scapula
medial axis when they are projected on the transverse scapular plane
(Figure 5F).

The scapula plane, the glenoid plane, the medial axis, the sphere
fit to the glenoid surface and the glenoid normal features can
be chosen to be shown in the graphical user interface (GUI) by the
user, to facilitate adjustment of implant baseplate positioning.

2.5 | Implant baseplate positioning

After all the scapula features are detected, the scapula model is
reoriented and translated in the 3D space and then displayed on the
GUI in an isometric view automatically. The correct position and
orientation of the scapula depend on the features found in the pre-
vious steps. The user has access to reorienting tools to look at the
scapula model from different viewpoints. Mouse interactions in 3D
space provide zooming in or out, panning and rotating motions.
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FIGURE 6 Baseplate of the implant initially

located on the glenoid surface to be adjusted by
the surgeon
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FIGURE 7 Geometrical parameters of the base shape of the
guide model found using landmarks decided on previous steps

Evaluating the 3D model of the scapula gives the surgeon a good
understanding of the specific conditions of the bone.

In this step of the process, the software is ready to be used for the
preoperative planning of the specific patient case by the surgeon. The
surgeon selects an implant baseplate type and size from the implant
selection menu of the GUI and commands the program to insert the
baseplate model. Predefined stereolithography (STL) models of the
implant baseplates are imported and displayed on the 3D space.
Initially, the baseplate is automatically located in a way that its curved
surface sits on the glenoid surface and coincides with the glenoid
centre. The surgeon then can use the implant pose control panel to
move and rotate it in all six degrees of freedom. Translations and ro-
tations are performed on the implant's actor location with each button
click in the GUI. The amount of translation or rotation is changed using
a sidebar to provide the fast motions or small adjustments (Figure 6).
The transparency of both the scapula model and the baseplate model

MOHAMMAD SADEGHI ano KECECI
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can be adjusted. The version and inclination angles of the implant are
calculated as the baseplate is moved which is an important factor for
this kind of operation. The amount of seating of the baseplate on the
bone is another important factor in deciding the implant position
which affects the stability and longevity of implant.33-%> This value is
calculated as the number of voxels of the backside surface of base-
plate's model that is located inside the scapula base model, over the
total voxels of the backside surface of baseplate's model. This value is
also instantly updated by the model's motion. Changing the type and
size of the implant baseplate is possible at any time during planning.
Using these features, the surgeon can optimize the pose of the implant

to create the best results.

2.6 | Fully automatic guide design

The automatic creation of the guide is the next step after finalizing
the pose of the baseplate by the surgeon. At this point, enough
information is available for the guide creation. Important parame-
ters in the guide design are proper seating on the glenoid surface in
a way that it creates a fixed position for the drilling operation, and it
seats firmly so that it does not move during the drilling operation.
To meet these requirements, the design first uses a proper surface
area for seating on top of the glenoid surface, second, it uses the
coracoid neck as a reference point for fixing the position. The al-
gorithm starts the design by creating a 2D polygon on the glenoid
plane (Figure 7).

The first point of the polygon is chosen as the implant baseplate
centre or the position of the drilling. The next two points (points 2
and 3) are found by moving in positive and negative ways from the
glenoid centre point on the x-axis for a fixed amount. The fixed
constant ‘r’ is equal to the radius of the cylinder guiding the drilling
tip. To find the next two points, two reference points will be detected.
The first reference point is the point with the highest y-value that
belongs to the glenoid surface. This geometrical feature is used to
decide the dimensions of the guide to be created. The height ‘h’
specified in Figure 7 is found in the first reference point. The second
reference point is the point belonging to the coracoid which is
located on the glenoid plane and has the highest y-value in this plane.
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FIGURE 8 PSI guide model creation steps on the specific bone. PSI, patient-specific instrumentation

This point is used to find the direction where the coracoid is located.
The angle B represents this direction and combined with the length
detected from the first reference points provides the required
information to specify points 4 and 5 of the polygon. The angle a is a
constant value that makes the guide design cover enough area
around the neck of the coracoid. The following formulas give the

equations to find the positions:

X4 = (h+r)cos B+ r(sin B)% + (h+r(1 —cos B))tanasin B (1)
ya=(h+r)sin—rsinfcosp—(h+r(l—cosp))tanacosf (2)
xs = (h+r)cos B —r(sin B)2 — (h+r(1+cos B))tanasin B (3)
ys = (h+r)sin B+ rsin B cos B+ (h+r(1+cosB))tanacosf (4)

In the next step, the polygon is extruded in the z-direction to
form the first volumetric section of the guide (Figure 8A). The
intersection of this volume and the scapula model is found by
applying the Boolean operation (Figure 8B). Next, this intersection
volume is wrapped outward (Figure 8C). In this step, a smoothing
filter is applied to the wrapped volume. The next volume that is
added to the guide design by a union operation, is the cylinder that
will guide the drilling. The radius of this cylinder is a fixed value.
The central axis of the cylinder passes through the point where the
implant baseplate's centre was located on the glenoid surface. The
cylinder is rotated in a way that its axis has the exact orientation of
the implant drilling orientation. After adding the cylinder, the centre
part of it is emptied by subtracting another cylinder with the same
properties but a smaller diameter, to create the path for the drilling
tip (Figure 8D). The last operation on the guide is removing the
intersection area of the current volume and the scapula, which is
performed by another subtraction operation (Figure 8E). The Boolean
operations are performed using the Computational Geometry Algo-
rithms Library (CGAL) .2 To interface the mesh models between VTK

and CGAL, OpenMesh library®” is used. Using OpenMesh, VTK's STL
objects are transformed into Object File Format format to be read-
able by CGAL and the transformation is reversed after the Boolean
operation so the objects are imported to VTK again.

After the guide design process is finished, the guide model is
displayed on the GUI (Figure 9), located at its exact position on the
glenoid surface. The guide created by the software is saved as an STL
model. This model is used later for the manufacturing of the physical

model of the guide.

3 | RESULTS

To test the validity of the algorithms and to observe that different
sections of the program work correctly, three different patients' data
were used. Importing and reading the data using all the libraries and
classes were performed. Pre-processing operations required to
improve the quality and the geometrical accuracy of bone detection
were applied. Bone detection and scapula segmentation were
accomplished for all three patients. Features and properties of the
scapula and the glenoid were found. Preoperative planning was
performed and the implant baseplate model was optimally located to
the glenoid area by the surgeon, using the tools that software pro-
vided. PSI guides were designed by the software and approved by
the surgeon. The preoperative planning by the surgeon took up to 15
min for each patient, depending on the anatomy of the specific pa-
tient. The PSI guides' and the scapula bones' models were manu-
factured using rapid prototyping from polylactic acid material. Rapid
prototyping of each PSI guide took up to 2 h based on the size and
specific geometry of it. The PSI guides were used by the surgeon to
insert the Kirschner wire (K-wire) to the bone. The results of these
steps are shown in Figure 10. In this figure, the initial data consisting

of all the tissues of the body captured by CT scans are shown,
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FIGURE 9 Guide model created and displayed on the GUI. GUI, graphical user interface

followed by the bones separated from other tissues. The PSI guides
designed and located on the scapula bone model and the physical
scapula and PSI guides operated by the surgeon with the K-wire
inserted to the bone are also presented to show the capability of the
software.

When the test results are analysed, the correct positioning of
the K-wire on the glenoid surface is measured with three different
parameters: version and inclination angles and entry point location.
The positioning accuracy of the PSI software is measured by
examining the deviation in these parameters. Figure 11 shows the
results of operating a specific patient's bone with the freehand
method and PSI method, 10 times each. The Bone models are CT
scanned after insertion of the K-wire and registered on top of
each other to display the deviation in parameters. In the freehand
method (Figure 11 [left]), the version angle changed from —8.6 to
+2.2°, the inclination angle changed from —13.3 to +7.8° and the
distance of entry location from the target point changed from 0.29
to 3.21 mm, whereas with the PSI method (Figure 11 [right]), the
corresponding values were for version angle —3.7 to +2.4°,
inclination angle —6.3 to 1.5°, and the entry point distance 0.5 to
2.83 mm. The tests proved that the operations with the PSI sys-
tems will in general have better accuracy compared to freehand

surgeries, but the reader also should remember that experienced

surgeons might have better accuracy compared to inexperienced
surgeons.

4 | DISCUSSION

Software technology and patient-specific tools can provide ad-
vantages for different surgical applications. In this study, methods
of developing a software tool are discussed that provides a virtual
3D environment for the surgeon to be able to do preoperative
planning for RSA and create patient-specific guides for implant
positioning during the operation. It is observed that how the
methods mentioned work and the results are created in a physical
form. The programming platforms mentioned and the process steps
described are proven examples and a guide for creating such a
software tool.

The input data acquired to be used for the software can have
effects on the efficiency and applicability of the different sections of
the program. For instance, pre-processing and bone detection algo-
rithms can benefit from a specific protocol for CT acquisition
methods. Therefore, finding a proper and specific data acquisition
protocol, when possible, can be an important factor before finalising

the algorithms of the software.
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FIGURE 10 Three patients' initial data, designed guides by the software for each patient, and K-wire inserted to the scapula bones by the

surgeon using guides manufactured by rapid prototyping

The description of the application of tools and methods in this
study is limited for RSA although the same methodologies can be
extended to be used for other orthopaedics surgeries of different body

joints. These tools and methods can be also useful for developing
software packages for non-orthopaedics surgeries.

All the tools and methods presented are based on using open-
source software packages. This is an important advantage for
developing research tools to be used for medical applications. New

researchers can try different ideas using open-source software to

FIGURE 11 3D modelling of the CT scans of
the bones with the K-wire. Free hand method
(left) versus PSI method (right). CT, computed
tomography; PSI, patient-specific
instrumentation

improve the quality of medical treatments without using commercial
products.
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