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Abstract. Development of new and improvement of existent methods for creat-
ing geometrical models of human bones is a continuous process in modern med-
icine. The various methods are applied for the bone remodeling and creation of
anatomically correct and geometrically accurate bone models. The main goal of
this research is to improve process of bone surface reconstruction, by using en-
chanted Method of Anatomical Features (MAF). The MAF was improved by us-
ing novel approach for creation of Region of Interests, based on the application
of Uniform Mesh, NURBS and SubD. Result of this improvement is a created
procedure for the creation of individual Regions of Interest (ROI), combined
ROI, or custom defined ROI, defined by medical case/physician requirements.
The resulting surface model(s) can be used for manufacturing of personalized
implants and/or preoperative planning.

Keywords: MAF, Surface, Implants, Manufacturing.

1 Introduction

Development of new and improvement of existent methods for creating geometrical
models of human bones is a continuous process in modern medicine. Basically, most
methods use medical images obtained from various devices (medical scanners) as input
data. These devices can be classified into those which enable forming of 2D images of
scanned object, such as X-ray or 2D ultrasound, and those which enable creation of 3D
images (volumetric models), such as Computed Tomography (CT) or Magnetic Reso-
nance Imaging (MRI). Different types of processing can be performed on obtained data,
resulting in adequate geometrical human bone models. Processing techniques are ex-
plained in detail in [1,2], and they can be generally divided on ones which uses com-
plete bone data from medical images, and others which uses incomplete bone data. The
procedures for creating bone models differ for both cases, and in a first case classical
reverse modeling procedures are applied, while for other parametric or template models
are generally used. Both methods can produce geometrical models of different quality,
related to geometrical accuracy and anatomical and topological correctness. The quality



of models is generally influenced by the quality and amount of the input medical data
and applied method for model regeneration, but also on the possible models application
[1-3], which can be diverse: preparation and simulation of orthopedic interventions,
conducting training to perform orthopedic interventions, production of osteo-fixational
material, analysis of stress and strain of assembly of bones and implants. It is clear that
in some cases, geometrical accuracy and anatomical correctness must be high (e.g. for
Dynamic Compression Plates - DCP plates), but for some of the others it is not the case
(e.g. presentation or learning models). In this paper, enchanted Method of Anatomical
Features (MAF) [4], which combines different methods for creation of bone 3D geo-
metrical models is applied for the reconstruction of specific bone regions, by using
novel approach based on Nurbs and SubD [5] patching techniques. Initially created by
the authors of this research, MAF method is already proven and verified in many ap-
plications [1,6]. During the development of MAF, it was noticed, that in the process of
reconstruction of the bone surface, it is not always required to provide complete model
of the bone, thus, sometimes it is enough create just surface model of some important
part (e.g. connecting surface between plate implant and bone), and this individual parts
were named RGIs [4]. Considering that the widely accepted acronym for the Regions
of Interest is ROI, and that is usually used in medical imaging for defining anatomical
sections, in this paper, that acronym will be used, but it refers specifically to anatomi-
cal-geometrical sections, as described in [4]. The main goal of this research is to im-
prove process of bone surface reconstruction, by using already formed ROI, and novel
developed remodeling techniques presented in this paper. Result of this improvement
is a created procedure for the creation of individual ROI, combined ROI, or custom
defined ROI, defined by medical case/physician requirements. These types of models
can be used for preoperative planning and for the manufacturing of the personalized
implants, such are bone implants (scaffolds), and plate implants. Besides presentation
of surface creation process, procedure for the application of such surface models is
proposed and described. This procedure will enable creation of surface models based
on the physician requirements and use of that model as input models for preoperative
planning and/or manufacturing processes.

2 The definition of parametric model and Regions of Interest
(ROI)

To create parametric model of the specific human bone, input set of bone samples was
analyzed, parameters and point cloud model was defined, and multilinear regression
was applied, as presented in [2,6]. The output of the applied process is set of parametric
functions which define correlation between bone morphometric and geometric param-
eters, and coordinates of points from point cloud. The parametric model was already
tested, and results were more than promising [6]. To provide better control of morphol-
ogy and geometry of the formed Parametric bone 3D Point Cloud model (PPC), further
steps were performed and described in [4]. The main step was creation of ROI, which
were defined as point sets, formed by selecting specific points from the PPC model,
from different regions of the bone surface. To define these sets, landmark and outline



morphometrics, and also bone anatomy and morphology were applied [7,8]. To geo-
metrically define ROI, point cloud model was separated into sections by using the in-
terpolated splines which goes through the anatomical points (landmarks), as presented
in Fig. 1 for the tibia bone. These sections can be defined arbitrary, because division
into sections can be done as already stated, or by using recommendations from physi-
cians and create Regions of Specific Interest (ROSI), with manually selected points
from different predefined regions. ROI and ROSI are important for the preparation and
performing the surgical intervention, because they allow better insight into bone shape
and geometry, and position of the implants and plates. Mathematically, ROI were de-
fined as mathematical sets, presented in (1).
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Fig. 1. Definition of the Region of Interest (ROI) on the tibia proximal part
ASk = {Pk,1, Pk,2, Pk,3,...,Pkn } (1)

V={AS1, AS2, AS3,... ASk}, ASk —Kth - Anatomical section, k= 1,..., n (number
of regions)

Pi,j - Point in the Kth anatomical section; V — Set of anatomical sections

Interpolated spline curves were defined in such way that represent boundary between

anatomical sections (2), which means that some points can belong to the more than one
region (3) .

PSz ={Pz,1, Pz,2, ..., Pzm} 2)
PSci € (AS, N AS,,) 3)

where,
v, w = indexes of the region
PSz — Set of points belonging to individual spline, z = 1,...,s (number of splines)

PSci — Set of anatomical points positioned on the boundary between regions



Interpolated splines were defined as cubic splines (4). This means that S3,n (x) cubic
spline is defined as C2 cubic piecewise polynomial of the third order, and therefore it
can be defined as:

(%) = a; +bhix+ cx?+dx®  x € [xp,x4]
S3n(x) = p(x) = a; +byx + Cz’f2 +dox®  x € [x1, %] 4

Pn(x) = an +bpx + cpx? +dpx® X € [x_1, x5]

C2 means that continuity of second and first derivate at any point in the defined
interval is preserved, especially at the knots. To make these curves fully interpolated,
one more condition must be met, and it is defined in (5) — function value, first and
second derivate at the knot values should be the same.

S3n(X) =Y, i=1,2,...,npi(x;) = pip1(x), 0’ (X)) = piya(x;) (5)
i=1,2..,n—1

It is not just enough to mathematically define anatomical points, section and inter-
polated splines. They need to be defined in such way, that they can be used for the
creation of patient specific point cloud and surface model.

3 Procedure Definition

The main procedure for surface forming is presented by using the flowchart diagram in
Fig. 2. First step and most important is proper requirements definition. Requirements
define resulting ROI and ROSI model(s) geometrical accuracy and anatomical correct-
ness. It is already stated that ROI are predefined sets of anatomical and geometrical
points, separated by defined boundaries, so how they will be used is defined in require-
ments definition process. Four main use cases are already defined:

UCI. Strict application of predefined unique ROI

UC2. Combination of more than one ROI by defining specific surface connection
rules.

UC3. Customized ROSI definition.

UC4. Specific requirements concerning surface curvature and tangency in specific
areas of ROI or ROSI.

First use case is the easiest to accomplish, because the points are already properly
defined to create surface of continuous curvature and tangency. Second use case has
more complexity because it is generally known that connection between predefined
surfaces can be hard to accomplish if there is a possibility of creating only contact con-
nection (point by point or by connection curve), not a curvature continuity. In this case
the proposed algorithm should provide possibility to connect individual ROI by estab-
lishing curvature continuity through connection curve, by using NURBS or by using
SubD surfaces [9]. The radius defined in each point, can be continual and resulting



surface will be topologically correct, which is the one of defined goals. Third use case
is oriented to define custom ROSI by selecting individual points in different regions,
which can be observed as specific ROI. The points are selected by using CATIA
grouped features, which means that individual cloud points regions, or just particular
points can be selected and validated, and then merged into one customized point cloud
(ROSI). The process of defining points or points group is manual by using technical
elements for selection (CATIA Feature — selection by polygon, spline, etc.). The same
rules apply here as for the use case one, and the addition is a manual point selection.
The last predefined use case is formed due to the requirements of different manufactur-
ing technologies, and shape of standard and personalized implants.

Import of the Visuglisation of the Selection of predefined Regions or
Requirements definition —| RGIs and RGSIs  fe==pb| defined Regions = Selection of individual points M

models (User Defined Paints - UDP)

- T N b -~
Pant set ~ |3D point cloud model

Point set is defined as textual file which contains points (vertides),
and indicies (list of points sets which belongs to the specific region)
This file is used for forming 3D point cloud model.

Requirements List|

Complete surface is composed of individual RGIs or
created over defined UDPs

<>

Formation of the preliminary
| surface model by using selected elements
Individual
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|_>| Check geometiic contaty l_ Chedk is performed if it is required to form complex surface

composed of individual regions. If it is required and possible
to create surface with continius curvature in every point then,
there is no requiirement for additional post processing.
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A 4
M
\ ﬁl Creation of the SubD surface Surface modification
A

_>I Creation of the NURBS surface }—

NURBS surface is standard CAD surface, and it can be created by using projected NET aurves.
SubD surface is created, because it is much easier to manipulate with verticies and shape.
Both types of surfaces can be created, and it depends of the requirements.

Accuracy of the surface can be controlled by the mesh fineness

Fig. 2. Definition of the Region of interest (ROI) on the tibia proximal part



For example, suppose it is required to create custom titanium implant using high
speed milling. In that case, it is important to enable proper movement of the tool, which
cannot be conducted if surface is of non-uniform curvature. Also, if it is required to
align ROI surface with known plate implant surface, with small deviation tolerance,
then it is important to define accuracy requirements. The algorithm, or process defini-
tion presented in Fig 2. should provide proper outputs to each of the defined use case
situation.

After the requirements were defined, and use case is preselected, the next step is to
visualize the ROI or, to better say, display the 3D model. In this stage of the research
CATIA is used as a tool for the algorithm testing. The 3D point cloud model is pre-
sented to the user, and regions boundaries are visible. The user selects regions, or se-
lects individual points, i.e., User Defined Points (UDP) for ROI. The user then defines
the special conditions, like connectivity of individual regions from UC2, or specific
requirements concerning UC4. After that, user can use CATIA technical elements and
create surface models of ROI, or chose creation by using automatic procedure defined
by algorithm (which uses selected ROI points, or UDP to create mesh, and after that
automatic surface creation with default parameters). For every created surface curva-
ture continuity is checked, and if it is not proper, it is possible to correct it manually,
by selecting additional point or removing existing points. Process defined as “Check
Geometric continuity” means that, it is necessary to see if curvature connection between
individual ROI can be established by using classical NURBS patch, or additional pro-
cessing and application of uniform mesh surfaces is required. For the uniform surface
composed of 3D points this can be achieved without using uniform mesh, because cur-
vature is manipulated by surface parameters (classic NURBS surface creation) and in-
cluded points. The problem arises when there is a requirement to connect two or more
individual surfaces into one and enable smooth transitions with continual curvature. In
such cases we propose application of uniform mesh with parametrically defined quads
dimension (Fig. 3). The application of this mesh is the one of the most important parts
of presented algorithm used for controlling bone surface geometry. The uniform 2D
mesh is projected onto the created surfaces, and curves are created in u and v direction.
The distance between points (mesh quad size) in u and v direction defines the accuracy
of the created surface, i.e. smaller distance, more projected points. In Fig. 3a example
of mesh implementation is presented. Two ROI are shown, and they are connected by
using 3D spline curve without fillet (radius). The two ROI are defined as such in point
cloud definition file, and that is expected behavior. To properly connect them, two ap-
proaches were used.

o First, uniform mesh is used, and projected on both surfaces. Projected points are
connected to form 3D spline curves, which are used as the basis for the creation of
net SubD surface. To control created surface, it is possible to do following:

e Set quad dimensions — Two parameters are defined and they are Width and Height
of quad.

e Set number of curves in u and v direction — This parameter is arbitrary, and it gen-
erally depends on a complexity of surface shape.



e Control type of created spline curves — Cubic splines (B - Splines) can be used. It is
important to mention, that we are not limited to the spline curves, other types of
curves can also be used. It all depends on the requirements and resulting shape and
accuracy.

e Create SubD surface by only using projected points and not curves — This parameter
allows using only points as SubD initial point cloud base for forming deformable
surface.

These four parameters are entirely enough to control SubD surface (Fig 3b). After
the surface creation, it must be noted that it is possible to manually modify SubD sur-
face by using Mesh tools, Face Subdivision, Face Cutting, and other available features
[10]. As it can be seen of Fig. 3b, curvature is continuous in value, but it can be con-
trolled, and processed by using previously defined features of SubD, if there is a re-
quirement for additional modification.

Uniform Mesh
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Fig. 3 Creation of connecting surface by using uniform mesh and NURBS and SubD surfaces



The second approach presume application of NURBS patch, by using defined points
in each region. Immediately, problem arises, because number of points in each defined
region close to the border is not enough to control the connection between ROI. We
only have points that define connecting the 3D spline curve. In some cases, when there
is no requirement for accuracy, this can be acceptable, but if high control is required,
then additional manual work must be done, or mesh can be used.

Nevertheless, NURBS surface is created and presented in Fig. 4. Fig 4a presents
individual meshes created over ROI points, with GO continuity. Fig 4b presents merged
meshes, with insufficient points in the connected area, and non-complete G2 continuity,
and in Fig 4c, surface patch created by CATIA feature by using merged mesh with G2
continuity analysis, is shown. CATIA engine produced a valid surface patch, but geo-
metrical and topological control is limited to the automatic patch feature capabilities,
and usually, that is not enough for any serious manufacturing processes or accurate
design, yet it can be used as fast method for creation of presentation models. Of course,
if splines are created manually trough ROI, and additional points and curves are added,
better control can be established, but that represents classical modeling procedure,
which can be avoided by using proposed approach.
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G2.Analysis
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Fig. 4. Automatic merged surface creation by using CATIA technical features



4 Application of models for implants manufacturing

The possible application of bone models for implant manufacturing is presented in Fig
5. As it can be seen, the model can be used for the: Creation of personalized plate im-
plants by using additive technologies (FFF, DMLS or EBM ); Creation of rapid tooling
processes (master pattern or direct tooling) for molds production; Using high-speed
milling for mold production, Forging, etc.

Created surface/volume Forming of personalized im-
bone model plant model

e Additive technologies (FFF,
DMLS or EBM)

e Rapid tooling processes (master
pattern or direct tooling) for
molds

e Using high-speed milling for
mold production

e Forging

Implant model [ )]
manufacturing

Fig. 5 Application of bone model for manufacturing

The one example for creating CAD/CAM model for FFF printing of Mitkovi¢!-type
plate implant/fixator, for presentation purposes is shown in Fig. 6. The initial polygonal
model was obtained from CT images of patients using appropriate techniques, de-
scribed in [1, 2, 11]: CT scanning, Preprocessing, Importing into CATIA and Filtering
(removing points) CATIA. The initial model [11] was created by simple surface extrac-
tion from imported tibia bone, and as it can be seen in Fig. 6a, there is a non-curvature
connection between proximal part and shaft, which can represent a problem for further
manufacturing, as it is already stated. In this case, regions were defined and used, as
combination of points from both proximal and shaft regions, Fig. 6b. The regions were
defined, based on the outer boundary curve of fixator (plate), Fig. 6a, and used as input
for the plate-bone contact surface creation. Plate-bone contact surface model is a classic
example of ROSI, because points were manually defined/selected from different re-
gions of already created tibia point cloud model [2, 6]. At the end, ROSI surface model
was created by using sections of merged surface of tibia proximal part and part of the
tibia shaft, limited by the boundary plate curve. The final model for CAM was created
by using technical features of CATIA, like extrusion, revolves, holes, etc. (Fig. 6c¢).
This model can be manufactured by different technologies, but in this case the easiest
solution is to perform 3D printing/FFF. It is possible to print it together with a bone

! http://www.mitkovic.org/
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model, to provide presentation of implant positioning, insertion, or bone-implant as-
sembly procedure, to the students or medical practitioners.

{

R

a) Projected curve b) Defined surface (G2) ¢) Created solid model of
plate/fixator implant

Fig 6. The procedure for plate implant model creation for CAM

5 Conclusion

In this paper, enchanted Method of Anatomical Features (MAF) is presented. The im-
provements are based on the novel methods for the creation of Regions of Interest (ROI)
and Regions of Specific Interest (ROSI), by using uniform mesh, NURBS and SubD
elements. These improvements enable creation of more realistic, geometrically accu-
rate, and anatomically correct 3D models of the human bones, which can be used for:
pre-operative planning, surgical guidance, production of personalized plate implants
and fixators, and educational purposes in medical science.

ROl are defined on the point cloud bone model. They can help physicians reconstruct
bone surface during preoperative planning processes, in different areas of the bone af-
fected by bone illness or fracture, which can improve the outcome of the following
surgical procedure. It is important to note that application of MAF is not restricted to
the human bones only, but it can be extended to other bio-forms, like soft tissue.

The main challenge in future research would be the application of MAF to develop
the geometrical models of the human soft tissue by using ROI and ROSI. These adapt-
able models will enable better preoperative planning in orthopedics, and automatic or
semi-automatic creation of geometrical models of all human body parts, not just bones,
enabling better manufacturing processes in personalized medicine.
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