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1 | INTRODUCTION

Abstract

The automated extraction of anatomical reference landmarks in the femoral volume
may improve speed, precision, and accuracy of surgical procedures, such as total hip
arthroplasty. These landmarks are often hard to achieve, even via surgical incision.
In addition, it provides a presurgical guidance for prosthesis sizing and placement.
This study presents an automated workflow for femoral orientation and landmark
extraction from a 3D surface mesh. The extraction of parameters such as the femoral
neck axis, the femoral middle diaphysis axis, both trochanters and the center of the
femoral head will allow the surgeon to establish the correct position of bony cuts to
restore leg length and femoral offset. The definition of the medullary canal endosteal
wall is used to position the prosthesis' stem. Furthermore, prosthesis alignment and
sizing methods were implemented to provide the surgeon with presurgical informa-
tion about performance of each of the patient-specific femur-implant couplings. The
workflow considers different commercially available hip stems and has the poten-
tial to help the preoperative planning of a total hip arthroplasty in an accurate,
repeatable, and reliable way. The positional and orientation errors are significantly
reduced, and therefore, the risk of implant failure and subsequent revision surgery are
also reduced.
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the time of the surgical procedure and risk of unexpected
complications.

Even though the total hip arthroplasty (THA) surgical proce-
dure is considered to be among the most successful, safe, and
cost-effective surgical procedures, implant failures related to
prosthesis design and placement still occur in a consider-
able number.! The absence of reliable landmarks defining the
alignment of the femur and pelvis and restricted accessibil-
ity makes the placement of the hip implant more difficult
during surgery. Hence, a proper planning of the surgical pro-
cedure on the basis of patient-specific image processing will
reduce the intraoperative risk of human error and conse-
quently increase the durability of the implant.> Moreover,
the automation of such methods will thoroughly improve the
surgical planning experience and will ultimately decrease

The durability of the implant is determined by its interac-
tion with the bone tissue, which is a complex, continuously
evolving structure. The femoral anatomy differs in antever-
sion angle, anterolateral bowing of the femur and neck-shaft
angle between individuals. The knowledge of this anatomy
may help to reduce the high incidence of implant dislocation.?
Moreover, clinical and experimental studies have demon-
strated that a close geometric fit between the femoral com-
ponent and supporting bone is essential for durable implant
fixation.* Therefore, it is safe to assume that the success of
THA is critically related to the knowledge of the femur geom-
etry and the predictability of the key femoral dimensions.
These two allow the optimization of the design and placement
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of hip implants in the femur for a better coupling. Conse-
quently, the design and the prosthesis placement can provide
a load transmission system that optimizes the longevity of
the implant.

Patient-specific modeling from image datasets is recog-
nized as the gold-standard technique to computationally rep-
resent the hip joint in preoperative planning, although it can
be susceptible to slight error variations.> Classic techniques
such as 2D templating lack in repeatability and 3D insight
of the anatomy, ie, anteroposterior and lateral radiographies
merely provide one projection of the pelvis and the femur,
and therefore, one of the dimensions is lost in the acquisition.
Computed tomography (CT) scans allow the visualization of
the hip joint anatomy in 3 dimensions and consequently plan
the implantation of the femoral and acetabular components
with superior accuracy. In addition, recent developments in
image acquisition techniques with special low-dose CT scan
protocols are being presented,* which reduces significantly
the radiation exposure of the patients. This way, restoration of
leg length, center of rotation, range of motion of the joint, and
points of bony and prosthetic impingement can be analyzed
preoperatively by the surgeon.’

When computationally recreating an anatomical environ-
ment, the identification and location of prominent features of
the organism as reference parameters, such as distances of
angles, is of great utility: they can be helpful for objective
diagnosis purposes,'®!! preoperative planning,''~!* computer
aided surgery,'*"> and postoperative follow-up.!®!” Manual
landmark extraction is time consuming, and its repeatability
and accuracy rely on the level of expertise of the observer.
Later, a semi-automatic landmark detection on the basis of
the local curvature of isocontours initiated manually was
proposed.'® More recently, fully automatic landmark detec-
tion methods on the basis o statistical models'*?* were also
proposed. These methods are more prone to accuracy errors,
because of their dependency on the population size of the
trained model. In addition, the training of this model can
be very time consuming. Pure geometric analysis methods
achieve high reproductibility and are computationally less
expensive when compared to their alternatives, although they
highly depend on the level of discretization of the surface
mesh.?!

Within this context, a set of tools to properly plan the THA
on the basis of the landmark extraction of the hip joint was
developed under pyFormex,* which is an open-source pro-
gram under development at IBiTech-bioMMeda that provides
a wide range of operations for generating, transforming, and
manipulating surface meshes. Its aims are not only at an
improved alignment of the hip prosthesis but also to provide
instant information and feedback to the surgeon, which may
make the surgical technique easier to perform leading to better
prosthetic positioning.

*http://www.nongnu.org/pyformex/

The toolbox automatically extracts femoral landmarks and
measurements from a triangular surface mesh over which
the prosthesis placement is planned. For instance, with the
definition of the femoral neck axis (FNA) and the femoral
middle diaphysis axis (FMDA), it is possible to promptly
infer the femoral angle of anteversion and neck-shaft angle
and diagnose excessive retroversion or anteversion, as well
as above normal femoral neck angles. In addition, these
axis allow an ideal presurgical alignment of the prosthe-
sis' stem and neck. Landmarks such as the greater and
lesser trochanters or the saddle point of the femoral neck
allow improvements in the osteotomy planning, such that the
amount of bone mass removed is minimized. The definition
of the femur medullary canal and the knowledge of its
endosteal's anatomy allows prosthesis sizing and ultimately
reduces the unnecessary broaching of the cavity for prosthesis
fixation. The sizing of the implant can be such that maintains
the anatomical leg length and femoral offset.

In summary, the toolbox presented here allows the sur-
geon to better plan the patient-specific THA without the
knowledge of the techniques used behind the methods.
Combining a 3D reconstructed surface mesh of the femur
with a set of commercially available implants, the plan-
ning presented here will reduce the surgical time and cost.
Three-dimensional finite element meshes can be gener-
ated of the femur-implant coupling, and the performances
of different implant sizes and designs can be compared
preoperatively.

2 | MATERIALS AND METHODS

2.1 | Bone models

The methodology presented in this work was developed
using segmented femurs from CT scan images using a fully
automatic, active shape model-based algorithm?? and then
importing them into pyFormex. The segmentation of the
medullary cavity of each femur was also performed. For
the shape model training, high resolution images acquired at
the Ghent University Hospital, in Belgium, were used. The
training images averaged a 0.666 £ 0.069 mm X 0.666
£ 0.069 mm pixel resolution and a 0.6 mm slice increment,
which allowed the shape model segmentation a robust and
accurate performance even in low quality, clinical practice
CT scans.”?

The database is heterogeneous, containing normal and
injured pelves or femurs of THA candidates. However,
specimens with metallic implants, abnormal bone forma-
tions, severe osteoporosis, or partially occluded femurs were
excluded. The sample group consisted of 50 individuals, 25
of each sex. The average age of the male individuals was
64.7 = 13.6 years while for the female individuals it was
71.7 £ 14.4 years. The combined average age was 67.7 £
14.3 years.
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2.2 | Standardized coordinate system

The presented feature extraction process is invariant to the
orientation of the bone. Therefore, to standardize the coordi-
nate system for the complete femur, the origin and a system
of axes that is common to all femurs has to be defined. To do
so, the affine transformation matrix that transfers the femur
from the CT image coordinates to the new standardized coor-
dinate system is calculated and applied to the femur in the CT
image coordinates, ie, so that any translational and rotational
variations are removed.

The first step of the alignment is to determinate the center of
gravity (C) of the surface mesh and set it as the origin. Then,
the calculation of the principal axes of inertia of the outer
surface estimates the anteroposterior, right-left, and disto-
proximal (DP) directions of the femur. A workflow on the
basis of volumetric splitting and part size comparison'® was
established to classify the femur as right or left. An example
of a surface mesh translated to the origin and without any
rotational variation is shown in Figure 1. The definition of
such a coordinate system proved to be of added value to the
extraction of the anatomical landmarks of the femur and geo-
metrical entities fitting, as relative positioning can be assumed
a priori.

2.3 | Femoral middle diaphysis axis
and intramedullary axis

The FMDA is defined as the straight axis of the femoral dia-
physis or shaft. It is computed firstly by clipping the surface
along DP, ie, symmetric around the origin, over a height that
is equal to half of the femoral length along the DP direc-
tion. Then, a circle is fitted to the points of each cross section
boundary and the centroid point is calculated. The FMDA is
then calculated by defining the covariance matrix X of the
mean-centered data points X,

DP

WILEY—212

z=22 (1)

where m is the number of points, and performing singular
value decomposition on X. This will return the direction vec-
tor of the line that best fits FMDA in the least squares sense
as the first principal component. Figure 2 shows an example
of the estimated FMDA for the human femur.

However, due to the medullary cavity present on the femur,
to define the FMDA as the ideal prosthesis insertion axis may
result in unnecessary cavity reaming, ie, excessive removal of
cortical bone on the inner wall of the femoral shaft. This will
ultimately result in a decreased femoral shaft load-bearing
capacity. Hence, an estimate of the intramedullary axis was

|

FIGURE 2  Anterior and lateral views of the femoral middle diaphysis
axis. The axis (in blue) is determined by a linear regression on the medial
points (in red) of the centroids obtained by cross sectioning the femoral
shaft along the inferior-superior direction

DP

FIGURE 1 Principal axes of inertia of a femur model, respectively, frontal, lateral, and bottom views. For labeling simplifications, the right-left,

anteroposterior, and distoproximal axes will be respectively referred to as x, y, and z
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FIGURE 3  Anterior and posterior views of the prosthesis insertion axis
and the cavity isthmus. The axis (in blue) is determined by a linear
regression on the medial points (in red) of the medullary canal (in green).
The isthmus (in yellow) is defined as the minimum cross-sectional area of
the cutting planes along the prosthesis insertion axis

estimated, on the basis of the same pipeline as the FMDA,
and defined as the prosthesis insertion axis. In addition,
the medullary isthmus, which is defined as the smallest
cross-sectional area in the medullary cavity, is also extracted
for prosthesis placement purposes. Figure 3 illustrates both
the intramedullary axis and the isthmus of a femur. The posi-
tion of the isthmus is highly variable, and if located too
superiorly, it may require intramedullary reaming to adapt the
canal to the prosthesis stem design.

2.4 | Femoral neck axis and head center extraction

In addition to the prosthesis' stem insertion axis, the com-
putational estimation of the FNA is also important to try
to optimize the prosthesis placement in preoperative plan-
ning. The CT scan is considered as accurate and reliable as
gold-standard techniques for locating the femoral head center
because of its 3D nature.?

The FNA is defined by the line that connects the center of
the head of the femur and the centroid of the smallest cross
section on the neck of the femur. The cross-sectional area
depends on the position and orientation of the slicing plane.
Therefore, and on the basis of the standardized coordinate sys-
tem defined in the previous subsection, the neck was sliced
along a normal with coordinates (1,0,1). Each slicing of the
mesh will result in a polygon defined by P; vertices and its
area can be computed using

=

A=n- % )

Il
(=]

i

where n is the normal to the plane containing the polygon and
N is the number of points on the border of the polygon.

FIGURE 4 Posterior view of the proximal femur. On the left, the smallest
cross section of the femoral neck is shown in blue. The red line shows the
normal vector of the slicing plane, positioned at the center of the cross
section. On the center, the sphere fitted to the femoral head is shown in
green. The red lines show the normal of the vertices considered for the
fitting and the yellow mark at the center of the femoral head represents the
geometrical center of the fitted sphere, also assumed the center of the
femoral head. On the right, the femoral neck axis is shown in red

From here, we can obtain the smallest cross section along
the femoral neck. Figure 4 (left) shows the cross section on
the neck of the femur considered to be the smallest and the
normal used to estimate the slicing planes.

The center of the head of the femur is estimated by fitting
a parametric spherical surface to the partial sphere defined
by the head of the femur. For that, the proximal femur is sec-
tioned again perpendicularly to the normal defined before and
the relative difference in the sectional area allows the estima-
tion of the nodes in the mesh that define the femoral head.
Then, a quartic surface is fitted to those nodes of the triangu-
lar mesh and a well-approximated femoral head is obtained.
Figure 4 (center) shows the best fitting sphere to the femoral
head vertices, whose normals are represented in red.

The axis defined by the center of the smallest cross section
and the center of the head defines the FNA. Together with the
FMDA, it allows us to calculate the femoral neck-shaft angle
if measured in the coronal plane (see Section 2.7). Moreover,
combined with the prosthesis insertion axis, it will be used to
better plan the prosthesis placement. Also in Figure 4 (right),
the FNA is represented in a generic femur mesh.

2.5 | Greater and lesser trochanters

Proximal femoral resection is the surgical removal of the
femoral head and part of the proximal femur. This is done
in case of injury and to replace the hip joint. The portion of
removed femur depends on the lesion of the femur. Therefore,
the femur osteotomy location and cutting plane are planned so
that the portion of removed femur is minimized. To locate and
position the femoral osteotomy, pipelines for the automatic
detection of both femoral trochanters were implemented.
Again taking advantage of the standardized coordinate sys-
tem defined in Section 2.2, the extraction of both the greater
and the lesser trochanter was based on volume sectioning
along their normal. Its accuracy depends on the level of
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FIGURE 5 Lesser (left) and greater (right) femoral trochanters shown in
yellow. The extraction algorithm starts in an automatically predicted point
and segments the surface mesh perpendicularly to a given normal as shown
in red. The normals are n = (0, 0, — 1) for the lesser trochanter (left) and

n = (1,0, 1) for the greater trochanter (right)

discretization of the mesh and the size of the triangle faces
of the mesh. Nevertheless, a mesh refinement proved to com-
pensate accuracy of the method at the cost of an additional
computational time.

For convex or concave structures, the extreme point along
one direction is computed as the mesh vertex for which the
length of the projection on the direction vector is maximal.
As shown in Figure 5, the mesh was sectioned perpendicu-
larly to an approximated direction of the normal to the mesh
on the saddle point and the maximum value of the centroids of
the sections in red is assumed to be the point of interest. The
search process initiates in the center of gravity of the proxi-
mal femur. Expected curvature variances define the iterative
algorithm's convergence criteria. Both trochanters are shown
in yellow.

On the left of Figure 5, the largest axis of inertia was chosen
as the normal of the iterative slicing plane and the algorithm
looked for the maximum x value. Similarly, on the right, the
greater trochanter extraction. The initial direction for the nor-
mal of the slicing plane was chosen as n = (1,0,1), which
is roughly the direction of the FNA. However, the result-
ing section can have 2 islands: one formed by the trochanter
and another by the neck of the femur. Due to this fact, the
algorithm will assume that the one with smaller area corre-
sponds to the greater trochanter.

2.6 | Neck saddle point

The extraction of neck saddle point is due to properly plan
the osteotomy. Due to the saddle-shaped nature of the femoral
neck, its curvature is different according to the direction
considered. Therefore, and taking advantage of standardized
coordinate system, the neck saddle point was considered to be
the closest point to the FNA. Its location is straightforward as
it will be the point with the maximum value in the z axis on the
minimum cross-sectional perimeter of consecutive slices of
the femoral neck perpendicular to the FNA. The neck saddle
point is shown in Figure 6.

WILEY—L52

FIGURE 6 Extraction of the femoral neck saddle point. The minimal
femoral neck cross-sectional perimeter is shown in blue and the neck saddle
point, shown in red, is considered to be the point with the highest value in
the z axis

2.7 | Femoral neck-shaft angle and anteversion angle

The landmark extraction and axis definition allows the cal-
culation of the femoral neck-shaft angle and the femoral
anteversion angle. The first is defined as the interior angle
between the FMDA and the FNA and is used to diagnose
the occurrence of coxa vara and coxa valga. It can vary
within normality values between 126° and 139°. In the pres-
ence of an increased neck-shaft angle (equal or superior to
140°) or a decreased neck-shaft angle (equal or inferior to
125°), respectively, coxa valga and coxa vara, it can cause
hip pain and degeneration. There are implants that compen-
sate for these deviations to maintain equal leg length and
femoral offset. Figure 7 features a visual representation of the
neck-shaft angle.

The anteversion angle is used to measure the femoral tor-
sion along its shaft. It can be defined as the angle between
the condylar axis and the FNA, which is undetectable in 2
dimension radiographs. Normal version is a forward angle of
12° and 15°. In individuals with version abnormalities, the
femoral neck may be rotated either too far forward (excessive
anteversion) or too far backward (retroversion). These condi-
tions result in the ball portion of the hip joint being situated
at an unhealthy angle to the cup portion of the socket and can
lead to damage to the hip joint surfaces and surrounding struc-
tures. Figure 7 also shows an example of the anteversion angle
measurement in 3 dimensions.

2.8 | Osteotomy

Osteotomy is the surgical act of cutting a bone to shorten or
lengthen it, to realign it. It is often used to correct bone defor-
mities, straighten a bone that has healed crookedly following
a fracture or to replace part of the bone by an implant. It is
a significantly invasive procedure, and therefore, the recov-
ery may be extensive. Femoral osteotomies are part of the
THA procedure. Intuitively, the ideal situation would involve
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FIGURE 7 On the left, the femoral neck-shaft angle « is represented. It is the angle around the yellow intersection point of the FNA (in red) and the FMDA
(in blue). This measure is clinically relevant as it denotes coxa vara and coxa valga abnormalities. On the right, the anteversion angle f is shown. It is the
angle between the condylar axis (also in blue) and the FNA (in red). For visualization purposes, the proximal femur is represented in green and the femoral

shaft and distal femur in yellow

the minimal bone mass removal for the prosthesis insertion,
hence resulting from a higher femoral neck incision, which
gives a better rotational stability to the stem. There are sev-
eral approaches to make room for the prosthesis insertion,
which depend mainly on the location and extension of the
injury, the design of the implant, and the bone mass quality
of the patient. Our experienced orthopedic partners consider
that, ideally

1. The cutting plane should be approximately perpendicular
to the axis of the femoral neck;

2. In general, the osteotomy should be performed about
2 cm proximal to the lesser trochanter, to, together with
leg length and global offset, avoid inappropriate muscle
tension.

An automated osteotomy reference plane is defined as per-
pendicular to the axis of the femoral neck and containing the
neck saddle point. The femoral offset is defined as the perpen-
dicular distance between the anatomical center of the femoral
head to the intramedullary axis as projected onto the coronal
plane, as shown in Figure 8 (left). Changes in the postsurgi-
cal femoral offset may reflect in a defective patient gait cycle
and consequent limb pain.?*

The neck osteotomy plane should be planned according to
the implant's design. Moreover, femoral neck fractures occur
in distinct regions of the neck, eg, subcapital or transcervical
fractures. There are also often undetected bone tissue lesions
during the automatic segmentation algorithms, which can also
have direct influence on the osteotomy location. Hence, the
developed framework is able to perform the osteotomy on the
basis of the deviance in distance to the saddle point and in
angle to the perpendicular plane of the FNA, which can be
defined by the surgeon. At any instance, the user can check
whether the distance to any of the trochanters is enough to
avoid insufficient muscle tension. Nevertheless, whatever the
planned osteotomy is, changes on the femoral offset can be

FIGURE 8 Posterior views of the proximal femur. On the left, the femoral
offset (in yellow) is defined as the distance along the femoral neck axis (in
red) between the anatomical center of the femoral head and its intersection
with the intramedullary axis (in blue). The limits of the femoral offset are
also shown in yellow. On the right, 3 planned osteotomy cutting planes are
visible. As a reference, the saddle point of the femoral neck (in red) and the
cutting plane perpendicular to the femoral neck axis (in white). The cutting
planes shown in yellow are 2 cm deviated from the saddle point in both
senses of the left-right direction and their normal is 6 degrees deviated from
the reference cutting plane, respectively

compensated with prosthesis sizing and placement, which
will be looked into in Section 2.10.

Figure 8 (right) shows the reference cutting plane that
passes through the femoral neck saddle point and is per-
pendicular to the femoral neck axis in white. Depending on
several parameters, the cutting plane may vary its position
and angle according to the user. To simplify the planning, this
variation is translated in deviation to the reference plane and
can be user defined. Also in Figure 8 (right), in yellow, other
planes equidistant from the reference plane in opposite direc-
tions and whose cutting plane normal is equally deviated from
the femoral neck axis in opposite directions are also shown as
examples of the implementation.
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FIGURE 9  From left to right, DePuy Synthes TRI-LOCK® Bone Preservation Stem, the Zimmer® VerSys Epoch® FullCoat Hip System, the Zimmer®
MS-30™stem and the Zimmer® Mayo® Conservative Hip Prosthesis. The first row shows the computational models of the prosthesis and the second row

shows their corresponding real aspect

As the intention is to remove as less bone mass as possible,
the osteotomy to the right is more suitable for a subcapital
fracture and the one to the left to a transcervical neck fracture.
Pauwels observed that the obliquity of the fracture line with
the horizontal plane significantly affected the prognosis of the
fracture.”® The Pauwels angle is defined as the angle formed
by extending the fracture line upwards to meet an imaginary
horizontal line drawn on left-right plane and can also be used
to predict the best cutting plane for the osteotomy.

2.9 | Prosthesis modeling

To compare the different prosthesis designs, some of the com-
mercially available prosthesis were computationally modeled.
The modeling was based on the manufacturers templates and
is fully parameterizable, ie, the way the modeling was imple-
mented allows the prosthesis' components dimensioning, so
that it is adaptable to the patients' femur dimensions.

Firstly, it is possible to make the size of the femoral stem
adaptable to the medullary canal. It is postulated that a
cementless hip system consisting of a limited number of
femoral components can accommodate the complete range
of anatomic cavities. In a cemented hip system, due to the
void-filling capacity of the cement layer the number of
femoral components that accommodates the whole range of
cavity geometries is smaller.*

With best femoral stem size estimation, the endosteal
broaching is minimized and the most bone mass in the

interior walls of the canal is preserved. Hence, the diameter of
the medullary canal is calculated along the inferior-superior
direction in the perpendicular cross sections. To minimize
cavity broaching, the femoral stem component diameter is
adjusted to the minimum medullary cavity diameter on the
cross sections for uncemented prosthesis and with a minimal
tolerance of 2 mm to cemented prosthesis, so that room is left
for cement filling.

The prosthesis design also takes in account the measured
FNA (Section 2.4) of the patient's femur. Excessively, retro-
verted or anteverted femurs as well as coxa vara and coxa
valga femurs can be compensated in the implant design as the
toolbox presented here allows its diagnosis beforehand. Neck
preserving stems were added to the implants database as their
use requires less bone mass to be removed and therefore min-
imizes the complications associated with a second THA.?®
Finally, cemented and uncemented prosthesis were also mod-
eled as both fixation methods are in use. In sum, the idea is to
have a prosthesis database as broad as possible.

Figure 9 shows 4 examples of modeled prosthesis, together
with a photograph of the actual prosthesis for comparison
purposes.

2.10 | Prosthesis placement

Loosening is the most common long-term complication
following the THA. Moreover, the femoral component
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placement and the prosthesis stem design are among the fac-
tors that reportedly affect the incidence of loosening. On the
other hand, the location of the hip center of rotation sub-
stantially affects the load on the hip and the kinematics of
the hip joint. Long-term follow-up studies demonstrate sig-
nificantly higher rates of femoral loosening with acetabular
components placed in a superior and lateral (ie, nonanatomic)
positions, compared with acetabular components placed in a
nearly anatomic position.”’ Another important fact that early
studies demonstrate is that 2D prosthesis placement planning
is seldom misleading, and therefore, a 3D planning is required
for precise prosthetic components relation estimation.? Ulti-
mately, there is still debate if acetabular and femoral implants
should be orientated in such a way to reconstruct individual
anatomy or fit within a safe zone. A recently published paper?
has shown great variability in native hip joint anatomy, and
only a few fitted inside the component orientation criteria
known as safe zone. Therefore, the implant placement and
sizing will be planned to mimic the native joint anatomy, ie,
in such a way that the femoral neck angle, the inclination or
version of the femur, and the femoral offset remain unaltered.
In cases of femur valgus or varus the prosthetic neck should
be adjusted, respectively, reduced and increased, to compen-
sate such abnormalities. Together with orthopedic surgeons,
a workflow to restore the center of rotation of the femoral
head was implemented and will be described in the following
paragraphs.

The fitting problem can be described as finding the set
of parameters (translation, rotation, and prosthesis size) that
minimize the distance between the input points, strategic on
the prosthesis, and the geometrical entity, which is the respec-
tive femoral axis in this case. The computational cost of
this workflow is very low as it relies merely on algebraic
operations with the surface meshes.

The joint reaction force acting on the femoral head is prin-
cipally oriented in the coronal plane, even though rotational
loading for the implant stability also takes an important role;
therefore, the characterization of the shape of the endosteal
cavity in the anterior-posterior plane is of major importance
to implant stability. In this context, the medullary canal can
be characterized as normal, stove-piped if they are rela-
tively straight sided and champagne-fluted if they are highly
tapered.* The shape of the canal is nonproportional to the
femoral length, as opposed to neck length or head diame-
ter. Therefore, implants cannot be designed on the basis of
an average canal size proportionally scaled for larger and
smaller canals in the anatomic range. However, the major-
ity (83%)* of the femurs has normal shaped cavities. Con-
sequently, the proposed framework was planned so that it
deals with the patient-specific cavity to determine the best
prosthesis placement.

Standard femoral stems are designed to extend to the isth-
mus of the medullary canal (Figure 3) to stabilize component
alignment and prevent varus migration. Consequently, selec-
tion of an optimal length for components of different size is

determined by the relationship between the canal width and
depth of the medullary isthmus, which is extremely variable.*
Hence, it may require intramedullary reaming to broaden
the canal which can be considered unnecessary bone mass
removal.

On the other hand, studies have shown the importance of a
close match between the proximal cross section of the femur
and the femoral component.* Moreover, stem-bone contact
within the metaphysis can only be obtained in discrete areas
of the endosteal surface rather than over a substantial por-
tion of the potential interface. For this reason, few femoral
components truly fill the femoral canal laterally. In cement-
less arthroplasties this can lead to excessive micro-motion and
impaired clinical performance.

Therefore, the first step of the workflow is to make the inter-
ception of the neck and shaft axes of both the femur and the
implant coincident and orient the implant according to the
prosthesis insertion axis (Figure 3). Then, the stem is scaled
so that it is as large as possible with minimal removal of
cortical bone from the endosteal. Because only a few prede-
termined stem sizes are available, the best fit is selected. If the
implant stem is smaller than the medullary cavity, there is the
risk of prosthesis subsidence, ie, moving inferiorly along the
femoral shaft. If, contrarily, the stem is to large for the cav-
ity, the excessive removal of cortical bone can fragilize the
load-bearing capacity of the endosteal wall, and ultimately
result in a femoral fracture. Moreover, intraoperative femoral
fractures have been reported because of wrong stem size esti-
mation. According to our orthopedic partners, the stem and
the endosteal wall should have an interference less than 1 mm
for uncemented implants to be considered a good fitting. For
cemented prosthesis, the workflow takes in account the spac-
ing between the stem and the endosteal wall that it is filled
with the cement and a clearance of around 2 mm, depending
on the implant model, is left in between the contact surfaces.

Secondly, it is important to maintain the femoral offset,
which will ensure that the center of rotation of the joint and leg
length are kept unchanged. To do so, the prosthesis is rotated
along the insertion axis to minimize the distance to the center
of the femoral head. Most prosthesis have a fixed neck angle,
so the position of the prosthesis stem is chosen such that the
center of the femoral head is mantained in the prosthetic joint.
With this alignment, we ensure that the prosthetic center of
rotation matches the anatomical center of rotation. In sum,
the purpose of the toolbox presented here is to aid the sur-
gical planning and not to undoubtedly determine the optimal
size of the prosthesis. It is ultimately the judgment of the sur-
geon that determines which prosthesis design and size to use
in every patient-specific coupling.

3 | RESULTS

The principal component of the singular value decomposition
that stands as the direction vector of the FMDA represents
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98.1% of the total point cloud scattering that represents the
centroids of the cross sections along the femoral shaft. Sim-
ilarly, the direction vector of the prosthesis insertion axis
represents 97.7% of the total variation of the positions of the
point cloud.

The sphere fitting to the femoral head was computed by
minimizing the distances of the quartic surface that defines
the sphere. The average error was 0.42 £ 0.06 mm, which,
represents less than 1% of the average 46.1 £+ 4.8 mm diameter
of the femoral head.*

In this section, some examples of the uses of the set
of numerical methods here presented are shown. Figure 10
shows an example of a fitting of a TRI-LOCK® Bone Preser-
vation Stem to a patient-specific femur.

It is ensured that the head center lies within the axis of
the implant neck with the proposed sizing and fitting. In this
specific patient, the femoral head would be inserted halfway
in the neck so that the center of the femoral head remains
unchanged in the prosthetic joint. Moreover, due to the flat-
tened nature of the stem in the anterior-posterior direction,
most fitting to the endosteal is done in the coronal plane.

[
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A second example of an uncemented prosthesis is illus-
trated in Figure 11, where the sizing and fitting of a VerSys
Epoch® FullCoat Hip System is shown. Intuitively, we can
verify the good sizing of the implant stem to promote max-
imum contact surface in the endosteal wall. With a fixed
implant-shaft neck angle it is important also to ensure that the
femoral head center lies within the neck axis of the implant,
both frontally and sagittally.

Figure 12 shows the MS-30™ cemented prosthesis, automat-
ically sized and placed in a generic femur so that the implant
size trial and error is avoided in the surgical intervention.

As is observed in Figure 12 the prosthesis fitted signifi-
cantly well. The tip of the stem was placed at the medullary
isthmus and the rotation center of the hip center is maintained,
as the prosthetic hip rotation center is maintained. Although
the stem fits the femoral walls in the frontal plane, its flat-
tened design can be seen in the lateral views. This is because
the MS-30™ is a cemented stem and space needs to be taken
in account for the cement filling.

Finally, an example of a fitting of a neck preserving implant
achieved with the proposed toolbox is illustrated in Figure 13.

‘

FIGURE 10  From left to right: posterior, left, anterior, and right views of an example of a DePuy Synthes TRI-LOCK® implant fitting to a patient-specific
femur. The femur is represented in translucent black with the center of the femoral head in black. The implant and the medullary cavity are shown in blue and

green, respectively. In red, the prosthesis neck axis is visible

[
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FIGURE 11 From left to right: posterior, left, anterior, and right views of an example of a VerSys Epoch® FullCoat Hip System fitting to a patient-specific
femur. The femur is represented in translucent black with the center of the femoral head in black. The implant and the medullary cavity are shown in blue and

green, respectively. In red, the prosthesis neck axis is visible
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FIGURE 12 From left to right: posterior, left, anterior and right views of an example of a Zimmer® MS-30™ implant fitting to a patient-specific femur. The
femur is represented in translucent black with the center of the femoral head in black. The implant and the medullary cavity are shown in blue and green,

respectively. In red, the prosthesis neck axis is visible

[
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FIGURE 13 From left to right: posterior, left, anterior and right views of an example of a Zimmer® Mayo® implant fitting to a patient-specific femur. The
femur is represented in translucent black with the center of the femoral head in black. The implant and the medullary cavity are shown in blue and green,

respectively. In red, the prosthesis neck axis is visible

The Mayo® Conservative Hip Prosthesis has a shortened dis-
tal stem that fixates distally against the lateral endosteal wall
that promotes minimal cortical bone removal, which is one
of the most determinant factors in a revision surgery. Due
to that reason, the orientation of the prostheses stem axis
is done accordingly and not as the previous examples have
been shown.

As Figures 10 to 13 show, the alignment and sizing is in
conformity with the workflow described in the Section 2.10.
The prosthesis' stem is aligned according to the prosthesis
insertion axis, and its size is fitted to the endosteal of the
medullary cavity. This way the contact between the stem and
the endosteal is maximized and the mechanical stresses at the
bone-implant interface are potentially reduced.

Moreover, it is also observable that the prostheses are
aligned with the FNA. This led to the minimization of the
distance between the tip of the implant neck and the center
of rotation of the femur. The distance between the tip of the
femoral neck and the center of the femoral head is usually
compensated by the configuration of the prosthetic head as
the insertion socket can have controlled depth so that ulti-

mately the femoral offset and leg length remain unchanged in
the prosthetic configuration.

4 | DISCUSSION

Firstly, not only the linear regression of the FMDA and the
prosthesis insertion axis but also the sphere fitting of the
femoral head were performed accurately, ie, presenting very
low error values. Automatic 3D axes are therefore established
for prosthesis insertion axis and take in account femoral antev-
ersion or excessive retroversion in implant positioning, which
is hard to achieve based in radiographic templating alone.

The values found for the neck-shaft and anteversion angles
corroborate other values found in the literature.*** The pro-
posed methodology can easily be adapted to diagnose femur
valgus or vara and retroverted or excessively anteverted
femurs merely by measuring the angles between the defined
axes. In presurgical planning this allows the surgeon to correct
the femur anteversion during the THA and potentially prevent
future hip complications on the patient.
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Overall, the landmark extraction is achieved within a few
seconds, as it only relies on geometric transformations in
its majority, which are computationally very efficient. This
is of critical importance when implemented in an interac-
tive software where the surgeon is planning the THA. The
methodology was able to accurately predict landmark location
as well as estimate the axis and the angles above described
for all of the 50 bone models, which stands as proof of the
methods' repeatability and user independence. The accuracy
error is inherent to the segmentation error and the coarsen-
ing and smoothing of the surface mesh, which are beyond the
incidence of the present study. It is however possible to imple-
ment mesh refinement in more detailed regions of the femur,
eg, the trochanters, to minimize the accuracy error.

The prosthesis placement workflow firstly ensured an accu-
rate implant head rotation center reconstruction. Then, by
orienting the implant neck as to mimic the anatomical FNA,
femoral retroversion and excessive femoral anteversion can
be previously measured so that the surgeon can place the
implant to compensate these deviations. The femoral stem fix-
ation to the endosteal is done by aligninging the stem axis
with the prosthesis insertion axis. The sizing of the implant
is done such that the interference or clearance distance is in
agreement with the surgeon's opinion. To do so, an interac-
tive user interface is provided for the doctor to test or even to
question the workflow's suggestion. This way the prosthesis
subsidence is minimized even in cementless stems.

An experienced orthopedic surgeon can indeed achieve
similar results to any of the 4 examples shown in Section
3, at the cost of time and on the basis of his experience
and expertise. Hence, a positive clinical feedback relative to
the implant dimensioning and positioning was given by the
partner surgeon, because the developed workflow promotes
a good fixation of the stem as well as a good implant neck
orientation. This ensures that the offset remains unaltered,
and consequently, equal leg length is maintained. The later-
alization of the center of rotation directly influences the lever
arm of abductor muscles, which play an important part dur-
ing the gait cycle and can result in a defective gait cycle,
ie, limping. The restoration of the hip center of rotation can
decrease the incidence of failures and reduce the need for
revision surgery.”* On the other hand, our method can be
improved by fully mapping the cancelous and cortical bone
boundaries. With so, a more accurate representation of the
bone tissue's properties can be achieved, considering the bone
mass density.

The work here presented is limited by the amount of dif-
ferent modeled prosthesis. Recent approaches to hip replace-
ment implants, namely, geometries and coatings, have been
developed and have not yet been used to test this workflow.
Moreover, there are other optimization criteria that also need
to be in agreement with the planning here, such as leg length
and the femoral offset. In fact, while restoring the center of
the head in a clinical environment, there is often the need
to adjust its position as to correct leg length discrepancy or
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offset differences, which is not still taken in account in the
presented planning toolbox. Implants have various but lim-
ited sizes available, hence emphasizing the importance of the
surgeon's final decision on which size is better suitable for
one given femoral geometry, regardless the present workflows
suggestion. It should be also noticed that landmark extraction
depends on the bone surface mesh level of detail. However, if
the same segmentation process is used for every surface mesh,
the same data point structure is kept, even in low-resolution
CT scans.? Future improvements should also take in account
acetabular component sizing and placement as well as look
to mantain the biomechanics of the prosthetic joint as close
to the anatomical joint as possible. Comparative leg lengths
between legs are yet another limitation of this work and future
work should consider the hypothesis of leg lenghts need to be
corrected.

To the author's knowledge, there is only 1 report of fully
automated optimization methods of preoperative THA plan-
ning on the basis of computational anatomy.* The approach is
formulated as maximum a posterior estimation on the basis of
statistical models derived from the training datasets prepared
by a surgeon. The results shown are satisfactory and are said
to improve the surgeon's planning. Nevertheless, if, on the one
hand, the training of the shape model can be time consuming,
an approach on the basis of shape models might incorpo-
rate the errors of femur-prosthesis couplings population. The
approach considers also the acetabular component of the hip
implant which makes results quite difficult to compare.?!

5 | CONCLUSIONS

Even though the reduction of the incidence of hip implants
failure on THA to zero is still difficult to achieve, the devel-
oped set of tools is a step forward toward better planning
and hopefully to increase the longevity of the implants. The
automated landmark extraction and consequent anatomical
knowledge of the patient-specific femur allows an accurate
and straightforward planning from the surgeon who, due to the
automation of most of these methods, does not need to have
extensive knowledge of the implemented numerical meth-
ods. An accurate prosthesis sizing, fitting, and placement can
increase the precision of the surgery, shorten its duration
and cost and reduce the incidence of prosthesis' loosening
and minimize bone stock loss, which will ultimately influ-
ence the terms of a possible revision surgery. Moreover, by
maintaining equal head rotation centers and if leg length is
ensured to be kept unaltered, the risk of periprosthetic frac-
ture is minimized as well as a normal gait cycle is more likely
to be restored. In sum, a good planning reduces the risk of
major errors but does not guarantee the everlasting success of
a THA.

Within the scope of this paper, the methods here pre-
sented were tested on 50 femur models. They proved to be
both robust, precise, and repeatable. The automated workflow
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developed can also be coupled to an automatic finite element
model to infer quantitative data of a specific implant-femur
coupling, which can be used to presurgically compare the
performance of different implant designs.
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