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Total knee replacement (TKR) is a surgical procedure
used by orthopaedic surgeons. It requires an adequate
preoperative planning. Several parameters involved in
this planning are usually obtained by manually mea-
suring on radiographic images (91.44 cm cassette for
alignment film in weight bearing stance). We have
devised a system which makes it possible to automate the
measurements. It automatically finds the cortical bone
internal and external contours from full femur and tibia.
Detection of bone boundaries is achieved using active
contours. The snake is initialized with the interactive
definition of a poligonal contour on the radiographic
image. From the obtained contours, the parameters can
be easily derived. The system speeds up the measuring
processes and eliminates subjectivity.

Keywords: medical images, active contours, orthopaedics,
total knee replacement (TKR).

Introduction

Total knee replacement (TKR) is a surgical
procedure of the treatment of degenerative os-
theoarthritis of the knee, reumathoid arthritis, or
in processes that lead to an unrecoverable dam-
age of the knee joint. This technique requires
an adequate planning, including among others
the following aspects: morphological measure-
ments of the joint to be replaced, measurements
of parameters in order to achieve a good align-
ment and prosthesis fitting, and even 3D recon-
struction of the bone geometry in the case of
great bone defects. Several parameters involved
in the surgical planning (Bargren et al., 1983)
are shown in Fig. 1: distal femur width (DFW),

tibial plateau width (TPW), distal femoral shaft
diameter (DFSD), proximal femoral shaft di-
ameter (PFSD), tibiofemoral angle (TF), capit-
omidcondylar tibial shaft angle (CMTS) and
tibial plateau tibial shaft angle (TPTS). The val-
ues of DFW and TPW are directly obtained from

proximal femur

femur

distal femur
proximal tibia

tibia

distal tibia

Fig. 1. Outline of the distances and angles involved in
total knee arthroplasty: distal femur width (DFW), tibial
plateau width (TPW), distal femoral shaft diameter
(DFSD), proximal femoral shaft diameter (PFSD),
tibiofemoral angle (TF), capitomiocondylar tibial shaft
angle (CMTS) and tibial plateau tibial shaft angle
(TPTS).
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the external contour of the cortical bone of the
femur and tibia in the knee joint. The values
of DFSD and PFSD are obtained from the axial
length of the femur. These values are calcu-
lated as the width of the femur at fixed relative
positions on the femur. The TF value is the
angle between the symmetry axis of tibia and
femur (anatomic alignment). The CMTS value
is the angle between the axis capitomiocondylar
and the symmetry axis of the tibia (mechanical
alignment) as shown in Fig. 1. Finally, the an-
gle between the tibial plateau and the symmetry
axis of the tibia gives us the value of TPTS.

These measurements are performed on radio-
graphic images of different projections of the
knee joint (Bargren et al., 1983; Moreland,
1988). The correct segmentation of the cortical
bone in the tibia and femur, and the definition of
the symmetry axis would allow us to make mea-
surements automatically. Unfortunately, radio-
graphic images present severe drawbacks for
segmentation processes. Among others, we
must point out the low signal-to-noise ratio and
the fact that these 2D images are obtained as
anterior-posterior or lateral projection images of
3D organs using X-rays. This leads to problems
of overlaps between different structures and am-
biguities, since a small volume of a strongly
absorbing material can produce the same pixel
grey level as a larger volume of a more X-ray
transparent tissue. Because of these facts, it be-
comes necessary to employ segmentation pro-
cesses that are capable of integrating constraints
on the image data together with the a priori
knowledge about the location, size, shape and
features of the structures of interest in the scene.
Active contours provide an appropriate scheme
for this type of implementation (McInerney and
Terzopoulos, 1996).

In this work we approach the problem of corti-
cal bone finding of tibia and femur by means of
active contours. Then, the cortical bone internal
and external contours of the bones involved in
total knee replacement (TKR) are delineated.
These contours will permit the automatic esti-
mation of the parameters required in the surgi-
cal planning of TKR. The latter takes advantage
of this and extra information such as: 3D re-
construction of bones from computed tomogra-
phy (CT) scans, injury labelling and knowledge
about stress distribution in the knee joint. All
these aspects are being treated in order to pro-
vide the surgeon with a semiautomatic system to

support surgical planning. This paper is about
only one of the aspects that made up the global
project.

The work 1s structured into the following sec-
tions: first we introduce the background theory
of snakes; then we describe the procedures to
find the outer and inner contours of the corti-
cal bone, as well as the benefits of new energy
terms; and finally, we present the results and
main conclusions of this work.

Deformable Models: Snakes

A snake (Kass et al., 1988) is an elastic curve
that, located over an image, evolves from its
initial shape and position as a result of the com-
bined action of external and internal forces. Ex-
ternal forces lead the snake towards the features
of the image, whereas internal forces model the
elasticity of the curve. The snake is defined by
constructing a suitable deformation energy. In
a parametric representation, the snake appears
as a curve u(s) = (x(s), y(s)), s € [0, 1], with
u(0) = u(1). Its internal energy is

Eine(u(s)) = erlus(s)1* + Bluss(s)*. (1)

It is made up of two factors: the membrane en-
ergy o|us(s)|?, which weights its resistance to
stretching, and the thin-plate energy B |us(s)|?,
that weights its resistance to bending. u,(s) and
uss(s) represent the first and second derivatives
respectively. The elasticity parameters o and 3
control the smoothness of the curve.

The external energy is generally defined as a
potential field P,

1
B /O P(u(s))ds. 2)

The external energy pushes the snake towards
the features of the image that are being seeked
for. Typical terms in the expression of the
external energy are (Cohen and Cohen, 1993,
Radeva and Serrat, 1995): P; = xyI(u(s)),
where I(x,y) is the intensity image, and at-
tracts the curve to high (or low) intensity points;
Pg = =LV (Go(u(s)) = I(u(s)))|, where G
represents a Gaussian filter with scale parame-
ter o, and attracts the curve to intensity edges,
after convolution with a Gaussian smoothing;
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Fig. 2. Interactive drawing of initial contour.

and Pp = —ne 400D’ where d(u(s)) is the
distance to the closest boundary point, which
pushes the contour to the edge points of an edge
map. An edge map is an image of contours
detected by means of an edge detector filter.
v, N, { are positive constants that weight the
contributions of the different terms in the exter-
nal energy. The total energy of the snake will
be the sum of the external and internal energies
along the curve u(s):

o, o / Ean(u(5)) + Eext(u(s))lds~ (3)

The dynamic minimization of this functional
pushes the snake to the features of interest, de-
pending on the application.

In order to numerically compute a minimal en-
ergy solution, it is necessary to discretize the
energy Egnqake. A general approach to discretiza-
tion of energies is to aproximate the function of
interest  as a set of linear superposition of basis
functions weighted by nodal variables u;. In our
case, u will be represented by spline aproxima-
tions, and the set u;, i = 1, ..., n will be a set
of points that define the guiding polygon.

Procedures

Our system is applied to radiographic images of
the tibia and femur. The system starts with the

user interactive edition of a set of vertices us-
ing a graphical environment as shown in Fig. 2.
From this set of vertices, a polygonal contour is
defined. Then, this initial contour automatically
evolves, under control of internal and external
forces, until it delineates, first the external con-
tour of the cortical bone of the femur, and fi-
nally its internal contour. From these contours,
we can automatically obtain a set of parameters
needed for the surgical planning of the knee re-
placement. A flow chart of the system is shown
in Fig. 3.

Obtaining the Femur External Contour: New
Potential Term

The system for obtaining the external contour
of cortical bone is based on snakes. The pro-
cess begins with manual selection of a set of n
vertex in the 2D radiographic image. A number
n about 10 points is enough. This set defines an
initial polygonal approximation of the contour.
Then the system selects N points evenly spaced
over the polygonal approximation in a ratio of
1 to 4. This discretized contour, made up of
N points (snaxels), will evolve attracted by the
local minima of the external potentials and un-
der the constraints imposed by internal forces.
When the total energy of the snake reaches its
minimun value the deformation stops. Here, we
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Fig. 3. Scheme of the system.

adopt for the internal energy the classical form,
whose discrete version is:

- |Mi - Ms—1|2
B = 3" o= el
i—1
i1 — 2u; + uiyq|?

+B 5 ,(4)

where N represents the number of vertex u;,
i =1...,N. For the external energy we con-
sider the following potential terms

N
Eeu(t) = Y —C|V(Go(w) * I(w:))|
i=0
—loge(1 + d(u;)) — vC(wi),  (5)

where {, 1, v are positive constants, d(u; ) repre-
sents the euclidean distance from point u; to the
nearest edge point and base a introduces high
level information about what is understood as
points that are close and points that are far from
the nearest edge point (Radeva et al., 1995). We
make use of edge points extracted by a Canny
filter (1986) prior to the use of the active con-
tour. The first two terms are classical ones, and
the last term, C, is a new energy term that is
specifically introduced for our problem. The
first term refers to the gradient, the second one

to the distance from each vertex of the snake to
the closest edge point in an edge map, and the
third one eliminates the ambiguity that appears
when the snake is located between the bound-
aries of two neighboring structures. This term
will attract the snake towards the contour of the
structure that it encloses, and will push away
the snake from other structures. With this for-
mulation, the snake will be attracted by strong
intensity edges in the external side of the corti-
cal bone.

If the initialization is not good enough and we
only consider the first two terms of the exter-
nal energy, the snake could get trapped by edge
points of the nearby structures. This may hap-
penin the joints. In Fig. 4a we represent the case
of two very close objects and an inaccurate ini-
tial position of the snake over the proximal part
of the tibia. In this situation, the first two terms
of the potential cannot distinguish between the
edges of the tibia and the femur, and thus the
snake would fit on the closest one, as can be
seen in Fig. 4b. To fit the contour to the exter-
nal cortical bone of the femur, term C(u(s)) is
introduced. This new energy term carries out
information regarding the contrast between two
regions on both sides of the snake. It has the
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Fig. 5. Evolution of the initial contour towards external edges of the distal femur: (a) initial contour, (b) intermediate
contour and (c) final contour with the new internal energy term C, (d) result obtained with classical energy terms
(without C).

following expression:

|F§'m . F¢x1|
Cw) = i~ pi (6
with
; 1 1
Hi=gm X b =gz 6 O)
i ic anr 1 je R;_zxt

where R and R are two rectangular subre-
gions with a shared edge. This edge will be
tangent to the snake and centered on point ;,
so, R" will be on the internal side of the snake
and R on the external side. The size of the
rectangle is 3 x 5 pixels, 3 pixels in the tangent
direction and 5 pixels in the normal direction to
the snake. A represents the size of the region and
F represents the average value of some feature
in the region. This potential will fit the snake
to the edges that present a larger value of the
property F' towards the inside of the snake. In
this implementation F' is the average intensity,
but any other property could be used. At the
end, the result is the one shown in Fig. 4c.

The external contour of the bone is reached as
a result of the evolution of the snake from an

initial contour. This behavior can be seen with
real images in Fig. 5, where we show the be-
havior of the snake in the distal femur. Fig. 5a
is a polygonal approximation manually traced
by the user. Once the initial contour has been
chosen, it will evolve (Fig. 5b) until it reaches
the external contour of the femur as shown in
Fig. 5c. In Fig. 5d we show the result reached
by means of the classical energy terms, without
the effect of the new internal energy term (C)
we propose. In this case the snake is trapped in
potential wells corresponding to the tibia. As
can be seen, the term C improves the classi-
cal approach as now the snake can distinguish
between tibia and femur.

Obtaining the Femur Internal Contour: New
Internal and External Energy Terms

After obtaining the external contour of the corti-
cal bone, the next step is delineation of the bone
internal cortex. From the knowledge of the fe-
mur height, and using proportionality ratios, the
femur is divided into three areas: proximal end,
distal end, and shaft. The internal cortex is
defined in the shaft, so we only consider this
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part of the bone. The height of the femur is
calculated from its external contour as the dis-
tance between its highest and lowest points. The
width of the bone in particular areas may also
be obtained.

Two problems have to be solved: (1) to obtain
an initial contour for the snake and, from it, (2)
to fit the snake to the internal cortex. We will use
two new formulations of the energy functional
to solve each of the aforementioned problems.

The Initial Contour

The initial contour will be obtained from the
delineation of the external cortical bone and
the symmetry of the shaft in the formulation
of the energy functional will be taken advan-
tage of. To facilitate some calculations, we will
reparametrize the contour of the external corti-
cal bone, so that the right and left parts of the
contour will have the same number of vertices,
evenly spaced along the vertical axis. Thus,
each point of the right side will have a corre-
sponding one on the left side with the same
vertical coordinate. This way, the search for the
vertex symmetric to another one would be faster.
We will use an energy minimization algorithm
that does not permit vertical displacements of
the u; points of the snake. This does not affect

the quality of the solution, but keeps the symme-
try condition and so reduces the computational
cost of the process.

To obtain the internal cortex, we will carry out a
compression process over the external contour
of the bone shaft. In this line, the contour is
liberated from all the external forces we have
indicated before and it undergoes the effect of
an inward force in the horizontal direction. The
aim of this force is to place the initial contour for
the delineation of the internal cortex around the
bone symmetry axis. This horizontal compres-
sion force leads to the following internal energy
term:
 —u;, — 8

A
where u; and u;; are symmetric points, & is a con-
stant that defines the equilibrium distance be-
tween symmetric points, and DFW is the width
of the distal femur as ilustrated in Fig. 1. This
parameter is obtained from the external contour
of the cortical bone as the maximal width in the
distal femur.

We add the membrane and the thin-plate energy
terms in order to preserve the smoothness of
the curve. The evolution of the contour stops
around the symmetry axis of the bone once the
internal cortex has been surpassed. This fact
can be seen in Fig. 6. Fig. 6a shows the con-
tour obtained for the cortical bone. The external

c : d

Fig. 6. Evolution of the compression of the sides of the femur and symmetry axis: (a) external contour of the cortical
bone, (b) evolution towards the symmetry axis, (c) halt of the evolution of the initial contour for delineation of
internal cortex), and (d) obtained symmetry axis.



Application of Deformable Models in Orthopaedic Surgery Planning

197

energy in this case is zero, so the total energy
equals the internal energy:

it i — wiq|?
Eine() = ) By () + 00—
=1

iz — 2u; + ui1|?
: 2 * (9)

Figs. 6.b-c show an intermediate state and the fi-
nal position of the contour around the symmetry
axis respectively. The symmetry axis U™ (y)
(Fig. 6.d) is defined from the set of halfway
points between symmetric points of Fig. 6.c.

+B

o ___f g

A e

Delineation of the Internal Contour

Once the contour is located around the bone
symmetry axis, its evolution towards the inter-
nal cortex starts. The definition of new expres-
sions for the energy functional is now neccesary.
From this symmetry axis, we are going to define
the internal energy, to simplify the expression
of the internal energy, to eliminate the problems
associated with adjustments of the elasticity pa-
rameters (too much rigidness or not enough ro-
bustness with respect to noise) and to introduce

Fig. 7. (a) Original image; energy images: (b) G,(x, y) and (c) Ga(x, y); (d-e) evolution of the contour towards the
internal cortex; (f) bad result obtained with the commonly used filter.
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domain knowledge (symmetry) by:

Em(w) =c ) |ui—2uP™ +u|,  (10)
i

where ¢ 1s a positive constant and u;, is the
point of the deformable contour symmetrically
located with respect to ;. For each point u; =
(xi, i), the corresponding point of the symme-
try axis will be 4™ = U™™(y;). U™(y) is the
symmetry axis previously obtained. The inter-
nal energy minimum corresponds to the case of
symmetry with respect to the central axis of the
internal contours of the bone.

In order to better adapt to the new conditions,
we reformulate the snake energy functional. As
the internal cortex of the femur presents a longi-
tudinal disposition of the trabecula, a filter that
is sensitive to this circumstance would optimize
the energy term (compare Figs. 7.e and 7.f).
In this case we employ a filter that provides a
measure of the gradient only in the horizontal
direction. Two potential images are generated,
Figs. 7.b-c, one obtained by the maximum be-
tween 0 and the difference between the value of
the pixel and its neighbor to the left, Gi(x, y) =
max{0, I(x, y)—I(x—1, y)} and the other by the
maximum between 0 and the difference between
the value of the pixel and its neighbor to the
right, G (x, y)
In one, dark contour on the left and lighter con-
tours on the right will be found, among them
the right side of the internal cortex. In the other,
the contours will be darker on the right and
lighter on the left, like the left side of the inter-
nal cortex. Now, we apply one gradient energy
image or the other as a function of the direction
of the normal (right or left). This will allow
each side of the snake to fit onto the side of the
cortex that corresponds to it, without being in-
fluenced by the presence of the opposite cortex.
This duplicity of the energy image greatly fa-
cilitates carrying out of the procedure. A study
over femur radiographs gives a large variety of
thicknesses, depths and clearnesses of the inter-
nal cortex. Local treatment of the points of the
snake, which tend to isolate the perturbation as
much as possible, due to undesirable neighbor-
ing structures, implies a great advantage. This
is not only in the convergence speed, but also
in the production of final contours that really
define the cortex and which are not trapped in
potential wells that are a consequence of the
interferences we mentioned before.

=max{0, I(x,y) — I(x + 1, y)}.

In order to further accelerate the convergence
process, we use, as a second term of the poten-
tial, the distance to edge points.

N
ext E

where { and 1] are constants again. The min-
imization of this energy functional will be the
last step in order to make the deformable model
smoothly adapt to the internal cortex. Figs. 7d-e
show an intermediate state and the location of
the internal contour of the cortical bone for the
energy minimum. In Fig. 7f we show the result
obtained with a usual gradient operator. Our
gradient operator gives better results.

)—Mloga(14d(u;)), (11)

Simplified Method for Energy Minimization

The solution to the problem, the detection of the
inner and outer contours, is given by the min-
imization of the total energy functions. Amini
etal. (1990) proposed the use of dynamic pro-
gramming in order to solve variational problems
in vision due to the characteristics of global op-
timality of the solution, numerical stability and
possibility of imposing strong constraints on the
behavior of the structure. Their algorithm was
iterative, and in each step dynamic program-
ming was applied in order to improve the con-
tour a little. However, dynamic programming
methods are slow and require a large amount of
memory. Geiger et al. (1995) propose a more
simplified method based on the analysis of the
scale space and the limitation of the snake vari-
ation zone.

In our case, the initial external contour is an ap-
proximate contour interactively provided by the
user. This approximate character permits con-
straining the search for the energy minimum in
the normal direction to each vertex of the con-
tour. On the other hand, the search for the inter-
nal contour may also be accelerated by carrying
out the search in the horizontal direction to each
vertex, as the contour fitting process consists of
only a lateral expansion process from a position
that is close to the symmetry axis. As such, we
use a method based on dynamic programming
where a segment of the possible displacement
of the snake vertices is defined for each vertex
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of the snake. Each segment is centred on a ver-
tex and is parallel to the horizontal axis. In this
way, without worsening the solution, computa-
tion times achieved that are 10 times lower than
were those when all the neighborhood had to
be explored. A more detailed description of the

minimization algorithm can be found in Pardo
etal. (1997).
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Fig. 8. Segments of a possible variation of the snake.

Given three consecutive control points (ver-
tices) ug, Ugy1, Urt2, the vertex ux; was only
able to move perpendicular to the straight line
connecting u; and uy as indicated in Fig. 8.
These segments, inside which a variation is al-
lowed, are centred on each of the control points.
After this, starting from an arbitrary vertex, ini-
tially taken as fixed, dynamic programming to
determine the position of the remaining con-
trol points of the contour for the energy min-
imum was used. The starting vertex changes
in each iteration of the algorithm, then the con-
straint of going through the fixed initial and

final points is eliminated. The process is re-
peated until a global energy minimum of the
snake is achieved. In each iteration the segment
of the control points variation is recalculated to
flexibilize the shape of the snake. The segment
is determined from the normal to the curve for
the external contour of the cortical bone, and
parallel to the horizontal axis for the internal
contour. The process is very fast and achieves
good results.

Results and Conclusions

Our system allows automatic delineation of bones
internal and external contours from radiographic
images of full femur and tibia. The process
starts after an initial contour is provided by in-
teractively selecting a set of points that define
an approximate polygonal contour all around
the bone. From the final result (inner and outer
contours, and symmetry axis) the calculations
of the aforementioned parameters may be im-
plemented for their automatic execution.

In Figs. 9 and 10 the results obtained on the
teleradiography of another patient are shown.
The user interactively supplies an initial contour
as in Fig. 9.a and Fig. 10.a. Our system does
not need precise initialisation. Fig. 9.b con-
tains the external contour of the cortical bone.
From this contour, as we have described before,

Fig. 9. (a) Initial contour for the external contour; (b) external contour(c); (d) initial contour for the internal cortour;
(f) internal contour and symmetry axis.
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Fig. 10. (a) Initial contour for the external contour; (b) external contour of the tibia and symmetry axis.

the initial contour for the detection of the in-
ternal cortical bone is automatically obtained
(Fig. 9.c). Fig. 9.d shows the internal contour
of the cortical bone and the symmetry axis. Fi-
nally, Fig. 10.b contains the delineation of the
external cortical bone from tibia.

There are several advantages provided by this
automatic method with respect to the manual
one. It frees the specialist from the tedious
labour of tracing lines and angles manually in
order to calculate the parameters. It prevents all
the measurement errors on the part of the instru-
ments employed, such as rulers and goniome-
ters. It provides a semiautomatic platform that
reduces the specialists work to the simple intro-
duction of the initial contour.

Summarizing, the use of active contours in the
field of total knee replacement permits the au-
tomation of processes that facilitate the work
of specialists and minimize the number of er-
rors. Their simplicity, intuitiveness and ver-
satility provided by the possibility of injecting
domain knowledge in the form of energy func-
tions, make active contours especially adequate
for this type of tasks. The deformable mod-
els we propose implement new definitions of
internal and external energies that solve prob-
lems which affect the segmentation of X-ray
images of bones in the classical formulation of
snakes. The new energy terms introduced in
our formulation improve the results obtained by
the classical one. Our scheme does not need

a good initial approximation, which would be
mandatory with the classical snake model.

The image data are acquired for live subjects,
and thus true (ideal) segmentation cannot be
established. Therefore, we decided to assess
accuracy of the method by visual inspection of
the results obtained from different cases. These
results, checked up by surgeons, validate the
method. Moreover, the algorithm is very fast
(it takes a few seconds) and repeatable (it does
not need a very accurate intial contour). At the
moment we have just started working on the
part of the system for automatically obtaining
the parameters from the contours.
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