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RESUMEN

® Con el fin de mejorar la sequridad, la exactitud y la
eficacia de la cirugia, reduciendo el trauma quirtrgico,
la posicion espacial tridimensional de los instrumentos
quirurgicos se puede lograr a través de la precision
de la integracion de las imagenes médicas para guiar
su funcionamiento durante la cirugia. Por lo tanto,
antes de la cirugia, el registro es necesario para
establecer la relacion entre la posicion real de los
instrumentos quirirgicos y sus imagenes. La precision
de este tipo de registro determina directamente la
precision de la navegacion. Teniendo en cuenta los
problemas y las deficiencias de los actuales métodos
de registro del marcador de referencia, en este trabajo
se propone la extraccion de un marcador de referencia
automatico y algoritmo de coincidencia. Con el fin
de facilitar reconocimiento automatico y extraccion
de los marcadores de referencia los autores de este
documento disedaron un marcador de referencia con
tomografia axial computarizada (TAC) de valoresy
formas reconocibles que proporcionan caracteristicas
que ayudan a satisfacer las demandas de los requisitos
de posicionamiento. La extraccion de estos marcadores
de referencia se puede automatizar facilmente, lo que
reduce considerablemente la dificultad de desarrollar
un algoritmo extraccion. Después de la extraccion
del marcador de referencia el registro de algoritmo
iterativo y el punto mas cercano (ICP) algoritmo
pueden ser combinadas para lograr coincidencias
entre el marcador y punto set model del marcador de
referencia. De acuerdo a los resultados coincidentes
que indica la relacion de posicion entre cada marcador
y su reflectante, el centro de |a esfera reflectante de la
imagen puede ser adquirido, proporcionando asi una
forma sencilla de realizar el registro de las diferentes
representaciones espaciales del paciente.

e Palabras clave: marcador de referencia, iteracion del
punto mas cercano (IPC), navegacion dptica.
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ABSTRACT

To improve the safety, accuracy and effectiveness of
surgery, while also reducing surgical trauma, three-dimensional
spatial positioning of the surgical instruments can be achieved
through the accuracy of integration of medical imaging to
guide their operation during surgery. Therefore, prior to
surgery, registration is required to establish the relationship
between the actual positioning of the surgical instruments
and their imaged position. The accuracy of such registration
directly determines the precision of navigation. Taking into
account the shortcomings and deficiencies of the current
fiducial marker registration methods, this paper proposes an
automatic fiducial marker extraction and matching algorithm.
In order to facilitate automatic recognition and extraction of
the fiducial markers the authors of this paper designed fiducial
marker with Computed Tomography (CT) values and shapes
that provide recognizable characteristics which help to meet
the demands of the positioning requirements. The extraction
of such fiducial markers can be easily automated, significantly
reducing the difficulty in developing an extraction algorithm.
After fiducial marker extraction the registration algorithm and
the Iterative Closest Point (ICP) algorithm can be combined
to achieve matching between the fiducial marker and point set
model of the fiducial marker. According to the matching results
indicating the positional relationship between the each fiducial
marker and its retroreflective sphere, the center coordinate
of the retroreflective sphere in the image can be acquired,
hence providing an easy way to undertake registration of the
different spatial representations of the patient.

Keywords: Fiducial marker, ICP, Optical navigation.

INTRODUCTION

With the in-depth application of computer technology in
the medical field and the emphasis on the surgical refinement
and minimal invasion, the surgical navigation system has
become a new hotspot for research and clinical application
in the field of medical equipments. Cancer treatment by
radiofrequency ablation guided by images has been widely
applied, including treating the tumors in liver[1-3], kidney[4],
bone[5,6], breast[7,8] and lung[9,10]. The surgical navigation
system usually consists of visual parts and measuring
equipments which can position and track the relative position
between surgical instruments and patients. Nowadays,
the mainstream measuring equipment used in the surgical
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navigation is the optical positioning and tracking system.Prior
to using the optical tracking system to start the tracking and
positioning of surgical instruments, the mapping relationship
between the operation space and the image space, namely
registration, must be established. Ahead of this, the center
coordinates of the fiducial markers used for registration of the
image of the patient, in the image space and in the operation
space must both be determined. On the basis of these two sets
of coordinates, the positional relationship between the image
space and the operation space can be acquired as a matrix
of a series of rotations and translations in order to complete
the registration. The current, commonly used approaches to
registration are either surface-based or fiducial marker-based
methods [11]. The former does not require fiducial markers.
It matches the surface information for the actual space,
obtained using an optical method, to a surface representation
extracted from the image space [12, 13]. This method is rarely
used due to the inaccuracy of registration resulting from its
complicated system design and simple operation[14]. By
contrast, the second method, has greater accuracy, and is
the more commonly used nowadays [15]. However, manual
difference of human positioning and such positioning of
the fiducial marker will also add a registration error [16-18].
This because the fiducial marker registration often requires a
manual approach to extract the center coordinates, both the
pixel pitch and the layer thickness of the image, as well as,
mean that such an approach using the center coordinates for
registration may result in individual deviations. This deviation
will, then, always be present as a system error during both
tracking and positioning, severely affecting the tracking
precision. Therefore, it is critical to be able to extract and
match the fiducial markers within the image automatically.
This paper proposes an algorithm for the automatic extraction
and matching of fiducial markers. This algorithm, used
with a bespoke design of fiducial markers, can quickly and
conveniently extract fiducial markers from the image; match
all the fiducial markers with the affine transformation and
optimize the registration results using the Iterative Closest
Point (ICP) algorithm. According to the matching results
and the fixed positional relationship between each fiducial
marker and its retroreflective sphere, the center coordinates
of the retroreflective sphere in the image space can be
acquired. In the operation space, the binocular vision system
can identify the retroreflective sphere by its regular shape,
hence its center coordinates can be obtained. Once the image
of the retroreflective sphere and its center coordinates in the
operation space have been matched, the patient registration is
complete.

2. METHOD

2.1. DESIGN OF FIDUCIAL MARKERS

A retroreflective sphere reflecting near-infrared light can
be clearly identified by using the optical positioning facility of
the optical surgical navigation system. However, in the image
of the patient, the brightness of the retroreflective sphere is
relatively low, as it is close to the CT value of most human
tissues, so it is difficult to extract the retroreflective sphere
automatically so as to acquire its coordinates. Therefore,
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high-brightness fiducial markers with high-CT values are
needed allowing for easy extraction when interfacing with
the retroreflective sphere. The materials commonly used for
fiducial markers are stainless steel or plastic, however stainless
steel fiducial markers produce artifacts, which can reduce
the quality of the image and influence the doctor’s surgery.
Furthermore the brightness in the image of such commonly-
used fiducial marker materials is low, as the differences
between their gray levels and those of human tissues are not
significant, so they are not easy to identify and it is therefore
difficult to develop an automatic extraction algorithm for
such fiducial markers. In order to reduce this difficulty in
extracting the fiducial markers from the image as reference
points when using the retroreflective sphere model [19], the
solution is to design fiducial markers with high CT values, as
shown in Fig.1(a) and Fig.1(b). Fig.1(c) and Fig.1(d) which
are based on the physical shape of the fiducial marker so as
to simulate the model of the same shape on the computer
and form the point sets. When conducting registration, the
fiducial markers should be attached to the patient’s skin for
positioning purposes. To prevent any slippage, the base of the
fiducial marker needs sufficient size to allow for its secure
attachment to the skin by using an adhesive. In the process of
positioning, the fiducial marker it should be interfaced with
the retroreflective sphere, the surface of which is covered
with special reflective materials; the fiducial marker must
be embedded into the retroreflective sphere. Therefore, the
authors of this paper marked the groove shaped retroreflective
sphere as a reference object to design the protrusion. The
fiducial marker can be interfaced with a retroreflective sphere,
to complete the positioning in the operation space.

Retroreflective sphere

SN 225

(a) (b) (c) (d)
Fig. 1: The bespoke fiducial marker. (a) The retroreflective sphere and
the fiducial marker.(b) The actual fiducial marker.(c) Grid model of the
fiducial marker.(d) Point set model of the fiducial marker

Fig. 2: The CT image
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Due to the special material used and its higher CT value, its
gray level is significantly higher than that of the retroreflective
sphere and of most of the human tissues in the image of the
patient, as shown in Fig.2.

In order to extract the fiducial marker, firstly, the Marching
Cube (MC) algorithm is used to formulate a surface rendering
on the patient’s celiac image [20]:

{x,y,2)| f(x,y,2)=C} (1)

where (X,y,z) is a space coordinate of a point in the iso
surface, f(x,y,z) is a iso surface function, C is a iso surface
threshold. The basic procedures of Marching Cubes Algorithm
are: first, the two-dimensional slice images are read-in out of
three-dimensional data base, and the adjacent two pieces of
two-dimensional slices combines as one layer; Second, in
each layer, the two two-dimensional slices correspond to 2x2
pixel forming a cube which has 8 vertex; third, each such cube
is processed as per threshold value C in the sequence from left
side to right, front side to back, and bottom to up; last, draw
triangular patch collection which has been processed above
as per illumination model. A lot of noise will occur during
surface rendering , and there are many tiny tissues in this
region, which will affect the extraction of the fiducial marker,
so median filtering is needed for rendering of the surface in
this case [21]:

Y, =median{X;, X

i X (bm)€ ¥ \M, X, (Lm)e ¥, \M,Y, , (Lm)e ¥, (M} (2)

Im>

where X, is any noise pixel, M is the noise candidate set,
Y, is the set of the four closest neighbors of (i,j). Secondly,
threshold segmentation is carried out on the filtering results.
Threshold processing can not only filter out the retroreflective
sphere and other interference having smaller CT values, but
can also distinguish the fiducial markers from the human
tissues. By this method, only the fiducial markers, bones, Radio
Frequency (RF) electrode and other components are identified
with high gray levels, allowing the fiducial markers and the
skin tissue to be distinguished. A binary image is obtained
through binarization of the threshold processing results. In this
case, there are only tissues with higher gray levels, namely
the bones and the fiducial markers, in the image. A connected
component labeling algorithm can be used to mark the binary
image[22]. Firstly, the image is scanned from left to right and
top to bottom. The current pixel ¢ is computed by:

Qg b(x,y)=Q,
S(X’ y) =41, (I'I'l =mt 1)9 V(l, J) € Us > S(X_ i» y= J) = QB (3)
L., (X,y),other
where b(x,y) is a pixel value of binary image, Q, is the
background pixels, U_ is a pixel set of template neighborhood
excluding current pixel g, the L__ (X,y) is given by:

L (%, y) = min{L[s(x—1,y=)][i,je U} “4)

where L is a one-dimensional array for recording the
equivalence relationships of connected component labeling.
At the same time, the L is assigned by:
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nop,b(x,y) =Qy
L[m]:m,V(i,j)e US,S(X—i,y—j)ZQB (5)
Lls(x=1,y=]=L,;,, (X, y),8(x =1,y =) # Q,

Secondly, the forward and backward scanning is
implemented sequentially after the first scanning is completed.

Qp,b(x,y) =Qy (6)

s(x,y) =
.¥) {L‘fmn(x, y),other

U
where Lnin®:Y) can be expressed as:

Lo (%, y) = min{L[s(x~i,y= )], je U} O]

where U is a pixel set of template neighborhood.
Meanwhile, the L is assigned by:

{ nop, b(x, y) = Q,
Ls(x—i,y- )] = L%, (. y)s(x—i,y = ) #Q, ®)

Finally, the scanning does not stop until the pixel label is
no longer changed:

Lls(x-1,y-j)]=L. (xy) if s(x-1y-j)#Q, where (1,j)eU, (9)

According to the actual volume of the fiducial marker and
the interval of voxels in the 3 Dimensions (3D) image, we can
calculate the number of voxels of the fiducial marker in the
image, and set the marked range of voxels. Meanwhile we can
calculate the number of voxels contained in each connected
component, and extract the connected component from within
the selection range. This method can extract all the fiducial
markers, unfortunately tissues where the voxel content is
similar to that of the fiducial markers (such as ribs) will also be
extracted. Anyway, the special shape of the fiducial marker and
its unique structural differences from human tissue enable it to
be distinguished because of its shape and size. Depending on
the actual size of the fiducial marker, we can set the maximum
spacing of any two voxels in the connected components, and
calculate the maximum spacing of the two voxels in each
connected component in the 3D image obtained after the
initial filtering. At the same time, this retains the maximum
separation over the greatest range of spacing of the connected
components, and effectively filters the non-fiducial marker
components. As a result, we obtain a three-dimensional image
showing only the fiducial markers. It is worth noting that, as a
result of the multi-step image pre-processing, even where the
actual shapes of the human tissues and the fiducial markers
is significantly different, after filtering and smoothing, their
representations may appear similar in shape. Therefore,
in order to counter this potential defect in the algorithm in
dealing with these special circumstances, we can optimize by
filtering from the matching error of the extractive results and
the fiducial marker models. Specifically, each initial extractive
connected component is matched against the fiducial marker
model and any one which shows a relatively large registration
error is thus identified as being an unmarked tissue, while any
other displaying only a minimal error is identified as a fiducial
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marker. Using this principle, extracting only those connected
components showing minimal errors, can identify the fiducial
markers. According to the accuracy of the registration,
eliminating any tissue with significant registration errors
allows for accurate extraction this as well.

2.2. THE AUTOMATIC EXTRACTION AND MATCHING
ALGORITHM

As shown in Fig. 3, P_, the point set of the fiducial marker
model, is far away from P, the point set of the extractive results
of the fiducial markers in the visualization representation.
When the fiducial marker registration is made through directly
using the traditional point set matching algorithm, more
extensive calculation is required and the matching efficiency
is lower, thus also reducing the success of registration.

Fig. 3: The extractive results of the fiducial marker and of the point set
of the model before registration

ICP algorithm has a certain defect for it has to set an
initial iteration value which it is prior to continue the sequent
registration; if initial iteration value is inapproriate, the
algorithm will reduce and be limited to local optimization
hence the iteration fails to acquire the accurate registration.
Therefore, in order to improve the operational efficiency and
overcome the defects of the registration algorithm, this paper
proposes the use of an automatic extraction and matching
algorithm for the fiducial markers. Firstly, using the center
coordinates of P_and P, we move P_ to make it to coincide
with the center of P. Then, by rotating P_, we can optimize
the registration results in terms of the angle, and complete the
initial registration of the fiducial marker.

Xf Xm
yf = Ro ym + tc (1 O)
Zf Zm

where (x,y,z,) is the center coordinates of P_, (X .y, ,Z ) is
the center coordinates of P, R’ is the rotation matrix, #_ is the
translation vector.

The final registration results can then be obtained by
adopting the ICP algorithm. In this way, this approach can
effectively overcome the ICP algorithm defect of too easily
obtaining an inappropriate local minimum value. The ICP
algorithm, which is at the core of the majority of point cloud
registration algorithms, is a point-to-point rigid registration
algorithm. The basic idea is as follows: suppose the two point
sets P and Q, are approximate aligned and the closest point of
0, is aligned with each point of P. Next, use a closest point
search respectively to identify each corresponding closest point
of P on Q,, which consequently will form set Q. Furthermore,
by adopting the least squares method to calculate the optimal
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rigid transformation from P to @, namely the rotation matrix
R and the translation matrix 7, this makes the error function
minimal:

E(R,T>=%i_||qk —(Rxp, +T)| (11)

The new point collection @, acquired after the registration
conducts rigid transformation with P using iteration. Iteration
does not stop until the registration error £ reaches the minimum
value or less than the previous set value.

3. EXPERIMENTS

3.1. THE AUTOMATIC EXTRACTION EXPERIMENT

Since the luminous balls cannot be directly used for
matching, this paper designs a kind of fiducial markers with
a higher CT value for matching. Such mark points can be
embedded into the groove of luminous balls and applied in
the optical positioning system. Through filter processing,
threshold segmentation, connected component labeling and
other algorithms, the marked points are extracted from the
complex image background, and the model data of mark
points and the extracted results are registered. By use of the
positional relation between mark points and luminous balls,
the center coordinates of luminous balls are obtained, namely
the image space coordinates. The specific operation process of
automatic extraction algorithm of mark points is as follows:

(1) For abdomen CT images, use the MC algorithm to
conduct the surface rendering so as to obtain the image 7 ;

(2) For the surface rendering image I, conduct the filtering
threshold processing so as to obtain the processing
results 7,;

(3) Conduct binaryzation for I, so as to obtain the binary
image I,

(4) Make 3D mark image 7,, and all the voxel values are
initialized to 0; Establish a new linked list ConLt, and
save the information of the connected region;

(5) Traverse I, from the first voxel;

(6) Dispose 1 in the corresponding position of I, until
encountering the voxel P, unequal to 0.

(7) Conduct 26 neighborhood search from P, and find the
voxel connected to P, and with a gray value unequal to
0; Write down the eligible voxel number and add into
ConlLt,

(8) Dispose all the neighborhood points of P, in the same
way, and the final research result is that the connected
region where P, is located is marked as 1, and the 0"
node of ConLt saves the voxel number marked as 1;

(9) Repeat 5-7, and if the traversed voxel has been marked
at the corresponding position of 7, (that is, the voxel
value of I, at this position is not 0), then this point
should be ignored; Otherwise, it should be marked, and
the marking value is the size of ConLt + 1.

The Marching Cube algorithm was used to reconstruct a
three-dimensional image of the patient’s abdomen, with the
iso surface threshold set to 80 HU. The rendering results are as
shown in Fig. 4. From this it can be clearly seen that there are
four fiducial markers attached to the patient’s skin.
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Fig. 4: The surface rendering image

In order to reduce noise and the interference from other
small tissues in the image, median filtering was conducted
for the surface rendering results. In this case the gray level
of each pixel in the volume data field was set to the median
value of the gray level of all the neighborhood pixels. The
filtering results are as shown in Fig. 5. Most of the noise has
been filtered out, but the fiducial markers are unaffected.

Fig. 5: The median filtering image

For the purposes of this paper the threshold value for
threshold processing was set to 500 HU. As the CT value of
the retroreflective sphere is relatively low, this means that the
influence of the filtering algorithm on it is relatively large,
so it is difficult to adopt the general algorithm to extract it
completely. As a result, the space coordinate of the image
of the retroreflective sphere is obtained indirectly through
its registration fiducial markers. Threshold processing can
remove the retroreflective sphere and other interference

Fig. 6: The threshold processing image
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having smaller CT values, while it can still discriminate the
fiducial markers from the human tissues, as shown in Fig. 6.

A connected component labeling algorithm was adopted
to mark the binary image. The labeling results consist of 108
connected components, among which, the largest connected
component contains 7151 voxels, while the smallest contains
only a single voxel. The results are presented in Fig. 7.

» ¥ *

“ me,..r*'
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Fig. 7: The connected component labeling image

The tissues extracted by the above method only contain a
small number of interference components together with the
fiducial markers. The number of voxels in the interference
components is similar to that in the fiducial markers. However,
because of the unique shape of the fiducial markers and
the significant structural differences between these and the
human tissues, the fiducial markers can be extracted through
distinguishing their shape and sizelJas shown in Fig. 8.

Fig. 8: The accurate extraction image

3.2. THE REGISTRATION EXPERIMENT

In this paper, P_, the point set of the fiducial marker model,
contains 969 points, and the center coordinate of the point set
can be represented as C_ = {-3.86xe™"%, 2.70xe"",4.50}. The
point set of P, contains 3119 points, and the center coordinate
of the point set can be expressed as C,= {-19.60, 54.07,34.44}.
Thus, according to the center point registration, we can obtain
a translation matrix for the two groups of point sets, which
can be given as ¢ = {-19.60, 54.07, 29.94}. If we move P_to
coincide with #, the results of this move are as shown in Fig.
9. Obviously, while the registration results make the center of
the model consistent with the center of the extractive results,
there is a large deviation in angles.

On the basis of the center point registration, we then
make an affine transformation on the registration results, and
through automatically rotating the model, can find the rotation
angle when the registration error is minimal. In this way, the
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Fig. 9: The center registration image of the fiducial marker

registration effect can be further optimized. This paper selects
the point set of the rotation fiducial marker model with its
rotation center being the center of the set point of the model.
The interval of the rotation angle is 4, and the rotation results
are as shown in Fig. 10. Compared with the registration results
based on moving the center point, they have greatly optimized
the angle. The interval of the setting rotation angle is 45°, so
the registration results after rotation will lead to error.
Experiment shows that the smaller the angle interval 4,
the smaller the registration error will be. However, if A is too
small, the fiducial marker’s rotation times will be increased.
Correspondingly, the extent of required calculation will also

Fig. 10: The registration image of the fiducial marker after rotation

(a) (b)

Fig. 11: Comparison of the fiducial marker rotation results according to
different angles. (a) The rotation results with an angle of 30°. (b) The
rotation results with an angle of 10°
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increase, and the overall registration process will take longer.
Therefore, in practice, there is a need to balance reasonable
registration accuracy against the time required for determining
it. In Fig.11(a), when A4 is 30°, the minimum registration error
is 1.161 mm and the rotation is 72 times. It can be seen from
Fig.11(b) that when A is 10°, the minimum registration error
is 1.08 mm and the rotation is 648 times.

Based on the initial matching of the fiducial marker, the ICP
algorithm can be used to optimize the registration results, and the
final optimization results are as shown in Fig.12. It can be seen
that the registration effect of the fiducial marker model and the
extractive results are good and the registration error is 1.018 mm.

SO VN

(a)
Fig. 12: The ICP optimization results of the fiducial markers. (a) Side
view of registration results.(b) Vertical view of registration results

4. DISCUSSION AND CONCLUSION

The optical surgical navigation system is applied in the
treatment of radiofrequency ablation. Before the surgery, the
patient’s image is input into the image processing and control
system, and 3D reconstruction is done to the patient’s image,
after which the surgery is simulated by use of the optical surgical
navigation system so as to specify the optimal surgical plan. Then,
the luminous balls tagged on the patient are identified by using the
optical positioning system so as to obtain the space coordinates of
the luminous balls. Then, the space coordinates of the luminous
balls in the image are indirectly obtained through the mark points,
and the surgical coordinates and the image space coordinates
of the luminous balls are matched, so as to obtain the mapping
relationship of the image space and the surgical space. Therefore,
to achieve this, this paper proposes the use of a fiducial marker
design with both a high-CT value and a unique shape which is
consistent with the positioning requirements. Moreover, through
computation methods such as filtering, threshold segmentation
and connected component labeling algorithms, the fiducial
markers can be discriminated from complex image background,
laying down the foundations for applying the subsequent
registration algorithm to the fiducial markers. As the ICP
algorithm is prone to cause inapporiate local minimum value, the
paper proposes the use of an automatic registration algorithm for
identifying the fiducial markers. Firstly, in accordance with the
centers of the model point set and the data point set, we calculate
the translation matrix of the two centers; then use the translation
matrix to move the model point set in order to make the two
centers overlap. Where the two groups of point sets intersect and
initially register by using the acquired fiducial markers; hence
the less calculation of subsequent registration will be conducted,
and the registration rate will be optimized. In addition, affine
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transformation can be used to optimize the registration results
in terms of the angle; lastly, the final registration results are
obtained by adopting the ICP algorithm. Using this approach can
effectively overcome the defect of inapporiate local minimum
value by using ICP algorithm. The experimental results show that
the registration method can provide for effective registration of
the fiducial marker model and the extractive results.
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