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Projective geometric model for automatic determination of X-ray

emitting source of a standard radiographic system

ABSTRACT

Background and objective: Currently, many orthopedic operations are planned by
analyzing X-rays. The exact position of the focus is needed to calculate the real size of
an object that is represented in conical projection, although in practice, this position is
difficult to determine using current X-ray commercial systems. In this paper, a new
geometric model is proposed in order to determine accurately, practically, and
economically the location of the emitting source of commercial imaging systems using

a single standard X-ray image.

Method: The method requires a specific reference locator object to be positioned in
the visual field of radiographic image. Because this object cannot implement ideal
geometric points, but instead works with small spheres, it was necessary to
experimentally validate the proposed methodology. The implemented software that was
developed to validate the model was used in four series of tests. In these tests, we
studied the influence on the final result of: 1. the selection of a specific set of markers in
radiography, 2. the focus position variation in relation to radiograph and 3. the possible

rotated angle of locator object about Z axis.

Results: The results for 164 tests that were performed with this software showed
that the expected error for 99.5% of values ranges with maximum error of [-0.35%,
+0.39%], which shows that the model is independent of the design of locator object and
its position and orientation in the radiographic field. The software used to validate the
proposed model has been found useful to verify its reliability, effectiveness, ease of

implementation, and accuracy.



Conclusions: This model is effective to calculate the precise position of the X-ray focus

of any standard radiographic system accurately.

Keywords: projective geometric model, X-ray focus emitter, standard radiograph,
specific locator reference object, MATLAB.



1. Introduction
Currently, total knee arthroplasty is an efficient and reliable approach in orthopedic
surgery [1,2]. Most surgery patients report satisfactory functional results and significant
pain reduction, thus notably improving their quality of life [3]. Therefore, the number of
primary and revision prostheses in recent years has increased markedly, especially in
younger patients [4], and implant survival is estimated at 92.3% at 15 years after
surgery [5].
A common procedure used in preoperative planning [6] of knee replacements consists
of analyzing X-rays previously made for the patient. In view of the daily nature of hip
and knee arthroplasties, it is becoming increasingly important to make accurate
measurements on standard radiographic images in order to perform postoperative
surveillance [7], to improve the design of prosthetic systems [8], to perform clinical
studies concerning implants reliability which assess their possible wear or deterioration
over time [9,10] or to determine the variation of the relative position of the prosthetic
elements over long time periods [11].
In daily work, many analyses of radiographs are performed by measuring on them
directly or by using two or three-dimensional overlapping templates, in order to
determine by visual comparison, the optimal size of the implant to be inserted [12].
Despite being imprecise, the measurements with templates help surgeons adapt the knee
implants and align the joint properly [13].

An inherent problem in these methods is that X-rays do not show the real size of
radiographed objects, because the image is generated by conical projections. This
involves the loss of information needed to perform certain studies [14], leading to the

use of more costly techniques such as Computed Tomography (CT) [15] or Roentgen



Stereophotogrammetry Analysis techniques (RSA) [16], which also expose the patient
to higher doses of radiation.

The pinpointing of the X-ray focus position will enable these studies to be undertaken
economically and with the necessary precision.

In this paper, we propose a new projective geometric model to determine accurately the
position in space of the emitting source of X-rays (X-RFE, X-Ray Focus Emitter) of a
standard commercial radiographic system, i.e. to specify the ideal geometric point from
which radiation of X-ray commercial tube is emitted. The commercial radiographic
systems used in industrial and medical applications do not permit to determine the
position of the focus with the accuracy required to perform high precision
measurements on radiographed objects. The problem is the X-ray emitting tubes emit
radiation from an inaccessible point inside a glass flask. In addition, tubes are placed
inside lead capsules in order to avoid radiation leaks and their position, in relation to X-
ray machines, prevent any attempt to measure the position of focus directly.

The proposed model works with radiographic images which were made with standard
systems, (i.e. with a single focus), unlike RSA analysis systems, which require special
radiographic machines with two focuses that act simultaneously. In practice, most
hospitals do not have RSA systems because of their high price.

All development of the proposed model is based on geometry that is associated with
conical projection and classic concepts of homography have been applied.

As it is known, it is essential to place a specific reference locator object in the visual
field of radiographic image to restore the focus position in relation to projection plane.
Because of the fact that, in practice, it is impossible to implement ideal geometric

points, it was necessary to experimentally validate the proposed model and we used



small tantalum spheres for that. Tantalum was used because it is a radio opaque and

physiologically inert material which is often used in medicine field.

So therefore, the objectives of this research are:

- First of all, to develop a geometric model that can be implemented as a practical
computer program, for the accurate determination of Cartesian coordinates of the
X-ray emitting source of any standard radiographic system.

- To ensure that the aforementioned model can be applied in systems with a single X-
ray source and in experimental situations using a single radiographic image.

- Todesign a specific Locator Object of Reference Markers composed of small
tantalum spheres suitable for calculating the position of the focus of a radiation
system from a single standard radiographic image.

- The geometric model should be independent of Locator Object of Reference
Markers used [17], as well as its position and orientation, considering the
limitations of geometric arrangement of its markers and its number.

2. Materials and Methods

2.1 Geometric foundation

It is proposed as a methodology to structure the development of the geometric model

the “projective unity’ [18]. This methodology consists of the necessary minimum

elements to define the conical projection of a point of the three-dimensional space: the
focus or projection center, X-RFE, which is the reference point from which the conical
projection is made, a marker —in theory, the O point of the space of the geometric center
of said marker- and its ¢(O) projection on the projection plane (the radiographic image).
The proposed problem satisfies the way homography is set out partially, so some of its

equations are applied in the development of the projective model.



The coordinates (x,y) of the projected points are known in relation to a specific point of
the plane, in the proposed case, the upper left corner of the radiograph. A single
projective unit cannot determine the three coordinates of the projection center and hence
more than one will be needed. Specifically, according to the principles of the
homography, in order to restore an object, at least four projective units must be
considered and the relative distances between four points of the object and their
corresponding projections have to be known.

The mathematical development requires a series of points distributed in space for which
the coordinates are known in relation to a given reference system to be determined.
Thus, the aim is to find the focus of a conical projection from the relative distances
between points in space and the relative distances between the projections of these
points. Initially, the position of points in space is arbitrary. To simplify, the origin of
coordinates has been placed in the projection center.

Since only relative distances between points will be considered, any point that is
incorporated must be defined according to the first point O. Therefore, the distance h is
to be determined in relation to the radiograph plane, and the coordinates of the point O
(04, Oy, O3) in relation to focus, which is the origin of the coordinates. This information
will allow to position the radiograph in relation to focus since coordinates of its upper
left corner (X_rd, Y_rd , h) will be known. Once the first point O has been selected, the
three needed rest points P, P, and P3, whose coordinates may be any one at first must

be selected (figure 1).



X-RFE (0,0,0)

P (P2)

(X_rd, Y_rd, h)

Figure 1. General sketch of the proposed problem
The relative distances between the last three selected points in relation to the first one O
are known:
P; =0 = (pi1, Piz i3); 1 = 1,2,3 )
Distances between points projections of the object are also known:
d(P) — ¢(0) = (qi1, 4i2, qiz); t = 1,2,3 (2)
These distances will be our only starting data and they will be measured in the
radiograph.
The parametric equation of the line through two points will be used as a mathematical
model of each projective unity. This equation is very simplified because the origin of

coordinates was placed in the focus:

x=0+1Ax,
y =04 Ax, 3
Z:0+Ax3

As the plane is located at a height h in relation to focus, z = h and therefore A = h/x3:

hx, hx, ’ ) 4)

00 = (22,22 h

X3 X3



It is necessary to express the coordinates of the points according to the known and
unknown values.

01 +p11 _ 0, , 0;+p12 0,

(P — (0)=(—h —h,—h——h,o)= 412, 0
o(Py ¢ 05 + Prs 05705 + pra 05 (911,912, 0)

01+ P21 01, Oz +p2; 0,

(P,) — (0):(—h——h,—h——h,0>= 1422, 0 ()
o (P, ¢ 05 + Dos 05" 05 + Py 0, (921,922, 0)

01+ ps1 0:, 0y +ps3; 0,

(P3) — $(0) = (—h——h,—h——h,0>= ,q32,0
o (Ps ¢ 05 + Das 05" 05 + pas 05 (931,932, 0)

Thus, there are six equations and only four unknown values, so that beforehand it might
be assumed that two equations would be not needed, i.e. the fourth point. However, it is
necessary to select a fourth point because, in order to calculate the rotation angle
between the two coordinates systems used easily, it would be suitable if the first two
points were selected on a plane parallel to the projection plane. Thus p13=0 and the first
two equations are greatly reduced. As it can be seen, these equations are redundant since

they provide the same information, that is, the ratio h/O3 and therefore, the fourth point

is needed.

P11
=—nh

q11 0,

. (6)

12
=—nh

12 03

It should be noted that both q;1 and ;2 are included in the system of equations because,
although they provide the same information, the chosen points are not known
beforehand and there is a possibility that the two first selected points had the same
coordinate X or Y.

Therefore, the solution to the problem set out requires only five of the six equations
shown in (5). With respect to the first five, for example, the system of equations that
determines the position in space of the emitting focus of a standard radiographic system

is, therefore g1, 015, 921, 422 and q ;.



There are two conditions that should be considered while using this methodology which
are direct consequence of the adopted simplifications but do not imply restrictions of
real use due to the design of the locator object. These are:

At least three markers of the locator object can not belong to the same plane parallel to
the projection plane and, the third and fourth selected points must not be in the same
vertical. In these situations, the system of equations has no solution but the implemented
software considers both conditions as warnings for the user.

2.2 Design of the locator Object of Reference Markers

In order to implement the proposed model, a prototype of locator object was designed
according to model requirements. A structure with two parallel planes to the projection
plane and two perpendicular planes to said plane were arranged.

The result has a simple configuration, like a box, within which the four spheres were
located. However, after several tests were made with this structure, some problems were
detected: sometimes the projection of some of these spheres did not fall within the
limits of radiograph. In other cases, it was verified that these projections were hidden
behind bone tissue and, in some tests, it was also noticed that the spheres were projected
too close together to distinguish them.

Thus, after studying several options, we chose to incorporate in the locator object
prototype more spheres that needed, which were distributed as a rectangular array along
the structure. This guaranteed the scanning of an adequate number of markers on the
radiograph. Finally, nine markers were placed on each plane to ensure the selection on
radiograph of the four required markers which implement the model.

The projection of radiological markers of the four locator object planes are displayed on
radiographs as a set of points that can be difficult to identify. Therefore, the markers

were distributed in a rectangular array and they were aligned in two directions. Parallel
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and perpendicular lines were traced and these were screened in the same way in the
planes parallel to the projection plane. In non-parallel planes to the projection plane
such properties were not maintained. The distribution of points in this way still
presented some confusion with respect to the identification of the locator object marker
with a particular point projected on the radiograph. To solve this problem, we
implemented what we called “significant points” which establish a visual reference, two

close markers on the bottom plane and three close markers on one wing (figure 2).

Figure 2. Isometric perspective of locator object design

2.2.1 Materials

The structure bearing the spherical markers was manufactured in a plastic material of
high mechanical strength, i.e. polymethylmethacrylate. This thermoplastic material is
transparent to X-rays. Markers are spheres of tantalum which were purchased from a
Swedish company.

2.3 Simulation

Before the prototype was manufactured, it was tested by virtual simulation using

computer-graphics techniques (Autodesk 3ds Max) that simulate the environment of a
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radiographic system [19]. The result was called “synthetic or virtual radiograph”,
suitable for determine the accuracy of the developed model. This simulation allowed to
optimize the design of the locator object and to validate the model virtually (figures 3
and 4).

2.4 Field tests

After virtual validation of the locator object, field tests were performed under real
conditions. These were made possible thanks to the assistance of San Agustin hospital
in Avilés (Spain), where several radiographs were taken in patients who had knee
implants (figure 5).

It was important to verify that the locator object, which was radiographed at high
intensity together with metallic and plastic implants, was behaved correctly and the
methacrylate of its structure did not appear on radiographs. It was possible to verify
how the markers could be seen through polyethylene inserts, but not through metal

implants (figure 6).

Figure 3. X-ray emitting source simulation
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Autodesk 3ds Max 20105P1  Componente femoral_46.max

Figure 4. Virtual radiograph

Figure 5. Prototype of locator object and X-ray system

13



Figure 6. Behaviour of locator object and metallic and plastic implants at high radiation

2.5 Projective geometric model implementation

For the validation, the model was implemented as general-use software with
MATLAB® [20]. This software was called LEFERX and it is a modular program which
operative blocks can be seen in the flow chart of figure 7. This software will allow to do
field tests of model and will enable the clinician or radiologist to gather the desired
information quickly and easily.

Starting data is a digitized radiograph that the program can open. After opening
radiograph, the program shows it in screen and allows the four needed markers can be
selected. Afterwards, radiograph resolution must be input (in pixels per millimeter) [21]
and then, the program will be able to apply the mathematical model and calculate the
position of radiograph in relation to focus. The remainder blocks of the program are

auxiliary functions that allow to save or to recover other cases of study.
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Figure 7. Flow chart of software application
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Figure 8. LEFERX interface displaying focus coordinates

A special feature to consider when calculation is done is that two different reference
systems are used. The first one, absolute reference system, has its origin of coordinates
in the focus, while the second, relative reference system, has the origin of coordinates in
the upper left corner of the radiograph. Projections of selected markers are chosen in
this last system.

It is taken into account that directions of locator object contour, match up with
directions of the absolute reference system. Axes directions of this system are known on
radiograph because they are aligned with the arrays of markers located at the top and
underside of locator object. Axes directions of relative reference system are parallel to
radiograph’s contour.

Both reference systems must be moved to the first chosen marker to solve the model.
This allows to calculate the existing rotated angle between both systems which must be
taken into account to calculate focus coordinates. To this end, it is necessary to
transform the relative distances calculated in relation to relative reference system, into

distances in relation to absolute reference system (algorithm). Radiograph resolution is
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also needed. Once focus position is calculated in space, its orthogonal projection is
displayed on radiograph (figure 9). If we denoted the rotated angle as a, then the
coordinates on the axes of the absolute reference system (x and y) would be calculated
as follows in relation to the coordinates of the axes of the radiograph (x' and y'):

x=x"-cosa+y'-sena

o : (7)
y=y'-cosa—x'-sena
X' axis
(radiograph)
Radiograph
Y component of the first point in relation to
the axes of the radiograph
1
(radiograph) * .
|
. L X' axis |(radiograph)
X component of the[first point in relation to -
the axes of the radidgraph ~ - |
~ |  Rotated angle ct
~ /
~
- ~ / " .
- ~ Ny Focus angle X axis |(for thealgorithm)
* ~
Y axi h
axis Focus
(for the algorithm)
Y' axis
(radiograph] Markers « lowerside
upper side

Figure 9. Representation of focus position on radiograph

Finally, it’s enough to add the two known vectors (figure 10) to know the position of the

origin of relative system, with regard to the X-ray emitting focus.

X-RFE (0,0,0)

0=(01, 02, 03) <=

®(o):(h01/03, h02/03, h

(X_rd, ¥_rd, h) \

Figure 10. Calculation method of coordinates of the upper left corner of image in relation to the focus

17



3. Results

The inability to use geometric points as markers in practice [22], forced us to validate
model accuracy experimentally under real use conditions with markers that are made up
of small spheres, in order to determine the order of magnitude of the mistakes that this
could cause. For that purpose, four series of tests were designed, the first three with
synthetic radiographs, and the last series with real radiographs. This analysis
methodology, using images both from virtual models and radiographs has previously
been used for other experiments of identifying medical images with other techniques
[23]. Obviously, in virtual tests, the exact position of the X-ray focus is known, so its
position error can be calculated easily. On the other hand, it is necessary to mention that
the set of obtained samples follows a normal distribution, so [p-ko, pt+ko] interval
corresponds to 99.5% of the values for k=2.578.

3.1. First series of tests

The influence in final result of the selection of a set of four markers or other in
radiograph was studied [24,25], and for this purpose, four synthetic radiographs were
generated. Three mistake-estimate parameters were considered like in the rest of tests:
the coordinates of focus determined, the coordinates of the first chosen marker that
allowed to verify that mistakes show no characteristic pattern, and the resolution of
radiographic image. Furthermore, fourteen different combinations of the four markers
needed were selected in each synthetic radiograph to calculate the spatial position of
focus, these combinations being equals in the four radiographs. A total of 56 tests were
performed.

One of the four analyzed synthetic radiographs was generated with the following
parameters:

h=764,8mm O =(-46, -61, 469°5)

Resolution = 4 pixels/mm

18
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0,00% 0,00%

(X_rd, Y_rd) = (-177°25, -214°875)
The results in the other three radiographs, generated with completely different
parameters to the first one, were similar.

Deviation of h
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Figure 11. Error in the calculation of focus coordinates depending on selected markers

Results of the first eleven combinations of the set of four markers show 99, 5% of the
values are within a range of maximum error of [-0,35%, +0,39%] which is considered
acceptable. Error variation in the height of the focus from the radiograph in relation to
the exact position of focus does not exceed 0.3% in the confidence interval, leaving the
maximum measured error in just over 2 mm in this case.

The exact position of the first chosen marker is known in virtual tests, as it was said,
and we can study its position error in order to look for possible patterns. In all tests that
were performed, it was verified that there is no correlation between the error variation
curves. As expected, it can be observed that there is a correlation between the position
errors of this marker and those of the focus. There is no an appreciable error pattern in
X and Y coordinates of the focus position either.

In the last three combinations of set of markers, the third and fourth selected markers

were placed in the same vertical line and this case has no solution as it was already said.
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Error (%)

0,01%
0,01%
0,00%

-0,01%
-0,01%

The implemented program prevents this situation beforehand by warning with an error

message.

3.2. Second series of tests

The influence on the final result of the focus position variation in relation to the

radiograph in the directions of the X, Y and Z axes was studied. In specific, fifteen

variations of position were considered for each axis of the coordinates, which were

taken in increments of five millimeters over a range of £ 30mm, together with two other

cases at distances of = 50mm in order to check the behavior in the most remote areas. In

Z axis, two more cases were added at distances of £100 millimeters in relation to initial

position. A total of 47 tests were performed in this series. In all cases the same markers

were chosen in order to not to introduce any additional factor that could influence in

result.

As an example, the results when the focus of X-ray machine is moved in Y axis

direction are shown. Results in the other two directions were similar. The radiograph

was generated with the following parameters:

h=1200mm O =(-50, -60, 900)
Resolution = 5 pixels/mm
(X_rd, Y_rd) = ( -166, -220)
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0,01%

N N
0,00%

o~

—
/ —_—

Error (%)

-0,01%

0 +5 +10 +15 +20 +25 +30

150 N0 T8 20 25 30 50

-0,01%

Deviation of X_rd

/

\\‘\. = \\ — —

< =

= —~ —
0 F5 +10 +15 +20 +J5 +30 +50 -5 -10 -15 -20 -25 -30 -50

0,01%
0,01%

0,00%

Error (%)

0,01%
-0,01%

Deviationof Y_rd

AN

e

e e
0 45 410 +15 +20 ¥25-¥30 +50 -5

—

10 15720

Figure 12. Error in the calculation of focus coordinates when the focus is moved in the Y axis direction

20



The results in the fifteen positions clearly show that expected error for 99.5% of the
values considered is in a range of maximum error of [ -0.03%, +0.02%], so that, the
influence on the result of the variation of the focus position in Y axis is practically null.
The result of the error for h was, in all cases, lower than in the first series, as it in no
case exceeded 0.01%, which was expected because there are no restrictions or
dependences in the model regarding the focus position. As in the first series, no
correlation was found between the percentage of position errors of the reference marker
and the position errors in X and Y are also less than 0.01% in all test cases.

3.3. Third series of tests

The influence on the final result of the possible rotated angle (o) about Z axis (the only
axis is possible for a turn to take place in the normal real use of the locator object,
which is set on a table of the x-ray machine) between the axes of the reference systems
used, was studied. Angular variations of 15° in a range between 0° and 90° were
considered first. To ensure the reliability of the model, regardless of the angle at which
the locator object is rotated, a second analysis was made by turning the locator object an
angle of 360° in intervals of 30°. Finally, since in practice it is not feasible to turn the
locator object 360°, a third study was performed at angular intervals of 5° within + 15°.
It was necessary to consider the possibility of turning the locator object 180°. As in the
previous case, the same markers were always chosen.

In this section, the results by rotating the locator object 360° at 30° intervals are shown.
The results in the rest of the tests were similar. Initial radiograph was generated with the
following parameters:

h=1200mm O =(-50, -60, 900)
Resolution = 5 pixels/mm
(X_rd, Y_rd) = ( -166, -220)
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Figure 13. Error in the calculation of o and focus coordinates when the locator object is rotated

The results in the twelve radiographs show that the expected error for 99.5% of the
values is in a range of maximum error of + 0.12%, which is considered acceptable.

As expected, because of the trigonometric functions that implement programming
languages, results of the error for h, show a relatively high error. This is because we
must add this error to the signaling error, which increases the mean measure to a
maximum of 0.06%, greater than that measured in the second series.

Like the position errors of the reference marker, there is nothing different to note in this
series of tests, nor errors of X and Y. Results of a error were illustrated in figure 13, as
a is a value which influences on calculus of radiograph position in relation to focus.
3.4. Fourth series of tests

Previous series of tests confirmed the effectiveness and accuracy of the proposed model
using spherical markers [26]. However, a last series of tests was performed with real
radiographs using a standard equipment for clinical use. Real radiographs were made
only with the locator object, without the presence of the patient, because any movement
of the latter could falsify the results. As it is not possible to use the real focus position in
relation to the radiograph, in order to estimate the error, a first position was accepted as

actual focus position, which was calculated by LEFERX software. Afterwards, the
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Error (%)

focus of the X-ray machine was moved precise known distances in the three space

coordinates and it was proven that differences between calculated solutions matched up

with displacements that were done. Series of ten radiographs were made in each space

coordinate at intervals of 10 millimeters each, so the range of variation between the first

and the last one was 90 millimeters.
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Figure 14. Error in the calculation of focus coordinates when the focus is moved in the Z axis direction

Results show 99.5% of the values are within a range of maximum error of [ -0.23%,

+0.17%] which is considered acceptable.

Results in all tests that were performed in the first experimental series, suggest the

validity, in practice, of the proposed model and allow to affirm that small variations in

the signaling of the centers of real markers generates minimal alterations in the result,

and also that, the selection of the four markers is independent of the method accuracy.

Based on results of second series of tests, it can be stated that the influence on the result

of the variation of the focus position in the three coordinate axes is practically null and

the independence of the geometric model is guaranteed in relation to the focus position.

Results of the third series of tests proved the independence of the geometrical model in

relation to the focus orientation on radiographs. On the other hand, the results of tests on
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real radiographs hardly differed from those made on virtual radiographs, in relation to
the error range of the coordinates. Therefore, it can be concluded that if tantalum
markers which diameter is 0.5 mm are used, then it will be possible to ensure that the
maximum error in each coordinate of the focus position on the radiograph will not
exceed 0.8%. Accuracy is high enough to state that the geometric model that was
proposed is reliable and accurate. Also, it can be said that the locator object prototype
that was manufactured performs the objectives that were set initially, providing the

necessary information to calculate the position of the focus in space.

4. Discussion

Taking measurements on standard radiographs is a common method used in
preoperative planning and postoperative surveillance in biomechanics field.
Biomechanical studies made from radiological images are safe, versatile and
economical but today, they suffer from poor precision [14,27], although an automated
measurement method is used [28], which limits their field of application.

In this paper, we present a novel geometric model based on projections in order to
calculate accurately, practically and economically, the exact position of the focus
required to perform accurate measurements over radiographs. The model was
implemented as a practical computer program by a multidisciplinary group of engineers,
providing a useful and friendly tool which can be used with any standard radiographic
system, that is, a system available in any hospital. It is important to highlight that this
model can be applied in systems with a single focus and a single radiographic image. A
novel reference locator object was also designed and manufactured, which avoids
introducing markers inside the human body. Model effectiveness was demonstrated by

performing virtual simulations with synthetic radiographs prior to performing tests with
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real radiographs. After real tests, whose excellent results in obtaining the exact focus
position were similar to virtual ones, it can be proved the accuracy is high enough to
guarantee the proposed model is reliable and precise.

As previously discussed, CT or RSA techniques are used in preoperative planning and
postoperative surveillance of several arthroplasties, for example hip or knee. Both
techniques expose the patient to high doses of radiation and carry high cost. We are
seeing an increase in use of CT scans for planning purposes in knee arthroplasty. These
scans are often used with little consideration or understanding of the associated risks of
radiation exposure which is 100 to 1000 times higher than that associated with
conventional radiography. CT examinations may pose a measurable risk to patients and
as a high dose imaging modality, the medical community aims to limit its use [15].

On the other hand, estereoradiological analysis techniques were developed over 40
years ago in trauma studies to measure the skeletal system using pairs of radiographs
made simultaneously [29]. RSA is a high-accuracy method to evaluate movement
between fixed bony structures and to measure their wear [30], in addition to knowing
the existing motion between the implant and the host bone from their radiographs. Bjork
[31] improved this technique by inserting a series of metallic spheres of known
dimensions, called markers, into bone tissue in order to establish a radiographic
reference for evaluating changes in the position of the bone tissue to be studied. Finally,
Selvik established the practical basis of this technique, although its principal application
focuses on the evaluation of joint prostheses [32]. Some researchers have replaced these
markers with the three-dimensional data provided by a CT scan. However, the results
show significantly lower accuracy than with markers [22]. Still today, alternatives are
being sought to prevent the introduction of foreign elements into the human body.

Selvik determined that the most appropriate markers are small spheres of tantalum as
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this material is biocompatible. These spheres are held in a fixed position and they do not
produce any adverse effects on the patient. Once radiographs are taken, the markers are
displayed with great sharpness and they are useful as a spatial positioning reference for
the components that they host. Although tests have been made with other materials such
as bioactive glass [33], the tantalum provides better results.

The practical development of RSA technigues has highlighted the difficulty of
determining the exact points of emission of X-rays [19], this determination being
essential for mathematical models to avoid excessive data errors. Therefore, the
technique requires the use of a reference-marker locator object of known geometry that
calculates the coordinates of these emission sources in relation to a global reference
system. Calibration methods can be used for this purpose [26,34].

The complexity of RSA imaging results in higher exposure repetition rates [35,36]. The
number of exposures directly reflects the radiation dose delivered to the patient; so, the
less exposures used to obtain a useful image pair that satisfies RSA image criteria, the
less the risk of stochastic damage later in the patient's life. The exposure is done with
two x-ray tubes simultaneously, so the dose of radiation delivered to the patient during
RSA imaging is double compared to a standard x-ray exposure of the same anatomical
region. Exposure repetition and image evaluation during RSA imaging is time
consuming, and RSA examination time can be long (up to one hour).

Another important drawback of the RSA technique is its high cost, since it cannot be
implemented in commercial X-ray systems.

Nowadays, it is sought that new methods reduce radiation dose and costs in RSA.
Recent publications have shown there is strong evidence that implementation of RSA
personalized patient protocols has a positive effect on radiation dose savings.

Radiographers treating patients equipped with a personalized patient protocol achieved

26



significantly shorter examination time and a reduced number of exposures, when
compared to the control group using a standard RSA protocol, thus ensuring a cost
benefit for department and patient safety [16]. The implementation of our model will
improve both radiation dose and costs.

Regarding to reduction of dose radiation in CT, a recent publication has used a
statistical content-adapted sampling for 3D X-ray Computed Tomography imaging
using a few 2D projection data. The obtained results indicates that the creation of an
adapted sampling in low dose computed tomography is reachable and it could be use in
medical applications, such as the design of patient-specific prosthetic or the surveillance
of pathologies that require medical monitoring over a long period of time. Using fewer
projections comparing with current CT, practitioners may evaluate the evolution of the
pathology by computing the deformation field between previous and current
examinations, although higher doses of radiation are needed than in conventional x-rays
as the first CT scan must be performed at complete dose to create a high resolution
surface model [37].

Recent studies have also found patient characteristics that are associated with higher
radiation burden from CT imaging which allows to target efforts towards dose reduction
more effectively [39].

On the other hand, there are recent studies which propose the creation of a composite
image from multiple x-ray images, taken at different exposure times. This image is
created in analogy to visible-light high dynamic range photography. This new x-ray
imaging method promises to acquire and store contrast in a wider range of densities
than conventional single-exposure x-ray images. Due to the higher amount of detail
encoded in an enhanced dynamic range x-ray image, it is expected that the number of

retaken images can be reduced, and patient exposure overall reduced [38].
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The diagnostic information of an enhanced dynamic range x-ray image can be placed
somewhere between conventional x-rays and CT. The tissue discrimination of CT is
many times higher than that of conventional x-rays, but an enhanced dynamic range x-
ray improves tissue discrimination over conventional x-rays predominantly in the
presence of large contrast gradients. Compared with CT, however, radiation exposure is
much lower, namely in the range of a conventional x-ray image. Moreover, the cost of
modified x-ray equipment can be expected to be similar to that of conventional x-ray
devices and therefore much cheaper than CT or even magnetic resonance imaging.

It is also envision that the use of high dynamic range projections can improve dual
energy absorptiometry and even computed tomography by reducing the number of low-

exposure (“photon-starved”) projections.

5. Conclusions and future work

In view of the results, it can be concluded that it was possible to establish a valid
geometric model based upon projections that allow to determine accurately the position,
in space, of the X-ray emitting source of any standard commercial radiographic system.
It was possible to prove that the proposed model can be implemented like a computer
algorithm, useful in practice, that only requires a digital or digitized standard radiograph
to work. It could also be shown that it is possible to manufacture a reference locator
object, according to the requirements of the proposed model, to apply this model in
practice. This work will make it easier to perform economical and non-invasive
postoperative surveillance, reducing waiting times.
Two indirect contributions of this research to the biomechanics field must be
highlighted. The first is the interest that exists within the scientific community to

determine with precision the wear of the plastic components of modern implants using
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standard radiographs. As it was said, in practice, there is no way to predict that wear
without knowing with great accuracy and economy, the position of the X-ray focus.
Secondly, this study has contributed to the creation of a commercial product that is
currently under development. The end of the entire process will simply provide these
three numbers, the X, Y and Z coordinates of the X-ray focus.

On the other hand, this study reveals three main future lines of research. The first will
be to study how to automate the process of selecting markers on radiographs. In
practice, this process is the main source of error and, despite it was shown that this error
is insignificant, it will be necessary to study it, to try to reduce it to a minimum. It was
also seen, that perhaps, it is possible to reduce the error by modifying the shape of the
tantalum markers. It is only possible to get them in market with spherical shape but if
they had a sharp vertex, it would be possible to point them out with more precision than
the center of a disk, as currently happens. Finally, it would be desirable to be able to
dispense with the locator object or replace it with a virtual locator to apply the proposed

methodology with greater flexibility.
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