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Objectives: To establish a digital subtraction radiography scheme for aligning clinical in vivo
radiographs based on the implementations of an automatic geometric registration method and a
contrast correction technique.

Methods: Thirty-five pairs of in vivo dental radiographs from four clinical studies were used in
this work. First, each image pair was automatically aligned by applying a multiresolution
registration strategy using the affine transformation followed by the implementation of the
projective transformation at full resolution. Then, a contrast correction technique was applied in
order to produce subtraction radiographs and fused images for further clinical evaluation. The
performance of the proposed registration method was assessed against a manual method based on
the projective transformation.

Results: The qualitative assessment of the experiments based on visual inspection has shown
advantageous performance of the proposed automatic registration method against the manual
method. Furthermore, the quantitative analysis showed statistical difference in terms of the root
mean square (RMS) error estimated over the whole images and specific regions of interest.
Conclusions: The proposed automatic geometric registration method is capable of aligning
radiographs acquired with or without rigorous a priori standardization. The methodology is pixel-
based and does not require the application of any segmentation process prior to alignment. The
employed projective transformation provides a reliable model for registering intraoral radiographs.
The implemented contrast correction technique sequentially applied provides subtraction radio-
graphs and fused images for clinical evaluation regarding the evolution of a disease or the response

to a therapeutic scheme.
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Introduction

The diagnostic problem of comparing radiographic images
over time lies primarily in the identification of the image
features that are solely related with the progression or
regression of a particular disease. It is common knowledge
that visual comparison of paired radiographs correspond-
ing to different time instances creates confusion, mainly
due to the presence of structured noise resulting from
anatomical details projected over the area of radiographic
change.' Digital subtraction radiography is a computer-
aided radiographic analysis tool that can be used for the
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detection and visualization of early changes in periodontal
disease” or around implants® as well as for the monitoring
and evaluation of therapeutic procedures* or agents in
clinical trials.’

Experts commonly identify changes in the bone
structure supporting the teeth by comparing radiographs
acquired over a short or long period of time. Studies have
shown that the level of standardization of the projection
geometry greatly influences the performance of the
subtraction radiography. Two sources of errors in projec-
tion geometry that contribute to misregistration are
misalignment of object to source and misalignment of
object and film.® To minimize these projection errors, the
relative location and orientation of the X-ray source, the



380

DSR based on automatic multiresolution registration
El Zacharaki et al

dental area of interest and the film (or X-ray sensor) must
be maintained at different examinations. However, this is
only the first step towards successful subtraction radiogra-
phy. Since the reproducibility of imaging geometry cannot
be guaranteed, a second step of spatial registration is
required before subtraction based on image processing.

Lehmann et al presented a comprehensive review of
techniques according to the aforementioned steps that may
be applied towards successful subtraction radiography.’
Concerning the projection geometry stabilization, external
mechanical devices have been used to reduce all possible
projection errors.®~!' The development of image proces-
sing techniques allows the sequential reconstruction of the
acquired image geometry and the contrast correction of the
radiographs before subtraction. Most investigators use
manual alignment according to which anatomical land-
marks are initially marked in both radiographic images by
experienced observers and then used to fit a transformation
model according to a measure of match.'>'3 Recently,
automatic registration techniques have also been intro-
duced in the literature. Ettinger et al'' proposed the bilinear
warping of radiographic pairs based on the automatic
segmentation of cemento-enamel junctions and edge
contours using the gradient operator. Similarly, an
automatic registration method has been proposed based
on the segmentation of the two radiographic images, using
a 3 X3 Sobel operator, and the application of the affine
transformation.'* Most of these image processing tech-
niques can recover projection errors occurring when the
sensor translates or rotates relative to the object or when
the object rotates around the z-axis relative to the source.
Projection errors due to rotation of the object horizontally
or vertically relative to the source are irreversible and they
cannot be controlled in in vivo studies, i.e. clinical
radiographs acquired over long periods of time. The
performance of registration algorithms in the presence of
irreversible projection errors can be assessed on in vitro
data with a known relative location of the source, object
and detector.®'>!?

In the present study, a registration and fusion scheme is
proposed for the creation of subtraction radiographic
images. The scheme has been tested in vivo in intraoral
radiographs acquired from different clinical studies over
a short or long period of time with and without rigorous
a priori standardization. Although special attempt has been
made to keep the acquisition environment constant,
inevitably projection errors have occurred in some cases.

Thus, the purpose of the paper is two-fold: (a) the
establishment of a generalized automatic registration/
fusion scheme for subtraction radiography applied to
in vivo radiographic images; and (b) the assessment of its
performance against the widely used manual approach
based on the projective transformation.

Materials and methods
Experimental procedure

The radiographs used in this work were acquired using a
dental X-ray machine and selected from four clinical
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studies in order to test the suitability of the developed
automatic registration scheme for the evaluation of the
progression of different diseases.

The first clinical study aimed to evaluate the effect of
subgingival antimicrobial irrigation to patients with
periodontal bone loss.'® Seven patients with moderate to
severe periodontal bone loss were selected providing seven
registration sets. The second study refers to patients with
single implants (Astra Tech AB, Molndal, Sweden)
examined at different occasions to follow-up the marginal
bone support at the implants over time. The same study
includes images from patients with Branemark implants
(NobelBiocare AB, Goteborg, Sweden). Fifteen regis-
tration pairs were provided for alignment by this study. The
third study was performed on dogs in order to compare
marginal bone level measurements around implants with
varying degree of bone loss.'” The bone loss was initiated
by connecting abutments on the installed implants and
placing cotton ligatures. Radiographs from the right side of
one dog taken at six occasions have provided five
registration pairs (R1-R5). Three more registration pairs
have been obtained after the removal of the abutments and
the submerging of the implants (R6—R8). Finally, five bite-
wing image pairs have been selected at random from a
fourth clinical study. Hence, in the present work, the total
number of radiographs from the aforementioned clinical
studies added up to 35 pairs.

In the first clinical study the radiographs were taken by
means of a device modified after one described by Rosling
et al."”® Consequently, the radiographs provided by this
study were rigorously standardized a priori. In the other
studies radiographs, with the film kept parallel and the
X-ray beam perpendicular to the implant, were taken using
an individually fabricated filmholder. The filmholder was
attached to the occlusal surface of the suprastructure or to a
reference implant with impression coping, using an
impression material. Since there was no mechanical
connection to the X-ray machine, the data from these
studies may have contained small reversible and irrevers-
ible projection errors. Some radiographs were acquired in a
time period of 1-3 months, whereas others within a time
period of more than 6 months. Taking into account the
projection differences between the examinations, the
possible shrinkage in the impression material, the problems
to place the filmholder in exact position even if there are
impressions from the teeth, the difference that might occur
in the relation between the filmholder and the aiming
device of the X-ray machine, it could be assumed that the
projection difference was within the range of 1-5 degrees
with all possible combinations in all planes.

All radiographs were digitized with a flatscanner (Agfa
Arcus II) producing 8-bit grey scale image files. Each
image acquired initially in every case formed the reference
(baseline) image and was registered against radiographs
obtained at subsequent times. The data have included white
background representing regions outside the film limits.
Moreover, some radiographs have included parts of the
filmholder or impression material. This information is
unnecessary for the purpose of the present work and
its presence may disorientate the proposed automatic



registration procedure since it participates in the matching
process. Therefore, in these cases, the spatial match was
restricted to cropped images excluding the undesired parts.
The size of the cropped radiographs ranged from 608 X 502
pixels to 1628 X 1288 pixels. If the baseline radiograph
was registered with more than one subsequent radiograph,
all of them were cropped starting from the same pixel
coordinates (upper left image corner). By inference,
the image cropping should not be considered as a
pre-registration step as it does not introduce any image
displacement. The cropped subsequent radiograph was
then registered by applying both the geometric registration
and contrast correction methods.

The proposed digital subtraction radiography scheme
For the creation of digital subtraction radiographic images,
a registration/fusion scheme is proposed as illustrated in
Figure 1. It is comprised of two main processes: the
geometric registration and the contrast correction tech-
niques. The differences between the reference (/z) and the
subsequent (/) radiograph can be considered as the effect
of three mechanisms: (a) local anatomical deformations
due to progression or regression of a disease; (b) geometric
transformation due to projection errors (reversible and
irreversible®'?); and (c) intensity transformation due to
non-identical exposure or film processing parameters.'
The demonstration of the anatomical dissimilarities can be
achieved if the other two mechanisms are eliminated.
Nevertheless, there is no inverse geometric transformation
eliminating irreversible projection errors. An inverse
geometric transformation (Zgeom) 1S sought to eliminate
the reversible projection errors even under the presence of
irreversible projection errors producing the aligned image
(I,). Furthermore, an inverse intensity transformation
(Tgey) 1s searched for to correct the contrast of the
radiographs’?® creating the geometric transformed and
contrast corrected image ().

In the following sections the steps of the digital
subtraction radiography scheme are presented in detail.

The proposed automatic geometric registration method

The automatic registration method is based on a novel
assembly of image processing techniques, which ulti-
mately offer increased degree of automation by minimizing
the need for user intervention. The method is pixel-based,
i.e. it operates on the image’s grey levels without any
requirement for the application of a segmentation process
prior to registration.?! The proposed algorithm consists of
two steps. In the first step, a coarse registration of the two

DSR based on automatic multiresolution registration
El Zacharaki et al

381

radiographs is obtained by calculating the parameters of an
affine transformation. For the calculation of these par-
ameters, a multiresolution strategy?>** is employed. In the
second step, the registration is refined by implementing the
projective transformation. The projective transformation
parameters are calculated using, as starting estimates, the
previously obtained affine transformation parameters. The
automatic registration procedure is illustrated in Figure 2
and is explained in the following.

Step I Alignment of the two radiographs is accomplished
by transforming the image to be registered using a two-
dimensional (2D) affine transformation:

X a; a, dx by
Y|=a as dv ||y M)
1 0 0 1 1

where a;, i =1...4, are the parameters of the affine
transformation defining the rotation and the scaling
and dx, dy are the parameters defining the translation in
the x- and y-direction, respectively. The parameters of the
affine transformation are calculated automatically by
maximizing a similarity criterion between the reference
image I (x, y) and the image to be registered I (x, y). For
intramodal image registration, the normalized cross-
correlation (CC) coefficient is a suitable matching
criterion, which is defined as follows:

D Up(x,y) = TRR(TA(x, ) = Ig]

X,y

\/Z (e y) — Il \/Z Ur(Ta(x, ) — T’
X,y Xy

CC =

2

where I and I are the corresponding mean values of the
images.

The multidimensional maximization of the selected
similarity measure is achieved by introducing a multi-
resolution scheme applied from coarse to fine levels.
According to this iteration strategy, the affine parameters
are calculated at each resolution level by maximizing the
normalized cross-correlation coefficient of the subsampled
images. The subsampled images are produced by applying
a weighting function. According to the methodology
applied, a subsampled image I, of the original [ using
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Figure 1 Digital subtraction radiography scheme. Tyeom represents the geometric registration (automatic or manual) and Ty, the contrast correction.
The minus operator denotes the difference, the operator = models the fusion process and f(x) = (x 4+ 255)/2
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Figure 2 Schematic representation of the proposed automatic geometric
registration procedure. Tyeon denotes the final geometric transformation
and sf the sampling factor

the same sampling factor sf in the x and y coordinate
dimensions is obtained by the following equation:

sfXsf
Z wil (sf - r; + Or;)
() = = xsf :
j:zl " 3)
15, 6r=0
e 1
T e 2070

where 6r = (ox, dy), 0 = éx, 6y < st

The maximization of the similarity measure is per-
formed with the application of a local optimization
technique. Optimization starts at the coarsest level with
parameters a; = a4 = 1 and all other parameters set to zero
(unary transformation). The obtained parameters are used
as the initial solution for the next resolution level. Starting
the optimization procedure from the coarse level, the
possibility of getting trapped into some local optima is
reduced since the matching criterion employed is
smoothed. After convergence, switching to finer levels
enhances the accuracy.”? A subsequent benefit of the
multiresolution strategy is that, if the optimum at a lower-
resolution level is close to the optimum at the next higher-
resolution level, most of the iterations will be very
probably carried out at the low level, where the
amount of data is small.> If the sampling factors along
the x- and y-coordinate dimensions are denoted as sf, and
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sfy,» subsampling results in a speed-up by a factor sf, X sf, in
the evaluation of the similarity measure. If the lower and
the higher-resolution level do not converge to the same
optimum, then the evaluations at low resolution are useless
and time consuming. In order to avoid misconvergence and
increase registration robustness, the difference between the
image resolutions from level to level should be kept small.
Thus, a three-level multiresolution strategy with sf, =
sfy, = 8,4,2 is finally employed. Optimization at full
resolution (sf, = sf, = 1) is performed at Step II.

The search strategy applies a local optimization
technique namely the Downhill Simplex Method
(DSM).?* According to Maes et al,”> DSM is an
optimization method often employed owing to its simpli-
city and suitability for solving similar multiresolution
optimization problems. The length scale of the disturbance
vectors is quite high at the first level (sf, = sf, = 8) in
order to render the registration method applicable in the
case of large transformations as well. However, after each
optimization convergence, the length scale of the disturb-
ance vectors is reduced so as to speed up the execution. The
fractional convergence tolerance in the function value was
kept at 10 at all resolution levels.

112 ]’25

Step II According to Lehmann et al*~ and Ostuni et a
intraoral radiography is approximated by a perspective
projection. The 2D projective transformation is given by
the following equation:

u a; a, dx X
X ulw

v =la ay dy ||y | L= 4)
y viw

w as ag 1 1

where w represents the extra homogeneous coordinate and
u and v are dummy variables. The projective transform-
ation introduces two more variables than the affine
transformation, as and as. Thus, a total of eight parameters
are required to fully define the projective transformation. It
can be noticed that the affine transformation (Equation 1)
can be seen as a special case of perspective projection with
as = ag = 0. In the proposed registration algorithm, the
optimal values of the projective transformation parameters
are obtained by maximizing the normalized cross-corre-
lation coefficient of the full resolution images and applying
the DSM, as an optimization method. The initial starting
point for the optimization at full resolution is the vector of
the affine parameters, as estimated in the previous step
together with as and a¢ set to zero.

The manual approach

In the case of dental X-ray images, which exhibit strong
edges, a manual approach to the image registration
problem can also be implemented. Homologous pairs of
points are placed interactively on the images to be
registered by the expert by means of appropriate software.
In the particular implementation, a graphical user interface
for image input and display has been developed. By
clicking with the mouse on the reference and the
unregistered image, a data file is created which includes



the landmark coordinates and constitutes the input file for
the manual registration algorithm. The corresponding
landmarks are aligned by applying the projective trans-
formation. Four pairs of landmarks are sufficient to
compute the parameters of the projective transformation.
In our approach, a number of nine to 16 pairs of points is
used, in order to balance out random errors and achieve
robustness of the transformation. During the evaluation,
the parameters of the projective transformation are
calculated by applying the least squares minimization
method?® in conjunction with singular value decomposition
(SVD), since the number of user defined landmarks is
greater than the number of independent parameters of the
projective transformation.

Contrast correction algorithm

Contrast correction is performed subsequent to geometric
registration in order to correct differences in the intensity
of the images. The grey level transformation is based on
the non-parametric method proposed by Ruttimann et al*
and is derived directly from the histograms of the baseline
and the geometric transformed image calculated within the
region of overlap.

Subtraction and pseudocolouring

After the geometrically aligned and contrast corrected
image, Iy, is produced, subtraction radiography is then
performed (see Figure 1). Initially, the difference image
(1;) is calculated by subtracting the grey values of the
reference image from the grey values of the aligned and
contrast corrected image in the region of overlap, and set to
zero outside. The difference image should ideally be non-
zero only in areas where changes in structure have
occurred. Then, the subtraction image (Igpyac) 15 Obtained
as a linear function of the difference image® according to
the following equation:

Lubract (X, ¥) = (Ly(x, y) +255)/12 &)

The subtraction image represents bone gain or bone loss
with light or dark areas, respectively.

The anatomical location of the disease is visualized by
superimposing the subtraction image to the reference
image, according to the following masking process:

L(x,y), if |Id(x,y)|<threshold} ;

Trusion(x, ¥) = { .
ocll;(x, y)l, if lI;(x,y)l = threshold
where I, 18 the fused image and the symbol oc denotes
the intensity which is displayed in a colour scale. For this
purpose, a hot body colour map is created to indicate the
size of the difference. The combination of a grey scale (256
grey levels) and a colour scale in the same image helps in
enhancing the visibility of the fused image. A threshold
defined by the user is applied in order to illustrate areas of
significant change, thus distinguishing noise from any
pathological dissimilarity. The threshold can be selected
after an iterative inspection of the fusion result as a trade-
off between minimizing noise and preserving the depiction
of any pathological change. The fusion images should not
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be used for the performance of measurements (e.g. bone
level measurements) because of their variability caused by
the threshold selection. Any measurements should be
performed on the subtraction images.

Evaluation of performance

The image registration accuracy can be visually assessed
by inspecting the subtraction image or the fused image.
Furthermore, the registration accuracy can be quantitat-
ively measured using the root mean square difference
(RMS)'* between the reference and the (geometric and
intensity) aligned image. The RMS difference is calculated
as follows:

N
UR(7) = Loy (7))
1

RMS = \| =
S N (7

where the sum is calculated only over the N pixels
belonging to the region of overlap of the reference (Iz) and
the aligned image (/). Generally, for the same image
pair, the smaller the RMS error the better the registration
achieved. The RMS error is also calculated on specific
regions of interest (ROIs) located by an experienced
dentist.

Results

Qualitative analysis

Figure 3 shows the digital subtraction results for a pair of
radiographs selected from the first study. Figures 3a and b
show the reference and the subsequent radiograph. Figures
3c and d show the corresponding cropped radiograph
applied in the registration process. The registered radio-
graph is shown in Figure 3e. In order to visually assess the
proposed automatic registration method, the edges of the
registered image were detected by applying a 3 X 3 Sobel
gradient filter”” and superimposed to the baseline image, as
illustrated in Figure 3f, which reveals successful regis-
tration. The subtraction image is also created and displayed
in Figure 3g. Finally, the information of the subtraction
image is fused with the baseline image. The fused image
(Figure 3h) was created by applying a threshold of 20 grey
levels. The subtraction image confirms that the vertical
osseous defect at the mesial surface of the first molar has
become more sclerotic after successful therapy. The
minimum projection errors are due to the high standard-
ization upon acquisition of the radiographs of the first
study.

In Figures 4 and 5, two radiography pairs of the second
study are used to visually compare the automatic
registration method against the manual one. Even though
image cropping is not necessary during manual regis-
tration, for consistency of comparisons (i.e. when calculat-
ing the RMS error), cropped images were used for both the
automatic registration method and the manual approach.
Figures 4a and b show an example of the placement of
anatomical landmarks (small white crosses) on the

Dentomaxillofacial Radiology
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Figure 3 The automatic registration method. (a) The original baseline radiograph. (b) The radiograph to be registered. (c, d) The cropped images of
(a) and (b), respectively. (e) The registered radiograph after the application of the automatic geometric registration and contrast correction methods.
(f) Superposition of the edges of the registered radiograph (e) on the baseline image (c). (g) The subtraction image. (h) The fused image

reference and the subsequent radiograph. The landmarks
are used in order to calculate the manual projective
transformation. The result of the manual registration
approach is shown in Figure 4c. The registered image
resulting by means of the manual registration approach is
compared against the proposed automatic registration
method. The result of the automatic registration method
is displayed in Figure 4d. White arrows are drawn on the
registered images to indicate local misalignments. Similar
results are also presented in Figure 5.

The visual assessment of the results presented in Figures
4 and 5 reveals that both methods generally could be used
for registering radiographic images. However, careful
inspection of the results reveals that the automatic
registration method outperforms the manual one. It can be
noticed that the manual method performs well locally in the
areas where the expert places points of correspondence.
These landmarks have been placed on line intersections and
around the implants since these areas determine the follow-
up of the marginal bone support. As a consequence, the
manual registration may fail within the rest of the image.

Finally, the example in Figure 6 refers to the third study
series aiming to compare marginal bone level measure-
ments around implants with varying degree of bone loss."”
R2 indicates the time immediately before breakdown of the
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marginal bone support, R4 the middle of the breakdown
period and R7 the maximum breakdown. In Figure 6 the
baseline image (R1) is displayed along with the fused
images at the times of the breakdown period R3, R4, R5
and R6. The proposed automatic geometric registration
method was applied. Only differences above a threshold
level of 35 grey values are highlighted in pseudocolour.
They correspond to the progression of the marginal bone
loss at different periods. It can be noticed that bone loss is
apparent in areas around implants. Nevertheless, there are
regions within the upper part of the radiograph illustrating
the impression material where differences are also
recorded. A possible explanation of the observed differ-
ences can be that the impression coping was not seated
correctly. Hence, a shift in projection geometry had
occurred. Another explanation might be that the dog’s
lower lip was kept differently during the exposure.

Quantitative analysis

A quantitative analysis has also been performed in order to
assess the performance of the proposed automatic regis-
tration method against the manual one. The comparison of
the two methods was based on the RMS error between the
reference and the aligned image. Contrast correction was
applied to both automatically and manually aligned images
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c

d

Figure 4 Manual registration is performed by placing 13 landmarks (marked with white crosses) on the reference (a) and the subsequent (b) radiograph.
The edges of (c) the manually and (d) the automatically registered radiograph are superimposed to the reference image. White arrows indicate local

misalignments

in the same fashion. The results are shown in Table 1.
As the manual registration accuracy depends on the
number of landmarks (NL), Table 1 lists the NL for all
pairs of radiographs used. The mean RMS value and the
standard deviation (SD) of the RMS value for the 35

registration pairs were calculated for both the automatic
and the manual method. The RMS error of the manual
registration method represents averaged values over five
executions by the same observer to compensate for the
operator variability of the manual method.

Figure 5 Manual registration is performed by placing nine landmarks (marked with white crosses) on (a) the reference and (b) the subsequent
radiograph. The edges of (c) the manually and (d) the automatically registered radiograph are superimposed to the reference image. Again, white arrows

indicate local misalignments

Dentomaxillofacial Radiology
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aR1

b R3

c R4

dR5

eR5

Figure 6 The baseline radiograph (R1) fused each time with a subsequent radiograph (R3—R6). The colour scale illustrates differences that are higher

than 35 grey levels

From Table 1, it is evident that the proposed automatic
registration method for all radiographic pairs outperforms
the manual method in terms of the RMS error estimated
over the whole images. However, these estimated RMS
errors are not always representative for the registration
accuracy, mainly due to the anatomical changes that are

Dentomaxillofacial Radiology

counted in the estimation of the RMS value. Since beam
parallelism is generally not preserved in radiography, an
image receptor not perpendicular to the central beam
induces distortions due to objects lying at different distance
from the focus. In order to evaluate the accuracy of the two
registration methods, ROIs (same in both the automatically
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Table 1 Automatic versus manual geometric registration in terms of the root mean square (RMS) error

Manual method

Automatic method

Pair No. NL RMS (whole images) RMS (selected ROIs) RMS (whole images) RMS (selected ROIs)
01 11 16.3 7.0 11.6 7.1
02 12 10.1 10.5 9.2 8.9
03 11 9.1 7.5 8.5 6.8
04 11 7.9 8.9 7.3 7.9
05 11 7.4 7.2 7.3 6.9
06 13 11.9 10.9 11.5 10.1
07 9 18.8 13.3 18.6 13.1
08 16 10.6 8.9 10.4 8.8
09 13 9.6 8.4 9.3 8.5
10 12 13.8 11.6 13.6 11.6
11 14 13.8 18.3 12.7 16.0
12 9 12.2 11.2 11.9 10.6
13 16 17.8 14.9 13.1 13.5
14 16 9.4 9.1 9.2 8.8
15 16 14.1 13.1 13.8 12.6
16 16 14.9 21.2 14.1 19.0
17 16 19.3 13.3 16.0 12.2
18 15 13.6 94 11.9 9.0
19 15 10.8 8.8 9.8 8.6
20 15 13.0 10.2 12.6 10.1
21 15 9.2 9.2 8.2 8.3
22 12 17.2 21.0 9.2 13.4
23 13 8.6 9.0 8.0 6.9
24 12 27.5 37.3 21.0 28.3
25 16 13.1 9.2 12.7 9.1
26 12 23.1 12.9 22.6 12.0
27 15 17.1 20.5 16.8 20.5
28 14 15.0 17.9 12.7 16.2
29 13 13.4 17.0 12.0 14.3
30 16 14.0 16.7 12.1 10.5
31 16 12.2 15.9 12.0 15.3
32 11 41.9 20.8 28.1 21.1
33 11 41.3 25.5 38.3 23.5
34 14 16.8 12.2 15.2 10.3
35 12 9.3 9.3 7.6 6.8
Mean value = SD 15.260 £ 7.866 13.660 + 6.318 13.397 + 6.247 12.189 = 5.153

RO, region of interest; SD, standard deviation; NL, number of landmarks

and manually registered images) were selected by an
experienced dentist. Only stable structures such as the
crown of the teeth or implants were included whereas areas
with anatomical changes such as the marginal bone were
omitted. The RMS error estimated on these ROIs is an
improved local measure of the alignment accuracy less
dependent on the overall distortions. Practically, the
smaller the RMS value estimated, the better the registration
achieved. The RMS values estimated over these ROIs are
also shown in Table 1. It can be concluded that the
proposed automatic registration method outperforms for
the majority of radiographic pairs included in this study
(30/35) in terms of the RMS values estimated over specific
ROIs. For the other five pairs, the performance of the
manual method is superior for only three pairs whereas for
the remaining two pairs, the performance is equivalent for
both methods. In addition, the performance of the two
geometric registration methods was assessed through
visual inspection of all subtraction images by an experi-
enced dentist. The findings were in accordance with the
estimated RMS values.

The statistical difference between the RMS value of the
subtraction image produced by the automatic (RMSayto)
and the manual (RMSysn) registration method estimated

over the whole images and on the ROIs was also assessed.
In Figure 7, the Bland— Altman plots®® of the RMS error of
the two methods under comparison are shown. The Bland—
Altman plots illustrate the difference between a pair of
measurements (RMSyan — RMS,ut0) against their aver-
age value (RMSyan +RMSaur0)/2 The plots demon-
strate that the manual method tends to give RMS values that
are higher than the proposed automatic method both for the
whole images and the selected ROIs. Additionally,
statistical analysis was conducted by means of the paired
t-test under the null hypothesis that the two methods did not
differ as per the RMS value. The alternative hypothesis was
that the RMS error for the automatic registration method
is smaller than that for the manual one. For both cases,
whole images and ROIs, the null hypothesis was rejected
(P < 0.01) in favour of the alternative hypothesis.

Discussion

The aim of the present paper is to introduce an improved
digital subtraction radiography scheme based on an
automatic geometric registration method and a contrast
correction method for aligning digital radiographs
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Figure 7 Bland—Altman plot of the root mean square (RMS) error of the two registration methods under comparison: (a) for whole images; (b) for

selected regions of interest (ROIs)

acquired with or without rigorous a priori standardization.
The automatic geometric registration method was devel-
oped in order to overcome the major drawback of the
manual methods of selecting anatomical landmarks as
alignment points. The results presented on in vivo radio-
graphs show that the proposed geometric registration
method produces smaller errors than the manual alignment
method based on the projective transformation.

The proposed automatic geometric registration method
is based on image’s grey levels and is composed of a two-
step process. Initially, the affine transformation parameters
are calculated according to a multiresolution strategy and
then a projective transformation is implemented at full
resolution. The multiresolution approach has already been
used for registering medical data from the same or different
modalities and it has been shown that the application of a
registration method from coarse-to-fine levels enhances
the robustness of the registration.?’~>* In terms of
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transformations used, the affine transformation is initially
employed at the coarsest levels, as proposed by other
researchers.>'*'*!* The affine transformation describes
X-ray imaging with infinite distance between tube and
subject, which causes the beams to be parallel. However, in
intraoral radiography, parallelism in general is not
preserved. Since the projective transformation perfectly
describes X-ray imaging with an infinitely small focal spot
size that equals an ideal point-source,” geometric regis-
tration of dental images based on projective geometry® '
has been proposed by several researchers. In the present
paper, the initial registration using the affine transform-
ation is refined by applying the projective transformation
to the radiographs at full resolution. Furthermore, in the
proposed geometric registration method, the normalized
cross-correlation is employed as a similarity measure
owing to its suitability for intramodal registration® and its



property of preventing the optimization technique to be
trapped in local optima.

Another advantage of the proposed geometric regis-
tration method is its simplicity since it operates on the
image’s grey levels without any requirement for the
application of a segmentation process prior to registration.
In some approaches, the registration is based on the
identification of edges of intrinsic features such as teeth or
implants, the cemento-enamel junction or simply bony
structures in the images to be registered.'®'"'* The
identification of common edge points is not always an
easy task due to the presence of noise. Therefore, the
performance of these approaches heavily depends on the
accuracy of the segmentation method used. The developed
automatic geometric registration method has been tested
against the manual method widely used in a clinical
setting. A number of corresponding point pairs greater than
eight is considered, although four pairs are sufficient for the
calculation of the projective transformation. Through this
approach, the accuracy of the alignment via the manual
registration method is improved. In a similar approach, it is
stated that a number of landmarks greater than six
improves the observer independence and the quality of
the manual registration.'?

The statistical analysis of the results listed in Table 1
has shown an advantageous performance of the proposed
automatic registration method against the manual one for
the majority of radiographic pairs in terms of the RMS
error estimated over the whole images and specific ROIs.
Furthermore, the manual method relies heavily on human
intervention and depends on the number of corresponding
points to compensate for interoperator variability. The
number of landmarks placed determines the whole
execution time. The execution time for the manual method
including the placement of up to 16 point-pairs by an
experienced dentist is more than 4 min. The average
execution time for the proposed automatic registration
method varies from 15 s to 50 s (AMD Athlon XP 1800).
In a higher performance system, the execution time of the
automatic registration method would significantly decrease
while the execution time of the manual registration method
would remain the same since it mainly depends on the time
required for the careful placement of the landmarks with
the algorithmic part being executed very fast.
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