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Description

[0001] The present invention relates to a method for detecting indications of dental caries in an image of a tooth such
as an intra-oral radiograph.

[0002] Although largely preventable, dental caries is a widespread disease, affecting around 97% of the population.
Caries occurs as a result of tooth demineralisation caused by acid released by bacteria on the teeth.

[0003] While early, non-surgical therapeutic treatment of dental caries is possible, dentists are often unable to detect
a carious lesion at a stage where such therapeutic treatment can be effectively used to reverse the disease process.
Indeed, such non-surgical treatment is typically only effective while the carious lesion is confined to the enamel and
before the carious lesion has penetrated into the dentine. If the caries is confined to the enamel, the non-surgical
therapeutic treatment can be used to encourage remineralisation and therefore reversal of the carious lesion.

[0004] Carious lesions that have penetrated into the dentine, on the other hand, are treatable only by removing the
decayed tissue and filling the cavity with a dental restorative material.

[0005] While dentists can typically visually identify large carious lesions of the type which can be treated by removal
of decayed tissue and filling of the cavity with a restorative material, they have difficulty recognising the early signs of
carious lesions and in recording the depth of such carious lesions. This is especially true where a carious lesion has not
penetrated into the dentine, that is when a carious lesion is restricted to the enamel. It is difficult to visually examine
interproximal tooth surfaces, such that dentists rely on radiographs to identify interproximal lesions. Recognising a
carious lesion has not penetrated into the dentine in a radiograph is a challenging clinical task.

[0006] The difficulties in identifying carious lesions restricted to the enamel mean that in almost all cases, dental caries
is treated by surgical restorative dentistry.

[0007] Given the difficulties in detecting carious lesions, and the further difficulties in detecting whether those carious
lesions have penetrated into the dentine, automated analysis methods have been proposed which can be applied to
process dental radiographs. Currently proposed methods have not, however, been able to accurately provide acceptable
caries detection.

[0008] Itis an object of some embodiments of the present invention to obviate or mitigate the problems outlined above.
[0009] According to an aspect of the present invention there is provided a method, a computer program, a computer
readable medium and an apparatus as set out in the appended claim 5.

[0010] The presentinvention provides a method in which areas of the tooth image which are analysed to identify dental
caries are defined with reference to a model fitted to an outer tooth edge. By defining the areas for analysis with reference
to a model of an outer tooth edge more accurate determination of caries can be achieved. In particular, fitting of a model
to the outer edge of a tooth allows that outer edge to be accurately located in the image. The inventors have found that
such accurate location of the outer tooth edge provides a valuable reference for the identification of areas which are to
be analysed to detect indications of dental caries. In particular, image variations in an area of the image close to the
edge of a tooth (as identified by the fitted model) may be analysed to provide early indications of dental caries.

[0011] The area of the image in which image variations are analysed may be a plurality of areas of the image, each
area being defined with reference to the fitted model. The or each area of the image in which image variations are
analysed may be elongate. Further, the or each area of the image in which image variations are analysed may extend
generally parallel to the fitted model and image variations in a direction generally parallel to the fitted model may be
analysed. That is, the inventors have found that considering image variation along elongate profiles extending generally
parallel to the fitted model allows indications of dental caries to be effectively identified.

[0012] Analysing image variations may comprise analysing changes in pixel values (e.g. grey level values) to identify
a local maximum or minimum in the pixel values, for example a maximum or minimum of a predetermined magnitude.
That is, while pixel values along the elongate profiles may be expected to include no maxima or minima of any great
magnitude in a healthy tooth, dental caries maybe indicated by such a maximum or minimum.

[0013] Analysing image variations in an area of the image may comprise obtaining data comprising pixel values for
pixels in each of a plurality of areas of the image, each area representing a part of the tooth and each area being defined
with reference to the fitted model, combining the obtained data from the plurality of areas and analysing image variations
in the combined data to detect indications of dental caries. For example, in order to reduce the effects of local variability,
the obtained data may be clustered into groups of obtained data. Each cluster may be averaged and analysis performed
on the average cluster values.

[0014] The method may further comprise defining a plurality of projections extending generally perpendicular to the
fitted model, and defining the or each area by reference to corresponding points on each of said projections. The or
each area may extend generally parallel to the fitted model.

[0015] The method may further comprise identifying a location in the image that is an approximation of the centre of
the tooth in the image, and initializing a model fitting process based upon the identified location to identify the part of
the image representing an outside edge of the tooth.

[0016] Identifying a location in the image which is an approximation of the centre of the tooth in the image may comprise



10

15

20

25

30

35

40

45

50

55

EP 2 443 611 B1

at least partially identifying the boundaries of the tooth in the image, and identifying a point within the identified boundaries
for which the shortest distance to a boundary is a maximum for all points within the identified boundaries. The location
may be based upon the identified point. The identification of such a point may be carried out by applying a distance
transform operation to the image.

[0017] Atleast partially identifying the boundaries of the tooth in the image may comprise detecting edges in the image,
and identifying the boundaries based upon the detected edges.

[0018] The method may further comprise fitting a model to the image to identify a part of the image representing at
least part of the dentinoenamel junction.

[0019] Image variations may be analysed in areas between the fitted model identifying a part of the image representing
an outside edge of the tooth and the fitted model identifying the part of the image representing at least part of the
dentinoenamel junction. Such variations may be considered to be indicative of dental caries in the enamel of the tooth,
that is the area of the image between the model fitted to the part of the image representing an outside edge of the tooth,
and the model fitted to the part of the image representing at least part of the dentine enamel junction.

[0020] Image variations may additionally be analysed in a part of the image representing dentine of the tooth defined
by the fitted model identifying the part of the image representing the at least part of the dentinoenamel junction, to
determine whether dental caries extends into the dentine. Dental caries detected in the enamel of the tooth but not in
the dentine of the tooth is typically suitable for non-surgical treatment.

[0021] Fitting a model to the image to identify a part of the image representing an outside edge of the tooth may
comprise fitting a first tooth edge model to a left side of the tooth, and fitting a second tooth edge model to a right side
of the tooth.

[0022] Fitting a model to the image to identify a part of the image representing at least part of the dentinoenamel
junction may comprise fitting a first dentinoenamel junction model to a left dentinoenamel junction of the tooth, and fitting
a second dentinoenamel junction model to a right dentinoenamel junction of the tooth. The fitting of the dentinoenamel
junction model may be based upon the model fitted to a corresponding outside edge of a tooth.

[0023] The image may depict a plurality of teeth. Data may be generated indicating the presence of dental caries in
each of said teeth based upon analysed image variations.

[0024] The oreach model may be a shape model. For example, each model may be a point distribution model. Further,
each model may be an Active Shape Model.

[0025] All aspects of the present invention can be implemented by way of methods, systems and apparatus. Embod-
iments of the invention can also be implemented by way of suitable computer programs. Accordingly, the invention
provides such computer programs and further provides computer readable media carrying such computer programs.
Such computer readable media include tangible carrier media such as CD’s, DVD’s and floppy disks and intangible
carrier media such as communication signals.

[0026] Embodiments of the present invention will now be described, by way of example, with reference to the accom-
panying drawings, in which:

Figure 1 is a flowchart of processing carried out to fit shape models to an image of a patient’s teeth to identify in the
image the left and right outer edges of the teeth and the left and right dentinoenamel junctions within the teeth;

Figure 2 is a bitewing radiograph of a patient’s teeth;

Figure 3 is a flowchart of processing carried out to find approximate centres of the teeth shown in the bitewing
radiograph of Figure 2;

Figure 4 is a binary image generated by applying an adaptive threshold to the bitewing radiograph of Figure 2;
Figure 5 is an edge image showing edges in the bitewing radiograph of Figure 2;

Figure 6 is an image generated by combining the edge image of Figure 5 and an edge image created from the image
of Figure 4;

Figure 7 is a binary image generated based upon the images of Figures 4 and 6, showing tooth pixels in white and
non-tooth pixels in black;

Figure 8 is an image created by performing a Euclidian distance transform operation on the image of Figure 7;

Figure 9 is an image created by applying a threshold to the image of Figure 8;



10

15

20

25

30

35

40

45

50

55

EP 2 443 611 B1
Figure 10 is the bitewing radiograph of Figure 2 in which approximate tooth centres are labelled;
Figure 11 shows an initial placement of an outer tooth edge active shape model at the centre of a tooth;
Figure 12 shows the results of a first active shape model search to locate an outer tooth edge;

Figure 13 shows the results of a second active shape model search to more accurately locate the outer tooth edge
allowing more variability but with shorter r search length;

Figure 14 shows an initial placement of a dentinoenamel junction active shape model based upon the located outer
tooth edge;

Figure 15 shows the results of an active shape model search to locate the dentinoenamel junction of a tooth;
Figure 16 is a bitewing radiograph in which a carious lesion is indicated;
Figure 17 shows a profile area of the image of Figure 16 which is analysed to detect carious lesions;

Figure 18 is a schematic illustration of a profile area of a tooth showing profiles parallel to a modelled tooth edge
which are analysed to detect carious lesions;

Figure 19 is a plot of grey-level intensity values in the profile area of Figure 16;
Figure 20 shows the plot of Figure 19 after processing; and
Figure 21 schematically illustrates a computer arranged to carry out the processing illustrated in Figure 1.

[0027] An overview of a process for locating the left and right outer edges of a patient’s teeth, and the left and right
dentinoenamel junctions of the teeth in a radiograph is now described with reference to the flowchart of Figure 1. At step
S1, aradiograph of the patient’s teethis received. Preferably, the radiograph is a bitewing radiograph of the kind commonly
used by dentists to detect dental caries. Figure 2 shows an example of a suitable bitewing radiograph.

[0028] Referring to Figure 2 the relevant tooth structure is now briefly described. Figure 2 shows seven teeth. A tooth
1 is labelled to aid description. Each tooth comprises an enamel portion 2 and a dentine portion 3. The dentinoenamel
junction 4 is the boundary at which the enamel portion 2 meets the dentine portion 3.

[0029] Referring again to Figure 1, at step S2, an approximate centre of each tooth is determined. At step S3, the
approximate centre of each tooth is used as a starting position to fit right and left tooth edge models to the left and right
edges of each tooth. At step S4, each outside edge of each tooth (identified by the fitted right and left tooth edge models)
is used as a starting position to fit right and left dentinoenamel junction models to the right and left dentinoenamel
junctions of each tooth. It will be appreciated that after the processing of step S4 is complete, four models will have been
fitted to each tooth, identifying the positions of the outside edges and dentinoenamel junctions of each tooth. As is
described below, the identification of the right and left edges and right and left dentinoenamel junctions of each tooth
can be useful in the identification of dental caries.

[0030] The processing carried out in each of the steps S2 to S4 of Figure 1 is now described in more detail with
reference to Figures 3 to 9. Firstly, the processing performed to locate a centre of each tooth is described with reference
to Figure 3.

[0031] Referring to Figure 3, at step S5 an adaptive threshold is applied to the bitewing radiograph received at step
S1 of Figure 1. The adaptive threshold is applied by processing the image in windows of size 128 x 128 pixels. For each
window the mean of all pixel values in that window is generated. The adaptive threshold for all pixels in the window is
then set at 70% of the generated mean value. If a respective pixel has a value which exceeds the adaptive threshold
for the window in which it is located, the pixel is set to have a value of ’1’ (i.e. to be white) while if the pixel has a value
which does not exceed its adaptive threshold it is set to have a value of ‘0’ (i.e. to be black).

[0032] It will be appreciated that window size and thresholding values may be chosen or calculated using any appro-
priate method as will be apparent to those skilled in the art. However, by ensuring that each window, includes pixels
representing tooth structures and pixels representing non-tooth structures, a threshold is generated which can effectively
distinguish pixels representing tooth structures from pixels which represent non-tooth structures. Figure 4 shows the
results of applying adaptive thresholding of the type described above to the bitewing radiograph of Figure 2.

[0033] After adaptive thresholding of the bitewing radiograph at step S5, edge detection is applied to the bitewing
radiograph (Figure 2) and the thresholded image (Figure 4) to generate respective edge images at step S6. Figure 5 is
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an edge image showing edges detected by applying a gradient based edge detection operation to the bitewing radiograph
of Figure 2. It will be appreciated that any suitable edge detection algorithm may be used. The resulting edge image
may be subjected to a smoothing operation so as to improve the continuity of detected edges.

[0034] At step S7 the two edge images generated at step S6 (one generated from the bitewing radiograph of Figure
2 and one generated from the image of Figure 4) are combined. The combination is such that a pixel in the combined
image has a value given by adding the pixel values of the corresponding pixels of each of the edge images. The combined
image is shown in Figure 6. Figure 6 shows a smoothed version of the image of Figure 5 combined with an edge image
generated from the adaptive threshold image of Figure 4. Referring to Figure 6 it can be seen that where the pixels of
the edge images overlap, the pixels of the combined image are brighter than the pixels appearing in only one of the
edge images.

[0035] Atstep S8 the combined image is processed to determine pairs of edges which can be classified as boundaries
of a single tooth. For example, by horizontally scanning the image of Figure 6 for pixels which exceed a particular
threshold (the threshold chosen such that only overlapping pixels from the two edge images exceed the threshold) edges
5 to 10 on the maxillary teeth will be found. Such horizontal scanning is carried out for each row of pixels in the image
in turn. Each consecutively encountered pair of edges (e.g. 5 and 6, 7 and 8, 9 and 10) defines the edges of a tooth.
The upper extremes of the maxillary teeth and the lower extremes of the mandibular teeth can then be determined based
upon the termination of the edges defining each tooth.

[0036] The image of Figure 6 can also be vertically scanned to identify pixels which exceed the threshold described
above. Such vertical scanning is carried out for each column of pixels in turn, and allows identification of the lower edges
of the maxillary teeth and upper edges of the mandibular teeth.

[0037] The horizontal and vertical scanning operations described above allow the identification of boundaries of the
teeth, and can be used, in combination with the image of Figure 4 to generate the image of Figure 7 at step S9. More
specifically, having identified the boundaries of the teeth, in the image of Figure 7 pixels between the identified boundaries
have values equal to those of corresponding pixels in the image of Figure 4.

[0038] Processing then passes to step S10 at which a distance transform, for example a Euclidean distance transform,
is used to label each pixel in the image generated at step S9 with a distance from its nearest edge. The resulting distance
labels are used to generate a distance transform image such as that shown in Figure 8. It can be seen that the pixels
of the image of Figure 8 increase in brightness as the distance from their nearest edge increases. In this way, those
pixels for which the shortest distance to an edge is a maximum for all of the pixels within the determined tooth boundaries
(i.e. those pixels near to the centre of the tooth) are the brightest pixels.

[0039] The distance transform image generated at step S10 is subjected to a thresholding operation at step S11.
Figure 9 shows the distance transform image of Figure 8 after a thresholding operation. The thresholding is arranged
such that pixels which exceed the threshold maintain their value before thresholding, while pixels which do not exceed
the threshold have a value of '0’ (i.e. appear black). As such the thresholding separates the distance transform image
into a plurality of areas of non-zero pixels, each area being surrounded by zero-pixels.

[0040] At step S12, the thresholded distance transform image of Figure 9 is used to determine the approximate centre
of each tooth. As described above, for any tooth, the pixel having the highest distance value defines a point near to the
centre of that tooth. That is, if a pixel within a tooth with coordinate (i,j) has the highest distance value, the corresponding
pixel (i,j) of the bitewing radiograph should define a point near to the centre of that tooth. Each discrete area of the
thresholded distance transform image of Figure 9 having non-zero pixel values is processed in turn to determine the
brightest pixel in that area and thereby determine an estimate of the centre of a respective tooth.

[0041] It will be appreciated that because some of the teeth in the image of Figure 7 are not completely discrete
structures, the distance transform does not determine an absolute centre, but only determines an approximate centre
of each tooth. Figure 10 shows the bitewing radiograph of Figure 2 with the approximate centre points of each tooth
marked.

[0042] Referring back to Figure 1, the processing described above is carried out at steps S1 and S2 to locate the
centre of each tooth. The processing of steps S3 and S4 are now described in more detail.

[0043] In general terms, and as described above the processing of steps S3 and S4 fits four point distribution models
to each tooth. That is, for each tooth, the processing fits a point distribution model to the left and right outer edges of
the tooth and a point distribution model to the left and right dentinoenamel junctions of the tooth. The nature of the
models which are fitted to the teeth and the creation of the models are now described before the process of fitting the
models to the teeth is described. The models used to locate both the tooth boundaries and the dentinoenamel junctions
are of similar form, and the models are therefore described generically.

[0044] The models used to identify the right and left tooth boundaries and the right and left dentinoenamel junctions
are point distribution models. The models are created by manual annotation of training images aligned to a common co-
ordinate system. That is, points to be included within the model are marked by a human expert in a plurality of training
images. These manually placed points are used as a basis for interpolation so as to provide a point distribution model.
It has been found that placing 20 points along a tooth edge, and 11 points along a dentinoenamel junction allows effective
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models to be created.

[0045] In some embodiments, two human experts each annotate each of the training images, and the annotations of
each expert are combined by taking a mean of the marked points, although in some cases annotation by a single expert
may be sufficient for model generation.

[0046] Each shape annotated in the manner described above is represented by a respective shape vector, comprising
a concatenation of the coordinates of the marked points. The shape vector x for a particular marked shape takes the form:

X = (X0, 05%5: Va5 X5 ¥,) - : : (1)

where n=20 for a tooth edge model; and
n=11 for a dentinoenamel junction model

[0047] A mean shape vector x can be calculated according to equation (2):

i=7:,-Zx,- )

i=l

Where N is the number of shapes.

[0048] A plurality of shape vectors, one for each training image can be used to generate a matrix X, in which each
row represents a shape vector. Each of these shapes is translated, rotated and scaled so that their centroids coincide
and the sum of squared differences between the points on each shape and those on the mean shape is minimised.
[0049] A covariance matrix S can be created from the aligned shapes by first calculating the mean shape vector using
equation (2). For each shape in the training set the deviation dx; from the mean shape can be calculated from equation 3:

dx =x, —X - (3)

[0050] The covariance matrix S is then calculated using equation (4):

S= ‘,1721. dx dx” (@)

[0051] The eigenvectors of the matrix S can be determined and a matrix P of the t most significant eigenvectors can
be created.
[0052] In this way, any shape can be represented according to equation (5):

x =X+Pb (5)

where x is a vector representing the shape ;

x is a mean shape vector generated from shape vectors of images in the training set (according to equation 2);

P is the matrix of eigenvectors described above; and

b is a t-element vector of weights to be applied to eigenvectors of the matrix P to generate the vector x for the shape.

[0053] The components ofb (b;, i=1...t) are referred to as shape parameters. The eigenvectors P;are sorted according
to their eigenvalues ;, which describe the observed variance over the training shapes associated with each eigenvector.
That is to say the A; represent the proportions of variance from the mean shape that are described by each of the
eigenvectors. By selecting a value of t (< N), the model can be made to represent some chosen proportion of the total
variance observed in the training shapes.

[0054] Each eigenvectorincluded in the matrix P represents a mode of variation of the modelled shape. Varying values
of elements of the vector b allows generation of shapes within the range observed within images of the training images.
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That is, variation of one element b, of the vector b will affect one characteristic of the modelled shape, while variation
of a second element b, will affect a different characteristic of the modelled shape.

[0055] It will further be appreciated that point distribution models may be created for each of the left and right edges
and left and right dentinoenamel junctions of different types of tooth. For example, separate point distribution models
may be created for molars and pre-molars. Alternatively, the same point distribution models may be used for both molars
and pre-molars. Similarly, different point distribution models may be created for the relevant parts of both the upper and
lower teeth.

[0056] Having described creation of a point distribution model, the fitting of that point distribution model to images at
steps S3 and S4 of Figure 1 is now described in further detail.

[0057] As indicated, an outside tooth edge model is fitted to a tooth (step S3) before a model of the dentinoenamel
junction is fitted to that tooth (step S4). In fitting point distribution models to the tooth, the point distribution models are
used as Active Shape Models (ASMs). In general terms, an Active Shape Model is a statistical model of shape, such
as a Point Distribution Model (above) which can be iteratively adjusted to fit image data while retaining the shape
constraints expressed by the model. ASMs are described in further detail in Cootes, T.F.; Taylor C.J.; Cooper, D.H.;
and Graham, J: "Active Shape Models - Their Training and Application" Computer Vision and Image Understanding, vol
61(1) pp 38-59; 1995. ASMs are further described in "Model-Based Methods in Analysis of Biomedical Images" in Ed.
R. Baldock and J. Graham, "Image Processing and Analysis", Chapter 7, pp223-248, Oxford University Press, 2000, or
in P. Danny Allen et al.: "Detecting Reduced Bone Mineral Density From Dental Radiographs Using Statistical Shape
Models", IEEE Transactions on Information Technology in Biomedicine, vol. 11, no. 6, pp 601-610, 1. November 2007.
[0058] Atstep S3, a previously generated point distribution model of the outside edge of a tooth is fitted to the bitewing
radiograph. The centre of the tooth, determined as described above with reference to the processing of Figure 3, is used
to initialise the fit of the previously generated point distribution model.

[0059] In general terms, the point distribution models acting as ASMs are fitted using a process of iterative local
refinement. At step S3 of Figure 1, to fit the outside tooth edge model to a tooth, an initial shape is defined by the average
shape of the relevant shape model. The initial shape 15 is placed at the centre point 16 of a tooth as shown in Figure
11. The ASM then attempts to correctly locate the tooth edge.

[0060] As described above, an instance of the Point Distribution Model (PDM) is essentially a set of points defining
the boundary of a shape. At each point on the start shape (which is the mean shape in some embodiments although
pose information may be included to account for tooth orientation), a search is made along a line perpendicular to the
shape border at that point for the best candidate location to move that point to in the next iteration of the search. In this
particular implementation the best location is defined as the position of maximum gradient where the polarity of the
gradient is such that the image intensity changes from light within the tooth to dark outside the tooth. The distance along
the perpendicular included in this search is known as the 'Profile Length’, and its relevance is discussed in further detail
below.

[0061] Allowing each modelled point to vary independently will result in the generation of shapes which are not legally
defined by the point distribution model, and it is therefore necessary to limit movement of the points relative to one
another. From equation (5) the change in the parameter vector db arising from a change in shape dx is given by equation

(6):

db =PTdx (6)

[0062] Equation (6) provides a constraint on the allowed variation in shape by restricting the modes of variation to
those described by the point distribution model.

[0063] Further limitation is also required to restrict how much the overall shape model can vary from the mean shape.
That is, even with the limitation of equation (6) it is still possible to produce shapes which do not sufficiently resemble a
likely outside tooth edge shape. This is achieved by taking appropriate data from the training images. More specifically,
considering each shape parameter b; and its associated eigenvalue A it would be expected that the sum of equation
(7) should follow a y2 distribution.

' biz .
Z}T | o

[0064] Thus, by setting a limit on the sum of equation (7), using the area under the 2 distribution the desired proportion
of variance observed in the training set can be retained for images to which the model is fitted.
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[0065] As indicated, the values of the vector b are modified iteratively until a distribution of points considered to be
sufficiently accurate is determined. Iterative modification typically ends when changes in positions between subsequent
iterations are sufficiently small.

[0066] Inany ASM search a number of parameters need to be set such as sample profile length, degree of PDM shape
constraint (defined by the sum of equation (7)) number of resolution levels, and so on. In the experiments carried out,
these parameters were determined empirically.

[0067] In order to balance robustness and accuracy, a plurality of ASM searches can be performed with each search
using different parameters. In experiments it has been found that conducting two ASM searches provides good results
for locating the outer tooth edge. More specifically, a first search can be used to generate an approximate fit and a
second search can then be used to more accurately fit the ASM to the outer tooth edge. The first search uses a relatively
long profile length to allow the ASM to move from an initial position at the centre of the tooth to the outer edge of the
tooth while being relatively constrained to the mean shape (as indicated by equation 7). Once an approximate fit has
been located, the search length can be shortened, and the PDM shape constraint can be relaxed to allow for greater
variability from the mean.

[0068] Figure 12 shows the results of performing a first ASM search from the starting position shown in Figure 11
using a relatively long profile length of 25 pixels and PDM shape constraint of approximately 30% from the mean. It can
be seen that while the ASM search has successfully located the outer edge of the tooth, the model 15 is not accurately
fitted to the outer edge.

[0069] Figure 13 shows the results of performing a second search from the position shown in Figure 12 using a relatively
short profile length of 10 pixels and a PDM shape constraint (defined by equation (7)) of approximately 99% from the
mean (i.e. allowing greater variance). It can be seen that after the second iteration, the model 15 is more accurately
fitted to the outer edge of the tooth.

[0070] Using the parameters of profile length and PDM shape constraint described above, the first search allows the
model points to move sufficiently far from the centre to reach the outer tooth edge, while at the same time ensuring that
the shape of the model does not vary so far from the mean that it cannot be fitted to the outer tooth edge. Once the outer
tooth edge is found approximately, the profile length can be shortened as the model points have less distance to travel,
and the PDM shape constraint can be set such as to allow the model points to more closely fit the outer tooth edge even
if the shape of the tooth edge varies significantly from the mean shape.

[0071] Referring back to Figure 1, once the outer edge of the tooth has been accurately located at step S3, an ASM
search is used to locate the dentinoenamel junction at step S4.

[0072] In some images the difference in intensity between the dentine and the enamel may not be great enough to
allow a search to be based upon the strongest edge. Instead, the training set is used to build a statistical model of the
grey-level structure around the dentinoenamel junction by sampling along a profile normal to each dentinoenamel junction
model point in each image in the training set. In order to reduce the effects of global intensity change along the profile,
the derivative along the profile can be sampled rather than the absolute grey-level values.

[0073] At each iteration in the ASM search a profile is taken at a normal to the points of the fitted model, and these
samples are used as a basis for comparison with the statistical shape model to determine a quality of fit. In experiments,
the dentinoenamel junction ASM was initialized such that a fourth point from an end of the dentinoenamel junction model
was located at a selected point of the fitted outer tooth edge ASM. During search, this fourth point was kept fixed leaving
the other points to move along their normals to find the dentinoenamel junction. This procedure was repeated by selecting
each point of the fitted outer tooth edge ASM to correspond to the fourth point of the dentinoenamel junction model in
turn, resulting in a plurality of fitted dentinoenamel junction models. The best fit of the fitted dentinoenamel junction
models is chosen by selecting the fit having the lowest associated Mahalanobis distance.. The use of Mahalanobis
distance as a measure of quality of fit will be well known to those skilled in the art. In general terms, the Mahalanobis
distance between two profiles is the sum of the squared differences between the corresponding profile values weighted
by the inverse of the covariance matrix

[0074] Figure 15 shows the results of performing an ASM search as described above with a PDM shape constraint of
approximately 30% starting from the position shown in Figure 14. It can be seen that the ASM 18 has managed to
accurately locate the dentinoenamel junction of the tooth 17. In experiments, it has not been necessary to perform
multiple searches to locate the dentinoenamel junction, although it will be appreciated that a multi-resolution search can
be performed if desired.

[0075] An ASM search is conducted for each of the left and right edges, and the left and right dentinoenamel junctions
for each tooth, thereby fitting models to each of the left and right edges and left and right dentinoenamel junctions of the
tooth. The location of these anatomical features in the detection of dental caries is now described.

[0076] Figure 16 is a further bitewing radiograph showing a carious lesion 26 in a tooth 25, the carious lesion 26 being
indicated with a circle to aid visibility. The carious lesion appears as a relatively dark area in the bitewing radiograph.
[0077] In order to detect such carious lesions, the pixels in the tooth image are examined for darkening. The grey-
level intensity values of pixels are sampled along profiles parallel to the detected tooth edge. The first profile along which
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grey-level intensity values are sampled is defined by the detected tooth edge (identified by the fitting of the tooth edge
models described above). Grey-level intensity values are sampled along a number of subsequent profiles (parallel to
the detected tooth edge) continuing into the dentine (the start of the dentine identified by the fitting of the dentinoenamel
junction models described above). Profiles extending a little way into the dentine are examined. It will be appreciated
that as a carious lesion extends further into the dentine, the darkening of the radiograph image is likely to become more
pronounced, making visual identification of a carious lesion by a trained clinician more feasible. The following methods
are therefore of most use where it is unclear whether a carious lesion extends into the dentine. It is therefore often
unnecessary to sample profiles extending significant distances into the dentine, although it will be appreciated that the
number of profiles within the dentine along which pixel values are sampled may vary.

[0078] Figure 17 illustrates the area 27 of the tooth 25 in which pixels are sampled along profiles parallel to the tooth
edge in the general direction of the arrow 28. The profiles may be defined in any suitable way as will be apparent to
those skilled in the art. For example, projections may be defined perpendicular to each of a plurality of points at the tooth
edge, and a plurality of points may be defined on each projection. Profiles parallel to the tooth edge may then be defined
based upon corresponding points on each of the plurality of projections.

[0079] Figure 18 is a schemaitic illustration of profiles 30 along which grey-level intensity values are sampled. It can
be seen that a tooth edge 31 comprises a plurality of points 32 from which a projection 33 extends normal to the tooth
edge at that point. Grey-level intensity values may be sampled at points 34 along the projections 33 so as to define the
profiles 30. Also shown in Figure 18 is a dentinoenamel junction 35. It will be appreciated that samples are also taken
along the tooth edge 31.

[0080] Having identified the desired profiles, samples can be processed at sub-pixel resolution to provide greater
accuracy. Thatis, when sampling a particular pixel grey-level intensity values at a point 34, it may be desirable to process
grey-level intensity values of certain pixels surrounding the particular pixel in order to obtain a more accurate sample.
For example, where an example point 34a does not lie precisely at a pixel centre, a value to be associated with the point
34a may be obtained by interpolating among neighbouring pixel values. It will be appreciated that such an interpolation
may be achieved in several ways using, for example bilinear, bicubic or other interpolation techniques. Processing
samples at sub-pixel resolution is especially useful where the initial bitewing radiograph has a low resolution.

[0081] The sampled grey-level values can be plotted on a graph as shown in Figure 19 where the x-axis measures
the distance along each tooth profile in the direction of the arrow 28 of Figure 17. The y-axis indicates the grey-level
intensity value of a particular sample point. The top most plot is labelled to indicate that the samples of that plot are
taken from the inner-most profile, while the samples of the bottom-most plot are taken from the tooth edge.

[0082] As can be seen in the graph of Figure 19, itis possible that individual plots will exhibit spikes or dips as a result
of noise or artefacts in the radiograph image. To compensate for such random variability, the profiles are averaged over
five neighbouring profiles. Averaging the profiles plotted in Figure 19 over five neighbouring profiles results in the plot
shown in Figure 20 where the axis are the same as those in Figure 19.

[0083] Provided with the averaged profile plot of Figure 20 it is possible to determine possible carious regions by
examining the plots for corresponding dips in grey-level intensity repeated in a predetermined number of plots. The
carious lesion 26 has been identified in the plot of Figure 20 and is indicated with an ellipse 36.

[0084] Having located a particular carious lesion, determination of whether that lesion extends into the dentine can
be achieved by determining the last profile to exhibit the identified intensity dip and further determine if that profile is
beyond the location of the dentinoenamel junction identified by fitment of the dentinoenamel junction ASM at step S4 of
Figure 1.

[0085] The processing of Figure 1 described above may be carried out using a computer having components as shown
in Figure 21.

[0086] It can be seen that the computer comprises a CPU 40 which is configured to read and execute instructions
stored in a volatile memory 21 which takes the form of a random access memory. The volatile memory 41 stores
instructions for execution by the CPU 40 and data used by those instructions. For example, in use, instructions to perform
the processing of Figure 1 may be stored in the volatile memory 41.

[0087] The computer 40 further comprises non-volatile storage in the form of a hard disc drive 42. The computer 40
further comprises an 1/O interface 43 to which are connected peripheral devices used in connection with the computer
40. More particularly, a display 44 is configured so as to display output from the computer 40. The display 44 may, for
example, display bitewing radiographs, and the results of processing an analysis performed on the bitewing radiographs
as described above. Input devices are also connected to the I/O interface 43. Such input devices include a keyboard
45 and a mouse 46 which allow user interaction With the computer. A network interface 47 allows the computer to be
connected to an appropriate computer network so as to receive and transmit data (such as bitewing radiographs and
results from processing those bitewing radiographs) from and to other computing devices. The CPU 40, volatile memory
41, hard disc drive 42, I/O interface 43, and network interface 47, are connected together by a bus 48.

[0088] It has been described above that point distribution models are used to locate the outer tooth edge and denti-
noenamel junction, and an example has been described which uses Active Shape Models. It will be readily appreciated
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by those skilled in the art that other suitable modelling techniques may be used, alone or in combination, for the location
of one, or both of, the outer tooth edges and dentinoenamel junctions. For example, outer tooth edges may be located
by fitting a variety of statistical models of shape and/or appearance, generated from an annotated training set of images.
The fitted outer tooth edge models may be used, as described above, to initialize the fit of dentinoenamel junction models.
[0089] Suitable approaches to modelling include Active Appearance Models (AAMs) and variants thereof. AAMs are
well known in the art and are described in Cootes,T.F.; Edwards, G.J. and Taylor, C.J: "Active Appearance Models",
IEEE Transactions On Pattern Analysis And Machine Intelligence, Vol. 23, No. 6, 2001. Examples of applicable variants
of AAMs are further described in "Roberts, M.G, Cootes, T.F and Adams, J.E: "Robust Active Appearance Models with
Iteratively Rescaled Kernels", British Machine Vision Conference, 2007; Scott, |.M, Cootes, T.F and Taylor,
C.J: "Improving Appearance Model matching Using Local Image Structure", Information Processing in Medical Imaging,
18th International Conference, pg 258-269, 2003; and Saragih, J. and Goecke, R: "A Nonlinear Discriminative Approach
to AAM Fitting". Any or all of these modeling techniques may be used in the techniques described above, as may other
suitable techniques.

[0090] Embodiments of the presentinvention have been described above, it will be appreciated that the embodiments
described are in no way limiting. Indeed, many variations to the described embodiments will be apparent to an ordinary
skilled person, and such variations are within the scope of the present invention as set out in the appended claims.

Claims

1. A method for analysing an image of a tooth, the method comprising:

fitting a model to the image to identify a part of the image representing an outside edge of the tooth;
the method being characterised by:

analysing image variations in an area of the image to detect indications of dental caries, the area of the
image representing a part of the tooth and being defined with reference to the fitted model; and

generating data indicating the presence of dental caries based upon said analysed image variations.

2. A method according to claim 1, wherein the area of the image in which image variations are analysed is a plurality
of areas of the image, each area being defined with reference to the fitted model.

3. A method according to claim 1 or 2, wherein the or each area of the image in which image variations are analysed
is an elongate area.

4. A method according to claim 1, 2 or 3, wherein the or each area of the image in which image variations are analysed
extends generally parallel to the fitted model and image variations in a direction generally parallel to the fitted model

are analysed.

5. A method according to any preceding claim, wherein analysing image variations comprises analysing changes in
pixel values to identify a local maximum or minimum in the pixel values.

6. A method according to any preceding claim, further comprising:

defining a plurality of projections extending generally perpendicular to the fitted model; and
defining the or each area by reference to corresponding points on each of said projections.

7. A method according to any preceding claim, further comprising:

identifying a location in the image which is an approximation of the centre of the tooth in the image; and
fitting the model based upon the identified location.

8. A method according to claim 7, wherein identifying a location in the image which is an approximation of the centre
of the tooth in the image comprises:

at least partially identifying the boundaries of the tooth in the image; and

identifying a point within the identified boundaries for which the shortest distance to a boundary is a maximum
for all points within the identified boundaries;
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wherein the location is based upon the identified point.

9. Amethodaccordingto claim 8, wherein atleast partially identifying the boundaries of the tooth in the image comprises:
detecting edges in the image; and
identifying the boundaries based upon the detected edges.

10. A method according to any preceding claim, further comprising:
fitting a model to the image to identify a part of the image representing at least part of the dentinoenamel junction.

11. A method according to claim 10, wherein image variations are analysed In areas between the fitted model identifying
a part of the image representing an outside edge of the tooth and the fitted model identifying the part of the image
representing at least part of the dentinoenamel junction.

12. Amethodaccordingtoclaim 11, whereinimage variations are additionally analysed in a part of the image representing
dentine of the tooth defined by the fitted model identifying the part of the image representing the at least part of the
dentinoenamel junction, to determine whether dental caries extends into the dentine.

13. A computer program comprising computer readable instructions configured to cause a computer to carry out a
method according to any one of claims 1 to 12.

14. A computer readable medium carrying a computer program according to claim 13.

15. Apparatus for analysing an image of a tooth, the apparatus comprising:

means for fitting a model to the image to identify a part of the image representing an outside edge of the tooth;
the apparatus being characterised by:
means for analysing image variations in an area of the image to detect indications of dental caries, the area
of image representing a part the tooth, and the area being defined with reference to the fitted model; and
means for generating data indicating the presence of dental caries based upon said analysed image vari-
ations.
Patentanspriiche
1. Ein Verfahren fir die Analyse eines Bildes von einem Zahn, wobei das Verfahren Folgendes umfasst:
das Anpassen eines Modells gemaR dem Bild, um einen Teil des Bildes zu identifizieren, der eine AulRenkante
des Zahnes darstellt, wobei das Verfahren dadurch gekennzeichnet ist, dass:
Bildabweichungen in einem Bereich des Bildes analysiert werden, um Anzeichen fir Zahnkaries zu entde-
cken, wobei der Bereich des Bildes einen Teil des Zahns darstellt und mit Verweis auf das angepasste
Modell definiert wird; und
Daten generiert werden, die das Vorhandensein von Zahnkaries basierend auf den besagten Bildabwei-
chungen anzeigen.

2. Ein Verfahren gemaf Anspruch 1, wobei der Bereich des Bildes, in dem Bildabweichungen analysiert werden, eine
Vielzahl an Bereichen des Bildes darstellt, wobei jeder Bereich mit Verweis auf das angepasste Model definiert wird.

3. Ein Verfahren gemaR Anspruch 1 oder 2, wobei der oder jeder Bereich des Bildes, in dem Bildabweichungen
analysiert werden, ein verlangerter Bereich ist.

4. Ein Verfahren gemaf Anspruch 1, 2 oder 3, wobei der oder jeder Bereich des Bildes, in dem Bildabweichungen

analysiert werden, sich generell parallel zum angepassten Modell erstreckt und die Bildabweichungen in einer
Richtung, die generell parallel zum angepassten Modell verlduft, analysiert werden.
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Ein Verfahren gemaR einem der vorstehenden Anspriiche, wobei die Analyse der Bildabweichungen die Analyse
der Anderungen in Pixelwerten umfasst, um ein lokales Maximum oder Minimum in den Pixelwerten zu identifizieren.

Ein Verfahren gemaR einem der vorstehenden Anspriiche, das ferner Folgendes umfasst:

Definition einer Vielzahl an Projektionen, die sich generell senkrecht zu dem angepassten Modell erstrecken;
sowie

Definition des oder eines jeden Bereiches durch Verweis auf die entsprechenden Punkte auf jeder der besagten
Projektionen.

Ein Verfahren gemaR einem der vorstehenden Anspriiche, das ferner Folgendes umfasst:
Identifizierung einer Stelle auf dem Bild, die eine Approximation des Mittelpunkts des Zahns auf dem Bild
darstellt; sowie

Anpassung des Modells basierend auf der identifizierten Stelle.

Ein Verfahren gemaf Anspruch 7, wobei die Identifizierung einer Stelle auf dem Bild, die eine Approximation des
Mittelpunkts des Zahns auf dem Bild darstellt, Folgendes umfasst:

Mindestens eine teilweise Identifizierung der Réander des Zahns auf dem Bild; sowie die Identifizierung eines
Punktes innerhalb der identifizierten Rander, fir den die kiirzeste Entfernung zu einem Rand ein Maximum fir
alle Punkte innerhalb der identifizierten Rander darstellt;

wobei die Stelle auf dem identifizierten Punkt basiert.

Ein Verfahren gemaR Anspruch 8, wobei die mindestens teilweise Identifizierung der Rédnder des Zahns auf dem
Bild Folgendes umfasst:

die Erkennung von Kanten im Bild; und
die Identifizierung der Rander basierend auf den erkannten Kanten.

Ein Verfahren gemaR einem der vorstehenden Anspriiche, das ferner Folgendes umfasst:

Das Anpassen eines Modells an das Bild fiir die Identifizierung eines Teils des Bilds, der wenigstens einen Teil
der Schmelz-Dentin-Grenze darstellt.

Ein Verfahren gemafR Anspruch 10, wobei die Bildabweichungen in Bereichen zwischen dem angepassten Modell,
das einen Teil des Bildes identifiziert, der eine AuRenkante des Zahns darstellt, und dem angepassten Modell, das
einen Teil des Bildes identifiziert, der mindestens einen Teil der Schmelz-Dentin-Grenze darstellt, analysiert werden.
Ein Verfahren gemafl Anspruch 11, wobei die Bildabweichungen zusétzlich in einem Teil des Bildes analysiert
werden, der das Dentin des Zahnes darstellt, definiert nach dem anpassten Modell, das einen Teil des Bildes
identifiziert, welcher mindestens einen Teil der Schmelz-Dentin-Grenze darstellt, um festzustellen, ob sich das

Zahnkaries auf das Dentin erstreckt.

Ein Computerprogramm, das computerlesbare Anweisungen umfasst, die so konfiguriert sind, dass sie einen Com-
puter dazu bringen, ein Verfahren gemaf einem der Anspriiche 1 bis 12 auszufiihren.

Ein computerlesbares Medium, das ein Computerprogramm gemaf Anspruch 13 enthalt.
Ein Gerét fur die Analyse eines Bildes von einem Zahn, wobei das Gerat Folgendes umfasst:

Mittel fir die Anpassung eines Modells an das Bild zur Identifizierung eines Teils des Bilds, das eine Auenkante
des Zahns darstellt;

wobei das Gerat gekennzeichnet ist durch:

Mittel fir die Analyse von Bildabweichungen in einem Bereich des Bildes flr die Erkennung von Anzeichen fur
Zahnkaries, wobei der Bereich des Bildes einen Teil des Zahnes darstellt und der Bereich mit Verweis auf das
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angepasste Modell definiert wird; sowie
Mittel fur die Generierung von Daten, die das Vorhandensein von Zahnkaries basierend auf den besagten
analysierten Bildabweichungen anzeigen.

Revendications

Une méthode d’analyse d’'une image d’'une dent, la méthode comprenant :

linstallation d’'un modéle sur I'image afin d’identifier une partie de I'image représentant un bord extérieur de la
dent ; la méthode étant caractérisée par :

'analyse de variations de I'image dans une zone de I'image afin de détecter des indications de caries
dentaires, la zone de I'image représentant une partie de la dent et étant définie relativement au modéle
installé ; et

la production de données indiquant la présence de caries dentaires sur la base desdites variations de
limage analysée.

Une méthode selon la revendication 1, dans laquelle la zone de I'image dans laquelle des variations de I'image sont
analysées est une série de zones de 'image, chaque zone étant définie relativement au modéle installé.

Une méthode selon la revendication 1 ou 2, dans laquelle la ou chaque zone de I'image dans laquelle des variations
de 'image sont analysées est une zone allongée.

Une méthode selon la revendication 1, 2 ou 3, dans laquelle la ou chaque zone de I'image dans laquelle des
variations de I'image sont analysées s’étend dans une direction dans I'ensemble paralléle au modéle installé, et
des variations de I'image dans une direction dans I'’ensemble parallele au modéle installé sont analysées.

Une méthode selon une quelconque des revendications précédentes, dans laquelle 'analyse de variations de 'image
comporte I'analyse de variations des valeurs de pixels afin d’identifier un maximum ou un minimum local dans les
valeurs de pixels.

Une méthode selon une quelconque des revendications précédentes, comprenant également :

la définition d’'une série de projections s’étendant dans une direction dans I'ensemble perpendiculaire au modéle
installé ; et
la définition de la ou chaque zone en fonction de points correspondants sur chacune desdites projections.

Une méthode selon une quelconque des revendications précédentes, comprenant également :

l'identification d’'un emplacement sur 'image, qui est une approximation du centre de la dent sur I'image ; et
la mise en place du modéle en fonction de 'emplacement identifié.

Une méthode selon la revendication 7, dans laquelle I'identification d’'un emplacement sur I'image, qui est une
approximation du centre de la dent sur 'image comprend :

l'identification au moins partielle des limites de la dent sur I'image ; et

l'identification d’'un point au sein des limites identifiées pour lesquelles la distance la plus courte jusqu’a une
limite est un maximum pour tous les points au sein des limites identifiées ;

'emplacement étant basé sur le point identifié.

Une méthode selon la revendication 8, dans laquelle I'identification au moins partielle des limites de la dent sur
image comporte :

la détection des bords sur I'image ; et
I'identification des limites sur la base des bords détectés.

10. Une méthode selon une quelconque des revendications précédentes, comprenant également :
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linstallation d’'un modele sur 'image afin d’identifier une partie de I'image représentant au moins une partie de
la jonction de I'émail dentaire.

Une méthode selon la revendication 10, dans laquelle des variations de 'image sont analysées dans des zones
situées entre le modéle installé identifiant une partie de I'image représentant un bord extérieur de la dent, et le
modele installé identifiant la partie de I'image représentant au moins une partie de la jonction de I’émail dentaire.

Une méthode selon la revendication 11, dans laquelle des variations de I'image sont analysées en outre dans une
partie de I'image représentant la dentine de la dent définie par le modéle installé identifiant la partie de I'image
représentant au moins la partie de la jonction de I'émail dentaire, afin d’établir si la carie dentaire s’étend jusque
dans la dentine.

Un programme informatique comprenant des instructions lisibles par I'ordinateur, configurées pour déterminer I'exé-
cution par un ordinateur d'une méthode selon une quelconque des revendications 1 a 12.

Un support lisible par ordinateur comprenant un programme selon la revendication 13.
Un appareil pour I'analyse d’'une image d’'une dent, cet appareil comprenant :

un dispositif d’installation d’'un modeéle sur I'image afin d’identifier une partie de I'image représentant un bord
extérieur de la dent ;
L’appareil est caractérisé par :

un dispositif pour I'analyse de variations de 'image dans une zone de I'image pour détecter des indications
de caries dentaires, lazone de 'image représentant une partie de la dent, etlazone étant définie relativement
au modéle installé ; et

un dispositif de production de données indiquant la présence de caries dentaires sur la base desdites
variations de I'image analysées.

14
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