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“Method and system for super-resolution of confocal images acquired

through an image guide, and device used for implementing such a method”

This invention relates to a mcthod and system for super-resolution of confocal
images acquired through an image guide, as well as a device used for implementing such
a method.

It is a particularly useful application in the field of medical imaging. However, the
invention is wider in scope since it can be applied to any field in which imaging is
carried out by means of a guide comprising a plurality of optical fibres, such as for
example in the field of viewing the inside of a manufactured device.

Any discussion of the prior art throughout the specification should in no way be
considered as an admission that such prior art is widely known or forms part of common
general knowledge in the field.

The image guide makes it possible to obtain an image. Such a device makes it
possible to move the laser scanning, the light source and the receiver some distance from
the object to the observed. For example in a laser scanning system in which a confocal
image is obtained, the image guide is an assembly of several thousand optical fibres the
spatial arrangement of which is identical on entering and on leaving.

The distal end, i.e., the one that is close to the object to be observed, therefore
some distance from the light source, is associated with a head constituted by optics in
order to focus the laser beam in the object to be observed. Such an image guide makes it
possible to observe the object in-depth, with a lateral resolution and a field of view
which depend on the magnification of the optics, the inter-core distance of the image
guide and the guide diameter. By modifying the magnification, the resolution can be
varied, to the detriment of the field. In the same way, an image guide which is similar,
but with a smaller inter-core distance, makes it possible to obtain the same results. In
both cases, when the resolution is smaller, the imaged field also reduces.

An image guide is a fixed structure in which the relationship between the useful
surface to the number of cores present defines the resolution of the system. For the same
imaged field, and therefore the same image guide surface, the inter-core distance
between fibres cannot be reduced, because of physical and technological constraints.
Firstly, manufacturing constraints come into play, then physical constraints linked to the
background noise of the guide, and to the optical properties of the fibres making it

possible to guide the light around the visible wavelengths.
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Thus the physical guiding limits per bundie of optical fibres do not make it
possible to obtain a better resolution with fixed magnification and field.

in numerous fibre-type confocal imaging applications, the search for better
resolution is of prime importance. In a medical application for example, viewing a cell
or components of the cell requires a resolution which can go beyond the physical
limits of this technology.

Numerous works on super-resolution exist carried out using a standard camera,
where the sampling diagram is regular and arranged according to a square or
rectangular grid. These works make much use of the spatial regularity of the
sampling. In particular, works on super-resolution are known where the sampling
originating from a set of acquisitions is an interlaced sampling. The following
publications can for example be mentioned:

H. Shekarforoush and R. Chellappa. "Data-driven multi-channel  super-
resolution with application to video sequences'. Journal of the Optical Society of
America A, 16 (3):481-492, Mar. 1999;

R. Kornprobst, R. Peeters, T. Vieville, G. Malandain, S. Mierisova, S. Sunaert,
and 0. Faugeras and R. Van Hecke; "Superresolution in mri and its influence in
statistical analysis"; Technical Report No. 4513, INRIA, July 2002; and

S. Lertrattanapanich and N. K. Bose; "High resolution image formation from low
resolution frames using delaunay triangu/étion"; IEEE Transactions on Image
Processing, vol. 11(No. 12), December 2002.

Finally works are known describing a system where the movement between
several views is fairly free and produces a truly irregular sampling. The system
transfer function described is spatially variant, and the relationship between the width
of the transfer function and the distance separating the sampling points is not
constant over the acquisition, which results in taking account of the optics of the
system, and thus a fairly complex resolution. Such a system is in particular disclosed
in the following documents:

A. Patti, M. Sezan, and M. Tekalp; "Superresolution video reconstruction with
arbitrary sampling lattices and nonzero aperture time"; |IEEE Trans. on Image
Processing, pages 1064-1078, August 1997, and
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Andrew J. Patti and Yucel Altunbasak; “Artifact reduction for set theoretic super
resolution image reconstruction with edge adaptive constraints and higher-order
interpolants”; IEEE Transactions on Image Processing, 10(1): 179-186, January 2001,

The purpose of embodiments of the present invention is to increase the resolution
of an image acquired through an image guide. Another notable purpose of embodiments
of the invention is to apply the concept of super-resolution to an image guide.

Another purpose of embodiments of the invention is to improve the resolution of a
constant-field image acquired through an image guide by increasing the number of
measurement points per surface unit.

According to a first aspect of the invention there is provided a method for
increasing the resolution of confocal images acquired through an image guide
constituted by a plurality of optical fibres, the proximal end of this image guide being
connected to a laser scanning device provided for emitting a laser beam into each optical
fibre of the image guide and collecting each return beam during an acquisition, the distal
end being associated with an optical head for focusing the laser beam emitted by the
image guide in an object under observation, wherein for a given position of the optical
head, this method comprises the steps of:

- carrying out a plurality of acquisitions through thc image guide, each
acquisition being produced for a given spatial shift of said distal end of the image guide
relative to the optical head,

- transforming the data of each acquisition into a point cloud weighted by the
optical power measured on the object through each optical fibre of the image guide,

- positioning each point cloud relative to a point cloud taken as reference,

- superimposing the thus positioned point clouds, and

- reconstructing a final image from this superimposition.

According to a second aspect of the invention there is provided a device for
increasing the resolution of confocal images acquired through an image guide
constituted by a plurality of optical fibres, the proximal end of this image guide being
connected to a laser scanning device provided for emitting a laser beam into each optical
fibre of the image guide and collecting each return beam during an acquisition, the distal
end being associated with an optical head for focusing the laser beam emitted by the
image guide in an object under observation, wherein the optical head comprises optical

means integral with this optical head, and in that the device also comprises a
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piezoelectric tube surrounding the image guide and integral with this image guide, at
least at said distal end, so as to spatially shift this distal end relative to the optical head in
response to a shift order.

According to a third aspect of the invention there is provided a system
implementing the method according to the invention, for increasing the resolution of
confocal images acquired through an image guide constituted by a plurality of optical
fibres, the proximal end of this image guide being connected to a laser scanning device
provided for emitting a laser beam into each optical fibre of the image guide and
collecting each return beam during an acquisition, the distal end being associated with an
optical head for focusing the laser beam emitted by the image guide in an object under
observation, wherein for a given position of the optical head, this system comprises:

- means for producing a plurality of acquisitions through the image guide,

- means for spatially shifting, at each acquisition, said distal end of the image
guide relative to the optical head,

- means for transforming the data of each acquisition into a point cloud
weighted by the optical power measured on the object through each optical fibre of the
image guide,

- means for positioning each point cloud,

- means for superimposing the thus-positioned point cloud, and

- means for reconstructing a final image from this superimposition.

At least one of the abovementioned objectives is achieved with a method for
increasing the resolution of confocal images acquired through an image guide
constituted by a plurality of optical fibres, the proximal end of this image guide being
connected to a laser scanning device provided for emitting a laser beam into each optical
fibre of the image guide and collecting each return beam during an acquisition, the distal
end being associated with an optical head for focusing the laser beam emitted by the
image guide in an object under observation. According to the invention, for a given
position of the optical head, this method comprises the steps of:

- carrying out a plurality of acquisitions through the image guide, each
acquisition being produced for a given spatial shift of said distal end of the image guide
relative to the optical head,

- transforming the data of each acquisition into a point cloud weighted by the

optical power measured on the object through each optical fibre of the image guide,
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- positioning each point cloud relative to a point cloud taken as reference,

- superimposing the thus positioned point clouds, and

- reconstructing a final image from this superimposition,

With the method according to embodiments of the invention, a redundant
acquisition of the same object is produced before a step of reconstructing the final
image. For a given position of the optical head, several acquisitions are carried out, each

acquisition corresponding to a given position of the image guide.
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Throughout the remainder of the description, although linguistically incorrect,
the expression step of point cloud positioning is used to signify that in fact each point
cloud is processed so as to position the images corresponding 1o these point clouds,
without necessarily reconstructing these images.

In particular, a single acquisition through the image guide is equivalent to an
acquisition on an irregular grid (which is the location of the fibres), hereafter referred
to as sampling of the object. The movement of the image guide in the tube comes
down to moving the sampling diagram which is the arrangement of the individual
fibres in the image guide. With two acquisitions, two samplings of the same object
are thus obtained, but spatially shifted. By superimposing them, a sampling is
obtained with twice as many measurement points. By multiplying the experiment, a
larger sampling point cloud is obtained. The resulting sampling is irregular and must
be reconstructed in the form of an image.

The step of transforming the acquired data can be followed by the application of
a filter in order to eliminate artefacts due to the presence of the image guide. This
filter can consist of a method for processing images acquired using a guide
constituted by a plurality of optical fibres. More precisely, for each optical fibre, on the
acquired image (the raw data) a zone corresponding to this optical fibre is isolated,
then the information from this zone is used in order to estimate the power transmitted
by this fibre, and the power originating from the object under observation via this
same fibre. A representation of the object under observation is then a weighted point
cloud which can be reconstructed in the form of an image by interpolation of said
weighted point cloud on a square grid. Such a transformation (estimation of the
power + interpolation) makes it possible to eliminate the pattern due to the optical
fibres.

According to an embodiment of the invention, the positioning step comprises
the following steps:

- correction of the geometrical distortions,

- reconstruction of a reference image designated “fixed image” by interpolation

of a reference point cloud referred to as a "fixed point cloud”,
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- for every other point cloud, designated “mobile point cloud”, reconstruction
of an image refereed to as “mobile”, then optimization of a mean square error calculated
between said mobile image and said fixed image.

Advantageously, the mean square error is calculated considering only the pixels
corresponding to the points of said mobile point clouds.

The interpolation algorithm is for example an iterative sequence of B-spline
approximates disclosed in particular in the following document: Seungyong Lee,
George Wolberg, and Sung Yong Shin; “Scattered data interpolation with multilevel b-
splines”; IEEE transactions on visualization and computer graphics, 3(3), July-
September 1997.

Advantageously, the reference point cloud can correspond to a position of the
image guide at rest.

According to embodiments of the invention, the positioning step can for example
consist of positioning each point cloud as a function of predetermined shift distances
obtained by a step of calibrating the movements of the image guide.

Preferably, at each acquisition, in order to shift the image guide relative to the
optical head, at least one voltage is applied to at least one piezoelectric strip, which is at
least integral with the distal end of this image guide. By way of example, four strips are
used, constituting a piezoelectric tube which surrounds at least the distal end of the
image guide, and, for each movement of the distal end of the image guide, a pair of
opposite voltages are applied to two opposite strips respectively. Moreover, the spatial
shift is obtained by a substantially lateral translation movement of the distal end of the
image guide in two orthogonal or at least non-colinear directions.

Advantageously, the calibration step can be carried out by applying the following
steps to a limited number of point clouds obtained by acquisition of a reference pattern
arranged in the place of said object under observation:

- correction of geometric distortions,

- reconstruction of a reference image, designated “fixed image”, by

interpolation of a reference point cloud referred to as a “fixed point cloud”,

-10-
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- for every other point cloud, designated a “mabile point cloud", reconstruction
of an image referred to as “mobile”, then optimization of a mean square error
calculated between said mobile image and said fixed image,

- production of a linear model describing the shift distance obtained between
fixed image and mobile image as a function of the voltage applied to the piezoelectric
strip in order to produce this shift.

The calibration makes it possible to validate a mode! of linear movements as a
function of the voltage applied and to estimate a shift coefficient as a function of the
measurements. The subsequent point clouds are then positioned using this linear
model.

Moreover, the step of reconstructing the final image can be carried out using a
so-called iterative B-spline approximation algorithm for which the superimposition is
considered as an irregular-points cloud. This algorithm displays good mathematical
behaviour, good stability, and is of reasonable cost in terms of calculation time.

The problem of reconstruction from several acquisitions is the same as that of
reconstruction knowing only a single acquisition with a non-linear system. 1t is
assumed here that the equivalent transfer function of the system is spatially variant,
and that the sampling is irregular.

The step of reconstructing the final image can be followed by a step of
deconvolution of the final image if the thus-synthesized sampling is redundant.

According to another aspect of the invention, a device is proposed for
increasing the resolution of confocal images acquired through an image guide
constituted by a plurality of optical fibres, the proximal end of this image guide being
connected to a laser scanning device provided in order to emit a laser beam into
each optical fibre of the image guide and collect each return beam during an
acquisition, the distal end being associated with an optical head for focusing the laser
beam emitted by the image guide in an object under observation. According to the
invention, the optical head comprises optical means integral with this optical head.
The device also comprises a piezoelectric tube surrounding the image guide and
integral with this image guide, at least at said distal end, so as to spatially shift this
distal end relative to the optical head in response to a shift order. This

11-
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set value is preferably a pair of voltages applied to the piezoelectric tube.

The piezoelectric tube is advantageously constituted by at least four independent
ceramic strips each occupying a quarter of the tube. The internal and external faces of
each strip can be covered with metallic material, such as silver, such that the application
of opposite voltages to two opposite strips respectively, shifts the distal end of the tube
by exploiting the transverse piezoelectric effect. More precisely, the ceramic strips can
be controlled two by two in two orthogonal directions.

A system is also proposed for increasing the resolution of confocal images
acquired through an image guide constituted by a plurality of optical fibres, the proximal
end of this image guide being connected to a laser scanning device provided for emitting
a laser beam into each optical fibre of the image guide and collecting each return beam
during an acquisition, the distal end being associated with an optical head for focusing
the laser beam emitted by the image guide in an object under observation. Accotding to
embodiments of the invention, for a given position of the optical head, this system
comprises:

- means for producing a plurality of acquisitions through the image guide,

- means for spatially shifting, at each acquisition, said distal end of the image
guide relative to the optical head,

- means for transforming data from each acquisition into a point cloud
weighted by the optical power measured on the object through each optical fibre of the
image guide,

- means for positioning each point cloud,

- means for superimposing the thus-positioned point clouds, and

- means for reconstructing a final image from this superimposition.

Unless the context clearly requires otherwise, throughout the description and the
claims, the words “comprise”, “comprising”, and the like are to be construed in an
inclusive sense as opposed to an exclusive or exhaustive sense; that is to say, in the
sense of “including, but not limited to”.

This invention will be better understood and other advantages will become
apparent in light of the following description of an embodiment, said description being

made with reference to the drawings in which:

-12-
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- Figure 1 is an exploded diagrammatic view of the overall system
according to the invention; ’

- Figure 2 is a diagrammatic view of the piezoelectric tube surrounding the
image guide;

- Figure 3 is a diagrammatic view illustrating the movement of the end of
the image guide;

- Figure 4 is a diagrammatic view illustrating an irregular superimposition
of point clouds; and

- Figure 5 is a block diagram illustrating the principle of positioning the
point clouds.

Figure 1 shows an ordered bundie of flexible optical fibres (in particular several
tens of thousands) forming an image guide 1 with, at its proximal end, a light source
2 and a fibre injection system making it possible to illuminate the fibres one by one
and, at its distal end, an optical head 3 making it possible to focus the beam leaving
the illuminated fibre at a point situated at a given depth of the object under
observation 4. The injection system comprises several optical elements 5 preceded
by a fibre scanning system 6, such as a deflection unit, making it possible to scan the
fibres one by one at very high speed. Each fibre is used in turn to convey the
illumination beam and also the corresponding return beam originating from the object
under observation. The spatial resolution is abtained by focusing the laser beam into
a point and by the confocal character residing in the spatial filtering of the object
under observation by the same fibres as those used for the illumination. This makes
it possible to receive, by means of a photodetector 9, exclusively the signal
originating from the object under observation and to produce an image point by point.

The distal end of the image guide is inserted into a piezoelectric tube 7, itself
mounted in a rigid tube 3 forming an optical head and containing optics 8 placed at
the outiet of the image guide 1. The piezoelectric tube 7 makes it possible to move
the image guide 1 inside the optical head 3 which remains fixed relative to the object
under observation. This avoids problems resulting from the friction of the optical head
on the object under observation.

Figure 2 shows in perspective the configuration of the piezoelectric tube 7. This
tube 7 is constituted by four ceramic parts each occupying a quarter

13-
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cylinder. The tube 7 is coated with silver on the internal and external faces in order to
exploit the transverse piezoelectric effect. This phenomenon explains the
deformation of a crystal when the latter is immersed in an electric field, resulting from
the existence of electric dipoles in the crystalline configuration.

When a voltage is applied between the internal and external faces of a ceramic,
the latter extends (or contracts depending on the sign of the voltage) and becomes
finer (or wider, respectively). The scanning is therefore carried out by applying a
positive voltage to one of the ceramics and the opposite voltage to the opposite
ceramic. As one face extends and the opposite face contracts, the tube 7 curves and
its free end moves. It is thus possible to shift the distal end of the fibres along two
orthogonal axes, in both directions. Figure 3 illustrates a movement of the
piezoelectric tube 7 along one axis. The unbroken lines represent the at-rest position,
without shift. The dotted lines represent the end of the upwardly-shifted piezoelectric
tube 7, thus resulting in the shifting of the distal end of the image guide 1. By contrast
the optics 8a and 8b, integral with the optical head, as well as the object under
observation 4 remain fixed. The movement of the distal end of the image guide
corresponds to a movement of the point of impact of the laser beam on the object
under observation.

For each pair of voltages applied to the piezoelectric tube 7, a deformation is
produced, and the acquisition carried out through the image guide 1 is thus shifted by
a distance proportional to the voltages applied.

The super-resolution method according to the invention comprises a first step in
which, for a given fixed position of the optical head, a series of acquisitions is carried
out. For each acquisition, the laser beam scans all of the optical fibres. The
photodetector 9 then retrieves a set of raw data which can be represented by
arranging them on a grid following the order of the laser scanning. For each fibre
domes are seen to appear, representing the position of the fibres in the guide relative
to the laser scanning. The shift of the distal end of the image guide 1 does not
change the arrangement or the position of the optical fibres at the proximal end of the
image guide. By contrast the object observed through these domes which can be

compared with a grid with holes is shifted when the piezoelectric tube 7 is deformed.

-14-
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Then these raw data are transformed into a point cloud weighted by the optical
power measured on the object, through each fibre of the image guide. This
transformation makes it possible for each point to represent the information actually
seen by each fibre during the laser scanning. A filter can also be applied to each
point cloud so as to eliminate artefacts (grid) linked with the presence of the image
guide.

By producing several acquisitions with different positions of the distal end of the
image guide, it is as if sampfing points had been created, shifted for example
vertically and horizontally. The number of acquisitions and the directions are limited
only by the precision of the piezoelectric tube 7.

Figure 4 shows, for each fibre, a zone of influence which can be defined as the
width of the optical transfer function of each fibre combined with that of the optics
placed between the outlet of the image guide and the object under observation. It
should be noted that the transfer function of one fibre is not necessarily equal to that
of the adjacent fibre. In practice they can be considered as all being different, at least
in width.

Before being able to superimpose the point clouds, they must be positioned. In
fact, the same object has been acquired, but the sampling diagram is shifted, After
correction of the geometrical distortions of the system, the shift comes down to a
translation which is evaluated by comparing all the acquisitions of the same object
with a reference acquisition, in general that where the piezoelectric tube 7 is at rest
(by convention).

The problem of positioning of the images is a fairly standard subject and

numerous techniques exist. The problem consists of positioning two images of the

same object taken before and after shifting by means of the piezoelectric mechanism.

In the present case, the underlying transformation model is a translation model. The
number of parameters to be estimated is therefore only two (x, y). However, the
transformation mode! of the present case differs from many studies, as an irregular
grid is used.

In the present case, the best transformation is sought by minimizing a cost
function with two parameters (the translation values along the translation axes). It
can for example be considered that the problems at the

-15-
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edges are negligible as the movements are small. The sought solution is then close
to (0, 0).

The adopted algorithm principle is illustrated in Figure 5. Generally, a reference
point cloud will be defined, hereafter designated “fixed point-cloud". This fixed point
cloud will then be interpolated so as to reconstruct an image hereafter designated
“fixed image” 10.

in particular, the interpolation of the fixed point cloud in order to obtain the fixed
image is carried out using the iterative b-spline approximation algorithm disclosed in
the document of Seungyong Lee et al., which is described briefly below. In order not
to calculate the interpolation value each time, an interpolation is carried out on a fine,
preferably square regular grid, then the closest is chosen. Thus an interpolation
which is fairly smooth and very quickly calculated is obtained.

Then an interpolation is carried out of every other point cloud, hereafter
designated mobile point cloud, so as to reconstruct a mobile image. Then the mean
square error between each mobile image and the fixed image is optimized.
Advantageously, a pixel by pixel calculation between two images, as is the standard
case is not carried out, but a calculation is carried out taking into account only the
pixels corresponding to the points of the mobile point cloud. The advantage is a
considerable saving in time.

The optimization is carried out with a loop, the steps of which are:

A transformation step 14 in which the translation parameters which will be
evaluated in the loop are defined;

An step of interpolation 12 of the transformation, in which the initial mobile point
cloud is translated by the transformation in process;

A distance calculation step 13, in which a distance between the mobile image
originating from the translated mobile point cloud 11 and the fixed image 10
representing the fixed point cloud is measured. This distance is a mean square error
evaluated between the points of the mobile point cloud and the interpolated fixed
image;

An optimization step in which an optimizer 15 based on a gradient, such as a
conjugated gradient is used. The optimizer 15 evaluates the local variations in the

previously calculated distance in order to find a new
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transformation (i. e. translation) which makes it possible to reduce the value of the
distance (i.e. to optimize it) to the next loop .

The loop is exited when the distance function no longer decreases.

So as not to have to carry out the process of positioning which has just been
described for all the point clouds, this positioning process will be carried out for a
reference object with a limited number of acquisitions. In order to do this, the object
under observation is replaced by the reference object, such as a calibration pattern
or more precisely a resolution pattern for example. The results obtained during this
positioning of a limited number of point clouds then make it possible to calibrate the
shifts of the piezoelectric tube as a function of the voltages applied. The image guide
1 and optical head 3 assembly can turn relative to the axis of the scanning of the
confocal part 5, 6, and thus at least the axis of the movements as well as their
direction must be estimated. To do this, a limited number of possible shifts, for
example 64, is carried out and they are positioned relative to a common reference,
for example a point cloud obtained when the piezoelectric tube is at rest. Then a
linear regression is carried out on all of the voltage pairs applied to the piezoelectric -
shift measured per positioning. If this model is finear and has a satisfactory precision
(much less than the inter-core distance), the model is considered valid, and it can
subsequently be used directly on the later acquisitions produced on the
measurement object, without having to re-position the images represented by the
point clouds. This preferred embodiment therefore allows a much more rapid
processing since the point clouds acquired with the object under observation do not
undergo the entire positioning process with interpolation. This process is carried out
only for 64 point clouds acquired with one or other resolution pattern.

It can also be envisaged, in a non-preferred mode, to use the object under
observation directly rather than a resolution pattern in order to produce the linear
model from a limited number of point clouds.

In the case where the model is not linear, or if it is imprecise, or if there is
hysteresis, it cannot be used. In this case, the degraded mode described previously
should therefofe be implemented, i.e. each point cloud which must be the subject of

super-resolution must be interpolated, then positioned.
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When all the shifts are known, the correspanding shift is subjected to each
sampling, and they are superimposed. Thus a synthesized acquisition is obtained
with as many more points than acquisitions. The reconstruction is then carried out in
two phases. Firstly, the resulting weighted point cloud is approximated, or
interpolated, with standard methods. It is taken into account that this resulting cloud
is irregular. For example the iterative b-spline approximation as defined previously is
used during the positioning. This algorithm can be briefly described hereafter:

Let f be the function to be reconstructed. f will be expressed in the form of a
uniform bicubic B-spline function defined on a rectangular mesh @ covering the
support f. The function obtained is therefore C% The values associated with the
nodes of the mesh are marked ®;. Without loss of general applicability, it is assumed
that this mesh is composed of the points of whole coordinates over a rectangle of the
plane.

Knowing the values of the control points ®;;, fis given by:

3 3
=3 3 olll.s (0

The B-spline is given by:

B, tgx

B, tm+ 4

B, ’%m/}tz +3t+1
B, t§‘j

The estimation of the control points ®;; takes place by iterative approximations,
using hierarchical lattices, passing from one scale to the foliowing scale by refining
the lattice by a factor of 2. Each sampling point will influence 16 control points.
Without reversing the whole of the system, the contributions of the preceding scales
will be calculated locally at each scale, and the residues to be estimated for this scale
deduced. Each sampling point wili influence the 16 closest control points.
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This algorithm makes it possible to obtain an interpolation at the convergence
of the algorithm (finite number of iterations). In the present case, two limit cases for
the size of the lattice can be considered. The first is the case where there is not a
single control point ®; ; which is not influenced by at least one sampling point. The
second is the case where any two sampling points cannot influence the same control
point. These two cases make it possible to calculate the size of the starting lattice,
and the size of the lattice making it possible to achieve convergence. These sizes
can be calculated empirically, assuming that the distribution of the points is that of a
hexagonal sampling. The histogram of the distances between the adjacent sampling
points is observed (within the meaning of their Voronoi diagram) is observed, and the
quantiles is kept at 5% (or any other low percentage). This minimal distance is in fact
the distance between two shifts.

Other algorithms make it possible to reconstruct a point cloud with satisfactory
results. The originality resides in the formalization of the problem in the form of
interpolation or approximation of an irregular point cioud.

According to the invention, a step of deconvolution of the signal is then
optionally carried out, making the approximation that the system is invariant linear,
and taking an average transfer function of a fibre of the image guide. Wiener filtering
can for example be used.

Of course, the invention is not limited to the examples which have just been
described and numerous changes can be made to these examples without

exceeding the scope of the invention.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:-

1.  Method for increasing the resolution of confocal images acquired through an
image guide constituted by a plurality of optical fibres, the proximal end of this image
guide being connected to a laser scanning device provided for emitting a laser beam into
each optical fibre of the image guide and collecting each return beam during an
acquisition, the distal end being associated with an optical head for focusing the laser
beam emitted by the image guide in an object under observation, wherein for a given
position of the optical head, this method comprises the steps of:

- carrying out a plurality of acquisitions through the image guide, each
acquisition being produced for a given spatial shift of said distal end of the image guide
relative to the optical head,

- transforming the data of each acquisition into a point cloud weighted by the
optical power measured on the object through each optical fibre of the image guide,

- positioning each point cloud relative to a point cloud taken as reference,

- superimposing the thus positioned point clouds, and

- reconstructing a final image from this superimposition.

2. Method according to claim 1, wherein the step of transforming the acquired data is
followed by the application of a filter in order to eliminate artifacts due to the presence

of the image guide.

3. Method according to claim 1 or 2, wherein the positioning step comprises the
following steps:

- correction of the geometrical distortions,

- reconstruction of a reference image designated “fixed image” by
interpolation of a reference point cloud referred to as a “fixed point cloud”,

- for every other point cloud, designated “mobile point cloud”, reconstruction
of an image referred to as “mobile”, then optimization of a mean square error calculated

between said mobile image and said fixed image.

4. Method according to claim 3, wherein the mean square error is calculated by

considering only the pixels corresponding to the points of said mobile point clouds.
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5. Method according to claim 3 or 4, wherein the interpolation consists of a so-called

iterative B-spline approximation algorithm.

6.  Method according to any one of claims 3 to S, wherein the fixed point cloud

corresponds to a position of the image guide at rest.

7.  Method according to claim 1 or 2, wherein the positioning step consists of
positioning the point clouds as a function of predetermined shift distances obtained by a

step of calibrating of the movements of the image guide.

8. Method according to any one of the preceding claims, wherein at each acquisition,
in order to shift the image guide relative to the optical head, at least one voltage is
applied to at least one piezoelectric strip, which is at least integral with the distal end of

this image guide.

9. Method according to claims 7 and 8, wherein the calibration step is carried out by
applying the following steps to a limited number of point clouds obtained by acquisition
of a reference pattern arranged in the place of said object under observation:

- correction of geometrical distortions,

- reconstruction of a reference image designated “fixed image” by
interpolation of a reference point cloud referred to as a “fixed point cloud”,

- for every other point cloud, designated “mobile point cloud”, reconstruction
of an image referred to as “mobile”, then optimization of a mean square error calculated
between said mobile image and said fixed image,

- production of a linear model describing the shift distance obtained between
fixed image and mobile image as a function of the voltage applied to the piezoelectric

strip in order to produce this shift.

10. Method according to claim 8 or 9, wherein four strips are used constituting a
piezoelectric tube which surrounds at least the distal end of the image guide, and in that,
for each movement of the distal end of the image guide, a pair of opposite voltages is

applied to two opposite strips respectively.

11. Method according to any one of the preceding claims, wherein the spatial shift is
obtained by a substantially lateral translation movement of the distal end of the image

guide in two orthogonal directions.
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12. Method according to any one of the preceding claims, wherein the step of
reconstructing the final image is carried out by means of a so-called iterative B-spline
approximation algorithm for which the superimposition is considered as an irregular-

point cloud.

13. Method according to any one of the preceding claims, wherein the step of

reconstructing the final image is followed by a step of deconvolution of the final image.

14. Device for increasing the resolution of confocal images acquired through an image
guide constituted by a plurality of optical fibres, the proximal end of this image guide
being connected to a laser scanning device provided for emitting a laser beam into each
optical fibre of the image guide and collecting each return beam during an acquisition,
the distal end being associated with an optical head for focusing the laser beam emitted
by the image guide in an object under observation, wherein the optical head comprises
optical means integral with this optical head, and in that the device also comprises a
piezoelectric tube surrounding the image guide and integral with this image guide, at
least at said distal end, so as to spatially shift this distal end relative to the optical head in

response to a shift order.

15. Device according to claim 14, wherein the piezoelectric tube is constituted by at

least four independent ceramic strips each occupying a quarter of the tube.

16. Device according to claim 15, wherein internal and external faces of each strip can
be covered with metallic matenial, such as silver, such that the application of opposite
voltages to two opposite strips respectively shifts the distal end of the tube by exploiting

the transverse piezoelectric effect.

17. Device according to claim 15 or 16, wherein the ceramic strips are controlled two

by two in two orthogonal directions.

18. System implementing the method according to any one of claims 1 to 13, for
increasing the resolution of confocal images acquired through an image guide
constituted by a plurality of optical fibres, the proximal end of this image guide being
connected to a laser scanning device provided for emitting a laser beam into each optical
fibre of the image guide and collecting each return beam during an acquisition, the distal

end being associated with an optical head for focusing the laser beam emitted by the

22-




2004314774 05 Nov 2008

20

_18-

image guide in an object under observation, wherein for a given position of the optical
head, this system comprises:

- means for producing a plurality of acquisitions through the image guide,

- means for spatially shifting, at each acquisition, said distal end of the image
guide relative to the optical head,

- means for transforming the data of each acquisition into a point cloud
weighted by the optical power measured on the object through each optical fibre of the
image guide,

- means for positioning each point cloud,

- means for superimposing the thus-positioned point cloud, and

- means for reconstructing a final image from this superimposition.

19.  Method for increasing the resolution of confocal images acquired through an
image guide constituted by a plurality of optical fibres, substantially as herein described
with reference to any one of the embodiments of the invention illustrated in the

accompanying drawings and/or examples.

20.  Device for increasing the resolution of confocal images acquired through an
image guide constituted by a plurality of optical fibres, substantially as herein described
with reference to any one of the embodiments of the invention illustrated in the

accompanying drawings and/or examples.

21.  System implementing the method according to any one of claims 1 to 13,
substantially as herein described with reference to any one of the embodiments of the

invention illustrated in the accompanying drawings and/or examples.
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