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(7) ABSTRACT

The invention relates to a cavity determination apparatus for
determining a cavity (3) within an object (2), in particular for
determining the location and dimensions of a heart chamber
within a person. A bendable segment of an introduction ele-
ment (5) is arranged within the cavity in different arrange-
ments, wherein curves defined by the bendable segment in the
different arrangements are determined by a curve determina-
tion unit (7). A cavity reconstruction unit (8) reconstructs the
cavity based on the determined curves. Thus, not only single
locations within the cavity are acquired and used for recon-
structing the cavity, but larger curves. A lot of spatial infor-
mation can therefore be acquired and used very fast. This
allows reconstructing the cavity with improved quality in a
relatively short time.
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CAVITY DETERMINATION APPARATUS

FIELD OF THE INVENTION

[0001] The invention relates to a cavity determination
apparatus, a cavity determination method and a cavity deter-
mination computer program for determining a cavity within
an object.

BACKGROUND OF THE INVENTION

[0002] US 2010/0268059 Al discloses an ablation system
for ablating cardiac tissue. The system comprises an ablation
catheter with an electromagnetic localization sensor located
close to the tip of the ablation catheter. The tip of the catheter
is moved to different locations on the inner wall of the heart,
wherein at each location the position of the tip is determined
by using the localization sensor. The resulting set of deter-
mined positions is used for reconstructing an inner cavity of
the heart.

[0003] Since in an acceptable time only few different posi-
tions of the tip of the ablation catheter within the cavity can be
determined, the reconstructed cavity, which is determined
based on only these few locations of the tip of the ablation
catheter, has a poor quality only.

SUMMARY OF THE INVENTION

[0004] Itis an object of the present invention to provide a
cavity determination apparatus, a cavity determination
method and a cavity determination computer program for
determining a cavity within an object, which allows deter-
mining the cavity within the object with improved quality in
a relatively short time.

[0005] In a first aspect of the present invention a cavity
determination apparatus for determining a cavity within an
object is presented, wherein the apparatus comprises:

[0006] an introduction element for being introduced into
the cavity, wherein the introduction element comprises a
bendable segment for being arranged within the cavity in
different arrangements,

[0007] a curve determination unit for determining curves
defined by the bendable segment within the cavity in the
different arrangements,

[0008] a cavity reconstruction unit for reconstructing the
cavity based on the determined curves.

[0009] Since not only single locations within the cavity are
acquired, but curves defined by the bendable segment within
the cavity in the different arrangements, a lot of spatial infor-
mation can be acquired very fast. This allows reconstructing
the cavity with improved quality in a relatively short time.
[0010] The determined curve defined by the bendable seg-
ment within the cavity in the respective arrangement can be
regarded as a one-dimensional line describing the shape, ori-
entation and location of the bendable segment within the
cavity in the respective arrangement. The determined curve
can therefore be regarded as describing the spatial run of the
bendable segment within the cavity in the different arrange-
ments.

[0011] The introduction element is preferentially a cath-
eter, in particular, an ablation catheter for ablating an inner
wall of the cavity. Preferentially, the cavity is a cavity of a
heart of a living being and the ablation catheter is adapted to
ablate cardiac tissue.

[0012] In an embodiment the cavity reconstruction unit is
adapted to reconstruct the cavity such that the determined
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curves defined by the bendable segment in the different
arrangements are within the reconstructed cavity. Moreover,
at least in some of the different arrangements the bendable
segment can be in contact with the inner wall of the cavity
such that the curves define contact curves, wherein the cavity
reconstruction unit can be adapted to reconstruct the cavity
depending on the contact curves. In particular, the cavity
reconstruction unit can be adapted to reconstruct the cavity
such that walls of the reconstructed cavity correspond to the
contact curves. For instance, the cavity reconstruction unit
can be adapted to reconstruct the cavity such that the walls of
the reconstructed cavity run through the contact curves and/or
enclose the contact curves. This allows reconstructing the
cavity reliably based on the contact curves.

[0013] Inapreferred embodiment the introduction element
comprises at least two electrodes between which the bendable
segment is located, wherein the apparatus comprises a contact
determination unit, which is electrically connected to the at
least two electrodes, for determining contact information
indicating whether the bendable segment is in contact with
the inner wall of the cavity based on electrical signals
received from the electrodes, wherein the cavity reconstruc-
tion unit is adapted to determine whether determined curves
are contact curves depending on the contact information. The
contact determination unit is preferentially adapted to deter-
mine that the bendable segment is in contact with the inner
wall of the cavity, if the electrical signals received from the
electrodes indicate that the electrodes are in contact with the
inner wall. This allows the apparatus to reliably determine
whether the bendable segment is in contact with the inner wall
of the cavity or not in the respective arrangement such that
contact curves can reliably be determined.

[0014] Insome of the different arrangements the bendable
segment may not be in contact with the inner wall of the cavity
such that the curves defined by the bendable segment are non
contact curves, wherein the cavity reconstruction unit can be
adapted to reconstruct the cavity depending on the contact
curves and depending on the non contact curves. The cavity
reconstruction unit can be adapted to reconstruct the cavity
such that the non contact curves are within the reconstructed
cavity. The consideration also of the non contact curves, while
reconstructing the cavity, can further improve the quality of
the reconstruction.

[0015] Thecavity reconstruction unit can also be adapted to
determine whether determined curves are non contact curves
depending on the contact information provided by the contact
determination unit. The atleast two electrodes and the contact
determination unit can therefore also be used to reliably deter-
mine non contact curves, which can be used together with
contact curves for reconstructing the cavity.

[0016] In an embodiment the cavity reconstruction unit is
adapted to provide an adaptable cavity model and to adapt the
cavity model to the determined curves defined by the bend-
able segment in the different arrangements for reconstructing
the cavity. The cavity model may be a generic model or an
object-specific model, in particular, a patient-specific model.
It is preferentially an anatomical model. The cavity model is,
for instance, a model of a cavity of a heart of a living being,
which is adapted to, for instance, the contact curves. The use
of the cavity model can further improve the quality of recon-
structing the cavity.

[0017] The cavity model can be adapted such that the deter-
mined curves defined by the bendable segment in the different
arrangements are within the cavity model, i.e. such that the
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determined curves defined by the bendable segment in the
different arrangements are enclosed by the adapted cavity
model. If at least some of the determined curves defined by
the bendable segment within the cavity in the different
arrangements form contact curves, the cavity model can be
adapted to these contact curves such that the contact curves
correspond to the outer surface of the cavity model. If at least
some of the determined curves defined by the bendable seg-
ment within the cavity in the different arrangements are not
contact curves, the cavity model can be adapted to wrap these
determined curves. The cavity model can be regarded as a
regularization, which can be used to reconstruct the cavity
based on a determined set of curves defined by the bendable
segment within the cavity in the different arrangements.
Alternatively or in addition, also another regularization can
be used. For instance, the cavity reconstruction unit can be
adapted to perform a morphological opening or closing of the
determined curves defined by the bendable segment within
the cavity in the different arrangements for reconstructing the
cavity.

[0018] Inparticular, if the determined curves defined by the
bendable segment are non contact curves, these non contact
curves lie within the cavity and the surface of the cavity has to
be estimated from these curves. The regularization preferen-
tially defines which points are likely to be within the cavity
and which points are likely to be outside the cavity based on
the non contact curves, in order to determine the surface of the
cavity. This regularization can be model-based, wherein the
regularization is performed such that the cavity model, which
is preferentially an anatomical model, wraps the set of non
contact curves. If prior anatomical information, i.e. an ana-
tomical cavity model, is not present, homogenous mathemati-
cal regularization can be used by the cavity reconstruction
unit. For instance, a morphological opening of the curve set
can be used for estimating which points lie necessarily within
the cavity.

[0019] In another embodiment the cavity reconstruction
unit is adapted to interpolate the determined curves defined by
the bendable segment in the different arrangements for recon-
structing the cavity. For instance, it can be interpolated
between contact curves for determining the cavity. The inter-
polation procedure can use, for example, triangulation, Fou-
rier-based interpolation or another interpolation technique.
Thus, the cavity reconstruction unit can be adapted to recon-
struct the cavity, without using prior information like an
object-specific model.

[0020] The interpolation of the determined curves defined
by the bendable segment in the different arrangements for
reconstructing the cavity can be combined with a regulariza-
tion. For instance, the regularization could be performed by
switching from an interpolation constrain to an energy-based
fitting of a cavity model. This allows improving the quality of
the reconstructed cavity, if the determined curves defined by
the bendable segment in the different arrangements are noisy.
[0021] It is preferred that the object is a living being,
wherein the cavity is influenced by at least one of cardiac
motion and respiratory motion, wherein the apparatus com-
prises a motion signal providing unit for providing a motion
signal being indicative of at least one of a) different cardiac
phases and b) different respiratory phases, wherein the cavity
reconstruction unit is adapted to reconstruct the cavity based
on the determined curves defined by the bendable segment
and based on the provided motion signal. By considering the
motion signal, i.e. the cardiac signal and/or the respiratory
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signal, while reconstructing the cavity, the reconstruction
may comprise less motion artifacts. Preferentially, based on
the motion signal each determined curve defined by the bend-
able segment can be assigned to a certain motion phase, i.e. to
a certain cardiac phase and/or to a certain respiratory phase,
wherein this assigned phase information can be used to recon-
struct the cavity with reduced motion artifacts. For instance,
the cavity reconstruction unit can be adapted to use curves
only, which correspond to the same motion phase, in order to
reconstruct a cavity, which corresponds to this certain motion
phase.

[0022] The curve determination unit can be adapted to
determine the position of at least a part of the introduction
element being in contact with a part of the living being, which
moves in accordance with at least one of the cardiac cycle and
the respiratory cycle, over time, thereby determining a move-
ment of the part of the introduction element, wherein the
motion signal providing unit can be adapted to determine the
motion signal depending on the determined movement. For
instance, the curve determination unit can be adapted to deter-
mine the position of an electrode of the introduction element,
while the electrode is in contact with an inner wall of a heart,
over time, thereby determining the movement of the elec-
trode. Since the electrode is in contact with the inner wall of
the heart, the movement of the electrode is likely to be peri-
odicinaccordance with the cardiac cycle such that the cardiac
signal can be determined depending on the movement of the
electrode. Also the position of another part of the introduction
element may be determined over time, while this part is in
contact with a part of, for instance, a person moving in accor-
dance with the cardiac cycle or the respiratory cycle, in order
to determine the motion signal depending on the movement of
this part of the introduction element. Respiratory motion may
be estimated using the shape of a catheter, while a part of the
catheter abuts against a part of an anatomy of a person that
experiences pure respiratory motion or from which respira-
tory motion can be estimated. Also a further shape sensing
catheter can be used for determining respiratory motion in the
same way. Moreover, other means can be used for providing
a motion signal. For instance, an electrocardiograph can be
used for providing a cardiac signal, a respiratory belt can be
used for providing a respiratory signal, a respiratory signal
can be determined based on an analysis of a video showing
the moving thorax of a person, et cetera.

[0023] The introduction element and the curve determina-
tion unit are preferentially adapted to determine the curves
defined by the bendable segment within the cavity by optical
shape sensing. This allows the apparatus to reliably determine
the different curves defined by the bendable segment within
the cavity, without necessarily requiring further localization
units like an electromagnetic localization unit or an x-ray
localization unit.

[0024] In a further aspect of the present invention a cavity
determination method for determining a cavity within an
object is presented, wherein the method comprises:

[0025] determining curves defined by a bendable segment
of an introduction element introduced into the cavity in dif-
ferent arrangements within the cavity by a curve determina-
tion unit, and

[0026] reconstructing the cavity from the determined
curves by a cavity reconstruction unit.

[0027] In another aspect of the present invention a cavity
determination computer program for determining a cavity
within an object is presented, wherein the computer program
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comprises program code means for causing a cavity determi-
nation apparatus as defined in claim 1 to carry out the steps of
the cavity determination method as defined in claim 14, when
the computer program is run on a computer controlling the
cavity determination apparatus.

[0028] It shall be understood that the cavity determination
apparatus of claim 1, the cavity determination method of
claim 14 and the cavity determination computer program
claim 15 have similar and/or identical preferred embodi-
ments, in particular, as defined in the dependent claims.
[0029] It shall be understood that a preferred embodiment
of the invention can also be any combination ofthe dependent
claims with the respective independent claim.

[0030] These and other aspects of the invention will be
apparent from and elucidated with reference to the embodi-
ments described hereinafier.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] In the following drawings:

[0032] FIG. 1 shows schematically and exemplarily an
embodiment of a cavity determination apparatus for deter-
mining a cavity within an object,

[0033] FIG. 2 shows schematically and exemplarily a tip of
a catheter of the cavity determination apparatus, and

[0034] FIG. 3 shows a flowchart exemplarily illustrating an
embodiment of a cavity determination method for determin-
ing a cavity within an object.

DETAILED DESCRIPTION OF EMBODIMENTS

[0035] FIG. 1 shows schematically and exemplarily an
embodiment of a cavity determination apparatus for deter-
mining a cavity within an object. The apparatus 1 comprises
an introduction element 5 for being introduced into the cavity
3, wherein the introduction element 5 comprises a bendable
segment for being arranged within the cavity 3 in different
arrangements. In this embodiment the object is a person 2
lying on a table 4 and the cavity 3 is a chamber of the heart of
the person 2. Moreover, in this embodiment the introduction
element 5 is an ablation catheter, wherein the tip 6 of the
ablation catheter 5 has been introduced into the cavity 3. The
bendable segment of the ablation catheter 5 is located at the
tip 6 of the ablation catheter 5 and can be positioned, i.e. bent,
oriented and/or located, within the cavity 3 such that it con-
forms with an inner wall of the cavity 3, in order to bring the
bendable segment into contact with the inner wall.

[0036] The cavity determination apparatus 1 further com-
prises a curve determination unit 7 for determining curves
defined by the bendable segment within the cavity 3 in the
different arrangements and a cavity reconstruction unit 8 for
reconstructing the cavity based on the determined curves.
[0037] Preferentially, the bendable segment of the ablation
catheter 5 is arranged in different arrangements within the
cavity 3 such that in at least some of these arrangements the
bendable segment conforms with the inner wall of the cavity
3 and is thus in contact with the inner wall of the cavity 3. In
this case, the determined curves define contact curves,
wherein the cavity reconstruction unit 8 is adapted to recon-
struct the cavity depending on these contact curves, i.e.
depending on the respective shape, orientation and location of
the respective contact curve. In particular, the cavity recon-
struction unit 8 can be adapted to reconstruct the cavity such
that walls of the reconstructed cavity are defined by the con-
tact curves.
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[0038] The cavity reconstruction unit 8 can be adapted to
provide an adaptable cavity model and to adapt the cavity
model to the contact curves for determining the cavity. Thus,
the cavity model, which can also be regarded as being an
existing template of the cavity, which may be generic or
person specific, can be fitted to the contact curves. The cavity
model can be arranged and/or deformed such that the walls of
the cavity model are defined by the contact curves.

[0039] Ifatleast some of the determined curves defined by
the bendable segment within the cavity in the different
arrangements are not contact curves or if, in an embodiment,
it is not known whether the determined curves are contact
curves or non contact curves, the cavity model can be adapted
to wrap the determined curves defined by the bendable seg-
ment within the cavity in the different arrangements. The
cavity model can be regarded as a kind of regularization,
which can be used to reconstruct the cavity based on a deter-
mined set of curves defined by the bendable segment within
the cavity in the different arrangements. Alternatively or in
addition, also another regularization can be used, in particu-
lar, if all determined curves are non contact curves or if it is
not known whether the determined curves are contact curves
or non contact curves. For instance, the cavity reconstruction
unit can be adapted to perform a morphological opening or
closing of the determined curves defined by the bendable
segment within the cavity in the different arrangements for
reconstructing the cavity.

[0040] Thecavity reconstruction unit 8 can also be adapted
to reconstruct the cavity by interpolating the determined con-
tact curves, wherein the interpolation can include, for
example, a triangulation, a Fourier-based interpolation or
another interpolation technique. Thus, the cavity may be
reconstructed “from scratch”, i.e. using the sample shapes,
i.e. the sampled contact curves, without any prior data. This
kind of reconstruction relies on the assumption that what
constitutes the volume of the cavity, i.e. the inside of the
cavity, can be inferred from the contact curves.

[0041] The interpolation of the determined curves defined
by the bendable segment in the different arrangements for
reconstructing the cavity can be combined with a regulariza-
tion, in order to improve the quality of the reconstructed
cavity, particularly if the determined curves defined by the
bendable segment in the different arrangements are noisy.
[0042] FIG. 2 shows schematically and exemplarily the tip
6 of the introduction element 5 in more detail. The tip 6 ofthe
introduction element 5 comprises several ring electrodes 14
and a cap electrode 13. These electrodes 13, 14 are arranged
along the bendable segment 15, wherein the bendable seg-
ment can also be larger than indicated in FIG. 2. The appara-
tus 1 further comprises a contact determination unit 9, which
is electrically connected to the electrodes 13, 14, for deter-
mining contact information indicating whether the bendable
segment 15 is in contact with a wall of the cavity based on
electrical signals received from the electrodes 13, 14, wherein
the cavity reconstruction unit 8 is adapted to determine
whether the determined curves are contact curves depending
on the contact information. In particular, the contact determi-
nation unit 9 is adapted to determine that the bendable seg-
ment is in contact with the inner wall of the cavity, i.e. con-
forms to the inner wall of the cavity, if the electrical signals
received from all electrodes 13, 14 indicate that the electrodes
13, 14 are in contact with the inner wall.

[0043] If the electrodes 13, 14 are not in contact with the
cardiac tissue of the inner wall of the cavity. they substantially
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do not receive any electrical signal, i.e. the output of the
electrodes is mostly flat. If the electrodes are in contact with
the cardiac tissue, they detect a periodic electrical signal.
Based on these differences in electrical detection the contact
determination unit 9 can determine whether all electrodes 13,
14 and, thus, the bendable segment 15 are in contact with the
inner wall of the cavity, i.e. whether the bendable segment 15
conforms to the inner wall of the cavity. In some of the
different arrangements the bendable segment may not con-
form to the inner wall of the cavity 3 and may therefore be not
in contact with the inner wall such that the determined curves
are non contact curves, wherein the cavity reconstruction unit
8 can be adapted to reconstruct the cavity also depending on
the non contact curves. In particular, the cavity reconstruction
unit 8 can be adapted to reconstruct the cavity such that
positions of the non contact curves are within the recon-
structed cavity. For determining the non contact curves, the
electrodes 13, 14 can be used, which are also used for deter-
mining the contact curves. In particular, the cavity reconstruc-
tion unit can be adapted to determine whether determined
curves are non contact curves depending on the contact infor-
mation provided by the electrodes 13, 14, wherein it is
assumed that the bendable segment 15 is not in contact with
the inner wall of the cavity in the respective arrangement, if
notall electrodes 13, 14 arranged along the bendable segment
are in contact with the inner wall of the cavity 3. If two
consecutive electrodes are in contact with the inner wall of the
cavity, itis assumend that the segment of the catheter between
these two consecutive electrodes is in contact with the inner
wall, i.e. that this intermediate segment forms a contact curve.

[0044] Ifnon contact curves are used for reconstructing the
cavity, the electrical signals provided by the electrodes may
be ignored. For instance, a bendable segment of the introduc-
tion element before the first proximal electrode may be used
for defining non contact curves. Generally, all parts of the
introduction element, which are not located between contact
electrodes, can be regarded as defining non contact curves.

[0045] The apparatus 1 is preferentially adapted to allow a
user like a physician to arrange the bendable segment at the tip
6 of the catheter 5 in different arrangements within the cavity
3, wherein, after the user has arranged the bendable segment
in a desired arrangement, the curve determination unit 7 can
determine the curve defined by the bendable segment within
the cavity 3 in this certain arrangement. In this way, different
curves defined by the bendable segment within the cavity in
the different arrangements can be determined, wherein, after
these different curves have been determined in the different
arrangements, the cavity reconstruction unit 8 can be used to
reconstruct the cavity based on these determined curves.

[0046] The cavity 3 is influenced by cardiac motion. The
apparatus therefore further comprises a motion signal provid-
ing unit 10 for providing a motion signal being indicative of
the different cardiac phases of the heart of the person 3,
wherein the cavity reconstruction unit 8 is adapted to recon-
struct the cavity based on the determined curves defined by
the bendable segment in the different arrangements, in par-
ticular, depending on the determined contact curves and
optionally also on the determined non contact curves, and
based on the provided motion signal. In this embodiment, the
curve determination unit 7 is adapted to determine the posi-
tion of a part of the catheter 5 being in contact with a part of
the person 2, which moves in accordance with the cardiac
cycle, over time, thereby determining a movement of this part
of the catheter 5, wherein the motion signal providing unit 10
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is adapted to determine the motion signal depending on the
determined movement. For instance, the curve determination
unit 7 can be adapted to determine the position of one of the
contact electrodes, which can be used for determining
whether the bendable segment is in contact with the inner wall
of the cavity or not, while the contact electrode is in contact
with the inner wall of the cavity, wherein it is assumed that the
inner wall of the cavity being, in this embodiment, the heart of
the person moves in accordance with the cardiac cycle. The
cyclic motion of the part of the catheter 5, which is in contact
with the inner wall of the cavity 3 and which is preferentially
a contact electrode, can be subdivided into several parts for
defining and determining the cardiac phases of the cardiac
cycle. The determined curves defined by the bendable seg-
ment in the different arrangements can be assigned to these
cardiac phases, wherein the cavity reconstruction unit 8 can
be adapted to reconstruct the cavity based on determined
curves, which are assigned to asingle cardiac phase only. This
allows reconstructing the cavity with reduced motion arti-
facts. In particular, for each cardiac phase a respective cavity
can be reconstructed, wherein the different reconstructed
cavities, which correspond to different cardiac phases, can be
shown temporarily consecutively on a display unit 12 for
providing a four-dimensional image of the cavity.

[0047] The curves defined by the bendable segment within
the cavity 3 in the different arrangements can be determined
in a breathhold condition such that respiratory motion does
not adversely affect the reconstruction of the cavity. However,
the motion signal providing unit can also be adapted to addi-
tionally provide a further motion signal being a respiratory
signal, which is indicative of different respiratory phases,
wherein the cavity reconstruction unit can be adapted to
reconstruct the cavity based on the first motion signal being a
cardiac signal, which is indicative of the cardiac phases, and
the respiratory signal. The respiratory signal may be deter-
mined by the motion signal providing unit based on a deter-
mined movement of a part of the catheter 5, which is in
contact with an anatomical part of the person 2, which moves
only in accordance with the respiratory cycle. This movement
can be determined by the curve determination unit 7, which
may determine the position of this part over time. The cavity
reconstruction unit 8 can then be adapted to reconstruct the
cavity for a certain cardiac phase and for a certain respiratory
phase based on the determined curves, which are assigned to
this certain cardiac phase and this certain respiratory phase.
Also in this case the cavity can be reconstructed for different
cardiac phases and for different respiratory phases, wherein
the resulting reconstructed cavities can be shown temporarily
consecutively on the display unit 12 for providing a four-
dimensional reconstructed cavity.

[0048] Thecatheter 5 and the curve determination unit 7 are
preferentially adapted to determine the curves defined by the
bendable segment within the cavity 3 and also the position of
further parts of the catheter 5 by optical shape sensing.
[0049] The apparatus 1 further comprises an RF power
source 11 for providing power to the cap electrode 13 of the
catheter 5, which is located at the tip 6 of the catheter 5. This
allows a physician to ablate cardiac tissue at a desired location
within the cavity 3 depending on the reconstruction of the
cavity shown on the display unit 12.

[0050] The cap electrode 13 is therefore not only used for
determining whether the bendable segment 15 is in contact
with the inner wall of the cavity or not, but also for performing
an ablation procedure. In other embodiments contact elec-
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trodes for determining, whether the bendable segment is in
contact with the inner wall of the cavity and one or several
ablation electrodes can be different electrodes, i.e. the abla-
tion electrodes may not be used for providing the contact
information.

[0051] In the following an embodiment of a cavity deter-
mination method for determining a cavity within an object
will exemplarily be described with reference to a flowchart
shown in FIG. 3.

[0052] Instep 101 the bendable segment of the introduction
element is arranged in different arrangements within the cav-
ity, wherein in each arrangement the curve defined by the
bendable segment is determined by a curve determination
unit. Thus, the shape, orientation and location of the bendable
segment is determined in each arrangement. Moreover, pref-
erentially electrodes enclosing the bendable segment, in par-
ticular, being arranged along the bendable segment, are used
together with a contact determination unit for determining
whether the bendable segment conforms to the inner wall of
the cavity, i.e. is in contact with the inner wall of the cavity, in
the respective arrangement. This allows determining contact
curves defined by the bendable segment in arrangements in
which the bendable segment is in contact with the inner wall
of the cavity, and non contact curves defined by the bendable
segment in arrangements in which the bendable segment is
not in contact with the inner wall of the cavity.

[0053] In step 102 the cavity is reconstructed from the
determined curves by a cavity reconstruction unit. In particu-
lar, an adaptable model may be adapted to the contact curves
or the contact curves may be interpolated, in order to recon-
struct the cavity.

[0054] The apparatus is preferentially adapted to perform a
minimally invasive, transcatheter procedure. During those
procedures the physician, for instance, a surgeon or a cardi-
ologist, cannot observe tools and anatomy with the naked eve.
Real-time imaging modalities such as x-ray modalities or
ultrasound modalities provide partial solutions to this prob-
lem, but they have their own limitations. In some interven-
tional procedures like atrial fibrillation ablation such imaging
modalities may be skipped in the prior art, wherein instead a
positioning device like a magnetic-based positioning device
attached to an ablation catheter may be used to reconstruct the
cavity of, for instance, the left atrium. However, using such a
positioning device has at least two major problems. The use of
a single position or of even few positions for reconstructing
the cavity vields scarce data, the acquisition times are rather
long and the modeling quality it relatively low.

[0055] The apparatus described above with reference to
FIGS. 1 and 2 is therefore preferentially adapted such that the
positioning device can be replaced by a shape sensing device,
which enables the reconstruction to be based on curves, rather
than points, in a much faster fashion. In particular, shape
sensing technology is preferentially used, in order to recover
very quickly the shape of the cavity. Preferentially, the shape
of the device, i.e. the shape of the bendable segment, is
collected, while the device is moved inside the target cavity.
As the device lies inside the cavity, the cavity surface can be
recovered as the “outer surface” of the collected shapes. In
particular, a catheter may be moved rapidly and in a more or
less random fashion to quickly get the bulk of the cavity, for
instance, of the left atrium of a heart of a person. The outcome
of the corresponding algorithm can then be used as a rough
map to guide the catheter into areas where the acquisition
should be refined, for instance, because of a particularly high
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interest in this area and/or because the area is more difficult to
access due to larger curvatures which could have hampered a
correct acquisition during the initial sweep. Higher curva-
tures may be present, for instance, in pulmonary veins.

[0056] For determining whether a point lying outside the
acquired shapes, i.e. outside the set of determined curves
defined by the bendable segment in the different arrange-
ments within the cavity, belongs to the cavity or not, the
apparatus can be adapted to use a regularity assumption. This
regularity assumption can be expressed, for example, as a
single mathematical opening or closure operation, or the
regularity assumption could be a more complex and knowl-
edge-based one based, for example, on a mesh template of the
targeted cavity.

[0057] Theapparatus is preferentially adapted to produce a
consistent output, even if the cavity moves and/or deforms.
Especially if the apparatus is used in cardiac applications, the
apparatus can be adapted to handle with the deformations
during the cardiac cycle and to consider respiratory motion as
well. As the shape of the heart chambers deforms during the
cardiac cycle, determined curves, which correspond to differ-
ent cardiac phases, are preferentially not mixed. The appara-
tus can be adapted to reconstruct a three-dimensional model
at a specific cardiac phase or at an indefinite cardiac phase, if
the model is based on temporal averaging. The apparatus can
also be adapted to reconstruct a four-dimensional model, i.e.
a temporarily dependent spatially three-dimensional model
of the cavity.

[0058] For identifying the cardiac phase and for assigning
the identified cardiac phase to the respective determined
curves the above described method can be used, which is
based on the determination of the movement of a part of the
introduction element, which moves in accordance with the
cardiac cycle, because it is in contact with, for instance, an
inner wall of a heart chamber. However, a cardiac signal can
also be provided by other means. For example, a known
electrocardiograph can be used for providing a cardiac signal.
Moreover, it is also possible to determine the cardiac phase
from the electrocardiography signal and from the determined
motion of the part of the introduction element, which is in
contact with, for instance, an inner wall of the heart chamber.

[0059] In order to mitigate a possible effect of respiratory
motion on the quality of reconstructing the cavity, the acqui-
sition, i.e. the determination of the curves defined by the
bendable segment in the different orientations, can be per-
formed at a given breathhold.

[0060] Alternatively, the respiratory motion can be esti-
mated using the shape of the introduction element, in particu-
lar, of the catheter, while a part of the introduction element
lies against a part of the anatomy of the living being, from
which respiratory motion can be estimated, in particular,
which experiences pure respiratory motion.

[0061] Also a second shape sensing introduction element,
in particular, a second shape sensing catheter, can be used in
a similar fashion for determining respiratory motion. In this
case, the first introduction element does not need to be guided
through an area experiencing, for instance, pure respiratory
motion, because the second shape sensing introduction ele-
ment already provides the respiratory motion, which can be
used for generating a respiratory signal. For example, in atrial
fibrillation ablation procedures the coronary sinus catheter
can be used as the second shape sensing introduction element
in combination with heart motion cancellation techniques.
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[0062] The respiratory motion can also be determined
using other techniques like a respiratory belt, analyzing a
video showing a part of the person, for instance, the thorax
performing respiratory motion, et cetera.

[0063] Although in embodiments described above a possi-
bly adverse effect on the reconstruction of the cavity due to
respiratory motion is reduced by determining the curves
defined by the bendable segment in the different arrange-
ments in a breathhold condition or by reconstructing the
cavity for a certain respiratory phase based on curves defined
by the bendable segment in the different arrangements, which
correspond to this certain respiratory phase, the adverse influ-
ence of the respiratory motion can also be reduced in another
way. For instance, the determined curves defined by the bend-
able segment in the different arrangements can be corrected
by a translational operation in accordance with the deter-
mined respiratory motion, wherein the cavity can be recon-
structed based on the corrected curves.

[0064] The apparatus is preferentially adapted to model or
fit an anatomical part, i.e. an anatomical cavity within a living
being, based on a shape-sensing enabled catheter, preferen-
tially without further requirements. It is further preferred that
the apparatus uses large segments of the catheter for the
determination of the cavity within the living being, i.e. the
apparatus does preferentially not only use point positions as
in the case of known electromagnetic tracking techniques, but
the apparatus uses larger segments, which are larger than
points on, for instance, a catheter.

[0065] Theapparatus is preferentially adapted to use simul-
taneously shape sensing technology and multiple contact
electrodes, wherein the contact of an electrode of the intro-
duction element with the cavity is inferred based on the elec-
trical signal measured by the respective electrode.

[0066] In an embodiment it is assumed that, when two
electrodes are in contact, a part of the introduction element,
i.e. the bendable segment, lying between them is also in
contact with the cavity such that the shape of the introduction
element between the two electrodes provided by shape sens-
ing, which may define a respective contact curve, can be used
for reconstructing the cavity. If the cavity curvature is very
high in some areas, this assumption may be violated, thereby
producing an under segmentation of the cavity. This under
segmentation of the cavity can be corrected by inserting the
introduction element inside the cavity. For instance, a catheter
tip can be navigated to these areas and the position of the
catheter tip can be determined, while the catheter tip is in
these areas. These positions can be used together with the
determined curves defined by the bendable segment in the
different arrangements for reconstructing the cavity, wherein
the cavity can be reconstructed such that the determined
curves defined by the bendable segment in the different
arrangements and also the determined positions of the cath-
eter tip in the areas with the relatively high curvature are
within the cavity. For instance, a cavity model can be adapted
to these positions such that the cavity model encloses the
different curves defined by the bendable segment and the
positions of the catheter tip and such that the adapted cavity
model conforms to these positions as good as possible.
[0067] Although in above described embodiments the
introduction element comprises electrodes for determining
whether the bendable segment is in contact with the inner wall
of the cavity, in other embodiments the introduction element
may not comprise electrodes for determining this contact
information, in particular, the introduction element may not
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comprise any electrode or only electrodes for other purposes.
In this case it is generally not known whether determined
curves defined by the bendable segment are contact curves or
non contact curves. However, also without this contact infor-
mation the cavity reconstruction unit can reconstruct the cav-
ity, forinstance, by adaptating a cavity model, in particular, an
anatomical cavity model, to the set of determined curves such
that the determined curves are within the adapted cavity
model and such that the adapted cavity model conforms as
good as possible to the outer curves of the determined curves,
or by performing, for instance, a morphological opening or
closing of the set of curves.

[0068] The apparatus can also be adapted to record coordi-
nates of curves that are not in contact with the cavity, i.e. to
record non contact curves, in order to provide an indication of
what constitutes the inside of the cavity. This could also be
used at a final step to close holes in the reconstructed cavity
due to non responsive tissues like scars or ablated areas.
[0069] The apparatus can be adapted to model or fit an
anatomical part based on an introduction element with both
shape sensing fibers and multiple electrodes, wherein shapes
of a cavity can be reconstructed based on entire curves of the
introduction element. The apparatus is preferentially adapted
to be used in atrial fibrillation ablation procedures, in order to
reduce the patient exposure to radiation, both before the
operation and also after the operation.

[0070] Other variations to the disclosed embodiments can
be understood and effected by those skilled in the art in
practicing the claimed invention, from a study of the draw-
ings, the disclosure, and the appended claims.

[0071] In the claims, the word “comprising” does not
exclude other elements or steps, and the indefinite article “a”
or “an” does not exclude a plurality.

[0072] A single unit or device may fulfill the functions of
several items recited in the claims. The mere fact that certain
measures are recited in mutually different dependent claims
does not indicate that a combination of these measures cannot
be used to advantage.

[0073] Determinations like the determination of the cavity,
i.e. the reconstruction of the cavity, the determination of the
different curves defined by the bendable segment within the
cavity in the different arrangements, the determination of the
motion signal, et cetera performed by one or several units or
devices can be performed by any other number of units or
devices. The determinations and/or the control of the cavity
determination apparatus in accordance with the cavity deter-
mination method can be implemented as program code means
of a computer program and/or as dedicated hardware.
[0074] A computer program may be stored/distributed on a
suitable medium, such as an optical storage medium or a
solid-state medium, supplied together with or as part of other
hardware, but may also be distributed in other forms, such as
via the Internet or other wired or wireless telecommunication
systems.

[0075] Any reference signs in the claims should not be
construed as limiting the scope.

[0076] The invention relates to a cavity determination
apparatus for determining a cavity within an object, in par-
ticular, for determining the location and dimensions of a heart
chamber within a person. A bendable segment of an introduc-
tion element is arranged within the cavity in different arrange-
ments, wherein curves defined by the bendable segment in the
different arrangements are determined by a curve determina-
tion unit. A cavity reconstruction unit reconstructs the cavity
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based on the determined curves. Thus, not only single small
locations within the cavity are acquired and used for recon-
structing the cavity, but larger curves. A lot of spatial infor-
mation can therefore be acquired and used very fast. This
allows reconstructing the cavity with improved quality in a
relatively short time.

1. A cavity determination apparatus for determining a cav-
ity within an object, the apparatus comprising:

an introduction element for being introduced into the cav-
ity, wherein the introduction element comprises a bend-
able segment for being arranged within the cavity in
different arrangements, characterized in that the cavity
determination apparatus further comprises:

a curve determination unit for determining curves defined
by the bendable segment within the cavity in the differ-
ent arrangements,

a cavity reconstruction unit for reconstructing the cavity
based on the determined curves.

2. The apparatus as defined in claim 1, wherein the cavity
reconstruction unit is adapted to reconstruct the cavity such
that the determined curves defined by the bendable segment
in the different arrangements are within the reconstructed
cavity.

3. The apparatus as defined in claim 2, wherein at least in
some of the different arrangements the bendable segment is in
contact with the inner wall of the cavity such that the curves
are contact curves, wherein the cavity reconstruction unit
adapted to reconstruct the cavity depending on the contact
curves.

4. The apparatus as defined in claim 3, wherein the cavity
reconstruction unit is adapted to reconstruct the cavity such
that walls of the reconstructed cavity correspond to the con-
tact curves.

5. The apparatus as defined in claim 3, wherein the intro-
duction element comprises at least two electrodes between
which the bendable segment is located, wherein the apparatus
comprises a contact determination unit, which is electrically
connected to the at least two electrodes, for determining con-
tact information indicating whether the bendable segment is
in contact with the inner wall of the cavity based on electrical
signals received from the electrodes, wherein the cavity
reconstruction unit is adapted to determine whether deter-
mined curves are contact curves depending on the contact
information.

6. The apparatus as defined in claim 3, wherein at least in
some of the different arrangements the bendable segment is
not in contact with the inner wall of the cavity such that the
curves defined by the bendable segment are non contact
curves, wherein the cavity reconstruction unit is adapted to
reconstruct the cavity depending on the contact curves and
depending on the non contact curves.

7. The apparatus as defined in claim 6, wherein the cavity
reconstruction unit is adapted to reconstruct the cavity such
that the non contact curves are within the reconstructed cav-
ity.

8. The apparatus as defined in claim 6, wherein the intro-
duction element comprises at least two electrodes between
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which the bendable segment is located, wherein the apparatus
comprises a contact determination unit, which is electrically
connected to the at least two electrodes, for determining con-
tact information indicating whether the bendable segment is
in contact with the inner wall of the cavity based on electrical
signals received from the electrodes, wherein the cavity
reconstruction unit is adapted to determine whether deter-
mined curves are non contact curves depending on the contact
information.

9. The apparatus as defined in claim 1, wherein the cavity
reconstruction unit adapted to use a regularization for recon-
structing the cavity from the determined curves defined by the
bendable segment within the cavity in the different arrange-
ments.

10. The apparatus as defined in claim 1, wherein the cavity
reconstruction umt adapted to provide an adaptable cavity
mode] and to adapt the cavity model to the determined curves
defined by the bendable segment in the different arrange-
ments for reconstructing the cavity.

11. The apparatus as defined in claim 1, wherein the cavity
reconstruction unit is adapted to interpolate the determined
curves defined by the bendable segment in the different
arrangements for reconstructing the cavity.

12. The apparatus as defined in claim 1, wherein the object
is a living being, wherein the cavity is influenced by at least
one of cardiac motion and respiratory motion, wherein the
apparatus comprises a motion signal providing unit for pro-
viding a motion signal being indicative of at least one of a)
different cardiac phases and b) different respiratory phases,
wherein the cavity reconstruction unit is adapted to recon-
struct the cavity based on the determined curves defined by
the bendable segment and based on the provided motion
signal.

13. The apparatus as defined in claim 1, wherein the intro-
duction element and the curve determination unit are adapted
to determine the curves defined by the bendable segment
within the cavity by optical shape sensing.

14. (canceled)

15. A cavity determination computer program for deter-
mining a cavity within an object, wherein the computer pro-
gram is characterized by program code means for causing a
cavity determination apparatus (1) as defined in claim 1 to
carry out following steps when the computer program is run
on a computer controlling the cavity determination apparatus:
pl determining curves defined by a bendable segment of an
introduction element introduced into the cavity in different
arrangements within the cavity by a curve determination unit,
and

reconstructing the cavity from the determined curves by a
cavity reconstruction unit.
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