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SYSTEM AND METHOD FOR CORRECTING DATA FOR DEFORMATIONS

BDURING IMAGE-GUIDED PROCEDURES

"ROSS REFERENCE TO RELATED APPLICATIONS
18081 This application claims the benefit of U.S. Provisional Application Serial No.
61/257,336 entitied “SYSTEM AND METHOD FOR CORRECTING PATA FOR
DEFORMATIONS DURING IMAGE-GUIDED PROCEDURES”, filed January 22, 2610,

which is herein incorporated by reference in s entirety.

FIELD OF THE INVENTION
{082} The present invention relates to systems and methods for image-guided procedures,
and more specifically o systems and methods for correcting tissue data for deformations during

image guided procedures.

BACKGROUND
18003} The deternunation of an accurale irmage-to-physical space registration is a
fundamental step in providing meaningful guidance imformation to surgeons via toage-guided
surgery (IGS). A significant body of research has been dedicated fo the use of IGS technigues
for neurosurgical applications and has resulted i several comunercially available sysiems., A
cormnmon teature of the IGS technology for neurosurgery is the use of point-based landmarks, via
bone-tmplanted or skin-aftixed fiducial markers, to provide the registration of image and
physical space. The use of such point-based techniques is greatly facilitated in neurosurgical
1GS by the rigid anatomy surrounding the tissues of interest {¢.g., the skull). Unfortunately, the

us¢ of such point-based techniques is not applicabic for open abdominal 1GS due to the lack of
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rigid anatomical landmarks and the inability to preoperatively attach fiducial markers that will
remain in a fixed position during the 1GS procedure,

R HER Since the use of rigid, point-based landmarks is not feasible for open abdominal IGS,
surface-based techniques have been proposed to determine the registration between the

preoperative images and the intracperative presentation. For example, the iterative closest point

o~

ICP) algorithm has traditionally been used to determine the transformation between the image-
space surface of an organ and/or other soft tissues of interest. In ICP methods, the
transformation 1s  generally derived from preoperative image segmentations, and the
itraoperative tissue surfaces, Tntraoperative data for use in abdominal IGS is typically acquired
using an optically tracked probe, a laser range scanner {LRS}, or intraoperative ulirasound (1US),
and other methods,

188605] The typical protocol for surface-based image-to-physical space registration in
abdominal IGS begins with the selection of anatomical fidocial points in the preoperative image
sets prior to surgery. The homelogous physical-space location of these anatomical fiducials is
then digitized during the surgical procedure such that a pomt-based initial alignment registration
can be performed. The point-based registration serves to provide a reasonable initial pose for the
ICP algorithm, which is used to register the tissue surfaces derived from preoperative images
and the intraoperative data.

{8006} However, the surface aligniment provided by the ICP algorithm is highly dependent
on the initial pose of the tissue surfaces. Therefore, gross errors in the initial alignment provided
by the point-based registration can result in erroncous surface alignments, While initial pose is
important, another aspect of misalignment that can confound the ICP algorithm is the presence
of intraoperative deformation. That is when organ and other soft tissues are surgically presented

intraoperatively for surface acquisition (such as by laser range scanning), the soft tissues have

NI
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generally undergone deformation due to routine surgical manipulation. Errors associated with
pose or deformation introduced into any form of rigid registration will generally compromise the
gutdance information relayed to the surgeon. Some examples of soft tissue deformation due to
surgical manipulation are (1) gravity-induced deformations of the liver due fo reorientation of
the organ with respect to the direction of gravity in the open-abdomen, {2) the effects of tissue

mobilization and organ packing, and (3} changes in organ perfusion.

BRIEF DESCRIPTION OF THE DRAWINGS
{88871 FIG. I shows a flow chart for performing IGS procedures in accordance with an
ermbodiment of the invention.
D008} FIG. 2 s a tlow chart of an exemplary method for performing a non-rigid alignment
in accordance with and embodiment of the invention.
[B309] FIG. 3A shows transform maps resulting from a non-rigid alignment in accordance
with an erobodiment of the invention.
(8016} FIG. 3B shows the transforro maps of FIG. 3A after applymg an envelope in
accordance with an embodiment of the invention.
{8911} FIG. 4A is a diagram that conceptually tllustrates the process whereby an fmage slice
from the transverse plane through a liver is polied based on a mapping obtained after a rigid
alignment.
10812} FiGs. 48 is a diagram that concepiually illustrates the process whereby an image
stice from the transverse plane through a liver is polled based on a rigid alignment and a local
transform in accordance with an embodiment of the invention.
{8813} FIG. 5 is a flow chart of steps in an exemplary method for caleulating a mapping

adjustment for an instrument in image space in accordance with an embodiment of the
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ivention.

18814} FIG. 6 shows an exemplary hardware system configuration in accordance with an
embodiment of the invention.

18815} FIG. 7 shows the results of an initial rigid alignment of the computer model and
surface data in accordance with an embodiment of the mvention.

18816} FIG. 8 shows the results of a non-rigid alignment of the computer model and surface
data in FIG. 7 in accordance with an embodiment of the invention.

16617} FIG. 8 is an overlay of the computer model shown in FIG. 7 and the deformed
computer model shown in FIG. 8.

18818} FIG. 10 is a schematic diagram of a computer system for executing a set of
mstractions that, when executed, can cause the computer system to perform one or more of the

methodologies and procedures described above.

SUMMARY
{0819} Embodiments of the invention concern systerms and methods for correcting tissue
data for deformations during image guided procedures. Tn a first embodiment, a method s
provided for collecting and processing physical space data for use while performing an image-
guided surgical (IGS) procedure. The method mcludes the step of performing a rigid alignment
of a computer model of a non-rigid structure of interest in a paticnt and surface data in a patient
space associated with at least g portion of the non-rigid structure. The method also includes
computing a deformation of the computer model that provides a non-rigid alignment of the
corputer mode! and surface data, the deformation computed using a set of boundary conditions
defined for each node of the computer mode! based on the rigid alignment and a kernel function.

The method can further include displaying data for facilitating the IGS procedure based on the
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deformation.
{8028} In a second embodiment, a system is provided for collecting and processing physical
space data for use while performing an image-guided surgical (1G5} procedure. The system can
mcludes a storage medium for storing a computer model of a non-rigid structure of interest in a
patient. The system also includes at least one sensor device for generating at least surface data
associated with the non-rigid structure and a processing element communicatively coupled to the
storage medium and the sensor device. In the system, the processing element is configured for
obtaining a rigid alignment of the computer model and surface data in a patient space associated
with at least a portion of the non-rigid structure, computing a deformation of the computer
model that provides a non-rigid alignment of the computer model and surface data, the
deformation computed using a set of boundary conditions detined for each node of the computer
model based on the rigid alignment and a kemnel function. The system can additionally include a
display device communicatively coupled to the processing element and configured tor
displaying data for facilitating the 1GS procedure based on the deformation.
{6021} In a third embodiment, a computer-readable storage medium is provided, having
stored thereon a corputer program for collecting and processing physical space data for use
while performing an irnage-guided surgical (JGS) procedure. The computer program has a
plurality of code sections, the code sections exccutable by a computer to cause the computer to
erform the steps of obtaining a computer mode] of a non-rigid structure of interest n a patient
and performing a rigid alignment of the computer model and surface data in g patient space
associated with the non-rigid structure. The code sections are also configured to cause the
corputer to perform the step of computing a deformation of the computer mode! that provides a
non-rigid alignment of the computer model and surface data, the deformation computed using a

s¢t of boundary conditions defined for each node of the computer madel based on the rigid
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alignment and a kernel function. Further, the code sections are also configured to cause the
computer to perform the step of displaying data for facilitating the IGS procedure based on the
deformation.

18822} In the various embodiments, the displaying can further entail receiving image data
associated with the computer model and locations in the patient space associated with the object
and neighboring the object and transforming the computer model into the patient space based on
the rigid alignment and the deformation. The displaying can also include computing reverse
deformation displacement vector field values for each node of the computer model based on the
deformation and calculating an envelope of additional reverse deformation vector field values
for a portion of the patient space surrounding the deformed computed model. Additionally, the
displaying can include transtforming the locations into a computer model space of the computer
model based on the non-rigid alignment and the reverse deformation displacement vector field
values and calculating coordinates in an irnage space of the mage data for the transformed

iocations.

DETAILED DESCRIPTION
{6023} The present invention is described with reference to the attached figures, wherein
like reference rumerals are used throughout the figures to designate similar or equivalent
elements. The figures are not drawn to scale and they arve provided merely to 1Hustrate the
instant invention. Several aspects of the mvention are described below with reterence to
example applications for illustration. 1t should be understood that mumerous specific details,
relationships, and methods are set forth to provide a full understanding of the nvention. One
having ordinary skill in the relevant art, however, will readily recognize that the invention can

be practiced without one or more of the specific details or with other methods. In other
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instances, well-known structures or operations are not shown in detail to avoid obscuring the
mvention. The present invention is not limited by the tllustrated ordering of acts or events, as
some acts may occur in different orders and/or concurrently with other acts or events.
Furthermore, not al ilhustrated acts or events are required to implement a methodology in
accordance with the present invention.

18824} Embodiments of the invention provide sysiems and method for correcting tissue data
for deformations occurring during IGS procedures. A general flow of an exemplary method is
iltustrated in FIG. 1. FIG. | is a flowchart showing steps in an exemplary method for
performing an IGS procedure in accordance with an embodiment of the invention. As shown in
FIG. 1, the method 100 inclades a preoperative phase at block 102, an mtraoperative rigid
alignment phase at block 104, and an mtraoperative non-rigid alignment phase at block 106.
Following or concusrently with these phases, the IGS procedure can be performed at block 103,
D025} As described above, the method 100 begins at block 102, At block 102, preoperative
tasks are performed. The preoperative tasks include building a computer (i.e., mathematical)
model of at least the soft tissues, organs, or other non-rigid structures of interest i the patient.
Although the various embodiments of the mvention will be described with respect to 1GS
procedures for nou-rigid structures, the imvention is not limited in this regard. Rather, the
various embodiments of the invention are equally applicable in IGS procedures involving one or
more rigid structures in a patient (e.g., bones) or a combination of rigid and non-rigid structures.
10026} The computer model can be built using several sets of preoperative data.  For
example, preoperative images of the non-rigid structures are acquired and processed to generate
a computer model that describes at least the geometry of the non-rigid structures of interest,
These can be acquired using two or three dimensional imaging technigues. For example, some

imaging techniques include computerized fomography (CT), magnetic resonance (MR}, and
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utrasound imaging technigues, to name a few. However, the various embodiments of the
mvention are not limited in this regard and any other imaging techniques can be used.  Further,
the computer model can also be configured to include any other possible data, such as physical
data (e.g., elastic properties, thermoelastic propertics, ctc. and other aspects relevant to the
mechanics of the non-rigid structure} that could be necessary to calculate deformation within the
operative environment. Based on the data obtained, tasks for building the computer model can
be performed. For example, a distribution of detormation shapes to be used in the fitting
process can be generated.  Also, preoperative image analysis can be performed in order to
enhance feedback or computer mesh generation.  Further, pre-operative generation of
mathematical functions to assist fitting can be performed. Also, a designation/segmentation of
shapes or partial surfaces of the non-rigid structures of interest can be performed. However, the
invention is not Hmited in this regard and other tasks can be performed to enhance the imaging
or fitting processes of method 100,

188627} Although the varicus embodiments will be described primarily with respect to
surfaces of non-rigid tissues that are exposed during medical procedures, such as the exterior
surfaces of organs, tumors, and other biclogical tissues, the various embodiments are not imited
in this regard. Rather, a “surface”, as used herein, can refer to eithor external or internal features
associated with a non-nigid structure of interest.  That is, in addition to external surfaces, the
surfaces referred to herein can include internal surfaces or features defined by a boundary
between different structures or ditferent types of tissues. For example, a boundary or division
between cancerous and healthy tissues can define a surface. 1n another example, the division
between liver vasculature and a parenchyma of a liver can also define a surface. In another
example, it could represent the surface or feature point of a synthetic structure inserted within

the organ that can be located via some localization method.
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10928} In the various embodiments of the invention, this preoperative phase can either be
performed on onc or more computing systems. Further, the preoperative phase can be
performed on the same or different computing systems as the intraoperative tasks described
below are performed.  An exemplary computing system could include software packages
configured to solve large sparse matrices that can be used for mathematical model sohutions,
Such a computing system could also include seftware libraries that provide computer model
mesh/grid generation.  Further, such a computing system can include both standard and
customized mathematical and simulation Iibraries. Once the preoperative phase at block 102 has
been completed, method 100 continues to block 104,

16629] At block 104, intraoperative rigid alignment tasks are performed.  That s,
iniraoperative surface data for one or more portions of the non-rigid structures is obtained
intraoperatively and the counterpart surface data within image-space 1s obtained and aligned
with a mathematical ransformation. Thereafter the surface data of the non-ngid structure and
the computer model are initially aligned. In some embodiments of the invention, a best-aligned
method can be used. As used hercin, a best-aligned method is an aligniment of the image data
and the non-rigid structures so that features on the surface of the non-rigid structure are
positioned as close as possible to their image-space counterparts after the conclusion of the
aligrooent process. However, the various embodiments of the invention are not limited i this
regard and other alignment schomes can be used as well as mternal substructures or feature
points, Once this rigid alignment is complete, the surface data and the computer model are
aligned, without any deformation of the computer model, ie. a rigid alignment. Such an
alignment can be performed in a variety of ways. For example, an iterative method can be usc
to alter the position of one of the surface data and the computer mode! until an error between the

surface data and the computer model is minimized.
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199381 Additional processing of the available geometric surface data can also be performed
at block 106. Intraoperative surface data can be obtained in a variety of ways., For example,
some methods include ultrasound, MR imaging, CT imaging, laser and/or other light-based
strategies, swabbing with a tracked stylus, to name a few. However, the various embodiments
of the invention are not limited in this regard and other methods can be used to obtain surface
data. In many cases, the surface data obtained will only represent a portion of the non-rigid
structure, t.e. 8 partial surface. For example, during a liver procedure, only the anterior portion
of the liver may be exposed. Therefore, the surface data could be acquired using laser range
scan technology which would limit geometric data to representing the anterior portion of the
liver. In another example, the liver and a tumor may be partially exposed. However, the surface
of interest may be a boundary between a tumor and the liver, an interior surface. In such cases,
ultrasound tmaging could be used to locate such interior surfaces of interest.

{9631} The surface data can alse inclode noise or other errors that could affect alignment.
Accordingly, in some embodiments of the invention, once the surface data is acquired, the
surface data can be filtered or otherwise processed to reduce or eliminate of noise and/or other
artifacts. Such methods are well known to those of ordinary skill in the art and will not be
described here. In the various embodiments of the mvention, such processing can be performed
before or after the rigid alignment,  In addition, in some cases where multiple surface data
acquisitions from different methods are available and digitized m a coramon coordinate space, a
composite surface can be used for alignment purposes.

18832} Upon completion of the rigid alignment at block 104, an initial correspondence
function is gonerated that associates cach point from the surface data with 3 counterpart point on
the non-rigid structure within image-space. That is, for each point in the surface data, 3 means is

provided for identifying the corresponding point in the computer model. For example, a closest
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point operator can be used to select the point on the compuier model that is closest to cach point
on the surface data. In the varicus embodiments of the invention, this correspondence function
may be expressed as a table, a mathematical function, or any other method of describing a
relationship between the spaces defined two seis of points. In some cases, the deformation
observed in the surface data may result in the correspondence function associating points from
non-corresponding surfaces of the computer model with points on the surface associated with
the surface data. Accordingly, in some embodiments of the invention, the closest point operator
can be refined or constrained to Himit its search to corresponding surfaces. That is, the computer
model and the surface data can be associated with designators that differentiate between the
various surfaces of the non-rigid structure of interest. Accordingly, the search for corresponding
points can be limited by such designators. For example, anterior surface nodes of surface data
could be hmited to the anterior surface nodes of the computer model, despite the fact that
posteriot surface nodes of the computer model are closer.

18833} For purposes of obtaining a correspondence function, the variocus embodiments of the
mvention are not lotted fo closest point operator methods.  Rather any other methods for
obtaining correspondence or registration functions between two surfaces can be used in the
various ermbodiments of the invention. For example, in some cmbodiments of the invention,
corresponding points can be selected using a ray projection technique i which a ray is projected
along a line perpendicular to a point on one surface and the corresponding point is selected to be
the point that is intersected on the second surface.

18834} Once the rigid alignment and a correspondence function are obtained at block 104,
methad 100 can proceed to block 106, At block 106, a set of boundary or point (internal and/or
external} conditions, based on the rigid alignment at block 106 and the correspondence function

of 104, and a displacement ficld of vectors in three dimensions is iteratively computed to
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perform a non-rigid alignment of the computer model to the surface data. That is a displacement
field of vectors for deforming the computer model to fit the surface data is computed. The
operations occurring in this block will be described below in greater detail with respect to FIG.
2. Once the non-rigid alignment tasks are completed at block 106, the IGS procedure can be
performed at block 108,

NON-RIGID ALIGNMENT PHASE

8835} As described above, once a rigid alignment and a correspondence function are
obtained at block 104, a non-rigid alignment can be performed at block 106, This is deseribed
below with respect to FIG. 2. FIG. 2 1s a flow chart of an exemplary method 106 for performing
a non-rigid alignment in accordance with and embodiment of the mvention. Method 106 begins
at block 202 and continues on {o block 204, At block 204, the correspondence function for the
computer model and the surface data is recerved. In addition to identifying corresponding points
between the computer model and the surface data, the correspondence fumction also identifies a
patch region of the computer model. That is, since the surface data can generally be obtained
for only the exposed portion of non-rigid structure (although substructure designation is possible
with additional mstrumentation), a patch region is defined by the portions of the computer
model corresponding to the surface data.  Afterwards, at block 206, spatial differcnce values are
coraputed for cach node within the paich region. As used herein, the term “node” refers to the
points of a computer model mesh used for performing a stimulation,

16836} Since the correspondence fimction received at block 204 is based on a rigid
alignment (i.e., no deformation of the computer model), the alignment can result in the surface
data having data points positioned inside and outside the geometry of the computer model. As a
result, the spatial differcnce values obtained at block 206 are signed. Thus, a positive value

would mean that the node on the computer modei would need to be pushed outward to move
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towards corresponding surtace data points, whereas a negative value would mean that the node
on the computer model would need to be pushed inwards to move towards corresponding
surface data points.  This process embodies any such transform that moves the nodes on the
computer model to points designated by the correspondence function.

188371 Once the spatial difference values for the patch region are calculated at block 206,
boundary or point (internal and/or external) condition values can be computed at block 208 for
gach available node of the computer model. In particular, for each node of the computer model,
the boundary or point (internal and/or external) conditions 1s selected to be a weighted average
of the spatial difference values associated with the node of interest and surrounding nodes. This
provides a smooth set of boundary or point (internal and/or externaly conditions. In some
embodiments of the fuvention, the function can weight all spatial difference values equally. In
other embodiments of the invention, the fuonction can weight spatial difference values differently
by using a spatial kernel function or any other functional/statistical relationship. For example, in
one embodiment of the nvention, a radial spatial function can be selected for generating
weights, However, the various embodiments of the invention are not limited in this regard and
other strategies could be used to generate weights for the spatial function that treats boundary or
point (internal and/or external) conditions.

{0038} Since only the patch region is associated with available surface data, the flanking
regions of the coraputer model (e, portions of the computer model outside the patch region)
will not have a corresponding point on the surface data designated. Accordingly, the nodes in
these flanking regions are assigned a zero signed closest point distance. Thercfore, during the
process of averaging distances via a radial spatial kernel, the resulting boundary or point
{internal and/or external) condition value for a node in the paich region can be less than itg

spatial difference value since zero distances from nodes of the flanking regions will be
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considered in the weighted average. Similarly, nodes that reside adjacent to the patch but in
flanking regions will have signed distances from the nodes within the patch region as part of its
weighted average, and will result in non-zero signed distances being applied to immediately
flanking spatial regions.

R IR The calculation of boundary condition values is not limited to the weighted average
method described above. Inn other embodiments of the invention, other methods can be used.
For example, one method s a non-uniformly weighted average based on the confidence levels of
the closest point operator used.  Additionally, a portion of the computer model could be
neglected in favor of allowing user-prescribed boundary or point (internal and/or external)
conditions. Such a configuration can allow different portions of the computer model to deform
ditterently. Further, the average values need not be based on a radial spatial kernel. Rather, a
kernel based on a different geometric structure, such as the shape of the non-rigid stractures or
substructures thereof can be used to define the points to the averaged. For example, organs suc
as the liver have different segments. Therefore, applying this kernel can be Himited according to
segments of the lver,  Additionally, some ftissues can have arcas of high curvature.
Accordingly, a parameterization of such surface varations can be used to provide geometric
mformation associated with the computer model and could be used as part of kernel design. In
another example, the kernel can also be based on a shape corresponding o how the nodes are
connected in the computer model.  Another realization utilizes a partial differential equation
representation ot the organ surface structure to distribute the boundary or point (internal and/or
external} conditions to flanking regions. This approach treats the surface as a single continuous
domain or kernel and utilizes a partial differential equation to distribute boundary information.
Other designs for generating a spatially distribution of displacements from the known surface

data can also be used.
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100481 Once the boundary or point (internal and/or external} conditions are computed at
block 208, a volumetric deformation step or displacement vector field of values is generated and
collected at block 210 for the computer model.  The boundary conditions computed at block
208 for each node can be considered to be a displacement occurring normal (i.c. perpendicular)
to the organ surface as one potential correspondence realization. Thus, the sign of the resulting
average values can be used to define a direction of motion during simulation. Further, the
combination of ditferently signed spatial values effectively constrains movement of one or more
portions of the computer model

D41} Therefore, at block 210, the boundary or point {(internal and/or external} conditions
from block 208 are used to define the normal displacement conditions (either pushing or pulling
has been designated) for each node in an embodiment.  These displacement conditions are then
used during deformation simulations of the computer model with the compuler model to
simulate deformation and calculate a volumetric deformation step or three-dimensional
displacement field vectors for the entire computer model. In the various embodiments of the
mvention, any simulation method can be used to solve partial differential equations associated
with deformation mechanics, such as Finite Difference methods, Findte Volume Methods,
Spectral Eloments methods, Spline-Based Methods or Monte Carlo methods, to name a fow.
However the mvention is wuot limited i this regard and other simulation or
micrpolative/extrapolative methods could also be used. In some embodiments of the favention,
the simulation can be configured to specify true normal (out or in to the surtace) displacements
while allowing lateral slip/sliding along the surface {(i.e. tangent to the surface). In addition to
the boundary conditions, a sinnlation tuned for a particular physical model(s) can also be used
during the simulation. For example, the simulastion can be tuned with a linear elastic,

hyperelastic, or viscoelastic constitutive law. However, the various embodiments of the
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invention are not limited in this regard and the simulation can be configured in other ways to
capture one or more other physical aspects of the deformation.  Further, the direction of
displacement does not have io be normal, iec. perpendicular; this just represents one
embodiment. For example, the displacement direction could be maodified to represent an
average of normals in a given region of the model.  Also, user-specified information may be
available regarding displacement direction which could be used. For example, if a fiducial
landmark in the image volume and on the available organ surface were apparent, displacement
of that feature could represent a direct application of the known direction based enforcing strict
cosrespondence of that feature.

18642} Once the volumetric deformation field values are generated at block 210, an updated
computer model can be generated at block 212, In particular, the accumulated volumetric
deformation field vahies are used to deform the positions of the nodes of the computer model.
Afterwards, at block 214, the correspondence fimction is updated based on the updated
computer model and a new set of spatial difference values are recalculated to determine if the
simulation has converged or whether additional simulation is needed. Theretore, the spatial
difference values are ovaluated at block 216 to sec if they miecet a convergence ot siopping
criteria at block 216, It the convergence or stopping criferia is met at block 216, a deformed
coraputer madel is output at block 218, Optionally, the accumulated deformation ficld values
can also be output at block 218, The method 106 can then resume previous processing at bloe
220, including repeating method 106 if the non-rigid structure is further deformed. Otherwise,
method 106 computes repeats blocks 208 to 216, where the updated spatial differcnce values are
used to compute a new sct of boundary conditions for the next iteration. Other realizations may
mvolve a return to block 104 followed by block 106 in the event that the convergence or

stopping criteria are not met. This aliows for iterations that mvolve both rigid and non-rigid
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phases to include embodiments with varying ordering.

{0043} The convergence or stopping criteria at block 216 can be defined in several ways.
For example, the convergence criteria can comprise comparing an average, mean, or other
measure of the updated spatial distance values to a threshold value. Thus, if the measure is less
than the threshold value, convergence criteria is met and no further iterations are necessary.
Alternatively or in combination with threshold vahlue criteria, criteria can also be provided which
compares the current and previous sets of spatial difference values to determine whether a
further iteration should be performed.  For example, the convergence criteria can comprise
comparing or calculating a difference between the average, mean, or other measure of the
cwrrent and previous spatial distance values. Thus, if the difference is less than a threshold
value, convergence criteria is met and no further iterations are necessary. Further, in some
embodiments of the invention, the convergence criteria can be that a number of iterations have
occurred.  However, the invention is not limited to the exemplary convergence or stopping
criteria conditions described above. Rather, any type of convergence criteria conditions can also
be used in the various embodiments of the mvention.

10044} In somoe ersbodirments of the invention, the kernel used to generate weights can be
adjusted at cach successive iteration. For example, in the case of a radial kernel function
ernbodiment, the radius size can be reduced over time to prevent excessive deformation. Sucha
change can be linear or non-linear.  Further, the kernel function can also vary spatially. For
example, in the case of a radial kernel function embodiment, the radius size can be larger for
some portions of the computer model.

[0645] In the embodiment illustrated in FIG. 2, the origingl, un-deformed computer model s
used to run the simulation for each successive iteration. However, the various embodimenis of

the invention are not limited in this regard. In some embodiments, the computer model can be
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deformed during cach successive iteration. Thus, cach iteration of the simulation can be based
on an updated computer model, not the original computer model. Given that the application of
boundary displacements as applied in a computer stmulation can be dependent (by design} on
the shape of the structures being modeled, this would result in different transformations. For
example, if the boundary displacement was to move perpendicular to the surface of the structure
being modeled at each iteration, aliowing the shape to change at each successive iteration would
change that trajectory. In addition, when one changes the shape of the structure being modeled
at each iteration, the transmission of load to the successive transmission of shape can change.
For example, applying the same level of force on to an area that is growing in geometric size
results in clevated stresses and more considerable deformation. Therefore, taking into account
changes to the shape of the modeled structure between iteration ultimately affects the accuracy
of a biomechanical simulation. While the above speaks to varying forms of realizing geometric
non-linear behavior in the deformation process, other embodiments may involve material non-
linear behavior (1.e. varying constitutive behavior) as well as aspects related to fracture, learing,
ot separation of materials. Additionally, in sorae embodiments of the invention, additional rigid
alignment steps can be porformed during successive tterations.  For examaple, it an update
computer model is used during each iteration, an additional rigid alignment can be performed
during each iteration or afier the final iteration is performed.

{0046} In some ersbodiments of the invention, the boundary conditions can also be applied
in different ways during cach tteration. For example, one exemplary method is to apply cach
new boundary condition to the original, undeformed geometry using the normal divection
associated with the rigid structure shape. Another exemplary method is to apply boundary
conditions to the undeformed geometry but vary the normal direction according to the non-rigid

shape changes. In this scenario, an undeformed mesh could be used with a modified normal.
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Another exemplary method would be non-rigidly deform the organ, and rebuild the computer

simuiation with the new shape, and associate the normals with its new shape.

LOCAL TRANSFORM GENERATION

180471 Once the deformation displacement vector field is generated, as described above in
Fi(3. 2, the preoperative image data could be easily deformed and the surgeen could use the new
image space and data therein to proceed with the 1GS. However, even when a substantially
good alignment is obtained, using an approach in accordance with the various embodiments of
the invention or a conventional approach, IGS may not be straightforward.

18648] First, since the deformation of the computer model would result in deformation of
one or more portions of the image data, details of the non-rigid structures can become distorted,
bhurred, or even obliterated. As a result, the surgeon may have difficulty in properly identifving
the locations of some features of the non-rigid structure n tmage space. Second, accurately
positioning of an nstrument in image space can be difficult. For example, the deformation
displacement vector ficld values and/or the deformed computer model could be used to identify
the position of an fnstrument in image space. However, the inherent iraperfection of the non-
rigid alignment between surface data and the computer model, errors in the surface data, and
errors it the computer roodel can result in erroneous positioning of instruments in 1mage space,
and thus in patients. For example, if the non-rigid alignment results in a portion of the deformed
corputer madel being positioned above the surface data, positioning the instrument according
to the computer model may result in the instrument being positioned perfectly in image space,
but above the surface of the non-rigid structure in patient space. Even worse, if the non-rigid
alignment results in a portion of the deformed computer model being positioned below the

surface data, positioning the instrument according to the computer model may result in the
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instrument being positioned perfectly in image space, but below the surface of the non-rigid
structure in patient space, possibly damaging the non-rigid structure. The problems are
compounded further when positioning of the instrument in image space causes both vertical and
lateral positioning errors in patient space.

88491 In view of such difficulties, anocther aspect of the invention provides a process for
improving the transform for locating an instrument in tmage space. In the various embodiments
ot the invention, a local, non-rigid transform can be provided for mapping from the instrument
posifion in patient-space to ifs appropriate position i image space. In particular, a mapping
adjustment consisting of three individual local transforms volumes {change in x, v, and z
posifion in image space) is provided. Using this mapping adjustment, the cursor representing
mstrament position can be moved in image-space to the appropriate image coordinate such that
the proper image slice rendering is generated. This is conceptually llustrated in FIGs. 3A and
3B for one of the individual fransforms as an example. This local transform is embodied with
respect to fnstrument location n this description, however, any structure or landmark identified
by the surgeon could undergo the transform process,

[08586] FiIGs. 3A and 3B illustrates an ocxarople of the local transform for the *y’ coordinate
associated with correction before and afier modifying the mapping in accordance with an
erobodiment of the invention. FIG. 3A shows the raw transform map as provided from the non-
rigid alignment phase.  As shown in FIG. 3A, transformuations are only provided within the
surface of the non-rigid structure. That is, the non-rigid alignment process provides a field of
displacement vectors that allows for the displacement to be determined at all focations within the
organ surface. To allow smooth transformations as a surgeon approaches the surface of the
non-rigid structure in patient space, the various embodiments of the invention apply a dittusive

process to the raw transform map of FIG. 3A. The resulting transforms after applying the

20



WO 2011/091218 PCT/US2011/021990
Attorney Docket No. 20004.0049 (VU040

diffusive process are shown in FIG. 3B, There are many ways to generate this transform
envelope and a diffusive process is just one possible realization. Other embodiments could
involve various averaging schemes, novel spatial kernels, filters, or a neighborhood fimctional
form.

88311 Upon generation of the full 3D local transformation mapping as shown in FIG. 3B,
this transform would be ported to the 1GS system. Thus, as data associated with instrument
position is collected in patient space, the local transform is applied in image space to provide the
appropriate shift. As a result, the proper cardinal image planes can be brought up on the IGS
display and the surgeon gets a more accurate understanding of probe location. The resolts of
this process are conceptually tllustrated in FIGs. 4A and 4B. This embodiment allows for the
pristine use of the original image data. Tt should be firther noted that additional transforms of
subsurface targets may need to be provided to the surgeon to provide accurate path planning to
target.

{00582} FIG. 4A is a diagram that conceptually illustrates the process whereby an tmage slice
from the transverse planc through a hver is polled based on a mapping obtained without any
adjustments, that is, the alignment provided by 104, FIGs. 4B is a diagram that conceptually
lustrates the process whereby an image slice from the transverse plane through a liver s polled
based on the non-rigid of FIG. 2 and a local transforru in accordance with an embodiment of the
mvention. For the purposes of simulating an IGS display in FiGs. 4A and 4B, a simulated stylus
cursor is shown as being dragged across the liver in a medial to lateral direction on the physical
patient, where the location of the stylus is shown on a transverse image as a dot with the arrow
shown for location emphasis, As shown in FIG. 4A, it can be seen that because of imperfections
i alignment using purely a rigid transtormation (step 104 of Fig. 1}, a cursor can fall well off

the organ (liver in this case) in image space as the stylus is dragged across and reaches the more
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iateral surface regions of the organ. However, by applying 8 non-rigid mapping envelope in
accordance with an embodiment of the invention, a cursor position can be corrected such that it
does not inaccurately report its position as being off the organ (fiver in this case} in image space
but rather accurately portrays its location on the organ as the stylus is dragged across and
reaches the more lateral surface regions of the organ.

188353} One exemplary method for determining such mapping adjustments is described
below with respect to FIG. 5. FIG. 5 is a tflow chart of steps in an exemplary method 500 for
calowdating a mapping adjustment for an instrument in bmage space in accordance with an
embodiment of the invention. Method 500 begins at block 502 and proceeds to block S04, At
block S04, data sets for transforming an instrument in patient space {o irsage space are obtained
ot received. In particular, a location of the instrument in patient space is received. Further, a
computer model of the non-rigid structure is received, along with deformation displacement
vector field values and the correspondence function for computer model and surface data after
the rigid alignment, such as the deformation displacement vector ficld values and initial
correspondence function obtained in FIG. 2. Furthermore, data associating the computer model
and the tmage data is also received. In particular, the relationship between the nodes of the
computer model and the voxels in the image data is received. Such a relationship can also be
defined via an image/mode] correspondence function.

LIRSS Ouce the data s received at block 504, the geometry of the coraputer model can be
transformed in to patient space starting at block 506, First, at block 506 the rigid alignment
mformation can first be used to transform the locations of the nodes of the computer model ina
corputer model space to locations in patient space. For example, the initial correspondence
function can be used to map the deformed nodes into the patient space. Afterwards, at block

508, the deformation displacement vector field values can be used to deform the computer
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model in patient space and thus provide a it to the surface data m patient space. Consequenily
or in combination with the deformation or transformation of the locations of the nodes of
computer model at block 508, the nodes of the computer model can also be associated with
reverse deformation values at block 510 (ie, the negative values of the deformation
displacement vector ficld values received).

{8855} The steps described above will be generally sufficient for enabling an IGS to place a
cussor representing the location of an instrument/object in the proper location when the position
of the instrument/object is within a portion of the non-rigid structure. However, outside the non-
rigid structure, the location would quickly revert back to esseutially a rigid transformation. This
can result m the cursor position jumping erratically as the instrument/object in moved. Thus,
prior to any transformation of instrument/object location, the various embodiments of the
invention provide for calculating additional reverse displace ficld values i regions of patient
space surrounding the deformed computer model at block 512, These additional values can be
computed by jnchide solving a partial differential cquation that describes the process of
diffusion explicitly using a fintte difference method on the natural voxel grid 1o patient space
prior fo the transformation of instrument location coordinates. n this embodiment, all voxels
associated with deformed computer model have undeforming vector displacoments associated
with them. Taking an individual displacement grid, e.g. the medial-to-lateral displacement
direction, the aforementioned diffusion method can be used whereby the medial-to-lateral
displacements are fixed within the organ but allowed to numerically diffuse to create an
envelope surrounding the computer model. Thus, an additional, small envelope of non-rigid
transformations is defined in regions just outside the surfaces of the non-rigid siructure. The
envelope thus defines g region that smoothly transitions from the reverse flow ticld values of the

deformed computer model in paticnt space and the rigid transforms elsewhere in patient space.
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Accordingly, if an instrument/object is located near the surface of the non-rigid structure, its
transformation into the original computer modei space will be based on the envelope rather than
the rigid transformation. Thus, a mapping is generated to allow for a smooth local transform
when a stylus/ohject is used within the IGS system both within and near the physical organ
surface.  In some embodiments of the tnvention, the partial differential equation can be a
diffusion equation. However, the invention is not limited in this regard and other types of partial
differential equations or interpolative methods can be used to form the envelope in the various
ernbodiments of the invention such as averaging schemes ot a neighborhood functional form.
[B0S6] Once the computer model and patient space is processed at blocks 506-512,
transformation of the mstrument/object location into fmage space can begin starting at block
514

[8857] First, at block 512, the reverse flow field values from block 508 and 512 are used to
mittally transform the coordinates of the instrument location in patient space.  Afterwards, at
biock 514, this focation data for the instrument/object in patient space is further transformed into
location dafa in coraputer model space. More specifically, the location of the instrument/object
in physical space is transformed by the reverse displacement ficld. Once performed, the
mstrument/object location has been effectively undeformed. Block 516 can then apply the
transform from patient-space to image-space, i.e. the rigid alignment transform associated with
step 104 of FIG. 1 (or the appropriate rigid fransform depending on the embodiment of FIG. 1)
Once the transformations at blocks 514 and 516 are completed, coordinates for an
mstrument/object in image space arc known and appropriate image data can be determined in
biock 518, In particular, the relationship between the deformed organ(s} in patient-space as
captured by instrumentation can be used to adjust nodes of the computer model such that a

cormplete path between the voxels of the image data and the location of the instrument/object
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can be derived for display in image space.

{0058} Afterwards, at block 320, the image data and indicia of the instrument/object location
can be displaved during the IGS procedure. In the various embodiments of the invention, the
image data and indicia for the instrument/object can be displayed in a two-dimensional or three-
dimensional format.  In the case of a two-dimensional format, the instrument location in image
space can be used to identify the appropriate cardinal image slices in the image guided display
and the cursor position. Afterwards, the image data and cursor can be displayed at block 520,
Once the correspondence of instrument/object physical position to that of the particalar voxel in
image space, any number of standard displays can be generated. For example, the standard
cardinal image displays could be used. However, any and all other information expressed in the
image space could be rendered with some relationship to the cursor. In addition, while
instrument/object location is important, the path or trajectory from the current location o a
neighboring location is likely to be important. In order to provide such mformation, other
objects or locations on the surface or nearby may need to be transformed to image-space to
provide for accurate navigation. In this case the transform steps could be modified such that the
location/object and wneighboring portions are deformed and rigidly transformed to  their
appropriate posifions in image-space thus ensuring that when navigating from a current location
to a neighboring location in physical space that the corresponding path image space is accurate.
The method 500 then proceeds to block 520 to continue previous processing, inchuding repeating
method 500 when the instrument is moved.

{88359} An exemplary hardware configuration for performing one or more of the tasks
identified above with respect to FiGs. 1-5 is shown below in FIG. 6. FIG. 6 shows an
exemplary hardware system configuration 600 in accordance with an cmbodiment of the

invention. As shown in FIG. 6, system 600 can include an image/data processor 6035, a display
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monitor 610, and an IGS controller 615, The IGS controller can be coupled to an optical
tracking sensor which consists of sensing optical cameras 630, and emitters 620, 625, and 635,
Further, the IGS controller 615 can be coupled to one or more emitters that can serve as
mstruments such as 620, and 635, 640 is a separate computation node controller that interfaces
to the image/data processor 603 for the purpose of non-rigid deformation correction and the
embodiment of related processes  Although the various components are shown as separate,
discrete components, the invention is not limited in this regard. For example, the IGS controlier
615, the image data processor 6035, and the computation node controller 640 can be mtegrated
mto a single system. Similarly, depending on the nature of correction, the computation node
controller 640 could be separated nto multiple computation node controllers networked
together.

{6060] System 600 operates as follows. First, emitter 625 is often affixed to the patient or
supporting surgical instrumentation. This could be replaced by providing a fixed camera mount
{i.e. fix 630) within the operating room. Sensor 630 is used to determine the location of all
emitiers within the operating room (to include optical stylus 620, or potentially a laser range
scanner 635). Emitter 620, or 635 could be used to detect a surface, or visible struchure of a
non-rigid organ or the location of an fnstrument. However, the invention is pot limited in this
regard and more than one scusing system can be used to provide surface data and/or
mstrument/object position data. An cxample of a system for generating surface data is a laser-
range scanner system, such as the RealScan 3D system produced by 3D Digital Corporation of
Danbury, CT or g similar system custom designed by Pathfinder Therapeutics Inc. of Nashville,
TN. Such systems arc capable of capiuring three-dimensional topographic surface data as well
surface texture mapping using an array of data points, For example, in one embodiment a

scamning field of 500 horizontal by 512 vertical points can be acquired in 5-10 seconds and used
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to generate surface data of exposed surfaces during IGS procedures.  In some embodiments,
such a system can be fracked in the operating room space using a digitization system and
calibrated using phantoms with separate independent digitization. 635 would represent the
result of their use. Une advantage of this laser-range scanner system over other surface
digitization technigues is the capability of capturing feature-rich texture maps of the surface as
well as the topographical characteristics.  Such texture map data generally facilitates the
segmentation, 1.e. extraction, of the liver surface for alignment to preoperative imaging. Other
ernbodiments could use a tracked ultrasound probe which could acquire external and/or interior
surface data, The data could be used to extract any number of boundary data to inchide external
and/or interior surface structures for use in the alignment process.

{8861} In operation, system 600 operates as follows. Prior to surgery, relevant data
regarding the preoperative organ 102 would be transmitied to the computation node controller
640 or would have been processed on the controller 615, Upon collection of surface data from
digitization equipment like that of 620 and 635, the fmage/data processor 605 transmits that data
as well as any other relevant intraoperative information to the computation node controller 640,
Using the corputer model, the computation node controller 640 completes the rigid alignment
of the coraputer model to the surface data, as described in FIG. |, followed by the non-rigid
aligrmoent of the coraputer model to the surface data, as described in F1Gs. 1 and 2. Data/image
processor 605 may also perform transformations on the data.  As described above, a local
transformation may also be required. In such cases, the computation node controller 640 can
generate such deformed and adjusted maps, as described above with respect to FIG. 5. The map
can then be used to perform IGS procedures cither by transforming poinis on the compuiation
node controfler 640, or by providing the proper mapping function to the data/image processing

unit 605 and allowing it to apply the proper transform for the IGS display 610,
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EXAMPLES

18862} The following non-limiting Fxamples serve to illustrate selected embodiments of the
invention. It will be appreciated that variations in proportions and alternatives in elements of the
components shown will be apparent to those skilled in the art and are within the scope of
embodiments of the present invention.

18863} An exemplary system was coustructed, similar to that iltustrated in FIG. 6. In
particular, a Stealth Model No, LPC-650-T9500-64GF-04G-6-E-00 Little PC (Computer) was
configured to operate as the computation node controller 640, The controller was used to
provide a rigid and non-rigid alignment of a computer model and surface data of a liver in
accordance with an embodiment of the invention as well as the preoperative processing
components associated with 102, FIG. 7 shows the results of an initial rigid alignment of the
computer model 702 (black mesh) and surface data 704 (gray points). These results were
obtained using a salicnt foature weighting registration method. FIG. 8 shows the results of a
non-rigid alignment in accordance with an embodiment of the invention. These results were
obtained using a finite clement method m approximately 12 terations. As shown in FIG. &, the
deformed computer model 832 (black mesh) now is in greater agreement with the points of the
surface data 704 (gray pownds). The execution of the realization and result shown 1o data 704
represents a mean closest point distance between the model and surface data of 4.7 +/- 3.0 mm
prior to correction on the computation node controller, Atter the computation node controller
exccution of the invention reported herein, the closest point distance became 1.5 +/-0.8 mum,
The amount of deformation of the computer model is shown in FIG. 9, where the original

corputer mode! data and the deformed computer model data are overlaid. In FIG. 9, the
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original computer model 702 is shown by the gray mesh and the deformed computer model is
shown by the black mesh.

88641 FIG. 10 is a schematic diagram of a computer system 1000 for executing a set of
mstructions that, when executed, can cause the computer system to perform one or more of the
methodologies and procedures described above. For example, the architecture of computer
system 1000 can be used to describe the architecture of one or more components of FIG. 6. In
some embodiments, the computer system 1000 operates as a standalone device. In other
ernbodiments, the computer system 1000 can be connected {e.g., using a network) to other
computing devices. In a networked deployment, the computer system 1000 can operate in the
capacity of a server or a chient developer machine i server-client developer network
environment, or as a peer machine in a peer-to-peer {or distributed) network environment, In
some embodiments, the system could be a plug-in card to the guidance system.

D865} The machine can comprise various types of computing systems and devices,
inchuding a server computer, a client user compuler, a personal computer (PC), a tablet PC, a
laptop computer, a desktop coraputer, a control system, a network router, switch or bridge, or
any other device capable of exccuting a set of mstructions {sequential or otherwise) that
specifies actions to be taken by that device. It is to be understood that a device of the present
disclosure also includes any clectronic device that provides voice, video or data communication.
Farther, while a single computer is illustrated, the phrase “computer system” shall be understood
to include any collection of computing devices that individually or jointly execute a set (or
mudtiple sets) of instructions to perform any one or more of the methodologies discussed herein.
0066} The computer system 1000 can include a processor 1002 (such as a central
processing unit {CPU), a graphics processing unit (GPU, or both), a main memory 1004 and a

static memory 1006, which communicate with cach other via a bus 1008, The computer system
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1000 can further include a display unit 1010, such as a video display {e.g., a Hquid crystal
display or LCD), a flat panel, a solid state display, or a cathode ray tube (CRT})}. The computer
system 1000 can include an input device 1312 {e.g., a keyboard), a cursor control device 1014
{e.g., a mouse), a disk drive unit 1016, a signal generation device 1018 {e.g., a speaker or remote
control} and a network interface device 1020,

18867} The disk drive unit 1316 can include a computer-readable storage medium 1022 on
which is stored one or more sets of instructions 1024 (e.g., software code} configured to
implement one or more of the methodologies, procedures, or fumctions described herein. The
mstructions 1024 can also reside, completely or at least partially, within the main memory 1004,
the static memory 1006, and/or within the processor 1002 during execution thercot by the
computer system 1000, The main memory 1004 and the processor 1002 also can constitute
machine-readable media.

D68} Dedicated hardware implementations including, but not himited to, application-
specific integrated cireuits, prograjumable logic arrays, and other hardware devices can likewise
be constructed to tmplerment the methods described hercin,  Applications that can jnchude the
apparatus and systems of various embodiments broadly include a variety of clectronic and
computer systems.  Some embodiments wuplement functions i two or more specific
imterconnected hardware modules or devices with related control and data signals communicated
between and through the modules, or as portions of an application-specific integrated cireuit.
Thus, the exemplary system is applicable to software, firmware, and hardware implementations.

[8869] In accordance with various embodiments of the present disclosure, the methods
described hercin can be stored as software programs in a computer-readable storage medium and
can be configured for running on 3 computer processor. Furthermore, software implementations

can mclude, but are not limited to, distributed processing, component/object distributed
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processing, parallel processing, virtual machine processing, which can also be constructed to
implement the methods described herein.

188781 The present disclosure contemplates a computer-readable storage medium containing
imstructions 1024 or that receives and executes insiructions 1024 from a propagated signal so
that a device connected to a network environment 1026 can send or receive voice and/or video
data, and that can communicate over the network 1026 using the instructions 1024, The
instructions 1024 can further be transmitted or received over a network 1026 via the network
interface device 1020,

{8871} While the computer-readable storage mediom 1022 is shown in an exemplary
ernbodiment to be a single storage medium, the term "computer-readable storage mediom”
should be taken to include a single medium or multiple media {e.g., a centralized or distributed
database, and/or associated caches and servers) that store the one or more sets of instructions.
The term "computer-readable storage mediam” shall also be taken to include any device that 1s
capable of storing a set of mstractions for execution by the machine and that cause the machine
to perform any one or more of the methodologics of the present disclosure,

198972} The term "coraputer-readable medium” shall accordingly be taken to include, but not
be hmited to, solid-state merories such as a mersory card or other package that houses one or
more read-only (non-volatile) memories, random access memories, or other re-writable
{(volatile) memories; magneto-optical or optical mediurn such as a disk or tape; as well as carrier
wave signals such as a signal embodying computer instructions in a fransnussion medium;
and/or a digital file attachment o e-mail or other self-contained information archive or set of
archives considered to be a distribution medium equivalent to a tangible storage medium.
Accordingly, the disclosure is considered to include any one or more of a computer-readable

medium or a distribution medium, as listed hercin and to include recognized equivalents and
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successor media, in which the software implementations herein are stored,

{8873} Although the present specification describes components and functions implemented
in the embodiments with reference to particular standards and protocols, the disclosure is not
fimited to such standards and protocels. Hach of the standards for Internet and other packet
switched network transmission (e.g., TCP/P, UDPF/IP, HTML, and HTTP) represent examples
of the state of the art. Such standards are pericdically superseded by faster or more efficient
equivalents having essentially the same functions. Accordingly, replacement standards and
protocols having the same functions are considered equivalents.

{874} Applicants present certain theoretical aspects below that are believed to be accurate
that appear to explain observations made regarding embodiments of the fnvention. However,
embodiments of the invention may be practiced without the theoretical aspects presented.
Moreover, the theoretical aspects are presented with the understanding that Applicants do not
seek to be bound by the theory presented.

18875] While varicus embodiments of the present ivention have been deseribed above, it
should be understood that they have been presented by way of example only, and not houtation.
MNumerous changes to the disclosed embodiments can be made in accordance with the disclosure
herein without departing frora the spirit or scope of the invention. For example, although the
various embodiments are primarily described with respect to a transformation of coordinates or
locations in a patient space to a computer model space or an image space, the favention is not
Himited in this regard. Rather, the systems and method deseribed herein are equally applicable
for determining coordinates or locations in a pationt space based on locations of interest in the
computer model space or the image space, Such locations can be identified by providing
coordinates or locations relative to any fiducial markers or other reference locations associated

with the non-rigid structures in the patient space. Such a configuration can be utilized, for
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example, to identify an initial location for beginning a procedure or to otherwise assist the user
m identifying or visualizing structures in the patient space. Thus, the breadth and scope of the
present invention should not be limited by any of the above described embodiments. Rather, the
scope of the mvention should be defined in accordance with the following claims and their
equivalents.

18876} Although the invention has been illustrated and described with respect to one or more
implementations, equivalent alterations and modifications will occur to others skilled in the art
upon the reading and understanding of this specification and the annexed drawings. In addition,
while a particular featare of the invention may have been disclosed with respect to only one of
several implementations, such feature may be combined with oue or more other feabures of the
other immplementations as may be desired and advaniageous for any given or particular
application.

{88771 The terminology used herein is for the purpose of describing particular ermbodiments
only and is not intended to be Hmiting of the invention. As used herein, the singular forms "a",
"an" and "the" arc intended to include the plural forrs as well, unless the context clearly
indicates otherwise, Furthermore, to the extent that the terms "inchuding”, "includes”, "having”®,
"hag”, "with", ot variants thereof are used in cither the detailed description and/or the claims,
such terms are intended to be inclusive in a manner similar to the ferm "comprising.”

{0078} Unless otherwise defined, all torms (including technical and scientific terms) used
herein have the same meaning as commonly understood by one of ordinary skill in the art to
which this invention belongs. It will be further understood that terms, such as those defined in
commonly used dictionarics, should be interpreted as having a meaning that is consistent with
their meaning in the context of the relevant art and will not be interpreted in an idealized or

overly formal sense unless expressly so detined herein,
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CLAIMS

What is claimed is:
L. A method for collecting and processing physical space data for use while performing
an image-guided surgical (IGS) procedure, the method comprising:

performing a rigid alignment of a computer model of a non-rigid structure of interest
in a patient and surface data in a patient space associated with at least a portion of said non-
rigid structure; and

computing a deformation of the computer model that provides a non-rigid alignment
of said computer model and surface data, said deformation computed using a set of boundary
conditions defined for each node of said computer model based on said rigid alignment and a

kernel function.

2. The method of claim 1, wherein said computing further comprises:
calculating a set of spatial difference values between the surface data and
corresponding portions of the computer model based on said correspoundence function;
computing the boundary conditions on the set of spatial difference values and said
kernel function;
generating volumetric deformation displacement vector values for said computer
madel based on the boundary conditions;
generating an updated computer model based on the velumetric step values;
updating the correspondence function based on the update computer model;
recalculating the spatial difference values based on the updated correspondence
function; and

repeating the computing, generating, adjusting, and updating steps if the set of spatial
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difference values fail to meet a convergence criteria.

3. The method of claim 2, turther comprising outputting the updated computer model.

4. The method of claim 3, wherein said generating said volumetric deformation
displacement vector vahues further comprises accumulating said volumetric deformation
displacement vector values, and wherein said outputting further comprises outputting an
accumulated displacement vector field comprising said accumulated displacement vector

field values.

5. The method of claim 1, further comprising selecting said convergence criteria to be at
least one of a minimurn threshold value for the set of spatial difference values, a muniroum
difference value between the set of spatial difference values before said updating and the set

of spatial difference values atter said updating, and a pre-defined number of iterations.

6. The method of claim 1, further comprising displaying data for facilitating said IGS

procedure based on said deformation,

~~3

The method of claim 6, wherein said displaying further coraprises:
generating a display of preoperative image data associated with said computer model,

wherein the preoperative image data is modified to correspond to said deformation,

8. The method of claim 6, wherein said displaying further comprises:
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receiving image data associated with said computer model and a location of an object
in said patient space;

transtforming said computer model into said patient space based on said rigid
alignment and said deformation;

computing reverse deformation displacement vector field values for each node of said
computer model;

calculating an envelope of additional reverse deformation vector field values fora
portion of said patient space surrounding said deformed computed model;

transtorming said location into a computer model space of said computer model based
on said rigid alignment and said reverse deformation displacement vector field values; and

calculating coordinates in an image space of said image data for said transtormed

location of said instrument.

g, The method of claim &, forther comprising:
displaying said image data without deformation; and
displayving indicia of said object location in said timage space based on said calculated

coordinates in said image space.

10, The method of claim 8, wherein said calculating of said envelope is based on an

enveloping sirategy.

1t The method of claim 6, wherein said displaying further comprises:
receiving image data associated with said computer model and at least one location of

interest in an image space of said image data;
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transforming said location into a computer mode! space of said computer model;

calculating coordinates in said paticnt space for said transformed location of interest.

12, A system for collecting and processing physical space data for use while performing
an tmage-guided surgical (IGS) procedure, the system comprising:

a storage medium for storing a computer model of a non-rigid structure of interest in a
patient and surface data in a patient space associated with at least a portion of said non-rigid
siructure; and

a processing element communicatively coupled to said storage medium, wherein said
processing element is configared for:

obtaining a rigid alignment of the computer model and the surface data, and
computing a deformation of the computer model that provides a non-rigid
alignment of said computer model and surface data, said deformation computed using

a set of boundary conditions defined for cach node of said computer model based on

said rigid alignment and a kernel function;

3. The system of claim 12, wherein said processing element 15 further configured during
said computing for:

calculating a set of spatial differonce values between the surface data and
corresponding portions of the computer model based on said correspondence function,

computing the boundary conditions based on the set of spatial difference values and
said kerne! function,

generating volumetric deformation displacement vector values for said computer

model based on the boundary conditions,

~J
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generating an updated computer model based on the volumetric step values,

updating the correspondence function based on the update computer model,

recalculating the spatial difference vahues based on the updated correspondence
function, and

repeating the computing, generating, adjusting, and updating steps if the set of spatial

difference values fail to meet a convergence criteria.

14, The system of claimn 13, wherein said processing element is further configured for

ouiputting the updated computer model.

Is. The system of claim 14, wherein said processing element is further configured during
said generating of said volumetric deformation displacement vector values for accurnulating
said volumetric deformation displacement vector values, and wherein said processing
clervent is further configured during said outputting for outputting an accumulated

displacernent vector field comprising said accumulated displacement vector field values.

16,  The system of claim 12, further comprising a display device communicatively
coupled to said processing clement and configured for displaying data for facilitating said

IS procedure based on said deformation.

7. The system of ¢laim 16, wherein said processing element is further configured for
generating signals for said display device to generate a display of preoperative image data
associated with said computer model, wherein the preoperative image data is modified

correspond said deformation.
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I8,  The system of claim 16, wherein said processing eloment is further for selecting said
convergence criteria to be at least one of a minimum threshold value for the set of spatial
difference values, a minimum difference value between the set of spatial difference values
before said updating and the set of spatial difference values after said updating, and a pre-

defined number of iterations.

19 The system of claim 16, wherein said processing element is further configured for

receiving image data associated with said computer model and locations of an object
iu said patient space;

transtforming said computer model into said patient space based on said rigid
alignment and said deformation;

computing reverse deformation displacement vector field values for each node of said
computer model;

calculating an envelope of additional reverse deformation vector ficld values fora
portion of said patient space surroundmg said deforroed computed model;

transtorming said location into a computer model space of said computer model based
on said rigid alignment and said reverse deformation displacement vector field values; and

calculating coordimates 1o an fmage space of said 1mage data for said transformed

location of said object.

20, The system of claim 19, further comprising:
transforming additional focations m said patient space neighboring said location of

said object into the computer mode] space based on said rigid alignment and said reverse
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deformation displacement vector field values; and
calculating coordimates in an image space of said image data for said transformed

additional locations.

s The system of claim 20, wherein said processing device is further configured for
generating signals for said display device to display said image data without deformation and
indicia of at least one of said object and said additional locations in said image space based

on respective ones of said calculated coordinates in said image space.

22 The system of claimn 19, wherein said processing element is further configured for

performing said calculating of said envelope based on an enveloping strategy.

23. A computer-readable storage medium, having stored thereon a computier program for
collecting and processing physical space data for use while performing an image-guided
surgical (1GS) procedure, the computer program having a plurality of code sections, the code
sections executable by a computer to cause the corapuier to perform the steps of

obtaining a computer model of 4 non-rigid structure of interest in a pationt;

erforroing a rigid aligrnement of the computer model and surface data in a paticnt

space associated with at least a portion of said non-rigid structure;

computing a deformation of the computer mode! that provides a non-rigid alignment
of said computer model and surface data, said deformation computed using a set of boundary
conditions defined for cach node of said computer model based on said rigid alignment and a
kernel function; and

displaying data for facilitating said IGS procedure based on said deformation.
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24, The computer-readable storage medium of claim 23, wherein said computing further
comprises code sections for:

calculating a set of spatial difference values between the surface data and
corresponding portions of the computer model based on said correspondence function;

computing the boundary conditions based on the set of spatial difference values and
said kernel function;

generating volumetric deformation displacement vector vahies for said computer
model based on the boundary conditions;

generating an updated computer model based on the volumetric step vahues;

updating the correspondence function based on the updated computer model;

recalculating the spatial difference values based on the updated correspondence
function; and

repeating the computing, generating, adjusting, updating steps if the set of spatial

difference vahues fail to meet a convergence criteria,

25, The computer-readable storage medium of claim 24, further comprising code sections

for outputting the updated computer model.

26. The computer-readable storage medium of claim 23, wherein said generating said

volumetric deformation displacement vector values further comprises code sections for
ceurmulating said volumetric deformation displacement vector values, and wherein said

outputting further comprises code sections for outputting an accumulated displacement vector

field comprising said accumulated displacement vector ficld values.
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27. The computer-readable storage medium of claim 23, wherein said displaying further
comprises code sections for:

generating a display of preoperative image data associated with said computer model,
wherein the preoperative image data is meodified to correspond to said deformation.
28. The computer-readable storage medium of claim 23, further comprising selecting said
convergence crileria to be at least one of a minimuam threshold value for the set of spatial
difference vahies, a minimum difference value between the set of spatial difference values
betore said updating and the set of spatial difference values atter said updating, and a pre-

defined number of iterations.

29. The computer-readable storage medium of claim 23, wherein said displaving further
comprises code sections for:

receiving image data associated with said computer model and locations in said
patient space associated with said object and neighboring said object;

transtorming said computer model mto said paticnt space based on said rigid
aligniuent and said deformation;

computing reverse deformation displacement vector ficld values for each node of said
computer model based on said deformation;

calculating an envelope of additional reverse deformation vector ticld values for a
portion of said patient space surrounding said deformed computed model;

transforming said locations into a computer model space of said computer model

based on said non-rigid alignment and said reverse deformation displacement vector field
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values; and

calculating coordimates in an image space of said image data for said transformed

focations.
30. The computer-readable storage medium of claim 29, further comprising code sections
for:

displaying said image data without deformation; and
displaving mdicia of said locations in said irnage space based on said calculated

coordinates in said image space.

31 The computer-readable storage medium of claim 29, further comprising code sections

for said calculating of said envelope based on an envelope function.
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