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(57) ABSTRACT

Disclosed herein is a method for producing an evolvable
tissue model of a patient and, using this model, modelling
physical transformations of the tissue (e.g. deformation) of
the tissue model by interacting the tissue model with influ-
ence models which model interactions with the tissue such as
surgical instruments, pressure, swelling, temperature
changes etc. The model is produced from a set of input data of
the tissue which includes directional information of the tis-
sue. The directional information is used to produce an ori-
ented tissue map. A tissue model is then produced from the
oriented tissue map such that the tissue model reflects the
directionality of the tissue component. When the tissue model
is subjected to an influence that causes tissue deformation
over a period of time, the tissue model directionally deforms
over the period of time in a manner which reflects a trajectory
of the influence interacting with the directionality of the tis-
sue component.
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SYSTEM AND METHOD FOR DETECTING
TISSUE AND FIBER TRACT DEFORMATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application No. 61/799,921, titled “SYSTEM AND
METHOD FOR DETECTING TISSUE AND FIBRE
TRACT DEFORMATION” and filed on Mar. 15, 2013, the
entire contents of which are incorporated herein by reference.
[0002] This application claims priority to U.S. Provisional
Application No. 61/800,787, titled “POLARIZED LIGHT
IMAGING DEVICE” and filed on Mar. 15, 2013, the entire
contents of which are incorporated herein by reference.
[0003] This application claims priority to U.S. Provisional
Application No. 61/800,155, titled “PLANNING, NAVIGA-
TION AND SIMULATION SYSTEMS AND METHODS
FOR MINIMALLY INVASIVE THERAPY” and filed on
Mar. 15,2013, the entire contents of which are incorporated
herein by reference.

[0004] This application claims priority to U.S. Provisional
Application No. 61/924,993, titled “PLANNING, NAVIGA-
TION AND SIMULATION SYSTEMS AND METHODS
FOR MINIMALLY INVASIVE THERAPY” and filed on
Jan. 8, 2014, the entire contents of which are incorporated
herein by reference.

FIELD

[0005] The present disclosure relates to navigation systems
and methods for minimally invasive therapy and image
guided medical procedures.

BACKGROUND

[0006] Surgical procedures which exert pressure on tissues
and organs, or alter their composition, can tend to produce
deformation of tissue. For example, deformation of brain
tissue may occur when a craniotomy is opened and pressure
on the brain is relieved, when a surgical device such as a
surgical port or catheter is introduced into the brain, or when
tissue is removed during surgery such as in a tumour resec-
tion. Deformation of tissue and its effects on the accuracy and
precision of surgical procedures is an ongoing area of inves-
tigation and research, and there is a need for effective means
to detect such deformation for surgical planning, navigation,
and analysis. While much of the following discussion uses
surgical procedures in the brain as examples, similar issues
arise in surgery to the spine and other orthopedic applications
and the techniques are generally applicable.

[0007] The complexities associated with tissue shifis that
occur during surgery are not well addressed by currently
available systems and methods. For example during a cran-
iotomy, when a large portion of the skull of a patient is
removed to allow for access to the brain, the brain tends to
swell outside of the remaining skull that is encasing the brain
due to a pressure differential between the brain and the oper-
ating room. This brain swelling, and brain sag due to gravity,
can tend to lead to a significant shift in the brain tissue, often
on the order of 1-2 cm. Additionally, as a tumor is resected
from the brain the position of the remaining tissue tends to
shift relative to the pre-operative images as a result of the
decreased volume. These mechanisms of brain swelling, sag,
and shift can result in significant variations between pre and
intra operative brain position. There is therefore a need for
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effective means to detect tissue deformation resulting from
various causes including tissue resection, swelling, and sur-
gical tool insertions, to allow for improved surgical planning,
navigation, and analysis.

[0008] Deformations of the brain tissues occur in the course
of surgery because of physical and physiological phenomena.
As a consequence of this brain-shift, images acquired preop-
eratively no longer correspond to the positioning of brain
tissue. For this reason, any preoperative based neuro-naviga-
tion planning is compromised by intraoperative brain defor-
mations. According to Buick et al [Bio-Mechanical Model of
the Brain for a Per-Operative Image-Guided Neuronavigator
Compensating for “Brain-Shift” Deformations], mathemati-
cal computer simulation models such as continuous mechani-
cal linear and small deformations model may be used to
model] surgical interactions (i.e., tissue resection) in an inter-
active way.

[0009] Different tissue types possess different deformation
properties, so current methods of detecting tissue deforma-
tion often segment the body into a variety of tissue types. For
example, with respect to deformation with brain surgery,
brain tissue tends to be analyzed based on tissue type such as
grey matter, white matter and cerebrospinal fluid. These
methods provide deformation models based on the distortion
properties for each type of tissue. However, these current
methods do not adjust the model based on knowledge of
oriented tissue structure (such as nerve or muscle fiber direc-
tion) or connectivity ofthe underlying structure. Rather, these
systems and methods tend to treat all similar tissue types
homogenously. Hence there s a need fora system and method
of detecting tissue deformation based on knowledge of ori-
ented tissue structure or connectivity of the underlying struc-
ture, rather than simply tissue type. Furthermore, if the device
being introduced to the tissue is geometrically of similar
shape and size to its ingress and sufficiently rigid, the device
will tend to constrain movement of tissue and will maintain an
interface with the tissue of known position and shape, and so
is significant to the equilibrium positioning of tissue.

SUMMARY

[0010] There is herein described a system and method for
detecting tissue generally transformation (such as tissue
deformation), including nerve fiber deformation. The sys-
tems and methods described in this disclosure provide way to
model and hence predict tissue transformations (e.g., tissue
and fiber deformation), based on properties of the tissue ori-
entationat a given location (for example, the local direction of
each fiber tract at a given point), as well as knowledge of
known events in the environment of the tissue (for example,
edema or removal of surrounding tissue).

[0011] Anembodiment provides a method for producing an
evolvable tissue model of a patient, comprising the steps of:

[0012] a) receiving at least one set of input data of tissue
of a patient, said at least one set of input data containing
directional information being derivable therefrom, of at
least one tissue component of the tissue;

[0013] D) representing the directional information of the
at least one component of tissue in a pre-selected format
and producing therefrom an oriented tissue map which
reflects a directionality of the at least one tissue compo-
nent; and

[0014] c) producing a tissue model in which at least one
constituent of the tissue model is the oriented tissue map
such that the tissue model reflects the directionality of
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the at least one tissue component so that when the tissue

model is subjected to an influence that causes tissue

transformation over a period of time, the tissue model

evolves over the period of time in a manner which

reflects a trajectory of the influence interacting with the

directionality of the at least one tissue component.
[0015] This tissue model may then be interacted with one or
more influences to predict transformations ofthe tissue due to
the influence. This involves

[0016] receiving at least one set of input data of at least
one influence to which the tissue is to be subjected;

[0017] preprocessing the at least one set of input data and
extracting therefrom parameters of said influence;

[0018] representing the parameters of said influence in a
pre-selected format; and

[0019] producing at least one influence model from the
represented parameters of the influence; and

[0020] interacting the influence model with the tissue
model and updating the tissue model after the interaction
showing a transformation the tissue model due to the
influence, the updated tissue model forming an output.

[0021] Also disclosed herein is a system for producing an
evolvable tissue model of a patient, comprising:

[0022] a)astoragedevice configured to receive and store
therein pre-operative and intra-operative input data of
tissue of a patient;

[0023] b)acomputer processor and associated user inter-
face in communication with said storage device, said
computer processor being programmed with instruc-
tions for:

[0024] receiving at least one set of input data of tissue
of a patient, said at least one set of input data contain-
ing directional information being derivable there-
from, of at least one tissue component of the tissue;

[0025] representing the directional information of the
at least one component of tissue in a pre-selected
format and producing therefrom an oriented tissue
map which reflects a directionality of the at least one
tissue component; and

[0026] producing a tissue model in which at least one
constituent of the tissue model is the oriented tissue
map such that the tissue model reflects the direction-
ality of the atleast one tissue component so that when
the tissue model is subjected to an influence that
causes tissue transformation over a period of time, the
tissue model evolves over the period of time in a
manner which reflects a trajectory of the influence
interacting with the directionality of the at least one
tissue component;

[0027] storing said tissue model; and

[0028] c)avisual display for displaying thetissue model.

[0029] There is also disclosed a system for predicting or
modelling a transformation of an evolvable tissue model of a
patient due to interaction with an influence,

[0030] a) a storage device;

[0031] b)acomputerprocessor and associated user intet-
face in communication with said storage device, said
computer processor being programmed with instruc-
tions for:

[0032] reccivingatleast one set of input data of at least
one influence to which the tissue is to be subjected,;

[0033] preprocessing the at least one set of input data
and extracting therefrom parameters of said influ-
ence;
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[0034] representing the parameters of said influence in
a pre-selected format; and

[0035] producing at least one influence model from
the represented parameters of the influence;

[0036] interacting the influence model with a tissue
model and updating the tissue model after the inter-
action for showing a transformation the tissue model
due to the influence; and

[0037] c)avisual display for displaying any one or com-
bination of the tissue model, the influence model and the
transformed tissue model.

[0038] The present disclosure also provides a computer
readable storage medium having stored therein a computer
program for predicting a transformation of an evolvable tis-
suie model of a patient due to interaction with an influence, the
computer program being programmed with steps, which,
when executed on a computer, comprises:

[0039] receiving at least one set of input data of at least
one influence to which the tissue is to be subjected;

[0040] preprocessing the atleast one set of input data and
extracting therefrom parameters of said influence;

[0041] representing the parameters of said influence in a
pre-selected format; and

[0042] producing at least one influence model from the
represented parameters of the influence;

[0043] interacting the influence model with a tissue
model and updating the tissue model after the interaction
for showing a transformation the tissue model due to the
influence; and

[0044] visually displaying the transformed tissue model.

[0045] A computer readable storage medium is also pro-
vided having stored therein a computer program for produc-
ing an evolvable tissue model of a patient and for predicting a
transformation of an evolvable tissue model of a patient due to
interaction with an influence, the computer program being
programmed with steps, which, when executed on a com-
puter, comprises:

[0046] receiving at least one set of input data of tissue of
a patient, said at least one set of input data containing
directional information being derivable therefrom, of at
least one tissue component of the tissue;

[0047] representing the directional information of the at
least one component of tissue in a pre-selected format
and producing therefrom an oriented tissue map which
reflects a directionality of the at least one tissue compo-
nent;

[0048] producing a tissue model in which at least one
constituent of the tissue model is the oriented tissue map
such that the tissue model reflects the directionality of
the at least one tissue component so that when the tissue
model is subjected to an influence that causes tissue
transformation over a period of time, the tissue model
evolves over the period of time in a manner which
reflects a trajectory of the influence interacting with the
directionality of the at least one tissue component;

[0049] storing said tissue model;

[0050] receiving at least one set of input data of at least
one influence to which the tissue is to be subjected,

[0051] preprocessing the at least one set of input data and
extracting therefrom parameters of said influence;

[0052] representing the parameters of said influence in a
pre-selected format; and

[0053] producing at least one influence model from the
represented parameters of the influence;
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[0054] interacting the influence model with the tissue
model and updating the tissue model after the interaction
for showing a transformation the tissue model due to the
influence; and

[0055] visually displaying the transformed tissue model.

[0056] Furthermore, as the systems and methods described
herein predict and model transformations such as deforma-
tion based on location and directional based properties of
particular fiber tracts, they do not require a segmentation of
tissue types for deformation estimation; however, in some
embodiments this information can be utilized.

[0057] A further understanding of the functional and
advantageous aspects of the present system and method can
be realized by reference to the following detailed description
and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0058] Embodiments disclosed herein will be more fully
understood from the following detailed description thereof
taken in connection with the accompanying drawings, which
form a part of this application, and in which:

[0059] FIG. 1 is a flow chart illustrating the processing
steps involved in a port-based surgical procedure using a
navigation system.

[0060] FIG. 2 is a block diagram showing system compo-
nents and inputs for planning and scoring surgical paths as
disclosed herein.

[0061] FIG. 3 is a block diagram showing system compo-
nents and inputs for navigation along the surgical paths pro-
duced by an exemplary planning system of FIG. 2.

[0062] FIG. 4A is a diagrammatic representation of pre-
cannulation.

[0063] FIG. 4B is a diagrammatic representation of post-
cannulation.

[0064] FIG.5isa flow chart illustrating a general flow for
detecting fiber tract deformation.

[0065] FIG. 6 is a more detailed flow chart illustrating
modeling of fiber track deformation incorporating DTI
images and tool image models.

[0066] FIG. 7 is a flow chart further elaborating on the
“Create Tissue Model” step 308 as outlined in FIG. 6.
[0067] FIG. 8 is a flow chart further elaborating on the
“Model Interaction” and “Update Model” steps 318 and 320
as outlined in FIG. 6.

DETAILED DESCRIPTION

[0068] Various apparatuses or processes will be described
below to provide examples of embodiments of the invention.
No embodiment described below limits any claimed inven-
tion and any claimed invention may cover processes or appa-
ratuses that differ from those described below. The claimed
inventions are not limited to apparatuses or processes having
all of the features of any one apparatus or process described
below or to features common to multiple or all of the appa-
ratuses or processes described below. It is possible that an
apparatus or process described below is not an embodiment of
any claimed invention.

[0069] Furthermore, numerous specific details are set forth
in order to provide a thorough understanding of the embodi-
ments described herein. However, it will be understood by
those of ordinary skill in the art that the embodiments
described herein may be practised without these specific
details. In other instances, well-known methods, procedures
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and components have not been described in detail so as not to
obscure the embodiments described herein. Also, the descrip-
tion is not to be considered as limiting the scope of the
embodiments described herein.

[0070] Furthermore, in the following passages, different
aspects of the embodiments are defined in more detail. Each
aspect so defined may be combined with any other aspect or
aspects unless clearly indicated to the contrary. In particular,
any feature indicated as being preferred or advantageous may
be combined with at least one other feature or features indi-
cated as being preferred or advantageous.

[0071] FIG. 1 is a flow chart illustrating the processing
steps involved in a port-based surgical procedure using a
navigation system. The first step involves importing the port-
based surgical plan (step 102). A detailed description of the
process to create and select a surgical plan is outlined in the
disclosure “PLANNING, NAVIGATION AND SIMULA-
TION SYSTEMS AND METHODS FOR MINIMALLY
INVASIVE THERAPY”, a United States Patent Publication
based on a United States Patent Application, which claims
priority to U.S. Provisional Patent Application Ser. Nos.
61/800,155 and 61/924,993, which are both hereby incorpo-
rated by reference in their entirety.

[0072] As outlined above; an exemplary plan may be com-
posed of pre-operative 3D imaging data (e.g., MRI, Ultra-
sound, etc.), and overlaid on it, received inputs (e.g., sulci
entry points, target locations, surgical outcome criteria, addi-
tional 3D image data information) and displaying one or more
trajectory paths based on the calculated score for a projected
surgical path. The aforementioned surgical plan may be one
example; other surgical plans and/or methods may also be
envisioned and may form the planning input into the present
guidance and navigation system.

[0073] FIG. 2 is a block diagram showing exemplary sys-
tem components and inputs for planning and scoring surgical
paths as disclosed herein as disclosed in United States Patent
Publication “PLANNING, NAVIGATION AND SIMULA-
TION SYSTEMS AND METHODS FOR MINIMALLY
INVASIVE THERAPY™ as noted above. FIG. 3 is a block
diagram showing system components and inputs for naviga-
tion along the surgical paths produced by an exemplary plan-
ning system of FIG. 2.

[0074] More specifically, FIG. 3 shows an embodiment for
use as an intra-operative multi-modal surgical planning and
navigation system and method. The system and method can
be used as a surgical planning and navigation tool in the
pre-operative and intra-operative stages. Persons of skill will
appreciate that the data input(s) of the surgical planning steps
and surgical procedures described in FIG. 2, can be used as
input(s) to the intra-operative navigation stage described in
FIG. 3.

[0075] The navigation system of FIG. 3 provides a user,
suich as a surgeon, with a unified means of navigating through
a surgical region by utilizing pre-operative data input(s) and
updated intra-operative data input(s). The processor(s) of sys-
tem and methods are programmed with instructions/algo-
rithms to analyze pre-operative data input(s) and intra-opera-
tive data input(s) to update surgical plans during the course of
surgery.

[0076] Forexample, if intraoperative input(s) in the form of
newly acquired images identified a previously unknown
nerve bundle or brain track, these input(s) can be used to
update the surgical plan during surgery to avoid contacting
the nerve bundle. Likewise, if intraoperative data acquisition
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gives positional information about a known feature or tissue
region, that measured position can be compared to the pre-
sumed location(s) of the pre-operative data and used to
improve the correspondence. This comparison can be pet-
formed by the user, by means of visual comparison, or auto-
matically using an energy minimization approach with appro-
priate metric. Persons of skill will appreciate that
intraoperative input(s) may include a variety input(s) includ-
ing local data gathered using a variety of sensor(s).

[0077] In some embodiments, the system and methods of
FIG. 3 may provide continuously updated intraoperative
input(s) in the context of a specific surgical procedure by
means of intraoperative imaging sensor(s) to validate tissue
position, update tissue imaging after tumor resection and
update surgical device position during surgery.

[0078] The systems and methods may provide for re-for-
matting of the image, for example, to warn of possible punc-
ture of critical structures with the surgical tools during sur-
gery, or collision with the surgical tool during surgery. In
addition, the embodiments disclosed herein may provide
imaging and input updates for any shifts that might occur due
to needle deflection, tissue deflection or patient movement as
well as algorithmic approaches to correct for known imaging
distortions. The magnitude of these combined errors is clini-
cally significant and may regularly exceed 2 cm. Some the
most significant are MRI based distortions such as gradient
non-linearity, susceptibility shifts, eddy current artifacts
which may exceed 1 cm on standard MRI scanners (1.5T and
3.0T systems).

[0079] Persons of skill will appreciate that a variety of
intraoperative imaging techniques can be implemented to
generate intraoperative input(s) including anatomy specific
MRI devices, surface array MRI scans, endonasal MRI
devices, anatomy specific US scans, endonasal US scans,
anatomy specific CT or PET scans, port-based or probe based
photo-acoustic imaging, as well as optical imaging done with
remote scanning, or probe based scanning.

[0080] The present system and method uses one or more
sensors, wherein the sensor(s) detect information relating to a
subject or patient’s fiber tract model, interconnections
between fiber tracts, as well as fiber tract elasticity. In some
embodiments the sensors may be imaging sensors, such as
diffusion weighted MRI devices which possess good fiber
tract and fiber orientation detection capability, although it will
be appreciated that other tissue sensors and imaging tools
may be used (such as polarized light emission and detection).
In some embodiments fiber elasticity at a given location (such
as maps of elastic modulus to map tissue stiffness) can be
directly measured; for example by various techniques such as
imaging and direct physical measures. Some examples
include magnetic resonance elastography, ultrasound elas-
tography, optical coherence tomography, changes in reflected
light polarization, and direct physical measures of exposed or
biopsied tissue through, for example an array of strain gauges.
In other embodiments, fiber elasticity at a given location of a
fiber map can be determined based on known elasticity mod-
els of nerve (or muscle) fibers, and a segmentation of tissue
categorization or type based on acquired images of the under-
lying tissue (For instance, Magnetic Resonance Imaging with
T1 and T2 weighted imaging). The sensor(s) are in commu-
nication with one or more receiver(s) of a system that
receives, records and/or processes the information regarding
the fiber tract model and fiber tract elasticity input(s) detected
by the sensor(s).
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[0081] The systems and methods described herein measure
or predict tissue and fiber deformation, based on properties of
the fiber tract at a given location, for example, the local
direction of each fiber tract at a given point. Persons of skill
will appreciate, for example that tissues, particularly fibrous
tissues, react differently when forces are applied transversely
as opposed to laterally. Therefore, knowledge ofa fiber tract’s
direction and interconnectivity can be useful in assessing
fiber deformation at a given point when subjected to external
forces. Further information regarding location of other tissues
(such as cerebrospinal fluid, location and orientation of blood
vessels, location and orientation of sulci), as detected through
imaging (such as MRI, computed tomography and ultra-
sound) can be also incorporated into a deformation model by
including known and measured stiffness and deformation
properties of these tissue types.

[0082] Insome embodiments, the system may include one
or more processor(s) that analyzes the strain values on the
fiber tracts, based on fiber tract elasticity model input(s) and
event input(s), including force. By computing the effects of
the event input(s)” forces at each location of the nerve fibers,
strain values can be determined across the fibers. In some
embodiments, strain values can be calculated at each location
of each fiber tract, to determine fiber tracts at risk of shearing
or other damage. This data can tend to be useful in surgical
planning and navigation to avoid events or paths that can tend
to exhibit higher damage risks.

[0083] In some embodiments, readings and calculations
canbe repeated on an iterative basis, as event input(s) change,
for example as a probe’s position changes during a surgical
procedure. This can tend to be advantageous to provide real-
time intraoperative surgical information.

[0084] In other embodiments, sensor(s) can tend to detect
the brain tissue type in a particular location, such as white and
grey matter, for example. Known properties of the various
tissue types, such as myelinated or non-myelinated, can be
included as input(s) to provide additional values for measur-
ing deformation.

[0085] In further embodiments, Fractional Anisotropy
(“FA”) information, measured by sensor(s) including diffu-
sion weighted MRI devices (“DWI”), may be used as input(s)
to determine fiber tract strength and oriented stiffness at a
given location. For example, when FA input(s) are near 0,
diffusion of water detected by a DWI imaging sensor tends to
be isotropic (e.g. equally restricted in all directions). When
FA approaches 1, the diffusion of water detected by a DWI
imaging sensor tends to occur only along one direction and is
completely restricted in all other directions. Such information
can be used to map the degree of oriented stiffness of a fiber
tract at a particular point.

[0086] In still further embodiments, sensor(s) can detect
additional input information for use in detecting tissue defor-
mation. For example, location points where sulci or cere-
brospinal fluid interface with the tissue of interest can be used
to adjust calculations for surrounding tissue stiffness, as these
interfaces can introduce additional considerations at the loca-
tion point affecting elasticity and deformation.

[0087] In use, the embodiments may tend to be used for
pre-operative surgical planning, intraoperative surgical navi-
gation, and post-operative educational review of a procedure,
such as for a surgeon self-assessment and student education
and review, and retrospective determination of deformation
of points of interest for subsequent imaging and follow-up
assessment.
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[0088] Referring again to FIG. 1, once the plan has been
imported into the navigation system (step 102), the patient is
affixed into position using a head or body holding mecha-
nism. The head position is also confirmed with the patient
plan using the navigation software (step 104). In this embodi-
ment, the plan is reviewed and the patient positioning is
confirmed to be consistent with craniotomy needs. Further-
more, a procedure trajectory may be selected from a list of
planned trajectories produced in the planning procedure.
[0089] Returning to FIG. 1, the next step is to initiate reg-
istration of the patient (step 106). The phrase “registration” or
“Iimage registration™ refers to the process of transforming
different sets of data into one coordinate system. Data may be
multiple photographs, data from different sensors, depths, or
viewpoints. The process of “registration” is used in the
present application for medical imaging in which images
from different imaging modalities are co-registered. Regis-
tration is necessary in order to be able to compare or integrate
the data obtained from these different modalities.

[0090] Those skilled in the art will appreciate that there are
numerous registration techniques available and one or more
of them may be used in the present application. Non-limiting
examples include intensity-based methods which compare
intensity patterns in images via image metrics, while feature-
based methods find correspondence between image features
such as points, lines, and contours. Image registration algo-
rithms may also be classified according to the transformation
models they use to relate the target image space to the refer-
ence image space. Another classification can be made
between single-modality and multi-modality methods.
Single-modality methods typically register images in the
same modality acquired by the same scannet/sensor type, for
example, a series of MR images can be co-registered, while
multi-modality registration methods are used to register
images acquired by different scanner/sensor types, for
example in MRI and PET. In the present disclosure multi-
modality registration methods are used in medical imaging of
the head/brain as images of a subject are frequently obtained
from different scanners. Examples include registration of
brain CT/MRI images or PET/CT images for tumor localiza-
tion, registration of contrast-enhanced CT images against
non-contrast-enhanced CT images, and registration of ultra-
sound and CT. The process should not be confused with the
registration of navigational hardware to a reference frame
relative to the patient. Both procedures are necessary to com-
pare physical locations in the OR to data sets and images
generated pre-operatively.

[0091] Once registration is confirmed (step 108), the
patient is draped (step 110). Typically draping involves cov-
ering the patient and surrounding areas with a sterile barrier to
create and maintain a sterile field during the surgical proce-
dure. The purpose of draping is to eliminate the passage of
microorganisms (i.e., bacteria) between non-sterile and ster-
ile areas.

[0092] Upon completion of draping (step 110), the next
steps is to confirm patient engagement points (step 112) and
then prep and plan craniotomy (step 114). Upon completion
of the prep and planning of the craniotomy step (step 112), the
next step is to perform the craniotomy procedure (step 114)
where a bone flap is temporarily removed from the skull to
access the brain (step 116).

[0093] Duringthe process of craniotomy (step 116) and any
subsequent steps thereafter, there is a risk of tissue deforma-
tion. The brain is housed in the skull and is under constant
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intracranial pressure; the brain will change shape if there is a
fluctuation in pressure. Any puncture to the skull (i.e., through
drilling or cutting of the skull) may cause fluid release and the
change in pressure may change the shape of the brain. Fur-
ther, during and after craniotomy (steps 116 to 130) if the
incision in the dura is large, or if the dura is under pressure due
to fluid, more deformation may result during the dura inci-
sion. Brain tissue deformation may also occur during cannu-
lation (step 134) when a device (e.g. a surgical port) and
instruments are inserted down a sulcal path of the brain.
Further, during craniotomy (step 116), registration data is
also being updated with the navigation system in real time
(step 122). While the present method does not involve mod-
eling this type of deformation, it will be appreciated that in the
event that a pressure model is generated, then the intracranial
pressure needs to be taken into account.

[0094] The next step is to confirm the engagement within
craniotomy and the motion range (step 118). Once this data is
confirmed, the procedure advances to the next step of cutting
the dura at the engagement points and identifying the sulcus
(step 120). Registration data is also updated with the naviga-
tion system at this point (step 122).

[0095] Thereafter, the cannulation process is initiated (step
124). Cannulation involves inserting an instrument (e.g. sur-
gical port) into the brain, typically along a sulci path as
identified in step 120, along a trajectory plan. Cannulation is
an iterative process that involves repeating the steps of align-
ing the port on engagement and setting the planned trajectory
(step 132) and then cannulating to the target depth (step 134)
until the complete trajectory plan is executed (step 124). FIG.
4A is a diagrammatic representation of pre-cannulation,
while FIG. 4B is a diagrammatic representation of the same
port after cannulation, where some fiber tracts have been
displaced during the process.

[0096] Once cannulation is complete, the port introducer is
removed. The surgeon then performs resection (step 128) to
remove part of the brain and/or tumour of interest. Next
de-cannulation (step 126) is performed by removing the port
and any tracking instruments from the brain. Finally, the
surgeon closes the dura and completes the craniotomy (step
130).

[0097] The present disclosure provides a method for pro-
ducing an evolvable tissue model of a patient undergoing a
medical procedure. The method includes obtaining at least
one set of input data of the tissue of the patient that will
undergo the procedure. This set of input data includes therein
directional data of at least one component of the tissue (it is
noted that directional information of more than one tissue
component may be used in more sophisticated models but a
basic model requires the directional information of at least
one tissue component). Such directional information could be
inherent to the material, or it could represent directional infor-
mation about the surface interface(s) of the material. For
example, if the tissue being operated on is the brain, it is noted
that in the brain sulci are convolutions of the white matter
surface that extend into the volume of the brain. As such, they
form natural, oriented tissue boundaries and the properties of
these sulcal boundaries will affect the deformation of white
matter if a tool is introduced near or within them.

[0098] It will be appreciated that the tissue model, in its
simplest form, can be constructed using the directional infor-
mation of at least one tissue component, but a more sophis-
ticated model may be produced using the directional infor-
mation of more than one type of tissue in the tissue volume
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being operated on, as well as non-directional information
about the tissue location, constituents, etc. This input data
may be obtained in several ways, for example it may be
images obtained by various imaging modalities (e.g. MRI,
CT, X-ray, ultrasound, Doppler ultrasound, functional MRI,
etc.) having with appropriate natural dimensions (e.g. 2D,
3D, 2D+time, 3D+time, etc.). Alternatively, instead of images
the inputs may be other data sets of interest, such as spectro-
graphic (e.g. oxygen concentration in a region via NIR spec-
trography), biomechanical (stiffness or density measure at a
point or region), electro-magnetic (e.g. Electroencephalo-
gram), optical (microscopy), or physical (such as pressure,
fluid flow rates etc.). Specific detailed approaches may be
used including, but not limited to, using any of magnetic
resonance diffusion weighted imaging and its specific
detailed approaches such as diffusion tensor imaging, q-ball,
HARDI etc.; or interferometric approaches such as OCT; or
algorithmic segmentation and analysis of cellular orientation
image data (such as microscopy).

[0099] Prior to producing the model, the directional infor-
mation needs to be in a usable format. If the directional
information as acquired is already in a usable format as
received then the model may be generated. In the event the
directional information is not usable as is, then prior to con-
structing the model a step of preprocessing the input data and
extracting therefrom directional information of the at least
one component of the tissue in a usable format is carried out.
[0100] Non-limiting examples of formats that may used to
represent the directional information of the at least one com-
ponent of the tissue includes, but is not limited to, an image
format, and/or a geometric model, and/or a scalar field, and/or
avector field, and/or a tensor field, and/or a representation of
angular components such as via quaternion or rotation matri-
ces, and/or a decomposition of angular components via any
appropriate basis such as spherical harmonics, and/or any
generalized functional representation of directional orienta-
tion.

[0101] When the model is first produced using pre-opera-
tive images prior to physically accessing the tissue site, MR
based diffusion tensor imaging (D) may be used to provide
images from which directional information of at least one
tissue component can be obtained. For example in the case of
muscle tissue, tendon and ligaments, the directional proper-
ties of the tissue can be discerned. Similarly, in the case of
neurosurgery, the directional properties of fiber tracts can be
elucidated from pre-operative DTI. For updating the model
intraoperatively, or producing a new base model in the event
of significant deformation, other imaging modalities may be
used. These include optical inspection of fiber locations (via
endoscope or microscope), and spectroscopy, intraoperative
MRI, and ultrasound imaging and elastography.

[0102] After the input data has been obtained and received,
the method includes preprocessing the input data and extract-
ing from it directional information of the particular compo-
nent of the tissue for which the information has been
obtained. This direction information of the particular compo-
nent of tissue is then represented in a pre-selected format.
Non-limiting examples of the format in which the directional
information is represented range from the simple (e.g. purely
geometric models such as connected line segments with rigid
interactions) to the general (e.g. finite element modeling).
The choice of representation is driven by the interactions to be
modeled. For example, if the only information available is a
geometric representation of fiber tracts, deformations could
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be modeled as mass-spring interactions on piecewise linear
elements of the tracts. However, if additional information is
available it may be beneficial to measure tissue homogeneity,
or pressure, or fluid dynamics, etc. In this case such a geo-
metric model is far too simple and a more general setting such
as finite element modeling (or other PDE methods), or energy
methods (e.g. Gibbs/Markov random fields), or more general
statistical modeling.

[0103] Using this presentation of the directional informa-
tion, an oriented tissue map is produced which reflects the
directionality of the particular tissue component. The ori-
ented tissue map then forms at least one constituent that is
used to produce a tissue model such that the tissue model
reflects the directionality of the at least one tissue component.
This gives an evolvable tissue model such that when the tissue
model is subjected to an influence that causes some sort of
discernable transformation of the tissue (the evolution of one
or more physical properties over time, one example being
tissue deformation) over a period of time, the tissue model
directionally informs the transformation (e.g., deformation)
over that period of time in a manner which reflects a trajectory
of the influence interacting with the directionality of the par-
ticular tissue component.

[0104] It is noted that the tissue model may be produced
with many constituents (which may or may not exhibit aniso-
tropic behaviour) in addition to the oriented tissue map, but
the presence of the oriented tissue map is a necessary com-
ponent of the oriented tissue model, since its presence allows
modelling of any tissue deformation with realistic constraints
reflecting the directionality of the particular tissue. Examples
of other constituents that may be used to produce the evolv-
able tissue model includes any one or combination of physical
or biomechanical properties of any one or combination of
constituents of the brain and head, for example grey matter,
white matter, cerebral spinal fluid, ventricles, brain stem,
meninges, vasculature, tumor, bone, sulcal structure and mor-
phology. fiber tracks and brain and/or head segmentation
maps, lesion and pathology segmentations.

[0105] It will be understood that in addition to the oriented
tissue map, the model may include other components. For
example, non-limiting examples of other constituents which
may be used to build the tissue model include, but are not
limited to, any one or combination of elasticity properties of
the at least one tissue component and/or other tissue compo-
nents, tensile properties of the at least one tissue component
and/or other tissue components, pressure properties of the at
least one tissue component and/or other tissue components, as
well as segmentations of various tissue type(s) relative to any
of the input data sets and the associated boundaries between
tissue types (e.g. grey matter, white matter, CSF and sulcal
locations), vasculature, fluid representations (e.g. CSF,
blood, edema etc.), skeletal or musculoskeletal representa-
tions, skin and/or other organs as geometric models.

[0106] The following examples are illustrative only. If the
influence to which the model is being subjected is a surgical
instrument interacting with the tissue model, the model
deforms in a manner consistent with the angle that the instru-
ment intersects the tissue. For example, if the instrument
intersects the oriented tissue parallel to the directionality of
the tissue, the deformation of the model will be different
compared to the situation of the instrument intersecting the
tissue model perpendicular to the directionality of the tissue.
Likewise, if a region of tissue is compressed or deformed such
that it interacts with another region of tissue, the directional
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components (or lack thereof) of these regions will affect the
interaction; for example muscle fibers being pressed into
another muscle, or fiber tracts in brain being displaced into
other, non-connected fibers.

[0107] The present evolvable tissue model may be coupled
with any type of influence in order to model deformation of
the tissue due to the impact of the influence on the model.
Various examples of influence include, but are not limited to,
the effect of surgical instruments penetrating into the tissue,
swelling of the tissue, pressure changes, tissue resection,
drainage, cauterization, bleeding, and boundary changes such
as due to opening a skull flap or craniotomy.

[0108] The method of producing an evolvable tissue model
may be used to model deformation of any part of the anatomy
(human or animal) in which at least one tissue constituent
exhibits directional features.

[0109] FIG. 5 is a flow chart illustrating a general flow for
producing a tissue model and deformation. The first step in
FIG. 5 is to receive input data (step 202) on at least tissue
orientation but can also include more data, for example data
on connectivity with surrounding tissues. The input data may
consist of any form of data received from cameras, sensors,
tracking tools, navigation systems, MRI, ultrasound or other
known modalities. Input data from step 202 may also include
various influences, for example known perturbations or
known events, based on modeling historical data, as addi-
tional input(s). These event input(s) may include, for
example, a pressure drop in a region of the subject’s tissue
where a surgical procedure is performed, insertion of a sur-
gical tool or foreign object into the surrounding tissue, such as
a surgical port, or negative pressure due to tissue resection
during a biopsy. Persons of skill will appreciate that various
different events could affect the deformation of tissue at a
given location in the subject’s body.

[0110] After data is received at step 202, the system then
preprocesses the data in step 204 to generate a possible set of
data which are organized and presented in an appropriate data
format 206. With respect to the input data relating to the
tissue, in one embodiment this format will present at least
data regarding at least tissue directionality, namely an ori-
ented tissue map, but may also include other information,
including but not limited to, the tissue elasticity input(s) or
other quantifiable metrics detected by the sensor(s). Thus the
pre-processing step (step 204) in FIG. 5 is responsible for
receiving the input data, including input data on the tissue and
influences that will be applied to the tissue model.

[0111] Upon completion of the pre-processing (step 204),
the formatted data for the tissue data input and the influence
(s) are used to simultaneously produce a tissue model (step
208) and influence model(s) (step 210). As noted above,
influence models may be comprised of any received inputs
that may influence the tissue. Influence models may include
parameters from tracking tools, ports and pressure models as
examples. Input data that affects tissue displacement (e.g.
shape of tool being inserted) affects the influence model and
input data that defines the tissue being displaced affects the
tissue model.

[0112] The next steps in FIG. 5 involves a cyclical loop
consisting of 1 or more iterations of model interactions (step
212) and updating the models (step 214). This iterative pro-
cess typically involves how one or more influences on the
model results in deformation of the tissue, over a specified
period of time. Upon completion of the model updates (step
214), the (intermediate or final) output (step 218) is captured.
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Additionally, the input data (step 202) and update model (step
214) step may update the inputs (step 216) and feed these
updated input results back into the pre-process step (step
204). It is noted that the (final or intermediate) output will
always depend on a) what one is modeling, and b) what the
models are. Non-limiting examples of what may be modeled
include forces applied at particular positions over time, such
as mechanical forces or pressure, and similarly such propet-
ties on vector fields, meshes, or other representations. Addi-
tionally, material properties such as stiffness or viscosity may
be changed by evolution of the model(s) or asserted. Further-
more, it may be advantageous to represent approximations of
suich values on individual elements as averaged behaviour or
immutable values, etc., when applying them as boundary
conditions or at a distance.

[0113] Non-limiting examples of what such models may
include are systems of equations (e.g. PDE or ODE systems),
energy functions, boundary conditions, vector fields or stress/
strain tensor fields, deformation fields, and the geometric
representations (such as line segments, rays, lattices or
meshes) needed to support them. Additional regional infor-
mation in the form of labeling maps, segmentations, regions
of interest, or other metadata may be provided as input to the
modelling.

[0114] Those skilled in the art will appreciate that the pre-
cise nature and approach to modeling such interactions will
depend on the available data and the interactions being mod-
eled. Non-limiting examples include optimization methods,
statistical estimation, energy minimization methods, numeri-
cal simulation of ODE/PDE systems, etc.

[0115] As a simple example, if the effect of a surgical
instrument inserted into the tissue is being modelled, the
influence model will at a minimum include the dimensions
and shape of the instrument penetrating the tissue, and the
iterative process will involve movement of the instrument a
given distance in a given period of time, with the output 218
showing the amount of tissue deformation at a selected time.
A more detailed example will be given below with respect to
FIG. 6.

[0116] Once the tissue model is produced, it may be stored
in the storage device of the computer processor for future
reference and/or displayed on a visual display device. In
addition, the tissue model may have visual clues assigned to
the various constituents of the tissue model. For example,
colors may be assigned to different tissues or other constitu-
ents of which the model is comprised, boundaries between the
regions may be represented as surfaces to display, the time
evolution of the tissue model (once modeled) may be ani-
mated.

EXAMPLE

Medical Procedures Involving the Brain

[0117] FIG. 61s a flow chart illustrating the present method
of modelling fiber tract deformation incorporating DTI
images and surgical tools shape models. FIG. 6 is an embodi-
ment of a specific case of producing a fiber tract deformation
model only and does not involve other tissue types as illus-
trated in FIG. 5. In FIG. 6, two data streams, including DTI
image data (step 302) and tool shape model (step 310) are
received as input data.

[0118] After the DTT image set data is received (step 302),
the system then preprocess the data (step 304), typically using
a streamline tractography algorithm. After preprocessing
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(step 304), a fiber tract map (step 306) is created. The fiber
tract map produced in step 306 is then used to produce a tissue
model (step 308).

[0119] FIG. 7 is a flow chart further elaborating on the
“Create Tissue Model” step (308) as outlined in FIG. 6 with
details of the sub-steps involved being shown in dotted box
300. In FIG. 7, processed tracts are received as produced in
step 306 as an input into the create tissue model (step 308).
Step 308 may be further divided into four sub-steps (box 300).
The first sub-step involves simplification and geometric seg-
mentation (step 220) of the tracts. For example, the geometry
can first be simplified using the Douglas-Peucker algorithm,
then polylines deemed too short can be removed. Following
this, all the polylines may be re-sampled into equally spaced
segments, to simplify model updates.

[0120] Referring again to FIG. 7, the geometric segmenta-
tion (from step 220) is then used to apply to torsion and
curvature constraints to segments (step 224) where trained
parameters for constraints (step 222) may be used as inputs.
For example, a simple version of this would proceed as fol-
lows. Each segment is considered to be rigid and non-com-
pressible. We apply a simple parametric differential model to
their motion, e.g. a mass-spring model. By parameterizing the
motion in terms of Frenet frame of reference, motion in the
osculating plane and normal plane may be constrained sepa-
rately. For example, we can parameterize resistance to curva-
ture and torsion separately (see, e.g. Spivak, A Comprehen-
sive Introduction to Differential Geometry for these standard
properties). The parameters for the model are applied in step
224; these could be arrived at in many ways, e.g. via empirical
measurement, reference to studies on measurable properties
of the tissue in question, or direct intra-operative measure-
ments. The parameters may also be improved or “trained”
also by reference to intraoperative positioning of the tissue
and comparison to modeled results. The result is a parameter-
ized dynamic update function for each segment forming (step
226) a mapping of how each segment will behave under
external influence.

[0121] The tissue model is produced using both the geo-
metrical and parametric (e.g. functional) inputs. Specifically
the tissue model is dependent on both the orientation and
structure of the tract segments (as processed through 222, 224
and 226) as well as the relative position of one tract segment
to the others (since this is how forces are transferred either
longitudinally through the segment or by the segment
encountering another geometric feature as it moves). Thus the
geometry plus the parameterized model created for it form the
“tissue model”.

[0122] A more complicated approach would involve more
models, for example a rigid model of the skull could be added
as hard constraints on the movement of the geometry. Going
further towards a general solution, given suitable inputs a
finite element model (FEM) incorporating all material in the
volume of interest can be created. A simple version of this
would require only a labeling of all tissue types, and a tessel-
lation of the volume into a suitable mesh capturing the inter-
faces of white matter, grey matter, cerebrospinal fluid and air
as an example. Given such inputs, as well as, the tractography
geometry described previously, it is possible to introduce
anisotropic weighting of the PDE equations in the finite ele-
ments that are intersected by fiber tracts and thus introduce
tissue orientation to the modeling.

[0123] In addition to this Produce Tissue Model (step 308
via steps 302, 304 and 306), a parallel processing path involv-
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ing tools (i.e., port, tracking tools, etc.) is also pursued. Tool
shape model (step 310) is used as input data. The tool shape
model undergoes preprocessing (step 312) where a trajectory
plan is incorporated. This trajectory plan can be any paramet-
ric curve in space, beginning at an entry point and ending at a
target. and is provided by the user. This curve is then param-
eterized by time (step 314), the simplest version of this would
be to uniformly step along the curve for a given total time, but
non-uniform stepping could also be used. The user will pro-
vide this time variable, or it can be automatically created for
them if they provide a total time. This (time) parameterized
trajectory of the geometric shape is given a (nominal, in the
simplest version, or this can also be parameterized in time)
force, and hence forms the influence model (step 316).

[0124] Both the tissue model production (step 308) and the
influence models (step 316) are used as inputs into a cyclical
loop comprised of 1 or more iterations of model interactions
(step 318) and updating the models (step 320). Upon comple-
tion of the model updates (step 320), the final output (step
324) consisting of such results as deformed tracts and strain
map for tracts are created. A further elaboration on this can be
found in FIG. 8 and is described below for more detail.

[0125] Finally, this system has an update loop where at the
update model step (step 320), the system updates the inputs
(step 322) and feeds these updated input results back into the
preprocess step (steps 304 and 312) respectively. This (op-
tional) update loop allows dynamic update of the tractogra-
phy map and/or tool shape (e.g. if deformed by internal pres-
sure from the tissue) to be incorporated in the deformation
computation. If these inputs are considered static or constant
then the entire model can be updated through repeated loop-
ing time steps between 318 and 320, with no need to recourse
to the outer loop. An example of the more general case would
be if we have introduced a robotic tool with appropriate
sensors, the tool will provide data including changes to its
position, attitude and joint positioning. These measurements
can provide dynamic updates to the influence model, facili-
tating the updating described in 322. Those skilled in the art
will appreciate that this could also be done from modeled
estimation of tool position and or shape, and that further
information could be derived from other sensors (e.g. Bragg
gratings or other interferometric approaches, bend sensors,
etc.).

[0126] FIG. 8 is a flow chart further elaborating on the
“Update Model” and “Model Interaction” steps outlined in
FIG. 6. The model interactions (step 212) and update models
(step 214) steps from FIG. 6 consists of sub-steps as outlined
as elements in box 232 in FIG. 8.

[0127] InFIG. 8, tissue model (step 230) is introduced at an
initial time (e.g., time t=0). A port geometry model (step 234)
which may consist of a mesh file (e.g. an “stl” file or a
computer aided design (CAD) drawing) is received as an
input. A further input of a port trajectory (step 236) is also
received. The port trajectory in step 236 may already be a
positional function of time, such as the trace of an intraop-
eratively inserted instrument as tracked by a surgical naviga-
tion system, or may consist of a contemplated surgical plan
under assessment in a surgical planning software system, in
which case it will be automatically parameterized uniformly
over a nominal time to create the trajectory as a function of
time. The port geometry (step 234) and port trajectory (step
236) are combined to determine a port location at any specific
time.
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[0128] A time stepper module is used to generate the time
“t” (step 248) and is also used as an input to determine port
location (step 246) at a specific time. In this simple model, the
port location is determined entirely by its defined trajectory,
and the tissue deforms around it. More complex modeling
could allow the modelled tissue forces to affect the port posi-
tion, causing the port location to be the result of its insertion
forces and the resistive forces of the tissue it affects. The time
stepper (step 248) is typically a software function with a
graphical user interface (e.g., a slider or button control with
automatic “playback”) and is used to generate steps along the
path, though it may also be taken from actual measured
instrument movements measured directly during a surgical
procedure by a tracking system. Further, the time stepper
(step 248) is typically a time variable that is used to drive the
simulation steps. In the exemplary embodiment, time steps
may be uniform (e.g., t,=1 second, t,=2 seconds, t;=3 sec-
onds, etc.), but alternate embodiments may consider steps to
be non-uniform to represent different phases during the path
(e.g., t;=1 second, t,=3 seconds, t;=25 seconds, etc.). The
time variable may or may not correspond to “clock time”
during the procedure.

[0129] For any given step, once the port location at time t,,
is determined (step 246), the delta between this and the ports
positionattimet,_, can be computed and each segment of the
tissue model evaluated to see if it is affected by this motion.
For each affected segment, model forces are applied by the
port to the segment (step 240) where the model evolves over
time (t). Thereafter, the system updates all segments of the
model until all forces are equalized (step 242). The model
then advances to the next step at time=t,,, , (step 244) where it
then interacts with the next step of the port. The model is
constantly being updated and continues in this cyclical loop
until the system time step has reached the end of the planned
course of the port.

[0130] In more complex embodiments, the output of the
inner loop 232 can be compared with the original position of
the models to update the inputs with estimations of their
evolution over time. For example, by keeping track of the
motion of every segment in the geometric tissue model
described above and averaging their motions over a discrete
volume enclosing them, we can arrive at a vector valued
deformation field (whose magnitude is 0 wherever no geo-
metric motion was observed). This deformation can then be
cleaned up (e.g. to enforce a diffeomorphism) if desired. The
resultant deformation can then be applied directly to any input
image volumes as desired. For example this could be used to
estimate a T1 weighted image part way through the procedure
from pre-operative data. Furthermore, the deformation can be
applied to the input entire data and used to regenerate a new
geometric model from the modified images.

[0131] This updated model can be used in diverse ways. For
example, it can be compared to the result of the geometric
model for regularization purposes or to estimate modeling
errors, used as input for a new cycle of model updates, and/or
it may presented to the user on a visual user interface. This
approach obviously generalizes to more sophisticated tissue
models. Additionally, influence models may be treated the
same way. In the simple example, geometry used (i.e. the
port) to influence the tracts was considered to be purely rigid,
but in general all of the influence models may be modified by
the tissue as well, and the model update step described here
may affect influence models as well as tissue models. For
example, if a DBS (deep brain stimulation) introducer, or
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similar artifact, is used as an influence model its shape may be
modeled and distorted by the resistance of the tissue. By
adjusting its planned trajectory into the brain under the action
a deformation field such as described here, we can compare
the modeled position to the deformation of the original plan
and present metrics based on its divergence to the user.
[0132] Itwill be appreciated that the method for producing
the evolvable tissue model may form a stand-alone product
for use by clinicians looking to produce general or specific
tissue models and has utility inand of itself and may be stored
in a computer readable storage medium. Furthermore, the
method of modelling the effect of an influence on tissue using
an evolvable tissue model form a stand-alone product for use
by clinicians looking to model the effect of influences using a
tissue model specific to their needs may be stored in a com-
puter readable storage medium by itself. In addition, both the
method for producing the evolvable tissue model and the
method of modelling the effect of an influence on tissue using
the evolvable tissue may be combined into a single package
and may be stored in combination on a computer readable
storage medium.

[0133] At least some of the elements of the systems
described herein may be implemented by software, or a com-
bination of software and hardware. Elements of the system
that are implemented via software may be written in a high-
level procedural language such as object oriented program-
ming or a scripting language. Accordingly, the program code
may be written in C, C++, C#, JavaScript, SQL, or any other
suitable programming language and may comprise modules,
classes or other functional units of code as will be appreciated
by those skilled in the art. At least some of the elements of the
system that are implemented via software may be written in
assembly language, machine language or firmware as needed.
In any case, the program code can be stored on a storage
media or on a computer readable medium that is readable by
ageneral or special purpose programmable computing device
having a processor, an operating system and the associated
hardware and software that is necessary to implement the
functionality of at least one of the embodiments described
herein. The program code, when read by the computing
device, configures the computing device to operate in a new,
specific and predefined manner in order to perform at least
one of the methods described herein.

[0134] Furthermore, at least some of the methods described
herein are capable of being distributed in a computer program
product comprising a computer readable medium that bears
computer usable instructions for execution by one or more
processors, to perform aspects of the methods described. The
medium may be provided in various forms such as, but not
limited to, one or more diskettes, compact disks, tapes, chips,
USB keys, external hard drives, wire-line transmissions, sat-
ellite transmissions, internet transmissions or downloads,
magnetic and electronic storage media, digital and analog
signals, and the like. The computer useable instructions may
also be in various forms, including compiled and non-com-
piled code.

[0135] Whiletheapplicant’s teachings described herein are
in conjunction with various embodiments for illustrative pur-
poses, it is not intended that the applicant’s teachings be
limited to such embodiments. On the contrary, the applicant’s
teachings described and illustrated herein encompass various
alternatives, modifications, and equivalents, without depart-
ing from the embodiments, the general scope of which is
defined in the appended claims. Except to the extent neces-
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sary or inherent in the processes themselves, no particular
order to steps or stages of methods or processes described in
this disclosure is intended or implied. Tn many cases the order
of process steps may be varied without changing the purpose,
effect, or import of the methods described.

Therefore what is claimed is:

1. A method for producing an evolvable tissue model of a
patient, comprising the steps of:

a) receiving at least one set of input data of tissue of a
patient, said at least one set of input data containing
directional information being derivable therefrom, of at
least one tissue component of the tissue;

b) representing the directional information of the at least
one component of tissue in a pre-selected format and
producing therefrom an oriented tissue map which
reflects a directionality of the at least one tissue compo-
nent; and

¢) producing a tissue model in which at least one constitu-
ent of the tissue model is the oriented tissue map such
that the tissue model reflects the directionality of the at
least one tissue component so that when the tissue model
is subjected to an influence that causes tissue transfor-
mation over a period of time, the tissue model evolves
over the period of time in a manner which reflects a
trajectory of the influence interacting with the direction-
ality of the at least one tissue component.

2. The method according to claim 1 wherein step b) is
executed using the directional information as acquired when
said directional information is usable in a format as received
in step a), and wherein in the event the directional information
is not usable as is, including a step of preprocessing the input
data and extracting therefrom directional information of the
at least one component of the tissue in a usable format.

3. The method according to claim 1 or 2 wherein the tissue
model includes further constituents, said further constituents
including any one or combination of elasticity properties of
one or more tissue components tensile properties of one or
more tissue components, pressure properties of one or more
tissue components, segmentations of various tissue type(s)
relative to any of the input data sets and associated boundaries
between tissue types, vasculature, fluid representations, skel-
etal or musculoskeletal representations, skin and/or other
organs as geometric models.

4. The method according to any one of claims 1 to 3
wherein the pre-selected format used to represent the direc-
tional information of the at least one component of the tissue
includes an image format, and/or a geometric model, and/ora
scalar field, and/or a vector field, and/or a tensor field, and/or
a representation of angular components such as via quater-
nion or rotation matrices, and/or a decomposition of angular
components via any appropriate basis such as spherical har-
monics, and/or any generalized functional representation of
directional orientation.

5. The method according to any one of claims 1 to 4,
including visually displaying the tissue model.

6. The method according to claim 5, including assigning
visual clues to different constituents of the displayed the
tissue model.

7. The method according to any one of claims 1 to 6
wherein the evolvable tissue model is an evolvable tissue
model of the patient’s brain, and wherein the input data of the
at least one tissue component of the tissue is input data of
diffusion fiber tracts, and wherein the oriented tissue map is a
map showing the white matter fiber tracks.
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8. The method according to claim 7 wherein the tissue
model ofthe patient’s brain includes further constituents, said
further constituents including any one or combination of
physical or biomechanical properties of any one or combina-
tion of constituents of the brain and head.

9. The method according to claim 7 or 8 wherein the bound-
aries between tissue types includes boundaries between any
combination of grey matter, white matter, cerebral spinal
fluid, sulcal locations, tumor, bone, meninges, vasculature,
and ventricles.

10. The method according to claim 7, 8 or 9 wherein the
fluid representations include cerebral spinal fluid, blood, and
edema.

11. The method according to any one of claims 7 to 10
wherein the input data is acquired using any or combination
of magnetic resonance diffusion weighted imaging, diffusion
tensor imaging, q-ball, HARDI, interferometric approaches
including optical coherence tomography, temporal imaging
techniques including Doppler ultrasound and functional
MR, algorithmic segmentation and analysis of cellular ori-
entation image data such as microscopy.

12. The method according to any one of claims 1 to 6
wherein the evolvable tissue model is an evolvable tissue
mode] of the patient’s spinal cord, and wherein the input data
of the at least one tissue component of the tissue is input data
of spinal fiber tracts, and wherein the oriented tissue map is a
map showing the spinal fiber tracts.

13. The method according to claim 12 wherein the tissue
model of the patient’s spinal cord includes further constitu-
ents, said further constituents including any one or combina-
tion of physical or biomechanical properties of any one or
combination of spinal meninges, cerebral spinal fluid, vascu-
lature, tumor, bone including vertebrae, intervertebral fibro-
cartilage, muscle, tendon, cartilage, or ligament.

14. The method according to claim 12 or 13 wherein the
boundaries between tissue types includes boundaries
between any combination of cerebral spinal fluid, meninges
tumor, bone including vertebrae, intervertebral fibrocartilage,
vasculature, muscle, tendon, cartilage, and ligament.

15. The method according to claim 12,13 or 14 wherein the
fluid representations include cerebral spinal fluid, blood, and
edema.

16. The method according to any one of claims 12 to 15
wherein the input data is acquired using any or combination
of magnetic resonance diffusion weighted imaging, diffusion
tensor imaging, q-ball, HARDI, interferometric approaches
including optical coherence tomography, temporal imaging
techniques including Doppler ultrasound and functional
MRI, algorithmic segmentation and analysis of cellular ori-
entation image data such as microscopy.

17. A method of modelling effect of an influence on tissue
using the evolvable tissue model according to any one of
claims 1 to 16, comprising the steps of;,

receiving at least one set of input data of at least one

influence to which the tissue is to be subjected;
preprocessing the at least one set of input data and extract-
ing therefrom parameters of said influence;
representing the parameters of said influence in a pre-
selected format; and

producing at least one influence model from the repre-

sented parameters of the influence; and

interacting the influence model with the tissue model and

updating the tissue model after the interaction showing a
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transformation the tissue model due to the influence, the
updated tissue model forming an output.
18. The method according to claim 17, including using the
updated tissue model, and updated input data of the tissue of
the patient in the step of preprocessing the input data and
extracting therefrom updated directional information of the at
least one component of the tissue, and including using the
updated tissue model, and updated input data of said at least
one influence in the step of preprocessing the at least one set
of input data and extracting therefrom updated parameters of
said influence.
19. The method according to claim 17 or 18, wherein the
step of interacting the influence model with the tissue model
includes iteratively interacting the influence model with the
tissue model over a period oftime, and including updating the
tissue model at selected times during said period of time.
20. The method according to claim 17, 18 or 119 including
visually displaying the updated tissue model and/or storing
the updated tissue model.
21. The method according to any one of claims 17 to 20,
wherein the influence is a surgical instrument inserted into the
tissue, and wherein the influence model includes at least
dimensions and a shape of the instrument penetrating the
tissue, and wherein the iterative process includes movement
of the instrument a given distance in a given period of time,
with the output showing an amount of tissue deformation at a
selected time.
22. A system for producing an evolvable tissue model of a
patient, comprising:
a) a storage device configured to receive and store therein
pre-operative and intra-operative input data of tissue of a
patient;
b) a computer processor and associated user interface in
communication with said storage device, said computer
processor being programmed with instructions for:
receiving at least one set of input data of tissue of a
patient, said at least one set of input data containing
directional information being derivable therefrom, of
at least one tissue component of the tissue;

representing the directional information of the at least
one component of tissue in a pre-selected format and
producing therefrom an oriented tissue map which
reflects a directionality of the at least one tissue com-
ponent; and

producing a tissue model in which at least one constitu-
ent of the tissue model is the oriented tissue map such
that the tissue model reflects the directionality of the
at least one tissue component so that when the tissue
model is subjected to an influence that causes tissue
transformation over a period of time, the tissue model
evolves over the period of time in a manner which
reflects a trajectory of the influence interacting with
the directionality of the at least one tissue component;

storing said tissue model; and

¢) a visual display for displaying the tissue model.

23. A system for predicting a transformation of an evolv-
able tissue model of a patient due to interaction with an
influence,

a) a storage device;

b) a computer processor and associated user interface in
comniunication with said storage device, said computer
processor being programmed with instructions for:
receiving at least one set of input data of at least one

influence to which the tissue is to be subjected,
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preprocessing the at least one set of input data and
extracting therefrom parameters of said influence;

representing the parameters of said influence in a pre-
selected format; and

producing at least one influence model from the repre-
sented parameters of the influence;

interacting the influence model with a tissue model and
updating the tissue model after the interaction for
showing a transformation the tissue model due to the
influence; and
c¢)avisual display for displaying any one or combination of
the tissue model, the influence model and the trans-
formed tissue model.
24. A system for producing an evolvable tissue model of a
patient and for predicting a transformation of an evolvable
tissue model of a patient due to interaction with an influence,
comprising:
a) a storage device;
b) a computer processor and associated user interface in
communication with said storage device, said computer
processor being programmed with instructions for:
receiving at least one set of input data of tissue of a
patient, said at least one set of input data containing
directional information being derivable therefrom, of
at least one tissue component of the tissue;

representing the directional information of the at least
one component of tissue in a pre-selected format and
producing therefrom an oriented tissue map which
reflects a directionality of the at least one tissue com-
ponent; and

producing a tissue model in which at least one constitu-
ent of the tissue model is the oriented tissue map such
that the tissue model reflects the directionality of the
at least one tissue component so that when the tissue
model is subjected to an influence that causes tissue
transformation over a period of time, the tissue model
evolves over the period of time in a manner which
reflects a trajectory of the influence interacting with
the directionality of the at least one tissue component,

storing said tissue model;

receiving at least one set of input data of at least one
influence to which the tissue is to be subjected;

preprocessing the at least one set of input data and
extracting therefrom parameters of said influence;

representing the parameters of said influence in a pre-
selected format;

producing at least one influence model from the repre-
sented parameters of the influence;

interacting the influence model with the tissue model
and updating the tissue model after the interaction for
showing a transformation the tissue model due to the
influence; and

c)avisual display for displaying anyone or combination of
the evolvable tissue model, the influence model and the
transformed tissue model.

25. A computer readable storage medium having stored
therein a computer program for producing an evolvable tissue
model of a patient, the computer program being programmed
with steps, which, when executed on a computer, comprises:

receiving at least one set of input data of tissue of a patient,
said at least one set of input data containing directional
information being derivable therefrom, of at least one
tissue component of the tissue;
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representing the directional information of the at least one
component of tissue in a pre-selected format and pro-
ducing therefrom an oriented tissue map which reflects a
directionality of the at least one tissue component;

producing a tissue model in which at least one constituent
of the tissue model is the oriented tissue map such that
the tissue model reflects the directionality of the at least
one tissue component so that when the tissue model is
subjected to an influence that causes tissue transforma-
tion over a period of time, the tissue model evolves over
the period of time in a manner which reflects a trajectory
of the influence interacting with the directionality of the
at least one tissue component; and

storing said tissue model.

26. A computer readable storage medium having stored
therein a computer program for predicting a transformation of
an evolvable tissue model of a patient due to interaction with
an influence, the computer program being programmed with
steps, which, when executed on a computer, comprises:

receiving at least one set of input data of at least one

influence to which the tissue is to be subjected;
preprocessing the at least one set of input data and extract-
ing therefrom parameters of said influence;
representing the parameters of said influence in a pre-
selected format; and

producing at least one influence model from the repre-

sented parameters of the influence;

interacting the influence model with a tissue model and

updating the tissue model after the interaction for show-
ing a transformation the tissue model due to the influ-
ence; and

visually displaying the transformed tissue model.

27. A computer readable storage medium having stored
therein a computer program for producing an evolvable tissue
model of a patient and for predicting a transformation of an
evolvable tissue model of a patient due to interaction with an
influence, the computer program being programmed with
steps, which, when executed on a computer, comprises:

receiving at least one set of input data of tissue of a patient,

said at least one set of input data containing directional
information being derivable therefrom, of at least one
tissue component of the tissue;
representing the directional information of the at least one
component of tissue in a pre-selected format and pro-
ducing therefrom an oriented tissue map which reflects a
directionality of the at least one tissue component;

producing a tissue model in which at least one constituent
of the tissue model is the oriented tissue map such that
the tissue model reflects the directionality of the at least
one tissue component so that when the tissue model is
subjected to an influence that causes tissue transforma-
tion over a period of time, the tissue model evolves over
the period of time in a manner which reflects a trajectory
of the influence interacting with the directionality of the
at least one tissue component;

storing said tissue model;

receiving at least one set of input data of at least one

influence to which the tissue is to be subjected;
preprocessing the at least one set of input data and extract-
ing therefrom parameters of said influence;
representing the parameters of said influence in a pre-
selected format; and

producing at least one influence model from the repre-

sented parameters of the influence;
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interacting the influence model with the tissue model and
updating the tissue model after the interaction for show-
ing a transformation the tissue model due to the influ-
ence; and

visually displaying the transformed tissue model.

28. A method executed on a computer for producing an
evolvable tissue model of a patient, comprising the steps of:

a) receiving at least one set of input data of tissue of a
patient, said at least one set of input data containing
directional information being derivable therefrom, of at
least one tissue component of the tissue;

b) representing the directional information of the at least
one component of tissue in a pre-selected format and
producing therefrom an oriented tissue map which
reflects a directionality of the at least one tissue compo-
nent;

¢) producing a tissue model in which at least one constitu-
ent of the tissue model is the oriented tissue map such
that the tissue model reflects the directionality of the at
least one tissue component so that when the tissue model
is subjected to an influence that causes tissue transfor-
mation over a period of time, the tissue model evolves
over the period of time in a manner which reflects a
trajectory of the influence interacting with the direction-
ality of the at least one tissue component; and

d) visually displaying the tissue model.

29. A method executed on a computer for predicting a
transformation of an evolvable tissue model of a patient due to
interaction with an influence, comprising the steps of:

receiving at least one set of input data of at least one
influence to which the tissue is to be subjected;

preprocessing the at least one set of input data and extract-
ing therefrom parameters of said influence;

representing the parameters of said influence in a pre-
selected format; and

producing at least one influence model from the repre-
sented parameters of the influence;

interacting the influence model with a tissue model and
updating the tissue model after the interaction for show-
ing a transformation the tissue model due to the influ-
ence; and

visually displaying the transformed tissue model.

30. A method executed on a computer for producing an
evolvable tissue model of a patient and predicting a transfor-
mation of the evolvable tissue model of a patient due to
interaction with an influence, comprising the steps of:

receiving at least one set of input data of tissue of a patient,
said at least one set of input data containing directional
information being derivable therefrom, of at least one
tissue component of the tissue;

representing the directional information of the at least one
component of tissue in a pre-selected format and pro-
ducing therefrom an oriented tissue map which reflects a
directionality of the at least one tissue component;

producing a tissue model in which at least one constituent
of the tissue model is the oriented tissue map such that
the tissue model reflects the directionality of the at least
one tissue component so that when the tissue model is
subjected to an influence that causes tissue transforma-
tion over a period of time, the tissue model evolves over
the period of time in a manner which reflects a trajectory
of the influence interacting with the directionality of the
at least one tissue component;

storing the evolvable tissue model;



US 2016/0005169 A1 Jan. 7, 2016
13

receiving at least one set of input data of at least one
influence to which the tissue is to be subjected;

preprocessing the at least one set of input data and extract-
ing therefrom parameters of said influence;

representing the parameters of said influence in a pre-
selected format;

producing at least one influence model from the repre-
sented parameters of the influence;

interacting the influence model with a tissue model and
updating the tissue model after the interaction for show-
ing a transformation the tissue model due to the influ-
ence; and

visually displaying the transformed tissue model.
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