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System and Method for Optical Position Measurement and Guidance of a
Rigid or Semi-Flexible Tool to a Target

FIELD AND BACKGROUND OF THE INVENTION

The present invention relates to optical tracking systems and, in particular,
it concerns a system and method for optical position measurement and guidance
of a rigid or semi-flexible tool to a target.

Needle tools are often used in the medical field to deliver local treatment.
In recent years, these procedures are carried by interventional radiologists,
physicians who are experts in using imaging devices for guiding and controlling
diagnostics and therapeutic procedures. In these procedures, the needles are
inserted into the body under control of the imaging device.

Since the energy used by CT and fluoroscopy is X-ray, which is ionizing
and harmful to living organs, image guided systems have been developed for
navigating tools to a target based on preoperative CT data. Such navigatibn
systems measure the location of the body and the location of the tool in six
degrees of freedom and, by subtracting tool location from body location,
determine the location of the tool relative to the body. At the beginning of the
procedure, the CT data and the body are registered to match their coordinates.
This is done by matching at least three fiducial points identified in the CT data
and also in the body. In mosf such systems, one of two types of technology 1s
used to determine the location of the tool and the body, that is: optical trackers
and electromagnetic trackers. In optical trackers, the system makes use of two
spaced apart video cameras and, by monitoring three or more identifiable light
sources mounted on the tracked object, calculates the location and orientation of
the object in up to six degrees of freedom (6 DOF) through triangulation
calculations. In electromagnetic trackers, a transmitter having a plurality of

antennae transmits a plurality of quasi-static magnetic fields. A receiver having a
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plurality of antennae receives these signals, and based on these signals calculates
the location of the receiver relative the transmitter.

In these systems, the positions of both the tool and the body are
détermined relative to an intermediate reference system of coordinates, which is
external to both the tool and the body. In the case of electromagnetic systems, the
reference coordinafes are defined by the transmitting antennae. In the optical
trackers, the reference coordinates are defined by the camera. Subtracting the
coordinates of the tool from that of the body yields the direct location of the tool
in body coordinates. Since each position determination inherently adds some
location error to the process, using an intermediate system of coordinate in
determination of the position of the tool relative to the body is less accurate than
could possibly be achieved by direct measurement of the position of the tool in
body system of coordinates.

US 6216029 to Paltieli describes free-hand directing of a needle towards a
target located in a body volume. In this patent, the imaging device is a hand held
ultrasound scanner. Electromagnetic location sensors are implemented in the
transducer as well as in the handle of the tool. Both locations are determined
relative to a reference coordinates frame defined by the electromagnetic tracking
system.

The above described image guided systems are design to guide rigid tools
to a target. However, needles, because of their small diameters tend to bend.
Particularly when pushed percutaneously towards a target, the forces applied to
manipulate and advance the needle often cause deflection. Since the location
sensors in the aforementioned systems are attached to the proximal part of
needle, measuring the orientation of the proximal portion without compensatiﬁg
for the deflection of the needle results in an erroneous location determination of
the needle’s distal tip. Consequently, the prediction of its path to the target will

also be wrong.
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Many of the internal organs of the body are covered by membranes such
as pleura and peritoneum. These membranes are held in place by vacuum forces
between the membrane and the outer organs. If the membrane is punctured, air
leaks into the interspace between the membrane and the outer organ, causing the
membrane to sink. In the lung this phenomenon is called Pneumothorax, and is
very common, occuring in about 30% of the procedures of percutaneous thoracic
needle biopsy.

There is therefore a need for a system and method for optical position
measurement and guidance of a rigid or semi-flexible tool to a target which
would measure the position of the tool directly in a set of coordinates fixed with
the body. It would also be advantageous to provide a system and method for
guiding a needle to a target including compensation for the deflection of the
needle. Such a system would be expected to be highly advantageous for avoiding

complications such as Pneumothorax.

SUMMARY OF THE INVENTION

The present invention is a system and method for optical position
measurement and guidance of a rigid or semi-flexible tool to a target.

According to the teachings of the present invention there is provided, a
system for measuring the position of a hand-held tool relative to a body in at least
five degrees of freedom, the system comprising: (a) a rigid or semi-flexible tool
having a distal end for insertion into the body, and a proximal portion for manual
manipulation outside the body; (b)a camera for generating images; (c)a
mechanical linkage attaching the camera to the tool such that: (i) the camera
moves together with the proximal portion of the tool, and (i) the camera is
directed with a field of view including at least part of the distal end of the tool;

and (d)a processing system in data communication with the camera and
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configured to process images from the camera to determine a position of at least
part of the tool.

According to a further feature of the present invention, there is also
provided a marker arrangement configured to be applied to an external surface of
the body to provide a plurality of fiducial points, the processing system
determining the position relative to the fiducial points.

According to a further feature of the present invention, the marker
arrangement is implemented as a single patch carrying the plurality of fiducial
points.

According to a further feature of the present invention, the plurality of
fiducial points includes at least one set of four fiducial points, and wherein the
patch is configured to maintain the set of four fiducial points substantially in a
common plane.

According to a further feature of the present invention, the patch includes
a plurality of markers configured to be readily detected by a non-optical imaging
system.

According to a further feature of the present inventidn, the markers are
coincident with the fiducial points on the patch.

According to a further feature of the present invention, the patch 18
configured to delineate a point of penetration of the distal end of the tool into the
body.

According to a further feature of the present invention, the plurality of
fiducial points include a first set of fiducial points and a second set of fiducial
points optically distinguishable from the first set of fiducial points, the first set of
fiducial points being more closely spaced than the second set of fiducial points.

According to a further feature of the present invention, the processing
system is further configured to derive a current tip position of the distal end of
the tool, the deriving including calculating an estimation of flexion of the tool,

and employing the estimation of flexion to determine the current tip position.

4



WO 2007/113815 PCT/IL2007/000416

10

15

20

25

According to a further feature of the present invention, the camera and at
least part of the processing system are implemented on a common processor chip.

There 1s also provided according to the teachings of the present invention,
a method for guiding a distal end of a rigid or semi-flexible tool to a target within
a body, the tool having a proximal portion for manual manipulation from outside
the body, the method comprising the steps of: (a) determining a spatial relation
between a plurality of optically identifiable fiducial reference points defined on
an external surface of the body and the target, (b)providing a camera
mechanically attached to the proximal portion of the tool; and (c) during insertion
of the tool into the body: (i) obtaining from the camera images of the external
surface of the body including a plurality of the fiducial points, (ii) deriving from
positions of the fiducial points in the images a current tip projection
corresponding substantially to a point of intersection between an extrapolation
from the distal end of the tool taken in a pointing direction of the distal end with
a plane containing the target and substantially perpendicular to the pointing
direction of the distal end of the tool, and (iii) displaying a graphic representation
of at least the position of the target and the current tip projection. '

According to a further feature of the present invention, the plurality of
fiducial points on the external surface of the body are defined by applying to the
external surface of the body a marker arrangement.

According to a further feature of the present invention, the marker
arrangement 18 implemented as a single patch carrying the plurality of fiducial
points.

According to a further feature of the present invention, the plurality of
fiducial points includes at least one set of four fiducial points, and wherein the
patch is configured to maintain the set of four fiducial points substantially in a
common plane.

According to a further feature of the present invention, the spatial relation

between the fiducial reference points and the target is determined using a non-
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optical imaging system, and wherein the patch includes a plurality of markers
configured to be readily detected by the non—éptical imaging system.

According to a further feature of the present invention, the markers are
coincident with the fiducial points on the patch.

According to a further feature of the present invention, insertion of the
tool into the body is performed through the patch.

According to a further feature of the present invention, the patch is

configured to delineate a poiﬁt of penetration of the distal end of the tool into the

body.

According to a further feature of the present invention, a point of
penetration of the distal end of the tool into the body is derived by processing of
the camera images during performance of the method.

According to a further feature of the present invention, the plurality of
fiducial points include a first set of fiducial points including a first optically
distinct marking and a second set of fiducial points including a second optically
distinet marking optically distinguishable from the first optically distinct
marking, the first set of fiducial points being closer to the point of penetration
than the second set of fiducial points.

According to a further feature of the present invention, the non-optical
imaging system is a computerized tomography system.

According to a further feature of the present invention, the non-optical
imaging system is a magnetic resonance imaging system.

According to a further feature of the present invention, the non-optical
imaging system is a fluoroscope, the spatial relation between the fiducial
reference points and the target being determined from images derived along at
least two non-parallel viewing directions.

According to a further feature of the present invention, the tool has an

elongated body with a direction of elongation, and wherein the camera is
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mechanically attached to the proximal portion of the tool so as to lie adjacent to
the elongated body with a field of view including the direction of elongation.

According to a further feature of the present invention, prior to insertion
of the tool into the body, a length calibration procedure is performed including;:
(2) touching the distal end of the tool against a reference point located in defined
spatial relation to the fiducial points; (b) deriving the current camera position,
and (c) deriving from the current camera position and from the position of the
reference point a distance of the distal end from the camera.

According to a further feature of the present invention, .a current tip
position of the distal end of the tool is derived, the deriving including calculating,
from a combination of the current camera position and a point of penetration of
the tool into the body, an estimation of flexion of the tool, and employing the
estimation of flexion to determine the current tip position.

According to a further feature of the present invention, the graphic
representation 1s displayed as an overlay to the image obtained from the camera.

According to a further feature of the present invention, the graphic
representation further includes a visual indication associated with each fiducial
point indicative that the corresponding fiducial point in the image is being
successfully tracked.

According to a further feature of the present invention, the graphic
representation further includes an indication of a distance from the distal end to
the target.

According to a further feature of the present invention, the graphic
representation further includes a representation of the current tip position.

There is also provided according to the teachings of the present invention,
a method for guiding a distal end of a semi-flexible tool to a target within a body,
the tool having a proximal portion for manual manipulation from outside the
body, the method comprising the steps of (a) employing a position tracking

system to monitor a current position of the proximal portion of the tool;
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(b) determining a location of penetration of the tool into the body; (c) deriving
from the current position of the proximal portion of the tool and from the location
of penetration an estimation of flexion of the tool, and hence a current tip
position of the distal end of the tool within the body; and (d) displaying a graphic
representation of at least: (i) the position of the target, and (ii) the intersection of
an extrapolation from the distal end of the tool taken in a pointing direction of the
distal end with a plane containing the target and substantially perpendicular to the
pointing direction of the distal end.

There is also provided according to the teachings of the present invention,
a patch for attachment to the skin of a body for use together with an optical
guidance system for guiding a distal end of a rigid or semi-flexible tool to a
target within a body, the tool having a proximal portion for manual manipulation
from outside the body, the patch comprising: (a) a lower surface for adhering
temporarily to the skin; (b) an upper surface provided with a set of at least four
optically detectable fiducial points; (c) a plurality of contrast-generating features
configured to provide high contrast points under operation of a non-optical
imaging system for enabling localization of the patch using a non-optical
imaging system; and (d)an insertion configuration configured to delineate a
point of penetration of the distal end of the tool into the body.

According to a further feature of the present invention, the contrast-
generating features are implemented as radio-opaque features.

According to a further feature of the present invention, the radio-opaque
features are implemented as a radio-opaque substance added to a die employed to

form the fiducial points.
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BRIEF DESCRIPTION OF THE DRAWINGS

The invention is herein described, by way of example only, with reference
to the accompanying drawings, wherein:

Figure 1 is a schematic isometric representation illustrating the underlying
principles of the system according to this invention.

Figure 2 is a schematic isometric representation of a preferred
embodiment of a tracking system, constructed and operative according to the
teachings of the present invention.

Figure 3a and Figure 3b are a schematic side view and corresponding
camera image, respectively, illustrating a method of guiding a needle to a target
in the absence of flexion of the needle.

Figure 4a and Figure 4b are a schematic side view and corresponding
camera image, respectively, illustrating errors arising from flexion of the needle.

Figure S5a and Figure 5b are a schematic side view and corresponding
camera image, respectively, similar to Figures 4a and 4b, illustrating
compensation for errors due to flexion.

Figure 6 is a schematic representation of a system of coordinates used in
the description of a mathematical calculations employed in a preferred
implementation of the present invention.

Figure 7a and Figure 7b are screen-shots exemplifying stages of a
planning phase of a procedure illustrated using a plastic box as a sample object.

Figure 8 is a side view of two needles equipped with a miniature camera
according to the present invention.

Figure 9a and Figure 9b are sample images from a miniature camera of the
present invention showing an uncorrected, distorted view and a corrected version

of the same view, respectively.
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Figures 10a through 10d show a display of the present invention at
different stages during performance of an exemplary procedure performed on the
sample object of Figures 7a and 7b.

Figure 11 is a schematic side view illustrating a preferred technique for
correcting a pointing direction of a distal tip of a tool according to the teachings

of the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

"The present invention is a system and method for optical position
measurement and guidance of a rigid or semi-flexible tool to a target.

The principles and operation of systems and methods according to the
present invention may be better understood with reference to the drawings and
the accompanying description.

Generally speaking, the present invention provides a system for measuring
the position of a hand-held tool relative to a body in at least five degrees of
freedom. The system operates with a rigid or semi-flexible tool having a distal
end for insertion into the body, and a proximal portion for manual manipulation
outside the body. A camera for generating images is attached via a mechanical
linkage to the tool such that the camera moves together with the proximal portion
of the tool, and that the camera is directed with a field of view including tﬁe
distal end of the tool. A processing system in data communication with the
camera and configured to process images from the camera to determine a
position of at least part of the tool.

The present invention also provides a method for guiding a distal end of a
rigid or semi-flexible tool to a target within a body. In general terms, the method
includes determining a spatial relation between a plurality of optically
identifiable fiducial reference points defined on the external surface of the body

and the target. A camera, mechanically attached to the proximal portion of the
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tool, is then used during insertion of the tool into the body to obtain images of the
external surface of the body including a plurality of the fiducial points. The
images are then processed to derive from positions of the fiducial points a current
tip projection corresponding substantially to a point of intersection between an
extrapolation from the distal end of the tool taken in a pointing direction of the
distal end with a plane containing the target and substantially perpendicular to the
pointing direction of the distal end of the tool. A graphic representation is then
displayed showing at least the position of the target, and the current tip
projection, thereby facilitating guiding of the tool to the target.

At this stage, it will already be apparent that the system and method of the
present invention offer profound advantages over the aforementioned prior art.
Specifically, by mounting the camera directly on the tool, the use of an additional
frame of reference external to both the tool and the body is avoided. This and
other advantages of the present invention will become clearer from the
subsequent detailed description.

Turning now to the drawings, the basic setup of the apparatus according to
this invention is shown in Figure 1. A handheld tool 100 has a proximal end 110
and a distal end 122. Its distal end is guided to target 150 for treatment to be
performed by the tool at this target. A tracking module 110 is rigidly mounted on
the proximal end of the tool, preferably on its handle. The tracking module
denotes the location of the distal tip 122 of the tool 120, at least in position,
preferably also in direction relative to target 150. Determination of the location
of the tool relative to the body is performed directly between the tracking module
and the body, without the need for an intermediate measurement between the tool
and intermediate reference system. In a first preferred embodiment of tracking
module 110, it includes a single camera 115. In a second preferred embodiment
of the tracking module, it includes in addition, a second camera 116. These

cameras are used for imaging and for identifying unambiguously a plurality of

11
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reference marks 155 which are part of, or adjacent in a fixed position to, target
150. Concurrently, the cameras are also image at least part of tool 120.

Preferably camera 115 and 116 are of an autonomic single-chip type, such
as a CMOS camera, allowing the camera and at least part of the processing
system to be implemented on a common processor chip. In this case, the chip
preferably contains all of the necessary electronics to produce a video signal,
typically including: a clock generator, timing generator, rows and column
selectors and/or shift registers, output driver, exposure compensation
mechanisms if required, gain and offset control if required and any other
electronic circuitry needed to let this single-chip camera independently produce a
video signal. The term video is used herein in its broader sense, to describe any
type of camera output for delivering a stream of images including analog output,
digital output, compressed digital output etc., and does not necessarily imply an
output at a frame rate normally considered continuous video. Although the
camera can be designed and manufactured in CCD technology supported by
peripheral electronics, it is preferably made in CMOS technology because of its
ability to combine logic and sensing cells in the same physical dye. The camera
lens is preferably a single plastic molded lens.

The preferred embodiment of the tracking apparatus is described
schematically in Figure 2. The video output signal of the cameras is fed to a
frame grabber 210. The transfer of the video signal can be done through wire
112, but in one preferred embodiment of the invention it is accomplished
wirelessly. The video signals digitized by the frame grabber 210 are fed to
computer 200, which determines the position of the tracking module 110 relative
to the tracked object, and determines guiding instructions that are displayed on
display 230. In another preferred embodiment, the analog to digital converter is
part of the camera, and the transfer of data to the computer is done digitally. The

computer is preferably a notebook PC.

12
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A system of coordinates, in the context of the mathematics employed in a
preferred illustrative example of the present invention, is describes in Figure 6.
The tracked object defines a Cartesian system-of-coordinates 610. The object is
viewed by a lens defining a system-of-coordinates 620. The lens is projecting an
object point 612 to an image point 632 defined in an image system-of-
coordinates 630. Point 612 is defined in a system-of-coordinates 610 by vector
x=(x,y,z) and in system-of-coordinates 620 by vector k=(k,l,m). The projection
of this point on the image plane is the vector (p,g.f). We define the
transformation from the object to the lens system-of-coordinates as the
translation represented by vector ko = (Ko,lo,mo) and as rotation represented by 3
x 3 orthonormal matrix T. The transformation between the object and the lens

system of coordinate is:

k L, I, T,}|x k,
0)) k=l |=(T-x+k)=|Ty Tp Tnl||¥|+| L
m T, T, Ts]|z2 My

The image of point 612 at the focal plane of the first camera is then:

p,
@ 9. | =S,k
A
where f, is the focal length of the lens of the first camera and s, is its

magnification. If a second camera is implemented, placed at distance Dy in the

direction of axis k, the image of point 612 at the focal plane of the second camera

lens 1s:
pb pa ‘Dk
3) g, {=(5,/8,)"19, |+8,-] O
S Ll Lo

where f, is the focal length of the first camera lens and s, is its magnification.
Since T is an orthonormal matrix, the product of the dot multiplication of the

rows (or the columns) of the matrix yields:
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4 T3 Th13=1form=n
0 for m #n

It 1s sufficient to determine only four elements of matrix T for solving the
values of the rest of the matrix using question (4). Determining the six degrees of
freedom (location and orientation) of the camera is carried out by using known
reference mark points, measuring their corresponding image coordinates and
solving the translation ko and the rotation T using questions (1) to (4). There is a
total of 7 unknowns to be solved. If only a single camera is used, four reference
markers 612, with their position in the object system-of-coordinates known,
should be used. Four reference markers are sufficient since for each reference
there are two linearly independent image data (p; and gq;), yielding 4x2=8
independent equations for the 7 unknowns. With an additional camera, there is a
displacement between the two images of the reference markers resulting from the
two different point of views. It is easy to show that for any of these references,
these displacements occur in the direction of the displacement between the
cameras. Hence, for each of the references there is only one additional linearly
independent measured data, so three references, with a total of 3x3=9 linearly
independent equations are sufficient to solve the set of equations.

The reference markers, providing what are referred to as “fiducial points”,
could be any identifiable features such as spots or curves visually identifiable by
shape, color or texture. These reference markers could be landmarks of apparent
parts of the object, or could be specially added objects like physical objects or
imprints. Additional options include actively illuminated markers, which may be
light sources or reflectors for reflecting light originating from a light source
mounted near the camera(s) or elsewhere. The option of actively illuminated
markers allows for signal encoding which may simplify analysis of the video. In
the case of active light sources, each marker may be distinctively encoded to

facilitate unambiguous identification of each marker.
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Optionally, in order to avoid ambiguity between the-different fiducial
points, one or more of the fiducial points of each set may be made
distinguishable from the others, such as by employing a different shape, pattern
or color. Alternatively, an additional marking, such as an arrow or the like, may
be provided to uniquely define the orientation of the set of fiducial points. In
certain cases, it has been found sufficient to provide an indication to the user of
which way the device should be held relative to the patch orientation, and to rely
on the user not to rotate the system to an extent which might result in ambiguity
in the image processing.

Most preferably, a marker arrangement is implemented as a single patch
for attachment to the surface of the body which carries a plurality of fiducial
points. In certain preferred embodiments, in order to simplify the mathematical
analysis for calculating position, the patch is configured to maintain a set of four
fiducial points substantially in a common plane. This effect may be achieved in a
number of ways, for example, by employing a rigid patch, or by employing a
patch with limited flexibility which tends to bend only in one of two primary
directions at a time. It should be noted that the co-planarity of the reference
points is not a requirement of the system and, where sufficient processing power
is available, may be superfluous.

In one preferred embodiment of the invention, the location of the
references are known in object coordinates by, for instance, calibration done
prior to the navigation phase of the procedure. The calibration may be performed
by using mechanical means or determined based on imaging data, such as CT
data.

The identification of the references in the video output from the camera
can be determined by image processing methods. Such methods are well known
in art and it is therefore within the capabilities of one ordinarily skilled in the art
to write the necessary software code which will run on computer 200 and

determine the coordinates of the reference markers from the video.
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Three dimensional (3D) scanners for image the interior of a body are well
known. For instance X-ray fluoroscopy, computer tomography (CT) magnetic
resonance imaging (MRI), position emission tomography (PET) and ultrasound.
According to one preferred embodiment of the invention, a patch applied to the
surface of the body to provide the optical fiducial points also provides a plurality
of markers configured to be readily detected by a non-optical imaging system to
facilitate registration of the patch position relative to the target. Typically, this
requires the presence of suitably chosen material which generates features of
high contrast in the particular imaging technology used. For instance, the markers
used in CT scanner are preferably made of tiny spheres of lead. The spheres
could be embedded in a flat plastic disk. Positioning of the spheres anywhere
within the patch so that they are in known spatial relation to the optical fiducial
points is sufficient to allow registration. Most preferably, the position of the
markers for the non-optical imaging system coincide with the optical fiducial
points so that the optical fiducial points are directly derived from the scanned
data. For example, according to one preferred option, color marks are printed
above the spheres, so the coordinates of said spheres could be determined in both
the scanned data and the image of the camera. Alternatively, the markers could
be implemented by printing an appropriate contrast agent dyes which are easily
seen in the CT (or the MRI) image, using silk screen method. For -example,
addition of iodine to a dye is effective to render it readily visible in CT 1maging.
The coordinates of these markers are then used as fiducial points to register the
orientation of the camera and the CT volume data, allowing directing the tool to a
target determined in the CT data. The mathematics for registration of one system-
of-coordinates to another through common fiducial points is well known in the
art (See for example Medical Image Registration by Hajnal Hill and Hawkes,
CRC Press, 2001).

Other techniques may be used as an alternative to 3D imaging techniques

such as CT or MRI for determining the relative position of the fiducial points and
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the target. By way of one non-limiting example, two non-parallel views derived
from a fluoroscope (itself a two-dimensional imaging device) to determine the
relative positions of the target and markers in the patch. In each view, the
position of the fluoroscope in six degrees of freedom is determined from the
position of markers in the patch as visualized in the fluoroscope view, in a
manner similar to the optical processing of the fiducial points, and the target
position is marked. The intersection of the lines corresponding to the target
position in two non-parallel views provides localization of the target relative to
the patch.

One parameter employed in calculations of the tool tip location and
direction is the point of penetration of the tool into the body. In principle, the
point of penetration could be chosen by the user in an arbitrary location on the
surface of the body within the camera field of view and this location could be
determined by image processing from the images from camera 115. In practice, it
is typically preferred to take advantage of the presence of the patch to determine
the penetration point more easily and/or with higher accuracy than would
otherwise be possible. Thus, insertion of the tool into the body is preferably
performed through the patch. In one particularly preferred implementation, the
patch itself is configured to delineate a point of penetration of the distal end of
the tool into the body. This may be achieved by providing a preformed aperture
through which the tool is to be inserted. In this manner, once the location of the
markers within the patch are registered relative to the target, the position of the
insertion point is immediately known. In alternative implementations, the point
of penetration of the distal end of the tool into the body may be derived by
processing of the camera images during the procedure itself. In this case, the
patch may advantageously feature a geometrical pattern, such as a rectangular
grid, which facilitates image-processing-based calculation of the penetration
location. The penetration location may be determined by bringing the tip of the

tool in contact with the location immediately prior to penetration, or may be
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determined or made more precise by calculations performed after penetration as
the tool is advanced.

According to one particularly preferred methodology, at the beginning of
the procedure, a coordinator sticker or other “patch” made of a block or layer of
material that contains the fiducial markers is attached to skin of the patient above
the target. A CT (or other volume imaging) scan is performed. Locations of the
markers and the target are determined and fed to computer 200, for instance via
disk-on-key memory 220. Based on this data, navigation of the tool towards the
target can be determined.

During navigation, compensation for the deflection of the tool should be
introduced. In the description and claims, the terms “deflection”, “flexion” and
“bending” are used interchangeably to refer to temporary elastic deformation of
the tool which introduces some degree of curvature relative to the unstressed
state of the tool. The following example describes a preferred example of a
method of compensation for a single camera tracking system. In Figures 3a and
3b, a scenario of a non-deflected tool is described. Camera module 110 is
mounted on tool 100 at its proximal side, at a location and direction so that at
Jeast part of tool 120 is seen by the camera, together with the at least four
markers, 310 to 313. Assumption is made here, that the geometry of the axis of
the tool and its length in the camera system of coordinates are known in advance,
either from design parameters or by calibration. Specifically with regard to the
length of the tool, this may advantageously be determined at the beginning of the
procedure by touching the distal tip of the tool against any point on the surface of
the patch and actuating the system to determine the camera-to-patch distance.
Since the patch itself is sterile, this does not present any problem in terms of
operating procedures. Other calibration parameters are preferably pre-stored in

the camera or provided on a data storage medium, as will be discussed below.

_ The location and orientation of the imaging module 110 relative to the

coordinator patch is determined. The location of the distal tip 122 of the tool can
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be determined by trajectory along its axis 322. The tip displayed above the image
output from the camera, as shown by dash line 322 and by cross 301. Without
deflection, the movements of the tip are the same as the movements of camera.
When the tool is deflected, as shown in Figures 4a and 4b, without compensating
for the deflection, errors are introduced. Since the trajectory of the tool is
determined relative to the camera, and since the camera change its orientation
with the deflection of the proximal end of the tool, the determined axis of the tool
322 no longer coincides with the actual axis of the distal part of the tool. As a
result, the cross 301, representing the tip of the tool (or any other location along
the direction of the needle such as the needle trajectory in the plane of the target),
1s displayed in an erroneous location on the display. If this situation is
uncorrected, particularly for relatively flexible needles, it would often lead to
unsuccessful navigation which would miss the intended target.

A number of models may be used to implement a correction for flexion of
the tool. By way of one non-limiting example, corrections may be determined
based on the assumption that point 320 where the tool enters the body lies in
plane 300 of the coordinator patch. By solving equations (1) to (4), the location
and orientation parameters of plane 300 are known. The path of the tool in the
body, 1t’s tip location and its intersection in the target plane are determined as the
trajectory in the direction of said tangent direction, as shown in Figures 5a and
5b.

It should be noted that various different models may be used to calculate
the deflection of the tool based on any combination of the actual location of
penetration, the theoretical non-deflected entry point, the length of the tool still
outside the body and any other measured parameters, and hence to derive the
pointing direction of the distal tip. In practice, a particularly simple calculation
for the corrected pointing direction of the distal tip has been found highly
effective for a wide range of implementations. This calculation will now be

described with reference to Figure 11.
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Specifically, in the case illustrated here, the tool penetrates into the body
at a known position 320 within the area of the patch. The theoretical unflexed
path of the tool is represented by dashed line 322 while the optical axis of the
camera is represented by dashed line 324. These axes are typically roughly
parallel, and are defined by calibration data supplied with the system. A
deflection vector 326 is defined as the vector from unflexed tool path 322 to
point of penetration 320 which lies in a plane perpendicular to optical axis 324.
In order to calculate a corrected direction of the tool within the body, a corrected
theoretical tool position by correcting the current tool handle position by a
correction vector 328 corresponding to a scaled value of the deflection vector 326
in an opposite direction. The scaling factor may be a constant, or may be a
variable parameter such as, for example, a function of the length of the tool
outside the body. The estimated pointing direction of the tool tip is then taken to
be the line 330 passing from the corrected theoretical tool position through the
actual point of insertion.

Typically, a constant scaling factor for correction vector 328 in the range
between 1 and 3 has found to be effective. It has been found that it is not
normally critical that the correction be a full correction. In fact, in certain cases,
attempts to provide a full correction for the deflection may result in
overcompensation by the user and/or scaling-up of any position measurement
errors. In various practical implementations, highly effective results have been
obtained using a scaling factor of about 1.5.

Compensation for deflection of the tool in a tracking system comprising
two cameras is very similar, with the simplification that the arc of the deflected
tool could be determined directly from the stereo-pairs images and determining
the location of several points along the tool using equation (3).

In another preferred embodiment of the invention, the coordinator patch is
implemented as a sticker made of a flexible material, of which one side is

covered with adhesive to be stuck on the skin of the patient. The flexible
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material, preferably a polymer such as nylon or polyvinyl chloride (PVC), has
tiny reference markers embedded in it. As before, these markers are preferably
implemented using materials which provide high contrast under the non-optical
imaging technique to be used for registration. In the case of the CT, these
markers are radio-opaque, for instance made of tiny spheres of lead, typically
with a diameter of one to two millimeters. In addition, optical fiducial points,
such as “imprints™, are printed on the surface of the sticker. These imprints could
be lines, circles or any other shapes or optically distinctive features. They could
be printed in single-color, or more preferably in multi-color for easier
differentiation by color segmentation. Collectively, the imprints define a system-
of-coordinates used for navigating the tool to the target. The embedded markers
are used to register the location of the tool to the CT volume. The imprints are
arranged such as to let the location of the embedded marks be determined from
the images of the camera.

The size of area seen by optics of the tracking device is a function of its
field-of-view (FOV) and the distance of the sticker from the lens. As the distance
between the camera and the sticker is increases, so does the area covered by the
optics. To maintain the accuracy of the system, it is preferred to have the fiducial
points spaced apart as much as possible. During insertion of the tool into the
body, the camera comes closer and closer to the sticker, so that its FOV covers a
smaller and smaller area of it. Most preferably, in order to optimize the
distribution of the fiducial points for both the initial positioning and the final
stages of penetration, two or more sets of fiducial points, designated by optically
distinct sets of features, are deployed at different spacings, one set more closely
spaced so as to cover a smaller area and the other further apart and so as to be
spread over a larger area.

According to an additional optional feature, certain locations on the patch
may be designated as control locations associated with specific system functions.

The system then monitors whether the system operator has brought the tip of the
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tool into contact (or close proximity) with one of the control locations and, if so,
performs the corresponding allocated system function. Examples of system
control functions which may be allocated to locations on the patch in this manner
include, but are not limited to: initiating tool length recalibration, changing
display modes or other parameters of the display, inputting any other real-time
data or changing any other operational parameter of the system, and power-off.
The use of touching the tool against a location on the patch as a user interface
mput is particularly advantageous in the context of the present invention since it
avolds the need for the system operator to touch any non-sterile computer
equipment or distract his or her attention from the vicinity in which the procedure
1s to be performed.

The system may be used to direct any thin long tool, such as a needle, a
pointer etc. The tool may be rigid or semi-flexible. In this context, the term
“rigid” is used to refer to tools which do not undergo flexion under normal
conditions of use to a degree which significantly impacts precision of guidance of
the tool to a target. In this context, the phrase “semi-flexible” is used to refer to
tools which, under normal conditions of use, undergo deflection without major
change of shape. Numerically, the term “semi-flexible” may be taken to refer to
any elongated tool which in normal use remains with a flexion-induced curvature
of radius greater than twice the length of the tool, and typically at least three
times the length of the tool.

In one embodiment of the invention, the geometry of the tool is known in
advance. In another embodiment, its geometry is determined during the
procedure from the images. Although in the embodirhent described above, the
distal portion of the tool is partly hidden, this invention is also applicable in
applications where the distal portion is seen in the entire operation. In such
embodiment, the location of the distal tip of the tool is optionally determined

directly from the video image.
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In one preferred embodiment of the invention, the images are displayed on
the computer screen. In another embodiment of the invention, goggles are used to
allow three dimensional display which gives depth perception. In some
embodiments, based on the location and angles of the tool relative to the body,
virtual 3D images of the body can be produced from the 3D scanned data and
display on the computer display, to show the path of the tool inside the interior
body organs. ‘

As mentioned earlier, the content of the display preferably includes a
representation of the target position and a current tip projection along the
pointing direction of the distal end projected onto a plane containing the target
and substantially perpendicular to the pointing direction. The plane used for the
projection may actually be a plane containing the target and perpendicular to the
optical axis of the camera, but since deflections are typically relatively small,
both such planes of projection are considered within the scope of the terminology
“substantially perpendicular to the pointing direction”.

In addition to the target position and current tip projection, various other
items are preferably shown in the display to facilitate navigation of the tool to the
target. According to a first particularly preferred option, the graphic
representation of the target position and current tip projection is displayed as an
overlay to the image obtained from the camera.. This has been found very useful
for helping the user to maintain his or her spatial orientation. Optionally, a visual
indication may be displayed in association with each fiducial point indicative that
the corresponding fiducial point in the image is being successfully tracked. Other
items which may optionally be displayed include an indication of a distance from
the distal end to the target, such as a numerical distance in millimeters, and a
representation of the current tip position.

An example to the process of navigating a needle to a selected target is
shown in Figures 7 to 10. An empty plastic box is used as a body, where targets

are glued to its bottom and a coordinator sticker is stuck to its cover. First, the
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body (the box) is scanned by a CT scanner. The scanned data is fed to a computer
program. Using that program, the positions of the fiducial points (Figure 7a) and
of the targets (Figure 7b) are marked. A miniature camera is attached with the
help of simple adaptor to a needle, as the examples in Figure 8 are demonstrated.
Often, the lens of the camera in used is distorting the image, as seen in F igure 9a,
and needs to be corrected, as shown in Figure 9b. Figures 10a to 10d show the
navigation screens of the system. Information is displayed above the original
image 1300 of the camera. Coordinator sticker 1330 includes eight printed
markers, four green markers 1310 and four blue markers 1314. The use of
primary colors facilitates the identification of the markers during image
processing and, at least for medical applications, red is preferably not used to
avoid confusion due to the presence of blood in the field of view. As mentioned
earlier, other types of optically distinctive markings may be used. The blue
markers are more closely spaced within the larger region spanned by the green
markers. Needle shaft 1120 is shown entering through the coordinator sticker at a
predefined hole 1320. In Figure 10a, the needle is not flexed, hence its axis 1322
coincides with the shaft 1120 of the needle. Target 1302 is presented by two
colored concentric disks, a blue outer ring calibrated to display a disk of diameter
of 10 mm, as measured in the target plan and an inner green disk, of disk of
diameter of 5 mm, both centered at the target. The distance between the tip of the
needle and the target is also displayed in a text box 1332.

Aiming the needle at one of the targets, as shown in Figure 10b,
automatically selects this target, as indicated by the change of the green color to
yellow. During guidance, the system determines the deflection of the needle’s
shaft. Figure 10c shows the case where shaft 1120 is deflected. Because of that
deflection, the predicted path of the needle 1322 (shown in dashed line) does not
coincide with the image of the shaft. The cross reticle 1301 is preferably
displayed in a distance-dependent size, thereby giving a sense of depth; as the

tip-to-target distance decreases, the size of the reticle increases (and vice versa).
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Pushing the needle into the body reduces the distance between the camera and
the coordinator sticker which reduce the area of the sticker covered by the field
of view. In consequence, as is seen in Figure 10d, the green markers disappeared
outside of the camera view, leaving only the blue markers to guide the tool.
When the tip of the needle reaches to the plane of target, the cross changes to a
star shape reticle (1341 in Figure 10d), to warn that no further advancing is
required.

In estimating the deflection of the needle, other tracking technologies than
the above described optical tracker may be used as well, typically with a similar
conceptual approach based upon calculating the difference between the actual
entry-point and the theoretically non-deflected entry-point. Such technologies
include, but are not limited to, embedding a location sensor at the proximal end
of the tool and another location sensor adjacent to the actual entry point of the
tool into the body. Another method is to predict the deflection outside of the
body by scanning coordinates marked along the needle shaft outside of the body
and predicting therefrom the path inside the body. Such a scanning process may
be performed by a scanner such as an optical stereoscopic scanner.

In predicting the path of the needle inside the body, the CT data may be
used to evaluate some tissue mechanical parameters such as its flexibility and
density along the predicted path and use it to predict the deflection of the needle.

Recently, CT fluoroscopy for interventional procedures was developed. In
these scanners, an image of a single slice is produce continuously, allowing it to
be used similar to real-time X-ray fluoroscopy imaging devices. The system of
this invention has several advantages over CT fluoroscopy in guiding the tool to
target. First, it allow continuous navigation of the tool in real-time without using
the hazardous X-ray radiation. In addition, it allows navigating the tool in any
direction, also perpendicular to the CT slices, in contrary to the use of the CT
ﬂuordscopy which forces the practitioner to make the entire path in a single CT

slice.
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This system and method allows navigating the tool from any required side
of the body of the patient, and is independent of orientation, even allowing
navigation from beneath the body upwards, should that be considered
advantageous for any particular procedure. ‘

The distortion of the lens of the camera is preferably corrected by
polynomials, as is known in the art. Each lens has its individual distortion which
should be corrected individually. In a preferred embodiment of the invention,
these polynomials are stored in a memory which is assembled as part of the
camera, or supplied separated on a data storage medium supplied with the
camera. These corrections preferably also include calibration corrections for any
variation in the alignment of the camera relative to the tool due to manufacturing
tolerances of the attachment bracket or the like. When the camera is connected to
the system, the polynomials are read and fed to the algorithm, where the 1mage

from the camera is corrected individually by those polynomials.

It will be appreciated that the above descriptions are intended only to
serve as examples, and that many other embodiments are possible within the

scope of the present invention as defined in the appended claims.
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WHAT IS CLAIMED IS:

1. A system for measuring the position of a hand-held tool relative to
a body in at least five degrees of freedom, the system comprising:

(a)  a rigid or semi-flexible tool having a distal end for insertion into
the body, and a proximal portion for manual manipulation outside
the body;

(b)  acamera for generating images;

(c)  amechanical linkage attaching said camera to said tool such that:
(i)  said camera moves together with said proximal portion of

said tool, and
(i)  said camera is directed with a field of view including at least
part of said distal end of said tool; and

(d a proc;essing system in data communication with said camera and
configured to process images from said camera to determine a

position of at least part of said tool.

2. The system of claim 1, further comprising a marker arrangement
configured to be applied to an external surface of the body to provide a plurality
of fiducial points, said processing system determining said position relative to

said fiducial points.

3. The system of claim 2, wherein said marker arrangement is

implemented as a single patch carrying said plurality of fiducial points.

4. The system of claim 3, wherein said plurality of fiducial points
includes at least one set of four fiducial points, and wherein said patch is
configured to maintain said set of four fiducial points substantially in a common

plane.
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5. The system of claim 3, wherein said patch includes a plurality of

markers configured to be readily detected by a non-optical imaging system.

6. The system of claim 5, wherein said markers are coincident with

said fiducial points on said patch.

7. The system of claim 3, wherein said patch is configured to

delineate a point of penetration of the distal end of the tool into the body.

8. The system of claim 7, wherein said plurality of fiducial points
include a first set of fiducial points and a second set of fiducial points optically
distinguishable from said first set of fiducial points, said first set of fiducial

points being more closely spaced than said second set of fiducial points.

9. The system of claim 3, wherein said processing system is further
configured to derive a current tip position of the distal end of the tool, said
deriving including calculating an estimation of flexion of the tool, and employing

said estimation of flexion to determine said current tip position.

10.  The system of claim 3, wherein said camera and at least part of said

processing system are implemented on a common processor chip:

11. A method for guiding a distal end of a rigid or semi-flexible tool to
a target within a body, the tool having a proximal portion for manual
manipulation from outside the body, the method comprising the steps of:

(a)  determining a spatial relation between a plurality of optically
identifiable fiducial reference points defined on an external surface
of the body and the target;

(b)  providing a camera mechanically attached to the proximal portion

of the tool; and
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(¢)  during insertion of the tool into the body:

(i)  obtaining from the camera images of the external surface of
the body including a plurality of said fiducial points,

(i)  deriving from positions of said fiducial points in said images
a current tip projection corresponding substantially to a
point of intersection between an extrapolation from the
distal end of the tool taken in a pointing direction of the
distal end with a plane containing the target and
substantially perpendicular to the pointing direction of the
distal end of the tool, and

(i)  displaying a graphic representation of at least the position of

the target and the current tip projection.

12. The method of claim 11, wherein said plurality of fiducial points on
the external surface of the body are defined by applying to the external surface of

the body a marker arrangement.

13.  The method of claim 12, wherein said marker arrangement is

implemented as a single patch carrying said plurality of fiducial points.

14, The method of claim 13, wherein said plurality of fiducial points
includes at least one set of four fiducial points, and wherein said patch is
configured to maintain said set of four fiducial points substantially in a common

plane.

15.  The method of claim 13, wherein said spatial relation between said
fiducial reference points and the target is determined using a non-optical imaging
system, and wherein said patch includes a plurality of markers configured to be

readily detected by said non-optical imaging system.
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16.  The method of claim 15, wherein markers are coincident with said

fiducial points on said patch.

17.  The method of claim 13, wherein insertion of the tool into the body
is performed through said patch.

18.  The method of claim 17, wherein said patch is configured to
delineate a point of penetration of the distal end of the tool into the body.

19. The method of claim 17, wherein a point of penetration of the distal
end of the tool into the body is derived by processing of said camera images

during performance of the method.

20.  The method of claim 17, wherein said plurality of fiducial points
include a first set of fiducial points including a first optically distinct marking
and a second set of fiducial points including a second optically distinct marking
optically distinguishable from said first optically distinct marking, said first set of
fiducial points being closer to said point of penetration than said second set of

fiducial points.

21.  The method of claim 11, wherein the non-optical imaging system i1s

a computerized tomography system.

22.  The method of claim 11, wherein the non-optical imaging system is

a magnetic resonance imaging system.

23.  The method of claim 11, wherein the non-optical imaging system 1s
a fluoroscope, the spatial relation between said fiducial reference points and the
target being determined from images derived along at least two non-parallel

viewing directions.
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24.  The method of claim 11, wherein the tool has an elongated body
with a direction of elongation, and wherein said camera is mechanically attached
to the proximal portion of the tool so as to lie adjacent to the elongated body with

a field of view including the direction of elongation.

25.  The method of claim 11, further comprising, prior to insertion of
the tool into the body, performing a length calibration procedure including;
(@)  touching said distal end of the tool against a reference point located
in defined spatial relation to said fiducial points;
(b)  deriving the current camera position; and
(¢)  deriving from said current camera position and from the position of

said reference point a distance of said distal end from the camera.

26.  The method of claim 11, further comprising deriving a current tip
position of the distal end of the tool, said deriving including calculating, from a
combination of said current camera position anél a point of penetration of the tool
into the body, an estimation of flexion of the tool, and employing said estimation

of flexion to determine said current tip position.

27.  The method of claim 11, wherein said graphic representation is

displayed as an overlay to the image obtained from the camera.

28.  The method of claim 27, wherein said graphic representation
further includes a visual indication associated with each fiducial point indicative

that the corresponding fiducial point in the image is being successfully tracked.

29.  The method of claim 11, wherein said graphic representation

further includes an indication of a distance from the distal end to the target.

31



WO 2007/113815 PCT/IL2007/000416

30. The method of claim 11, wherein said graphic representation

further includes a representation of the current tip position.

31. A method for guiding a distal end of a semi-flexible tool to a target
within a body, the tool having a proximal portion for manual manipulation from
outside the body, the method comprising the steps of:

(a) employing a position tracking system to monitor a current position

of the proximal portion of the tool,

(b)  determining a location of penetration of the tool into the body;

(c)  deriving from said current position of the proximal portion of the °
tool and from said location of penetration an estimation of flexion
of the tool, and hence a current tip position of the distal end of the
tool within the body; and

(d) displaying a graphic representation of at least:

(1)  the position of the target, and

(11)  the intersection of an extrapolation from the distal end of the
tool taken in a pointing direction of the distal end with a
plane containing the target and substantially perpendicular

to the pointing direction of the distal end.

32. A patch for attachment to the skin of a body for use together with
an optical guidance system for guiding a distal end of a rigid or semi-flexible tool
to a target within a body, the tool having a proximal portion for manual
manipulation from outside the body, the patch comprising:

(a)  alower surface for adhering temporarily to the skin;

(b)  an upper surface provided with a set of at least four optically

detectable fiducial points;

(c)  a plurality of contrast-generating features configured to provide

high contrast points under operation of a non-optical imaging
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system for enabling localization of the patch using a non-optical
imaging system; and '
(d) an insertion configuration configured to delineate a point of

penetration of the distal end of the tool into the body.

33.  The patch of claim 32, wherein said contrast-generating features

are implemented as radio-opaque features.

34.  The patch of claim 33, wherein said radio-opaque features are
implemented as a radio-opaque substance added to a die employed to form said

fiducial points.
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